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Preface

We continue in our goal of providing a text which
is useful, not only to the clinician, but of equal interest
to the investigator.  The selection of content has been
directed at topics of current interest rather than those
of historic contribution.  We have stressed the contri-
bution of cell biology and pathophysiology, were it
exists, believing it provides both a better understand-
ing of toxic injury when known, and a rational direc-
tion for therapy and prevention.

We are encouraged by the accumulation of recog-
nized risk factors, which allow pre-treatment stratifi-
cation of our patients’ relative risk and allow us to fo-
cus our preventative techniques on the individuals
most likely to gain the greatest benefit.  As you read
the various chapters, risk factors are prominently fea-
tured as a mean of reducing the incidence of nephro-
toxic injury.

On a more personal note we confess that without
the diligent technical contribution of  Erik Snelders and
Dirk De Weerdt, there would have been no preface for
there would have been no book.  We also applaud the
timely contributions of our authors and their willing-
ness to negotiate compromise when asked.  Finally, to
our wives Myriam and Marthel, two individuals whose
gift of time made this labor possible, we are forever in
your debt.

The future holds great promise for unraveling neph-
rotoxic mechanisms and understanding various aspects
of clinical management. To enhance information trans-
fer we decided to publish a CD as a companion to this
book. Further into the future we plan to develop an-
nual updates to supplement the text information and
insure the reader is current in this rapidly evolving
field.

Marc E. DE BROE
George A. PORTER

Spring 2003

To you the reader, the joy of discovery begins, for
us the job is done.  In this edition, we have corrected
past deficiencies, added new topics, expanded infor-
mation regarding the pediatric age group, provided
up to date (March 2003) references, while remaining
true to our concept of a multi-national author book.
We continue to believe that scientific information is an
international commodity whose interpretation and ap-
plication are strongly influenced by both the cultural
and ethnic background of the observer.  The opportu-
nity to share in the rich diversity of the international
scientific community remains a fundamental goal of
this endeavor.  To participate as equals leads to mu-
tual respect and peer appreciation.  The sharing of in-
tellectual resources fostered by this effort should and
has facilitated the advancement of sound science.

As society grows in complexity, so do the opportu-
nities for adverse drug reactions to occur along with
unexpected injury to organisms because of exposure
to environmental/industrial toxins.  Nephrotoxicity is
truly a worldwide problem and we recognize this with
the addition of a chapter dedicated to nephrotoxins
unique to the African continent.  As with the first edi-
tion, drugs were selected for inclusion based on both
the frequency of use and current knowledge.  Similar
criteria were used for including environmental/indus-
trial exposure.  The nature of scientific inquiry has
changed little in the past five years.  One approach is
the application of Koch’s postulates, aided and abet-
ted by various experimental animal models.  Another
involves population based epidemiologic associations
to identify potentially causal relationships.  Each has
its advocates and disciples, and each provides valu-
able information that can be used by the clinician in
better managing his/her patient.  However, each tech-
nique yields data that must be interpreted with an
understanding of the drawbacks and pitfalls inherent
in each approach.  By enlisting multiple authors for
each chapter, plus rigorous editing  we hope the final
product is a balanced, rationale statement of the field,
as it exists today.

M.E. De Broe, G.A. Porter, W.M. Bennett & G.A. Verpooten (Editors). Clinical Nephrotoxins, 2nd Ed., IX
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Clinical relevance

George A. PORTER1, Biff F. PALMER2 and William L. HENRICH3

1Oregon Health Sciences University, Portland, Oregon, USA
2University of Texas Southwestern Medical Center, Dallas, Texas, USA

3University of Maryland School of Medicine, Baltimore, Maryland, USA

General incidence and outcome

Drugs are an infrequent cause of community-
acquired acute renal failure (ARF). However,

drugs share the spotlight with renal hypoxia as the
leading etiologic factors for hospital acquired ARF [1,
2]. With the increasing capacity of the medical estab-
lishment to treat the most serious life-threatening con-
ditions, the in-hospital exposure to nephrotoxic drugs
will increase as will the risk of drug-induced ARF.

The reported incidence of ARF varies depending
on a number of independent variables. For example, is

the patient population surveyed derived from a com-
munity wide database or is it restricted to hospitalized
patients? What definition was adopted to designate
acute renal failure (ARF)? For in-hospital surveys, were
both post-surgical and medical patients enrolled, and
if so what was the contribution from ICU patients with
multi-organ failure? With what precision was the ARF
diagnoses established? Were multiple centers involved
in providing the information? These are the questions
that complicate meaningful estimates of the incidence
of ARF. In addition, as detailed by Turney et al. [3],
significant changes have occurred in both the age of
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the ARF patients and also the etiologies. The incidence
of in-hospital ARF attributed to drug nephrotoxicity is
estimated at between 18 and 33% of cases [4-9], while
from community-based statistics the incidence varied
from 0 to 7% of cases [10, 11]. This observation is par-
ticularly important since the total number of cases of
ARF, as derived from community based studies, is
double that reported from in-hospital statistics [10].
This suggested that patients who are hospitalized are
either exposed to more nephrotoxic agents and/or they
are more vulnerable to the drugs inducing an adverse
renal effect. Irrespective of which aspect of the drug
interaction is more important, it has been observed that
hospital-acquired ARF is usually associated with one
of three renal insults, either a pre-renal event, expo-
sure to nephrotoxins, or sepsis [1], and that nephro-
toxins, alone or in combination, contribute to at least
25% of all cases of hospital acquired ARF [2].

A one-year survey of 2,175 cases of ARF, 398 (18.3%)
were considered to be drug-induced [6]. Antibiotics
were the most frequently cited drug followed by anal-
gesics, NSAIDs and contrast media. More than half of
the patients had non-oliguric ARF. The mortality rate
was 12.6%, which is much lower than in patients who
develop ARF in the setting of surgery or trauma [12].
At 6-month follow-up post-ARF, 47.7% were fully re-
covered, 15.3% had regained previous renal function,
and 23.1% had some degree of residual renal impair-
ment. Chronic hemodialysis was required in only 2
patients (0.5%). This is a better outcome than reported
for a group of patients post-ARF due to multiple causes

[13]. Of the 39% who survived ARF, 41% had residual
renal insufficiency and 10% required chronic dialysis.
Residual renal impairment was more frequent in older
and oliguric patients, in those with previous chronic
renal insufficiency, those who received antibiotics, and
those whose ARF period was prolonged. The percent-
age of residual renal impairment is higher than that
reported in the series of Davidman et al. [14] or Pru et
al. [15], but is in accordance with that found 5 years
later in the same country [16] and is supported by an
earlier report from the European Dialysis and Trans-
plant Association [17].

Table 1 summarizes the incidence of drug-induced
ARF reported for the last two decades. As can be seen,
the incidence of ARF due to contrast media and antibi-
otics has declined while, two new categories of offend-
ing agents have appeared, e.g. NSAIDs and ACE in-
hibitors. This trend has been confirmed in the recent
survey of Ronco et al. [18].

The estimated incidence of 18-33% drug-induced
ARF in hospitalized patients contrasts with the ex-
tremely low incidence of drug-induced renal disease
in outpatients as reported by Beard et al. [20], i.e.,
1:300,000 person/year. This low incidence may be
partly due to the author’s exclusion of chronic renal
disease. On the other hand, acute iatrogenic renal dis-
ease developed in 1% of all patients admitted to a Ca-
nadian hospital and in as many as 5.6% of those ad-
mitted directly to the nephrology unit of the same in-
stitution [15]; the ARF was due to multiple etiologies
in 50% of these patients.

Table 1. Incidence of acute renal failure due to drugs and contrast media.
% acute renal failure due to

Authors [ref.no.] Year N Anti- Contrast Anal- NSAIDs ACE- Total
biotics agents gesics inhibitors

Rasmussen and Ibels [4] 1982 143 11% 11% - - - 22%

Hou et al. [5] 1983 129 7% 12% - - - 20%

Frankel et al. [19] 1984 64 8% 5% - - - 19%

Kleinknecht et al. [6] 1986 2,175 6% 2% 4% 3% 0.5% 18%

Fleury et al. [16] 1990 700 5% 2% 3% 3% 3% 21%

Kaufman et al. [7] 1991 100 3% - - 1% 6% 19%

Baraldi et al. [9] 1998 109 5% 2% - 22% 7% 36%



5

01. Clinical relevance

Mechanisms of drug induced acute
renal failure

Because of the rich blood flow to the kidney (25%
of the resting cardiac output), plus the enormous oxy-
gen supply required to support active ion and solute
transport, the kidneys are vulnerable to any change in
blood flow and/or oxygen deprivation. In particular,
acute tubular necrosis involving the thick ascending
limb (TAL) is a prominent manifestation of a sudden
reduction in renal blood flow with accompanying hy-
poxia. This anatomic site is especially vulnerable to
oxygen deprivation due to the marginal oxygen bal-
ance that results from a high oxygen consumption re-
lated to the active NaCl reabsorption and the limited
blood supply due to the anatomic structure of the vasa
recti [21]. A second important contributor to ARF oc-
curs when the tubulo-glomerular feedback system fails.
Tubulo-glomerular feedback is an autoregulatory
mechanism that reduces glomerular filtration rate
(GFR) and decreases the sodium load that is delivered
to the TAL. The net result of the diminished sodium
load is to minimize the oxygen required for active NaCl
reabsorption [21, 22].

When considering the mechanism by which drug
causes nephrotoxicity, two components of renal func-
tion are decisive. The first are the renal transport pro-
cesses which are critical to recovering essential miner-
als and nutrients from the glomerular filtrate and the
second are the renal enzyme systems which are essen-
tial to both detoxification of xenobiotics and maintain-
ing the body’s acid/base homeostasis [22, 23].

The principle renal transport systems, which con-
tribute to drug nephrotoxicities, reside in the proxi-
mal tubule. An example is the organic ion transport
system, which is instrumental in the intracellular ac-
cumulation of nephrotoxic cephalosporins due to the
lower transport capacity of the lumenal membrane
when compared to the basolateral membrane [24].
Another way in which proximal tubular transport is
implicated in nephrotoxicity involves glutathione S-
conjugates of xenobiotics. Once transported into the
cell, these xenobiotic conjugates undergo biotransfor-
mation to electrophils, which then bind to macrophilic
sites of intracellular macromolecules such as DNA. An
example is tris(2,3 dibromopropyl) phosphate, which
undergoes metabolic activation and eventually co-
valently binds to DNA [25]. Another example are cad-

mium-metallothionein complexes which are formed in
the liver but eventually are filtered by the kidneys
where they are reabsorbed in the proximal tubule by
the same process as other low molecular weight pro-
teins. Following lysosomal uptake, metallothionein
production is stimulated, but once saturated, the inor-
ganic cadmium is released within the renal cell caus-
ing cell death [26]. In a similar manner, aminoglyco-
side antibiotics, due to their cationic charge, attach to
the proximal tubular membrane where they undergo
pinocytotic uptake and accumulate within the cell in-
ducing phospholipidosis, which leads to mitochondrial
damage and cell death [27].

For more distal portions of the nephron, passive
concentration of xenobiotics can occur due to the physi-
ologic concentrating mechanism that provides a favor-
able gradient for the xenobiotic to undergo back-dif-
fusion into the papillary region of the kidneys [23].

Another aspect of renal function, which contributes
to drug nephrotoxicity, involves the renal enzyme sys-
tems that play key roles in maintaining body homeo-
stasis. The flame retardant tris, which enters the proxi-
mal tubular cell conjugated with glutathione, under-
goes bioactivation by glutathione-S-transferase
resulting in reactive episulfonium ions that can cause
cell death [25]. While the P-450 system of the liver is
more abundant, substantial sex-linked renal P-450 ac-
tivity causing bioactivation of xenobiotics, has been
documented in animals [23]. A similar role in human
nephrotoxicity has yet to be established. However,
medullary prostaglandin synthetase has been assigned
a prominent role in analgesic nephropathy where it is
hypothesized to co-oxidize acetaminophen to the N-
acetyl-p-benzoquinoneimine that then arylates cellu-
lar macromolecules to cause cell death [28]. Thus, the
unique role of the kidneys in regulating body solute
and water content, also make them targets for nephro-
toxic drugs.

It is worth emphasizing that the same drug is ca-
pable of inducing several types of renal injury, e.g.
NSAIDs may lead to intrarenal hemodynamic distur-
bances as well as to acute tubular necrosis, acute inter-
stitial nephritis with or without nephrotic syndrome,
and sometimes to various glomerular and arteriolar
diseases [29, 30].

Traditionally, when searching for the etiology of
ARF, the clinician’s will subdivides the potential causes
of a sudden decline of GFR into one of three general



6

PORTER, PALMER & HENRICH

pathophysiologic processes: prerenal failure, intrare-
nal failure or postrenal failure [1]. However, the actual
renal injury may arises from a variety of insults such
as, intrarenal and/or extrarenal hemodynamic changes
that include endothelial injury or alteration of vascu-
lar reactivity, direct nephrotoxic damage (i.e. acute tu-
bular necrosis), acute glomerulopathy, acute intersti-
tial nephritis or angiitis due to hypersensitivity, intra-
renal tubular obstruction, or a combination of the above
mechanisms (Table 2). In two recent studies, prerenal
failure was diagnosed in 14.5% [6] and 37.6% of pa-
tients with drug induced ARF [14]. In the latter series,
NSAIDs and ACE inhibitors were responsible for three
fourth of the cases, presumably by blocking the nor-
mal adaptive responses to renal hypoperfusion.
Bridoux et al. [31] demonstrated that, in sodium de-
pleted patients, azotemia could occur in response to
ACE inhibitors therapy, without stenosis of the renal
arteries. Usually, ACEI–induced renal failure rapidly
reverses by discontinuing the drug.

In an analysis of 131 biopsies of drug-induced ARF
[6, 16], acute tubular necrosis occurred in 61.1% of the
cases while acute interstitial nephritis was the diagno-
sis in 16.8%. Most cases were due to aminoglycoside
antibiotics, NSAIDs and analgesics. Interestingly, acute

tubular necrosis may occur in a significant proportion
of patients developed ARF due to ACE inhibitors. In a
recent report, 5 of 10 biopsied patients with ARF re-
lated to ACE inhibitors had acute tubular necrosis [33].
Moreover, in a series of the Société de Néphrologie, a
diagnosis of acute tubular necrosis was made in 30 of
50 cases following the use of various contrast agents.
Most patients were oliguric, and in one-third of them
serum creatinine values did not return to baseline level
[33].

Acute interstitial nephritis has been an increasingly
recognized cause of drug-induced ARF [32, 34-37].
Over 100 drugs have been implicated in kidney-related
hypersensitivity reactions [38], the most common be-
ing listed on Table 2. For the other drugs, the number
of cases reported is low and often anecdotal. In hu-
mans, cell-mediated immunity is probably involved
with most cases of drug-induced acute interstitial ne-
phritis [38].

The true incidence of acute interstitial nephritis is
difficult to assess since renal biopsy is needed for de-
finitive diagnosis [32, 38]. In a series of 976 patients
presenting with ARF, renal biopsy was done in 218
cases for diagnostic purposes; drug-induced intersti-
tial nephritis was found in only 8 patients, i.e. 0.8% of

Table 2. Classification of various drugs based on pathophysiologic categories of acute renal failure.

1. Prerenal failure
NSAIDs, ACE-inhibitors, cyclosporine, norepinephrine, angiotensin receptor blockers, diuretics, interleukins, cocaine,
mitomycin C, Tacrolimus, Estrogen, quinine.

2. Acute tubular necrosis
Antibiotics: aminoglycosides, cephaloridine, cephalothin, amphotericin B, rifampicin, vancomycin, foscarnet,
pentamidine.
NSAIDs, glafenin, contrast media, acetaminophen, cyclosporine, cisplatin, IV immune globulin, dextran, maltose,
sucrose, mannitol, heavy metals.

3. Acute interstitial nephritis
Antibiotics: ciprofloxacin, methicillin, penicillin G, ampicillin, cephalothin, oxacillin, rifampicin.
NSAIDs, glafenin, ASA, fenoprofen, naproxen, phenylbutazone, piroxacam, tolemetin, zomepirac, contrast media,
sulfonamides, thiazides, phenytoin, furosemide, allopurinol, cimetidine, omeprazole, phenindione.

4. Tubular obstruction
Sulfonamides, methotrexate, methoxyflurane, glafenin, triamterene, ticrynafen, acyclovir, ethylene glycol, protease
inhibitors.

5. Hypersensitivity angiitis
Penicillin G, ampicillin, sulfonamides.

6. Thrombotic microangiopathy
Mitomycin C, cyclosporine, oral contraceptives.

Adapted from ref. [1] and ref [32]
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all cases of ARF [34]. A similar frequency was found
in the French collaborative study [6]. The proportion
of patients with interstitial nephritis is higher in biop-
sied ARF patients, ranging from 2.5% [36] to 8.3% [35].
In the combined biopsy series [6, 19] a diagnosis of in-
terstitial nephritis was recorded in 16.8% of patients
with drug-induced ARF. More recently, Schwarz et al.
[32] reviewed over 1000 diagnostic renal biopsies of
which 6.5% were judged to be acute interstitial nephri-
tis. Eighty-five percent of the cases of acute interstitial
nephritis were drug-induced, with the majority being
due to analgesics and NSAIDs.

While recovery of renal function following acute
interstitial nephritis can be anticipated when the re-
sponsible drug is promptly withdrawn, certain drugs
have a higher rate of permanent renal insufficiency [32].
When Schwarz et al. analyzed the outcome of drug-
induced acute interstitial nephritis, 60% of NSAID in-
duced acute interstitial nephritis were left with chronic
renal insufficiency [32]. Naturally, persistent renal fail-
ure or even death is observed when the offending agent
is continued or discontinued too late. Rossert [38]
analysis of seven small, non-randomized, retrospective
studies which compared patients who received corti-
costeroids and others who did not concluded that cor-
ticosteroids do not decrease the risk of chronic renal
failure. While the pathologic similarities with acute
transplant rejection support such a treatment approach,
no controlled randomized studies have been reported.
The best prognostic factors for recovery may be the
duration of renal failure, while recovery is more fre-
quent in non-oliguric than in oliguric patients [33]. In-
terestingly, a higher incidence of persistent renal im-
pairment is found in cases with renal interstitial granu-
lomas than in those without granulomas [37] (Table
3).

Acute renal failure caused by tubular obstruction
can also occur with a number of drugs (Table 2), due
to intratubular precipitation of the drug itself or of its
metabolites. Of particular note have been the reports
of obstruction associated with high-dose intravenous
acyclovir used to treat systemic and genital herpes in-
fections [39]. Only few cases of angiitis due to drugs
are known, the most prominent being secondary to
methamphetamine [40]. In adults, drug-induced
thrombotic microangiopathy leading to hemolytic ure-
mic syndrome have been associated with both the use
of oral contraceptives [41], and cyclosporine [42].

Particular features due to specific drugs

Antibiotics, in combination with NSAIDs, ACE in-
hibitor and contrast media, are responsible for the ma-
jority of cases with drug-induced ARF. The antibiotic
class most often implicated is the aminoglycosides [4,
5, 8]. Acute renal failure complicating treatment with
aminoglycosides occurs in about 10% of therapeutic
courses; most of these patients receive inappropriate
regimens of the drug [7].

Over 30 billion tablets of NSAID were dispensed
in the United States in 2000; approximately 16% repre-
sent prescriptions for NSAIDs [43]. These compounds
enjoy a remarkable benefit/risk ratio when used in the
treatment of acute self-limited pain syndromes. How-
ever, when taken chronically by the elderly or indi-
viduals with certain co-morbid conditions, the fre-
quency of adverse reactions rises dramatically. Unfor-
tunately, the real incidence of nephrotoxicity due to
NSAIDs is unknown due to a lack of an accurate
method of detection. The overall incidence could be
very low, considering that up to 40 million people in
the United States take NSAIDs on a regular basis [44].
In the 10 year-period 1972-1982, 8 million prescriptions
for mefenamic acid were given in the United Kingdom,
and only 23 cases of mefenamic acid nephropathy were
observed [45]. This is in contrast to the higher incidence
of nephrotoxicity in selected and prospective studies.
Corwin and Bonventre [46] found that renal insuffi-
ciency secondary to NSAIDs accounted for approxi-
mately 6% of cases of ARF seen during a two-year pe-
riod. In a prospective collaborative study, NSAIDs rep-

Table 3. Outcome of drug-induced acute interstitial
nephritis with and without granulomas (modified from
ref. [37]).

Granulomas No granulomas

Number of cases 12 31

Drugs involved
NSAIDs 8% 29%
Analgesics 50% 19%*
Beta-lactams 17% 26%
Other 25% 29%

Oliguria 50% 29%

Permanent renal damage 50% 13%**

*p<0.05; **p<0.01



8

PORTER, PALMER & HENRICH

resented 15.6% of total patients with ARF [47]; half of
prescriptions for NSAIDs could be considered as thera-
peutic errors, e.g. excessive or prolonged doses given
in older and high-risk patients.

ACE inhibitors have emerged as a major cause of
drug-induced ARF [9, 14, 31, 48, 49]. Only a minority
of ACE-inhibitor related cases have associated renal
artery stenosis [31]. However, these groups of patients
are older than the usual patient with drug-induced
ARF, and more frequently are afflicted with underly-
ing chronic renal failure [49]. When a renal biopsy is
performed, it shows either severe arteriosclerosis of
small renal arteries or acute tubular necrosis [31]. ACE
inhibition followed by ARF may sometimes result in
severe irreversible renal damage [31, 49] and even
death [31].

The frequency of contrast -media induced ARF is
variable, but is judged to represent between 2 to 10%
of all ARF patients. The incidence clusters in high-risk
patients (see below) and cases of ARF that develop
while hospitalized [5, 50, 51]. While the majority of
patients with contrast-associated nephropathy present
as non-oliguric renal failure, in diabetic patients this
presentation may be one of oliguric renal failure [52].
The majority of cases result from parenteral adminis-
tration of triiodinated agents, but oral contrast agents
used for cholecystography have been implicated. In the
French collaborative survey, acute tubular necrosis was
diagnosed in 60% of contrast-associated cases, and mor-
tality was double that in ARF due to other drugs [6].

As with other cases of ARF, ARF due to drugs is
most often the consequence of multiple simultaneous
insults. For example, Rasmussen and Ibels [4] found
that 62% of 143 patients had more than one acute in-
sult, including excessive aminoglycoside exposure and
radiocontrast material administration. In the series of
Davidman et al. [14], multiple causes of ARF were also
present in 50% of 38 patients with drug-related renal
disease.

Monitoring of renal function

The use of potentially nephrotoxic drugs requires
close monitoring of renal function. The serum creati-
nine concentration is the most common method uti-
lized to assess renal function but suffers from its lack
of sensitivity. In patients with normal baseline renal
function substantial renal injury can occur before there

is a demonstrable rise in the serum creatinine concen-
tration. A rise in the serum creatinine concentration
that just exceeds the normal range may reflect as much
as a 50 decline in the GFR. The failure of the serum
creatinine to accurately reflect the degree of renal in-
jury is particularly evident in patients with decreased
muscle mass or those with chronic liver failure. Crea-
tinine is produced from the metabolism of creatine in
skeletal muscle. In turn, creatine is derived from the
liver. In the setting of chronic liver disease or malnour-
ished patients with decreased muscle mass creatinine
synthesis becomes impaired. As a result more profound
decreases in the GFR may occur before the serum crea-
tinine concentration begins to rise above normal val-
ues [53]. By contrast, the serum creatinine concentra-
tion is a sensitive indicator of changing renal function
in patients with chronic renal failure. In these patients
a small decline in the GFR is associated with a large
increase in the serum creatinine concentration.

Measurement of the creatinine clearance with a 24-
hour urine collection is a more sensitive way to detect
early impairment in renal function. At normal levels
of renal function only a small percentage of creatinine
appears in the urine by tubular secretion while the bulk
of creatinine is filtered by the glomerulus. As a result,
creatinine clearance is an accurate measurement of the
GFR. However, the accuracy of creatinine clearance
declines with advancing renal insufficiency. In this set-
ting the percentage of creatinine, which reaches the fi-
nal urine by tubular secretion, increases. As a result
the creatinine clearance tends to overestimate the GFR
in patients with renal insufficiency [54].

The most accurate way of assessing changes in the
GFR is to measure the clearance of a compound that is
freely filtered by the glomerulus but is neither secreted
nor reabsorbed by the tubule. Radiolabeled sodium io-
thalamate and diethylenetriaminepenta-acetic acid
(DTPA) are substances commercially available for this
purpose.

Because of the problems with changes in creatinine
production and secretion, other endogenous com-
pounds have been evaluated in an effort to provide a
more accurate estimation of GFR. Perhaps the most
promising is cystatin C, a low molecular weight pro-
tein that is a member of the cystatin superfamily of
cysteine protease inhibitors [55]. Cystatin C is produced
by all nucleated cells and its rate of production is rela-
tively constant, being unaltered by inflammatory con-
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ditions or changes in diet. When compared to the GFR
as determined by the clearance of radioactive iothala-
mate, serum cystatin C levels began increasing when
the GFR was 88 ml/min while the serum creatinine
concentration only increased when the GFR was 75 ml/
min [56].

In summary, monitoring changes in the creatinine
clearance or directly measuring the GFR using mark-
ers that are not acted upon by the tubule are the best
tools to detect early drug-induced renal toxicity in pa-
tients with a normal baseline creatinine concentration.
Serial monitoring of the serum creatinine concentra-
tion is usually adequate in those chronic failure pa-
tients whose creatinine is already increased. The role
of other endogenous compounds such as cystatin C as
a way to monitor renal function is not yet known.

Populations at risk

The changes in renal function of patients experi-
encing nephrotoxicity can be as dramatic as a sudden,
acute deterioration requiring immediate dialysis to an
insidious asymptomatic decline. This difference in pre-
sentation probably represents the level of exposure, i.e.,
dose and duration, to a drug or environmental toxin
plus a component of genetic susceptibility. This for-
mulation is supported experimentally since it has been
shown that the rapidity with which renal failure oc-
curs is dependent on the rate at which a known neph-
rotoxin is administered [57]. Similar observations re-
garding the influence of time-dosage effects have come
from our laboratory using an experimental model of
aminoglycoside nephrotoxicity [58]. The human coun-
terpart is a study reported by Nicolau et al. [59] in-
volving once daily aminoglycoside dosing in over 2000
patients. They found that in addition to dosing sched-
ule, age and duration of treatment were factors in
precipitating aminoglycoside-induced ARF. While this
postulated dependency on time and in vivo drug con-
centration remains speculative for human renal disease,
it provides a convenient approach to explaining many
of the observations related to suspected environmen-
tal toxicants. The clinical course of renal failure has been
defined to a great extent by observing the natural his-
tory of ARF [60]. It follows that much of our informa-
tion regarding risk factors for the development of re-
nal failure have also come from analysis of patients
with ARF [1-5, 8]. However, with the advent of ESRD

registers, i.e., EDTA and USRDS, data regarding risks
factors for progressive renal failure are being accumu-
lated [61, 62].

Population characteristics which are candidates to
correlate with increased susceptibility to toxin induced
renal injury include: 1) genetic susceptibility, 2) occu-
pational or environmental exposure, 3) gender, 4) age,
5) race, 6) nutritional status, 7) socio-economic status,
8) addictive personality, and 9) co-existing chronic dis-
ease. By defining populations at increased risk it is
hoped that greater care will be exercised in either drug
prescribing or removal of subjects from offending en-
vironments.

Sharing importance with individual susceptibility
is the previously mentioned concept of critical body
burden of toxicant as a prerequisite for inducing renal
cell injury. It is this concept of body burden that helps
explain why the various clinical manifestations of toxin
induced renal disease run the gamut from sudden de-
terioration of renal function to the insidious loss of func-
tion.

Genetic/hereditary susceptibility

Inherited renal disease is an infrequent cause of
ESRD, cystic kidney disease being the most prevalent
accounting for about 3% of all cases [61]. However, ex-
perimentally inbred strains of rats are selected because
of their known susceptibility to toxic injury, an example
of which is the Fischer 344 rat [63]. This selective ani-
mal susceptibility has led to speculation that a similar
situation might exist for humans. A possible relation-
ship between occupational exposure and genetic sus-
ceptibility comes from a study conducted by the Michi-
gan Renal Registry [64]. The study design was a case-
control involving 325 men with ESRD in which an
occupational exposure was sought. The results found
that the strongest association for ESRD patients was a
family history of renal disease (odds ratio = 9.30). Pa-
tients with ESRD that were excluded from consider-
ation included; diabetic nephropathy, polycystic kid-
ney disease, heroin nephropathy, lupus nephropathy,
nephropathy due to malignancy, Alport’s syndrome,
unspecified chronic renal failure, obstructive nephropa-
thy and uncommon nephropathies, leaving only pa-
tients with diagnoses compatible with toxin-induced
renal injury, i.e., glomerulonephritis, nephrosclerosis
and interstitial nephritis, for evaluation.
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More recently, O’Dea et al. reported a higher risk
of renal failure in first-degree relatives of Canadian pa-
tients with ESRD [65]. Their case-control study brack-
eted the years from 1987 to 1993. Diseases with a Men-
delian pattern accounted for 8.4% of all cases and were
excluded from relative risk analysis. Twenty-seven per-
cent of the probands had at least 1 relative with renal
failure as compared to 15% of the controls. The Odds
Ratio for have a first degree relative with renal failure
was 3.0 (95% CL 1.7-5.2), while the risk for ESRD was
highest in families of probands with hypertensive
nephropathy, interstitial nephritis, and diabetic neph-
ropathy. Being a first-degree relative of a proband in-
creased the incidence of ESRD from 79 per million per
year to 297 per million per year, nearly a four fold in-
crease. Freedman et al. [66] using a case-control for-
mat investigated the incidence of familial clustering of
ESRD in African-Americans suffering from HIV-asso-
ciated nephropathy. After controlling for age, family
size, and sex, they found a 5.4 fold increase in the inci-
dence of ESRD in close relatives of HIV-associated
nephropathy patients compared to HIV patients with-
out evidence of nephropathy. Although they could not
completely eliminate environmental factors as contrib-
uting to the significant difference (p=0.004), they raised
the possibility of an inherited susceptibility in the fami-
lies studied.

Genetic polymorphism has also been identified as
possibly contributing to progression of renal disease.
Because of the relationship that has been identified be-
tween endothelial nitric oxide synthase (ecNOS) poly-
morphism and abnormal hemodynamics, Wang and
associated [67] investigated the frequency of gene poly-
morphism of ecNOS intron 4 in patients with ESRD as
compared to health controls. These authors found that
the frequency of the a allele of endothelial nitric oxide
synthase (ecNOS) was significantly higher in cases of
non-diabetic ESRD when compared to healthy controls.
Using similar reasoning, that ESRD is a complex phe-
notype that combines pre-existing renal disease with
environment and genetic factors, Gumprecht et al. [68]
evaluated the role of gene polymorphism in the renin-
angiotensin system as it occurs either during the de-
velopment or progression of chronic renal failure. Two
hundred and forty-seven CRF patients and their par-
ents were enrolled in the study. The angiotensin 235 T
allele was transmitted significantly more frequently to
CRF patients than would be expected if no association

existed. However, the significant transmission was lim-
ited to patients with interstitial nephritis. Nobilis et al.
[69] examined the association between very low birth
weight newborns and ARF. They reasoned that since
the neonate requires high RAS activity to maintain
GFR, genetic polymorphism could impair either ACE
activity or ANGIOTENSIN II-type I receptor functions
in very low birth weight newborns. Neither the fre-
quency of the ACEI allele and/or ATIR CII66 variant
differed between the ARF group (n=42) and these with
normal renal function (n=68). Thus, no correlation was
evident between genetic polymorphism and the devel-
opment of neonatal ARF. Obviously, this represents a
fertile area for ongoing research.

Occupational/environmental exposure

While there are well-recognized instances of drugs
and toxins inducing ARF, the evidence supporting their
causality in CRF /ESRD is circumstantial and thus less
compelling. This is to be expected given the insidious
nature of progressive renal failure, an observation that
suggests a long latency between exposure and onset
of disease. This problem is compounded by the super-
imposition of associated chronic conditions associated
with and leading to renal failure. Additionally, the lack
of a uniform system of classifying renal disease (mix-
ture of clinical and pathologic terms) and the distinct
possibility of multifactorial causes for renal failure be-
cause of the many potential nephrotoxins, which exist
in our environment [70]. At the Workshop on Chronic
Disease in the Workplace, conducted by the Workplace
Health Fund in 1983, it was estimated that nearly 4
million workers were exposed to known or suspected
nephrotoxins during the 1971-72 interval [71]. Of in-
terest was the list of nephrotoxins cited which are iden-
tical to those we currently believe to be candidates to
produce chronic renal failure and eventually lead to
ESRD. They included: I) heavy metals, i.e., lead, mer-
cury, uranium and cadmium; 2) solvents, especially
light hydrocarbons; 3) silica; 4) beryllium; 5) pesticides;
6) arsenic.

Solvents have been implicated as inducers of glom-
erulonephritis [72], while the association between
chronic interstitial nephritis and analgesic abuse is ac-
knowledged [73] and the association between hyper-
tensive renal disease (nephrosclerosis) and lead neph-
ropathy continues to be explored [74, 75]. According
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to data provided by USRDS for 1994 through 1998,
glomerulonephritis accounted for 9.1% of ESRD, hy-
pertensive renal disease was present in 25.2%, second-
ary glomerulonephritis and vasculitis involved 2.2%,
3.6% were unknown etiology and interstitial nephri-
tis/pyelonephritis accounted for 3.8% of all cases of
ESRD being treated in USA [61]. From EDTA [62],
24.1% of new ESRD patients in 1987 were due to glom-
erulonephritis, 16.6% due to pyelonephritis/intersti-
tial nephritis, 2.8% due to analgesic and other nephro-
toxic agents, 9.9% due to renal vascular disease and
14.4% due to chronic renal failure of unknown etiol-
ogy for a total of almost 68%. Thus, there exist a sub-
stantial number of ESRD patients whose etiology could
involve a component of long-term, low level exposure
to either environmental or occupational toxicants.

In addition to workplace exposures, there are ac-
knowledged geographic regions of environmental
contamination that expose the general population and
can increase their risk of chronic renal damage. An ex-
ample of such an environmental contamination is me-
thyl mercury poisoning by industrial effluents in
Minimata Bay region of Japan, which lead to both neu-
rological and renal impairment in several hundred
adults who ingested tainted fish [76]. In evaluating the
occurrence of lead nephropathy in the general public,
Staessen et al. concluded that while such exposure
could impair renal function they were unable to dem-
onstrate a cause/effect relationship [77].

Recently, reports linking Chinese herb remedies to
fatal renal failure have appeared [78, 79]. The remedies
have been taken for weight loss or the treatment of ec-
zema. The offending compound is thought to be aris-
tolochic acid which is the acknowledged nephrotoxin
that was identified as contributing to the progressive
interstitial nephritis that lead to renal failure and death
in the Belgian experience [78]. In a recent editorial, De
Broe [79] speculates that combining a potentially neph-
rotoxic agent, such a Chinese herbs with a renal vaso-
constrictive agent, may account for the observation that
not all patients who use the herbal product develop
ARF. In the UK it is estimated that over 3000 clinics
were prescribing Chinese herbs in 1999 [80].

Gender

Experimentally gender predilection for various
nephrotoxins is well recognized. Examples include the

male rat’s sensitivity to the nephrotoxic effects of both
carbon tetrachloride and aminoglycosides [58]. Re-
cently, Moore et al. [81] demonstrated an increased sus-
ceptibility of women to the nephrotoxic effects of ami-
noglycosides using multi variant analysis. These ob-
servations make two important points, first is that the
extrapolation of animal results to predict human re-
sponse must be done with caution since the experimen-
tal data predicted a male susceptibility. Secondly, gen-
der can impart either susceptibility or resistance de-
pending upon your point of view.

In searching for an explanation of the slower rate
of progression to ESRD for female patients, Miller et
al. [82] have identified a gender dependent difference
in the renal hemodynamic effect of angiotensin II. The
infusion of angiotensin II in women was associated
with a parallel decline in GFR and effective renal
plasma flow (ERPF), while in men GFR was maintained
despite the angiotensin II-induced fall in ERPF. Thus,
for women, the decline in filtration fraction (FF) paral-
leled the fall in GFR, while in men FF remained un-
changed. The authors speculate that the gender differ-
ence in progression to ESRD is due to the angiotensin
II associated sustained FF in men which is absent in
women. It has been recognized for some time that
glomerular hypertension, which would be required to
sustain FF in the face of a fall in ERPF, is a known con-
tributor to the progression of renal failure [83].

Race

While direct evidence linking a patients’ race with
the risk of toxin induced renal injury is lacking, an in-
direct association is suggested based on the clinical
course of hypertensive renal disease (nephrosclerosis)
in black versus white males. From incidence data pro-
vided by USRDS, ESRD occurs 8 times more frequently
in black males with hypertensive renal disease than
white males with a similar diagnosis [61]. This rela-
tionship has been defined in greater detail by the case-
control study conducted by Freedman et al. [84]. Based
on their results, the presence of a first-degree relative
with ESRD increased the risk for developing ESRD
ninefold, with OR of 9.13 (95% CL 2.6 to 31.8). Hyper-
tensive nephrosclerosis and Diabetes, type II was more
prevalent than chronic glomerulonephritis. In a recent
retrospective survey of the incidence of ARF in Afri-
can-Americans, Obialo et al. [85] found that while pa-
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tients > 64 year of age had a high incidence of ARF,
this was shared by the age group < 40 years of age.
However, they noted that patients > 64 years of age
were less likely to receive dialysis. If one were to pur-
sue the concept of multitoxin injury as contributing to
nephrotoxic chronic renal failure, then the hyperten-
sive kidney would be receptive substrate upon which
a toxic insult could be superimposed. There is evidence
from clinical studies involving in-hospital cases of ARF
that hypertension is a risk factor [1-5].

Nutrition

Glomerular hyperfiltration regularly follows the
ingestion of a protein rich diet. Furthermore, experi-
mentally induced hyperfiltration induces glomerulo-
sclerosis and chronic renal failure in animals deprived
of their renal reserve [86]. In addition, pathologic varia-
tions in the body’s mineral content has been linked with
chronic renal injury in the case of severe hypokalemia
induced by eating disorders [87], and shown to aug-
ment toxin induced injury in the case of calcium deple-
tion and lead nephropathy [88], or salt depletion and
analgesic nephropathy [89].

The assessment of the nutritional state of renal pa-
tients has come under scrutiny in recent years. While
serum albumin has served as the common index of
nutritional status, evidence is mounting that interpre-
tation of this parameter is influence by other factors.
Recently, Ikizler et al. [90] provided evidence of an in-
teraction between depleted nutritional status and ac-
tive inflammatory disease as providing markers for in-
creased risk of hospitalization for chronic hemodialy-
sis patients. This awareness of the impact of
inflammation on nutrition status requires further evalu-
ation in order to properly assess the contribution of
each to the progressive atherosclerotic disease, which
characterized ESRD patients [91].

Alcohol consumption has been reported to poten-
tate the nephrotoxicity of lead [92] and anti-inflamma-
tory drugs [93]. However, in a recent case-controlled
study reported by Perneger et al. [94], these authors
found the OR for developing ESRD was 4.0 (95% CL
1.2-13.0) among persons who self-reported consuming
an average of >2 drinks/day. This was after adjusting
for age, race, sex, income, and history of hypertension,
history of diabetes mellitus, acetaminophen intake,
cigarette smoking and opiate use. Fortunately, alcohol

intakes of 2 drinks/day or less did not increase the risk
of renal failure.

Socio-economic status

The exposure to lead based paints and subsequent
lead nephropathy and encephalopathy, in the USA, is
concentrated in substandard housing [93]. Individu-
als at the lower end of our economic ladder often are
denied access to preventative health care thus putting
them at additional risk for toxin exposure. Another ex-
ample is the consumption of “moonshine” whiskey that
has been associated with the development of lead neph-
ropathy [95].

Age

Age, along with pre-existing renal disease and vol-
ume depletion, are well-recognized risk factors for in-
hospital ARF [1, 4, 5, 8-10]. The higher risk of nephro-
toxicity associated with age can be traced to normal
age-related changes in renal function [96]. Aging is as-
sociated with a progressive decline in the GFR and re-
nal blood flow, which correlate with an increase in re-
nal vascular resistance (Table 4). Importantly, the re-
nal vasculature is less responsive to vasodilators, while
the response to vasoconstrictors remains unchanged.
In addition to age-related changes in renal function,
changes in the rate and manner that drugs are metabo-
lized by elderly patients also increase their susceptible
to renal toxicity [97]. Elderly patients, particular those
with chronic illness, often have lower albumin levels,

Table 4. Risk factors for drug-induced nephrotoxicity in
the elderly.

Age-related changes in renal function
↓ in glomerular filtration rate
↓ in renal blood flow
↑ in renal vascular resistance

Age-related changes in pharmacokinetics
↑ free drug concentration

• hypoalbuminemia
• retained metabolites

↓ total body water
↓ hepatic metabolism with longer drug half-life
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which reduces protein binding of drugs resulting in
higher free drug concentrations. Protein binding is fur-
ther interfered with by retained metabolites, which ac-
cumulate as a result of the normal age-related impair-
ment in renal function. Increased drug levels also oc-
cur as a result of the age-related decrease in total body
water. Finally, decreased hepatic metabolism, which
is often present in the elderly, contributes to a longer
half-life of drugs potentially resulting in unexpectedly
high drug levels (Table 4). For all of these reasons a
given dose of a potentially nephrotoxic agent might
be well tolerated in a young person but result in marked
renal injury in an older person. In the community based
study reported by Feest et al. [11], the annual rate of
severe ARF rose from 83 per million population (pmp)
in the six decade of life to 949 pmp in the ninth decade
of life, a nearly tenfold increase. In the hospital based
study of Khan et al. [10], the annual incidence of ARF
increased from 606 pmp for the age range of 50 to 69,
to 4266 pmp for individuals older than 80 years. On
the other hand, Kohli and co-workers prospectively
examined the incidence of treatment-related ARF in
elderly hospitalized patients [98]. During a one-year
interval, these authors identified treatment-related ARF
occurring in 1.2% of patients ≥ 60 years of age. Mul-
tiple insults were identified in most cases of ARF; how-
ever, drugs contributed 66% of the time, sepsis and hy-
potension 46% of the time, contrast media 17% of the
time, and the post-operative state 25% of the time. The
development of treatment-related ARF doubled the
death rate (25.4% vs. 12.7%).

Since toxin induced chronic renal failure is theo-
rized to occur after years of low-level toxin exposure,
it stands to reason that the incidence would be clus-
tered in elderly patients. The study of Chester et al.
[99] provides indirect support that elderly patients may
be at greater risk. Of the 79 patients with chronic renal
failure who met age criteria of 70 year or more, 29%
were classified as having chronic interstitial nephritis,
a clinical diagnosis quite compatible with toxin induced
renal failure and an incidence substantially higher than
the 10.4% in accumulated series in which patients 50
year and older were included [100]. Furthermore, in
the 2000 USRDS survey of causes of ESRD, the aver-
age age for patients with a diagnosis of interstitial neph-
ropathy was 66 year compared to 63 years for the en-
tire population reported [61].

Co-existing chronic diseases

Conventional wisdom dictates that pre-existing re-
nal insufficiency is a well-established significant risk
factor in the ARF of contrast-associated nephropathy
[101]. However, a study by Levy et al. [102] questions
this wisdom. These authors performed a cohort ana-
lytical study involving over 16,000 patients undergo-
ing radiocontrast procedures. One hundred and sev-
enty-four patients diagnosed with contrast-associated
nephropathy were paired to a like number of nephr-
opathy-free patients matched for age, baseline creati-
nine and similar radiocontrast procedures. Mortality
in contrast-associated nephropathy patients was 34%
compared to 7% in match control group. When the
authors considered the contribution of co-morbid con-
ditions, the mortality rate in the ARF group was con-
sistently higher for patients with: diabetes, hyperten-
sion, cancer, lymphoma, liver disease, heart failure,
acute myocardial infarction, sepsis and gastrointesti-
nal bleeding. The authors concluded that the high
mortality rate in ARF is not explained by co-morbid
conditions; rather ARF increases the risk of fatal, non-
renal complications. A similar misconception may ex-
ist for NSAID given to patients with chronic renal fail-
ure [103]. Evans et al. [103] conducted a case-control
study involving a population base of 420, 600 individu-
als. These authors found that for patients hospitalized
with ARF, the risk was doubled for patients who in-
gested NSAIDs during the 90 days prior to admission.
Interestingly, they could not identify any interaction
between NSAID use in patients with chronic renal fail-
ure and subsequent hospitalization for ARF. However,
for patients requiring intensive care treatment, evi-
dence continue to mount correlating increased mor-
tality in ARF with the number of failed internal organs
[103-105].

For chronic renal failure the information is again
circumstantial. Patients with sickle cell disease have a
high frequency of papillary necrosis which is assumed
to be the result of the slugging effect of the abnormal
red cells as they course through the vasa recti and are
exposed to the high osmolarity of the renal papillae
[108]. However, these same patients have significant
pain associated with’ ‘sickle crisis’, for which they of-
ten take analgesics that are also associated with papil-
lary necrosis [109]. This may represent a case of mul-
tiple insults superimposed to give an additive patho-
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logic effect. Another example is the supposed increased
risk of contrast associated nephropathy in patients with
myeloma kidney due to a physical interaction between
Tamm-Horsfall protein and the radiocontrast media
leading to intraluminal obstruction and ARF [110]. Dia-
betic nephropathy is a documented risk factor for acute
contrast induced nephropathy; however, the review of
Mudge suggests that in up to 25% of such cases serum
creatinine does not return to pretreatment levels and
these patients end up with further deterioration of their
renal function as a result of the acute insult induced
by the contrast media [101]. The role of hypertension
as a risk factor has already been described in the sec-
tion entitled Race. Recently, Rihal et al. [111] reviewed
the incidence of ARF post-percutaneous coronary in-
tervention. Stratifying pre-percutaneous serum creati-
nine provided ample evidence that once serum creati-
nine exceeded 2 mg/dl that ARF risk was high irre-
spective of co-existing diabetes.

Addictive behavior

With drug abuse being an increasingly common
behavior for the younger generation, it is not surpris-
ing that it has been linked to renal injury. Heroin neph-
ropathy is a well-described cause of focal sclerosing
glomerulonephritis with associated nephrotic syn-
drome [112, 113]. This particular pathologic entity of-
ten progresses to ESRD and may account for up to 10%
of such patients in cities with large addictive popula-
tions [114]. Although cardiac and/or cerebral ischemia
is the more common acute presentations of cocaine in-
halation, renal ischemia also occurs [115]. The most fre-
quent cause of cocaine associated ARF occurs in the
setting of rhabdomyolysis [116]; however, a more re-
cent association between habitual cocaine abuse and
accelerated or malignant hypertension leading to de-
terioration of renal function have been identified [117].
Intravenous amphetamine or “speed” can induce pol-
yarteritis nodosa with progressive renal failure and
severe hypertension [118]. Recently, Bingham and co-
workers have reported a case of chronic renal failure
due to habitual intake of oral methamphetamine and
‘ecstasy’ [119]. More disturbing is a report by Richards
et al. [120] in which 43% of rhabdomyolysis patients
entering an emergency room had a positive toxicologic
screen for methamphetamines.

Summary

While much of the data concerning nephrotoxic
chronic renal failure is circumstantial and based on epi-
demiologic surveys involving ESRD patients [61], for
certain xenobiotics the evidence is substantial. The most
obvious group at risk is individuals exposed to known
or suspected nephrotoxins in the workplace. A similar
conclusion is valid for people living in geographic re-
gions of contamination. The possible link between a
family history of renal disease and development of re-
nal failure may represent an inherited susceptibility or
could result from a common geographic exposure. Al-
tered nutrition and certain co-existing diseases includ-
ing addictive behavior are additional parameters by
which relative risk to nephrotoxin, can be ascertained.
While gender, race and socio-economic status provide
tantalizing clues that these factors could contribute to
risk stratification, solid confirmation is needed. Thus,
targeting populations at risk for future evaluation and
follow-up is the most efficient strategy for the identifi-
cation of patients early in the course of their toxic re-
nal injury plus introducing protective measures to im-
pede the progression of patients into ESRD programs.

Individual risk factors

Individuals may be at increased risk for develop-
ing nephrotoxicity from various drugs based on unique
circumstances. For example, several antibiotics are well
recognized as having nephrotoxic potential [121] but
it must be appreciated that they are often administered
under clinical circumstances in which acute renal in-
sults co-exist, i.e., hypotension, reduced cardiac out-
put, depressed liver function, etc. Rasmussen & Ibels
used multivariant analysis to determine the role of
acute insults such as hypotension, dehydration, pig-
menturia, liver disease, sepsis, aminoglycoside admin-
istration and contrast media for patients developing
ARF without a prior history of renal disease [4]. In 41
of 121 patients a single insult was considered to be re-
sponsible for ARF, 80% of the time this was hypoten-
sion. The remaining 80 patients were exposed to 140
insults or 1.75/patient giving support to the concept
of the multifactorial basis for inducing nephrotoxic
renal injury. This same pattern of multiple insults caus-
ing ARF is evident from the report of Kohli et al. [98].
Contrast-associated nephropathy has been evaluated
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extensively for possible clinical conditions in which
patients are at additional risk for the induction of ARF
[122] Swartz et al. [122] using a retrospective analysis
of factors related to renal failure following major an-
giography, reported that in addition to renal insuffi-
ciency, abnormal liver function tests, hypoalbumin-
emia, diabetes mellitus and proteinuria all were sig-
nificantly correlated with the patient group which
developed renal failure. They also noted a prevalence
of 2.5-risk factors/case of contrast-associated nephr-
opathy. Cochran et al. [123] used an odds-ratio analy-
sis of 28 clinical factors that might correlate with in-
creased risk for the development of contrast-associated
nephropathy. In addition to underlying renal disease
and elevated serum creatinine, their data confirmed
proteinuria as a risk factor but failed to substantiate
diabetes mellitus or abnormal liver function. They did
demonstrate that male gender, hypertension, and vas-
cular disease all were associated with significant addi-
tional risk as well as the amount and type of contrast
administered. In a review of 6 publications which ana-
lyzed risk factors for contrast-associated nephropathy
in 1416 patients, renal insufficiency was the only uni-
formly consistent factor for all studies [110], however,
in 3 of 5 studies in which it was tested, the amount of
contrast was found to correlate in a positive way.
Cigarroa et al. [124] have used a modified contrast me-
dia dosing scheme for patients at high risk for contrast-
associated nephropathy and reported that virtually
every case of post procedure contrast-associated neph-
ropathy occurred when the recommended limits of the
calculated dose of contrast were exceeded.

In a similar vein, Leehey et al. [125] have reported
on the frequency of aminoglycoside-induced nephro-
toxicity using three different dosing schemes, includ-
ing two that were based on pharmacokinetic principles.

It is noteworthy that despite careful calculation of the
dosing scheme, this did not alter the incidence of neph-
rotoxicity. However, the duration of dosing correlated
positively with nephrotoxicity incidence, as did treat-
ment with furosemide, old age, and liver disease.

While cyclosporine is an intrinsically nephrotoxic
drug due to a direct action on the kidney, under other
circumstances it can become nephrotoxic in the pres-
ence of a second drug, exhibiting a so-called drug-drug
interaction. For example, drugs that inhibit the hepatic
P-450 drug-metabolizing enzymes can cause a signifi-
cant change in cyclosporine pharmacokinetics and,
thus, render an otherwise stable dose nephrotoxic [126].
Drugs that induce such changes in cyclosporine levels
include: erythromycin, fluconazole, ketoconazole, ci-
metidine.

Another example of drug-drug interaction occurs
when non-steroidal anti-inflammatory drugs are given
to patients receiving anti-hypertensive drugs [127]. Due
to the action of the NSAID to inhibit prostaglandin syn-
thesis, the loss of endogenous induced vasodilatation
causes the blood pressure to become uncontrolled of-
ten necessitating increasing the current anti-hyperten-
sive drug dosage or prescribing additional anti-hyper-
tensive drugs [128]. Recently, Mehta et al. [129] have
called attention to the increased mortality and perma-
nent residual renal impairment in ARF patients who
are treated with diuretics. Once again we are reminded
that empirical treatment, for which pathophysiologic
rationale can be developed, must be evaluated in a con-
trolled clinical trial before being universal accepted as
standard therapy. So not only is it important to under-
stand the patients diseases, but also a complete list of
all medications that the patient takes on a regular ba-
sis including those purchased over the counter.
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Introduction

Pharmacology and clinical pharmacology define the
desirable and undesirable effects of drugs and xe-

nobiotics whereas pharmacokinetics defines the vari-
ous processes that are involved in absorption - distri-
bution - elimination of these agents. Needless to say
that the former may strongly influence the latter.

The kidney and the liver have complementary func-
tions in the elimination of drugs and xenobiotics. Li-
pophilic non-ionic substances of molecular weight
higher than 300-500 dalton and highly bound to pro-

teins appear to be eliminated by the liver, while the
kidney prefers hydrophilic substances of molecular
weight smaller than approximately 500 daltons. Me-
tabolism occurs predominantly in the liver, transform-
ing the original substance into more polar and more
hydrophilic metabolites, which became dependent on
the kidney for elimination. Consequently, the major-
ity of all drugs and xenobiotics in one way or another
have to pass through the kidney. In addition to this
important “gateway” function of substances, which are
not always without side-effects, the kidney itself is par-
ticularly sensitive to drugs and xenobiotics.
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This susceptibility of the kidney to nephrotoxic in-
jury has several reasons (Table 1). Renal blood flow
(25% of the resting cardiac output) exceeds 1000 ml/
min = 3.5 ml/g of renal tissue/min. Compared to the
majority of other tissues, except the brain, this results
in a fifty times higher rate of drug delivery.

The kidney has the greatest endothelial surface per
gram of tissue and possesses the highest capillary hy-
drostatic pressure favoring trapping of circulating an-
tigen and in situ immune complexes formation. Tubu-
lar transport and other renal metabolic processes uti-
lize considerable oxygen and are susceptible to the
action of metabolic inhibitors. It is worthwhile to note
that the S3-segment of the proximal
tubule has the highest rate of oxygen
delivery/oxygen consumption of all
functional entities in the body [1]. The
kidney is the only place where highly
protein bound drugs dissociate,
traverse the tubular cells and either accu-
mulate within the proximal tubular epi-
thelium and/or reach the tubular lumen.
An abundance of tubular epithelial en-
zymes involved in the tubular transport sys-
tems can be blocked, particularly in view of
the highly concentrated solutes in the tubu-
lar fluid that may reach urinary/plasma con-
centration ratios exceeding 1000 in some
cases.

In the distal part of the nephron, urine is
concentrated and the likelihood of crystalline
precipitation increases substantially, particular-
ly if urinary pH favors decreased solubility. As
the urinary concentrating process also involves the
counter-current mechanism, solute concentrations
in the medullary interstitium can reach values sev-
eral times higher than tissues elsewhere in the body.
Finally during the process of renal excretion, a par-
ticular drug may undergo bioactivation resulting in
reactive metabolites [2].

The kidney possesses several mechanisms for the
renal handling/excretion of drugs and xenobiotics.
They are listed in Figure 1 and each of them will be
briefly discussed in this chapter. Numerous, if not the
majority of drugs and xenobiotics, are handled-elimi-
nated at least partly by the kidney. For their elimina-
tion by the kidney they use one, or in most cases, two
or even more mechanisms (Figure 2). In addition many

Table 1. Vulnerability of the kidney.

Important blood flow (1/4 cardiac output)

High metabolic activity

Largest endothelial surface by weight

Multiple enzyme systems

Transcellular transport

Concentration of substances

Protein unbinding

Inner Medulla
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CortexM
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Outer
Stripe

Inner
Stripe

Active reabsorption

Intraluminal metabolisation

Filtration

Active secretion of anions
& cations

Passive non-ionized
back diffusion

Pinocytosis / Endocytosis

Renal metabolism

Figure 1. Schematic representation and main localisation
along the nephron of the various patterns of drug and
xenobiotic handling by the kidney.
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other polar metabolites are formed by me-
tabolism or conjugates by the liver, which
are then excreted by the kidney. The use
of various in vitro and in vivo techniques
as models in studying drug transport in the
kidney and/or renal toxicology is well
documented in the literature [3-7]. Each ap-
proach possesses its own advantages and
disadvantages and all have demonstrated
their usefulness and application in renal
pharmacokinetics/toxicology. A represen-
tative listing of these models, summariz-
ing their most relevant characteristics, is
presented in Table 2 [6, 8].

Osmotic diuretic mannitol

Aminoglycosides

Organic anions:

p-Aminohippurate

or benzylpenicilline

Phenobarbital

Phenylbutazone

Oxipurinol

Organic cations:

Tetraethylammonium

Quinine

Methadone

Paracetamol

Nitrofurantoin

Choline

A few vitamins

Imipenem

Probenecid

Glomerular filtration

Active tubular secretion

Passive tubular reabsorption

Active reabsorption

(carrier-mediated pinocytosis)

Intraluminal metabolisation

Renal metabolism

Figure 2. Most drugs and xenobiotics
have a renal handling consisting in

more than one pattern.

Table 2. In vitro methods for studying drug transport in the kidney
Method

Stop-flow

Isolated perfused
kidney

Kidney slices

Proximal tubular
suspensions

Micropuncture

Cultures

Cell lines

Primary cultures

Vesicles

Advantages

Easy to determine net direction of transport.

Morphologically identical to kidney in vivo.
Can monitor renal function.

Easy technique.
Good control of experimental conditions without
concern for secondary effects due to hemody-
namic changes.

Relatively homogenous cell population.

Can study transepithelial transport in surface
portions of proximal and distal tubules.

Long-term storage.
Precise control of growing environment.
Cell population is relatively homogenous.
Cells on filters permit study of bidirectional
transport.

Easily obtained and subcultured.

Closely related to fresh tissue.
Origin identified.

Transport in apical and basolateral membranes
can be studied separately.
No metabolism.
No intracellular sequestration.

Disadvantages

No precise anatomical localization.

Short term use.
In the process of degeneration.

Functional status of tubular lumen not clear.
Tissue not homogenous and contains
nontubular elements.
Diffusion barrier for substrates to nephrons
beneath the cut surface.

Contribution of luminal uptake is dependent
on luminal openings and can vary.
Short term use.

Cannot study deep segments.

Dedifferentiation.
Sterile conditions for culture.

Origin ill-defined.
Important dedifferentiation.

More difficult to prepare and maintain.

Membrane isolation may alter physiological
function.
Must correct for non-mediated transport.

Adapted from Williams & Rush [6] and Brater et al [8].
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The maturation of renal drug elimination systems
occurs at variable rates and may be influenced by a
number of factors, including pre-or postnatal exposure
to drugs. In addition, the mechanisms of drug uptake
and storage in renal tubular cells are subject to matu-
rational changes that may lead to age-related differ-
ences in intrarenal accumulation of a drug [8a].

Glomerular filtration

One fifth of the renal plasma flow (± 600 ml/min)
is filtered at the glomeruli. This filtered fraction indi-
cates that glomerular filtration can account for the
plasma clearing of as much as 20% of a non-protein
bound substance during one passage through the kid-
ney. The determinants of a drug/xenobiotic to be fil-
tered are protein binding, molecular size and charge,
glomerular integrity and the number of filtering neph-
rons. Glomerular pores (± 75 A in diameter) allow pas-
sage of molecules up to the molecular weight of
approximately 60, 000 dalton. The vast majority of
drugs/xenobiotics are approximately two orders of
magnitude smaller than this. For many drugs however,
protein binding restricts filtration so that only the un-
bound fraction can be filtered (e.g. furosemide 95% and
NSAID 98% bound to albumin), and in many cases
depend on active tubular secretion for renal elimina-
tion. Drugs can bind to several serum proteins, how-
ever, by far the most important being albumin, fol-
lowed by a α1-acid glycoprotein, an acute phase reac-
tant. Acidic compounds preferentially bind to albumin
[9] whereas for basic compounds binding to α1-acid
glycoprotein is more important [10].

Nephrotic syndrome induces two important
changes concerning protein binding. Hypoproteinemia
causes a decrease in protein binding and the integrity
of the glomerulus as a sieve is disrupted in this clinical
condition. Drugs and xenobiotics can be carried with
albumin into the urine enhancing renal elimination.
Hypoproteinemia, however, induces simultaneously
an increase in the distribution volume of numerous
substances thus lowering their availability for filtra-
tion. The overall result on renal elimination being al-
most unperceptible.

Total plasma clearance and distribution volume of
furosemide were much larger in analbuminemic rats
compared to normals, whereas the urinary excretion
was significantly lower. Injecting the albumin/furo-

semide complex markedly decreased the drug distri-
bution volume, promoted diuresis in analbuminemic
rats, in contrast to furosemide alone. Injection of the
furosemide/albumin complex to furosemide resistant
hypoalbuminemic nephrotic patients increased the
urine volume. Another factor that may contribute to
diuretic resistance in nephrotic patients is the presence
of filtered albumin within the tubule lumen. Even when
adequate amounts of diuretic are delivered to and se-
creted by the proximal tubule, much of the diuretic that
reaches the lumen in a nephrotic patient will bind to
filtered albumin; the protein/diuretic complex may not
be effective in inhibiting the Na-K-2Cl pathway [11-
14]. In rats with nephrotic syndrome, inhibitors of pro-
tein binding (warfarin and sulphisoxazole) restore the
potency of furosemide [14].

Uncharged hydrophilic substances prefer glomeru-
lar filtration for their renal handling/elimination in
contrast to the many ionized organic substances
handled by additional nephron mechanisms, such as
tubular secretion (e.g. penicillin).

Drugs and xenobiotics that have glomerular filtra-
tion as their major way of renal elimination will accu-
mulate rapidly during acute or more chronic declines
of glomerular filtration. If in addition the therapeutic/
toxic window is narrow, the accumulation will result
very quickly in toxic effects (e.g. aminoglycosides).

Renal tubular reabsorption

Reabsorption of weak acid and bases is generally
passive, but in a few cases reabsorption can occur via
facilitated reabsorption by carrier proteins or by en-
docytosis.

Reabsorption by simple diffusion

Passive reabsorption is driven by the progressive
reabsorption of tubular fluid along the nephron. To
penetrate the membranes of the tubular epithelium,
whose main constituents are lipids, compounds should
be liposoluble. As ionized compounds are in general
hydrophilic, only the undissociated molecules of weak
bases and acids will be rapidly reabsorbed by simple
diffusion [15]. Consequently determinants for the rate
of reabsorption are the pKa of the organic acid or base,
the urinary pH, and the liposolubility of the undisso-
ciated base or acid. Another important determinant is
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the contact time of the solute with the epithelium. In
antidiuresis, this time is prolonged compared to diure-
sis, and thus passive reabsorption is increased along
the whole nephron, as observed for salicylate (Table 3)
[16].

Alkaline diuresis will favor the excretion of weak
acids (anions) such as salicylate or phenobarbital. In-
deed, the more the drug is ionized, the more it is
trapped in the tubular lumen and consequently is not
reabsorbed, hence eliminated in the urine. This
mechanism can play a role in the treatment of severe
intoxications. The reverse being true for weak bases

(cations) such as methadone. Acidification of the urine
facilitates the reabsorption of weak acids and will re-
tard the reabsorption of weak bases. The magnitude of
the effect obtained on organic acid excretion by uri-
nary alkalinization will be smaller than that which may
be achieved for organic cation excretion by urine acidi-
fication. Indeed, the achievable urinary proton concen-
tration is up to three orders of magnitude higher than
plasma concentration (pH 4.5 versus 7.4) (Figure 3).
At the other end of the pH scale urinary proton
concentration cannot exceed a value of one order of
magnitude lower than plasma concentration (pH 8.5
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Figure 3. Effect of urinary pH on dissociation of organic weak acids and organic weak bases. Lipid soluble compounds
cross the cellular membranes preferentially in their undissociated form. The ionized form favours trapping and subse-
quent elimination by the kidney.

Table 3. Drugs and Xenobiotics with clinically important urine pH-dependent elimination.
Weak acids: increased excretion at luminal pH > 7

Acetazolamide

Chlorthiazide

Methotrexate (?)

Penicillin G

Phenobarbital

Phenylbutazone

Salicylates

Sulfonamide derivatives

Weak bases: increased excretion at luminal pH < 5

Amitriptyline

Amphetamine

Chloroquine

Ephedrine

Imipramine

Phencyclidine (Angel Dust)

Quinine

Tricyclic antidepressants
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versus 7.4) (Figure 3). The effect of urinary pH on the
elimination of amphetamine may be better known to
abusers of these drugs or particular sport trainers than
to clinicians. Since amphetamine is a weak base, alka-
lizing the urine increases the non-ionized amount fa-
voring reabsorption. Amphetamine abusers regularly
ingest baking soda to prolong the “high”. Therapeuti-
cally, it would be important to acidify the urine of a
patient with an overdose of amphetamines or phen-
cyclidine (angel dust) [17]. However, one has to take
into account that the extent to which a change in uri-
nary pH alters the rate of total body clearance depends
on the contribution of renal clearance to the total body
clearance. Weak acids like phenytoin and warfarin
which are susceptible to a pH dependent elimination
in the urine do not see a substantial effect of change in
urinary pH on their total elimination since hepatic
metabolism is the more important metabolic pathway
[18].

There are examples of weak acids reabsorbed by
simple nonionic diffusion which urinary excretion is
not influenced by changes in urine pH. It is the case if
the pKa is above or close to the upper limit of urine
pH, as it is the case for barbital (pKa = 7.8), and a few
other barbiturates. Also, if the pKa value is very low,
such as it is the case for 2-nitroprobenecid (pKa=1.3),
the acid remains mainly unionized in the physiologi-
cal range of urine pH [15], and its excretion remains
independent of tubular urine pH.

Reabsorption by facilitated mechanisms

A certain number of drugs and xenobiotics are re-
absorbed by facilitated mechanisms. Some organic an-
ions are transported at the apical membrane of proxi-
mal tubule by a sodium-cotransport mechanism. It is
the case of vitamins, such as ascorbic acid, biotin, pan-
thotenate, nicotinate, and pyridoxine (and its ana-
logues) [19]. Pyrazinoate, a metabolite of pyrazinamide
is reabsorbed by a sodium cotransport mechanism [20,
21], as well as by an anion-exchanger [20], which is
implicated also in the reabsorption of urate.
Oxypurinol, the metabolite of allopurinol might also
be reabsorbed by the urate reabsorbing mechanism
[22]. M-hydroxybenzoate and morphine-glucuronides
are other organic anions reabsorbed by facilitated
mechanisms that have yet to be identified [23, 24]. Little
is known on the facilitated reabsorption of organic cat-

ions. The reabsorption of choline involved a sensitive
pathway at the apical membrane [25].

Several peptide-like drugs such as β-lactam antibi-
otics (ceftibuten, cyclacillin) are substrates of the pep-
tide transporters localized in the brush-border mem-
brane, and are taken up into proximal cells. The pep-
tide transporters mediate an electrogenic H+-coupled
cotransport of di- and tri-peptides, which is driven by
the proton gradient and the negative transmembrane
potential difference [26]. Two homologous peptide
transporters have been identified by molecular clon-
ing methods, PEPT1 and PEPT2. In the kidney, PEPT1
was localized to the brush-border membrane of S1 seg-
ments of proximal tubule, whereas PEPT2 was local-
ized to the brush-border membrane of S3 segments [27].
Affinity of anionic cephalosporin without a-amino
group (ceftibuten) and cyclacillin (aminopenicillin) is
greater than that of aminocephalosporin, such as ceph-
alexin, cefadroxil, cephradine. Because of their low af-
finity for the anionic cephalosporins PEPT1 and PEPT2,
should not play a major role in cellular accumulation
and potential toxicity of these cephalosporins when
given at therapeutic doses. The peptide transporters
might, however, be involved in the reabsorption of the
nephrotoxin ochratoxin A [28]. The anticancer drug be-
statin, and valacyclovir, a non-peptide antiviral agent,
are also substrates for the peptide transporters [29].

The angiotensin-converting enzyme inhibitors,
quinapril and enalapril, have affinity for the peptide
transporters, however it is not known whether they
are transported.

Endocytosis

One of the mechanisms of active reabsorption is
endocytosis. Fluid phase endocytosis consists of the
incorporation of fluid and solutes in vesicles formed
at the base of the brush border membrane of the proxi-
mal tubular cells (Figure 1). A more efficient absorp-
tive endocytosis involves first binding of a drug, such
as the cationic aminoglycoside and/or may be cad-
mium [30, 31], to a carrier (phosphatidylinositol) lo-
cated in the luminal membrane of the wall of the pi-
nocytotic vesicle occurs followed by endocytosis and
lysosomal fusion [32, 33].

Endocytosis is a normal mechanism for protein and
insulin reabsorption at the proximal tubule of the kid-
ney. A considerable amount of insulin (50%) is metabo-
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lized by the kidney, which may account, at least in part,
for the decreased insulin requirement that occurs in
diabetic patients with decreased renal function. Fur-
thermore, this uptake process allows highly hydro-
philic lipid insoluble drugs such as aminoglycosides
to enter a particular intracellular compartment (lysos-
omes) without crossing a membrane.

Renal tubular secretion of drugs/
xenobiotics

Most ionic xenobiotics are secreted by two trans-
port mechanisms, one responsible for organic ion (or
“organic acids”) secretion, the other for organic cation
(or “organic bases”) secretion (for a non-exhaustive list,
Tables 4 and 6) [34, 35, 35a]. Despite considerable ad-
vances in the understanding of basic transport path-
ways and mechanisms involved in the tubular secre-
tion of organic compounds, there is still relatively little
information on the regulation of this transport [35b].
The first step of secretion, transport across the
basolateral membrane, of each of the two general
mechanisms is performed by several subsystems which
may correspond to different carrier molecules, for
which substrates of rather unspecific molecular struc-
ture may have various affinities [19, 36, 37]. The mo-
lecular structure of several isoforms of these transport-
ers has been identified by expression cloning. They are
members of a newly identified transporter family, the
organic ion transporters, which comprises OAT (or-
ganic anion transporter), and OCT (organic cation
transporter) isoforms [29, 38, 39].

Our understanding of the organic ion secretory
mechanisms derives essentially from investigations on
a few transported compounds that are considered rep-
resentative of other secreted organic ions. For organic
anions the classical substrate is p-aminohippurate
whereas for organic cations classical substrates are tet-
raethylammonium and N1-methylnicotinamide

Both classical transport systems are located exclu-
sively in the proximal tubule of the nephron. Several
techniques such as visual observations, stop-flow ex-
periments, tubular micropuncture, in vivo and in vitro
tubular microperfusions have demonstrated this par-
ticular transport capacity of the proximal tubular seg-
ment of the nephron [19]. Secretion entails an increase
of proximal cell concentration of transported substrates
that may become higher than in interstitium, and in

some case may result in nephrotoxicity [40-42].
Secretion is not uniform along the proximal tubule,

and may differ between superficial and juxtamedul-
lary nephrons. This heterogeneity of secretion, vary-
ing between species and substrates, might reflect dif-
ferent densities of carrier molecules along the tubule
[19]. Since the number of carrier molecules is limited,
secretion is saturable and subject to competition be-
tween substrates. Such competition may thus result in
drug interactions some of them being of clinical rel-
evance (see below) [43].

The transport mechanisms of the organic ion trans-
port systems have been characterized at both mem-
brane sides of proximal tubule, mainly by studies in
brush-border and basolateral membranes purified from
homogenates of renal cortex. Since a detailed review
and a critical discussion of the present knowledge in
this field was published by Pritchard [44], only the main
conclusions are summarized here.

Beside these classical, long recognized secretory
transport systems, other transport mechanisms are in-
volved in the renal excretion of xenobiotics [45]. They
are the basolateral oxalate/sulphate exchanger and the
basolateral sodium-dicarboxylate transport system
[37]. These transporters were identified by expression
cloning, and named SAT1 [46] and NaDC3 [47], respec-
tively. A number of other transporters has been cloned
and identified in the renal brush border, but their func-
tional role in the kidney has yet to be defined [45].
Among them are the multidrug resistance-associated
proteins MRP and MDR/P-glycoprotein, which are
ATP dependent primary active transporters for organic
anions and organic cations respectively [48, 49]. They
stimulate the active efflux from cell to lumen, of vari-
ous organic ions. OATP1 is another transporter that
mediates the apical transport of steroid conjugates and
sulphobromophtalein [50], whereas OAT-K1 and
OATK2 mediate methotrexate and folate transport [51,
52]. OCTN1 [53] and OCTN2 [54] are apical multispe-
cific organic cation transporters. The functional char-
acteristics of these transporters will be discussed be-
low.

Transport mechanisms for tubular secretion of
organic anions

The transport mechanisms of organic anions have
been characterized mainly for p-aminohippurate.
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Owing to electro-negativity of the cell interior, re-
sulting from Na-K-ATPase activity, a transfer of nega-
tively charged molecules into cells occurs generally
against an electrochemical gradient and requires en-
ergy (“active transport”). In contrast, efflux from cell
to lumen takes place along a favorable electrochemi-
cal gradient and does not necessitate a direct energy
supply. Large cell/interstitium concentration gradi-
ents, up to 40 in isolated perfused rabbit proximal tu-
bules, can build up during secretion [44]. However, as
only part of the p-aminohippurate accumulated in the
cytoplasm might be free, the concentration gradient of
diffusible p-aminohippurate, between peritubular in-
terstitium and cell might be lower than estimated from
total concentration. There exists strong evidence that
part of p-aminohippurate might be sequestered in cy-
toplasmic organelles [55, 56].

As will be described below, the basolateral trans-
port mechanism, which is the active step in p-
aminohippurate secretion, is identical in all animal
species investigated so far, whereas the apical mecha-
nism, which does not require energy, differs between
animal species.

The left side of Figure 4 shows a section of proxi-
mal tubule and the p-aminohippurate transport
mechanisms identified in different mammalian species.
On the right side of Figure 4, the mechanisms shown
are indirectly implicated in p-aminohippurate trans-

port, and are common to all species.
The transport of p-aminohippurate in basolateral

membranes occurs through an exchange with α-keto-
glutarate (mechanism 1). The molecular structure of
the PAH/α-ketoglutarate exchanger has been identi-
fied. Different isoforms of this transport protein, de-
nominated OAT1 (organic anion transporter), have
been defined [38, 39] in different animal species. The
specificity of the p-aminohippurate/anion exchanger
(OAT1) is high for α-ketoglutarate, the only natural
substrate showing affinity for the antiport. This p-
aminohippurate basolateral transport mechanism has
been found in all mammals (including humans) and
lower vertebrates investigated so far. The energy source
for p-aminohippurate transport in intact cells is pro-
vided by the low intracellular sodium concentration
achieved by Na-K-ATPase activity (mechanism 2, right
part of Figure 4), which expels 3 Na+ from the cell in
exchange of 2 K+. This exchange creates the electrone-
gativity of the cell. The transmembrane sodium gradi-
ent serves as energy source to drive α-ketoglutarate
intracellularly from peritubular interstitium (mecha-
nism 3) as well as from tubular lumen (mechanism 4),
since both basal and apical membranes possess an α-
ketoglutarate-sodium cotransport mechanism. They
were identified by molecular cloning and named
NaDC3 [47] and NaDC1 [57], respectively. Further-
more, α-ketoglutarate can also be produced by cell
metabolism. In the dog, the intracellular concentration
of α-ketoglutarate from transport and cell metabolism
is about 5-10 times higher than in plasma [58], and is
thus not rate limiting for p-aminohippurate transport.
The α-ketoglutarate/p-aminohippurate exchange at
the basolateral membrane (mechanism 1, left side of
Figure 4) allows PAH to concentrate intracellularly by
a tertiary active transport.

Intracellular traffic of secreted anions appears more
complex than originally thought, and might proceed
through accumulation into cell organelles (black dots

Figure 4. Tubular transport of the organic anion
p-aminohippurate.
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on the scheme), implying high local concentrations of
the substrate, and involvement of a microtubular net-
work [59, 60]. While the basolateral membrane trans-
port system appears ubiquitous, the mechanisms in-
volved in p-aminohippurate efflux from cell to lumen
differ between animal species [44]. A voltage controlled
pathway (mechanism 5) and/or anion exchanger
(mechanism 6 and 7) might be implicated. The former,
which is present in rabbits, pigs and rats (data are lack-
ing for dogs) [44], is facilitated transport mechanism
that, because of electronegativity of the cell, should
drive p-aminohippurate efflux from cell to lumen. An
anion exchanger, on the other hand, has been identi-
fied in rats (mechanism 6), and in dogs (not shown in
the figure). This transporter accepts inorganic anions
(Cl-, HCO3

-, OH-), and several organic anions (X- = lac-
tate, succinate, α-ketoglutarate, etc.) and also uric acid
[44]. The respective role of these two transport mecha-
nisms observed in rats is not known. Indeed, in rat
proximal tubule in situ, Ulrich did not observe any ef-
fect of changes in membrane potential on PAH cellu-
lar efflux, and did not observed any stimulation of PAH
efflux by anion exchange [61]. The rat and dog anion
exchanger which has affinity for urate, is most prob-
ably involved in urate reabsorption and might decrease
the secretion of p-aminohippurate by recycling part of
it into the cell. In humans, p-aminohippurate is not
transported by a voltage-controlled pathway [62], nor
by the anion exchanger that has urate as substrate [62].
The apical transport of p-aminohippurate is by a p-
aminohippurate/anion exchanger, which accepts only
α-ketoglutarate (mechanism 7), as it is the case in
basolateral membranes [63]. The same mechanism has
been found in bovine [64]. In human and bovine, be-
cause of the similarity of p-aminohippurate transport
mechanism at each membrane, it is difficult to under-
stand how vectorial transport occurs [64]. At present,
these different apical transporters have not been iden-
tified at the molecular level.

Substrate requirements for the “PAH transport
mechanism”.

Many studies have been devoted to the character-
ization of the properties of substrates for the so-called
“organic anion secretory mechanism”, by measuring
the ability of compounds to compete for p-aminohip-
purate transport across the basolateral membrane, the
first step in secretion. In particular Ullrich et al. [61],

investigated the interaction of all kinds of aliphatic and
aromatic molecules on p-aminohippurate influx in rat
proximal tubule cells in situ. The findings have been
reviewed by the authors, and will not be detailed here.
The main findings [37], which corroborate older data
[36], are that the molecular structure of the transport
substrates is rather unspecific, and that substrate af-
finity depends on the acidity and hydrophobicity of
the substrate [37]. These authors demonstrated that,
unexpectedly, the ionization of the substrate is not a
prerequisite for interaction with the transporter [65].
In general, most anionic xenobiotics are secreted by the
p-aminohippurate secretory mechanism (Table 4), and
their secretion can be inhibited by probenecid. Sub-
strates with high affinity are monovalent anions, con-
taining a hydrophobic domain with a minimal length
of about 4 A° (benzoyl derivatives). Ullrich et al. also
characterized the substrate characteristics for the ox-
alate/sulphate transport mechanism, and the sodium-
dicarboxylate cotransport mechanism, in situ in rat
proximal tubules [37]. The oxalate/sulfate exchanger
(SAT1) and the sodium-dicarboxylate transporter
(NaDC3) have a much narrower substrate specificity
than the PAH transporter (OAT1), which is the major
basolateral organic anion transporter, and represents
the classical “organic anion secretory mechanisms”.
Biphosphonates [66], and in particular alendronate [67]
might be secreted by SAT1. Fewer studies have been
devoted to the characterization of substrate require-
ment for the apical p-aminohippurate transport. The
general substrate characteristics appear similar to that
of PAH basolateral transport, i.e. hydrophobicity and
acidity, and lack of molecular structure requirement
[68, 69].

The molecular biology of the OAT transporter family
Several isoforms of OAT1 (rat, human, mice OAT1)

have been cloned and their functional properties ex-
amined in different cultured cell systems and Xeno-
pus oocytes. Detailed molecular structures and func-
tional characteristics have been recently reviewed [29,
38, 39] (Figure 5). OAT1 belongs to a subgroup of a
newly identified transporter family, the organic ion
transporter family, which comprises other OAT
isoforms, OAT2, and OAT3. These proteins possess a
common structural feature, i.e. 12 putative transmem-
brane domains, with large hydrophobic loops between
the first and second, and the sixth and seventh trans-
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Figure 5. Mechanisms of organic anion transport in renal
tubular cells. Cellular uptake of organic anions across
basolateral membranes (BLM) is mediated by OAT1 (1),
which is an organic anion/dicarboxylate exchanger, and
by OAT2 (2) and OAT3 (3). Anionic drug conjugates with
glutathione may be extruded from cells into blood by
MRPI (4). Exit of cellular organic anions across brush
border membranes (BBM) is mediated by unidentified
transmembrane potential-dependent organic anion
transporter (5) and organic anion/anion (X–) exchanger
(6). Bidirectional transport of hydrophobic anions such as
methotrexate and folic acid in the brush-border mem-
branes is mediated by OAT-K1 (7) OAT-K2 (8) may also
participate in tubular reabsorption and/or secretion of
hydrophobic anions such as bile acids, methotrexate. and
prostaglandin E2. MRP2/cMOAT (9) may contribute to
tubular secretion of anionic conjugates of hydrophobic
compounds. Adapted from [29].

membrane domains. The organic cation transporters,
OCT and OCTN are members of the same organic ion
transporter family [39]. Human and rat OAT1 has been
localized exclusively to the basolateral membrane of
S2 segments of proximal tubules, and when transfected
in cell systems such as Xenopus oocytes or epithelial
cultured cells, OAT1 has the ability to transport a wide
variety of organic anions which are known to be se-
creted in vivo (Table 4). Transport is through an α-ke-
toglutarate/organic anion exchanger, which is depen-
dent on the presence of chloride in the extracellular
medium [70]. These are the same requirements than
for transport trough the basolateral membrane of proxi-
mal tubules. The rat, human, or flounder OAT1

isoforms were demon-
strated to transport PGE2,
cAMP, cGMP, α-ketoglu-
tarate, estradiol 17β-D-
glucuronide, nonsteroidal
anti-inflammatory drugs
(salicylate, acetylsalicy-
late, indomethacin, etc.),
antiviral drugs (azido-
thymidine, acyclovir, etc.),
diuretic (thiazide,
bumetanide, ethacrynic
acid, tienilic acid, and the
nephrotoxin ochratoxin A
[38, 39, 71-74]. The differ-
ent OAT1 isoforms have
some differences in sub-

strate affinities, which might correspond to species dif-
ferences in transport. For example, urate is transported
by the rat rOAT1 [75], but not by the flounder fOAT1
[76] and the human hOAT1 [77]. In human, urate is
not secreted by the PAH transport mechanism [78].
This observation gives support to the role of hOAT1 in
PAH secretion. Methotrexate and PGE2 are transported
by rat rOAT1 [75, 79], but they have no affinity for the
human hOAT1 [80]. Probenecid is not transported by
the rat and the flounder transporters despite its bind-
ing affinity [75, 79]. Because probenecid, PGE2 and
methotrexate are secreted in human and rat, this lack
of transport suggests that other OAT isoforms or trans-
port proteins are involved in their secretion.

Recently, OAT2 and OAT3, two OAT1 isoforms,
have been identified. OAT2 mRNA is predominantly
expressed in the liver, and weakly in the kidney. In
contrast OAT3 mRNA is expressed in the kidney, as
well as in the liver and the brain [80a]. The substrate
spectrum of OAT2 and OAT3 is diverse like that of
OAT1 [81], but in contrast to OAT1, transport is not
dependent on α-ketoglutarate, and a concentration gra-
dient is sufficient to allow transport. The nephron dis-
tribution, and the membrane localization of OAT2 and
OAT3 have not been established. Rat rOAT3 mediates
PAH transport [82] estrone sulfate, ochratoxin A. Sub-
strates for human hOAT3 are still to be defined [77].

There exists clear evidences that OAT1 plays a ma-
jor role in PAH and other organic anion secretion. It is
localized in the basolateral membrane of proximal tu-
bule, it has the transport characteristics of basolateral
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Endogenous compounds

Table 4.
A. Compounds known to be secreted by the renal organic acid (anion) transport system.

Endogenous compounds Drug metabolites

Guanethidine

Gossypol

Hippuran

Hydrochlorothiazide

Imipenem

Iodipamide

Iothalamate sodium

Loop diuretics
(Etacrynic acid,
Furosemide, ...)

Methotrexate

Nitrofurantoin

NSAIDs (Indomethacin,
Ibuprofen, Phenylbut-
azone, ...)

Ochratoxin A

Oxypurinol

Drugs

Acyclovir

Acetazolamide

p-Aminohippurate

p-Aminosalicylate

ACE-inhibitors

Benzoates

Bumetanide

Carbenicillin

Cephalosporins

Chlorthalidone

Cisplatin

Diatrizoate

Diflunisal

Diodrast

Enoxacin

Enprofylline

B. Compounds known to be secreted by or to have affinity for the renal organic base (cation)
transport system.

Acetylcholine

Creatinine

Dopamine

Histamine

Various catecholamines

Serotonin

Penicillins

Pentopril

Phenobarbital

Phenosulfonphthalein

Piretanide

Probenecid

Quinolones

Salicylates

Saccharin

Sulphinpyrazone

Sulphonamides

Thiazide/diuretics

Thymidine

Tienilic acid

Zidovuine

Aromatic amino acids

Bile salts

Bilirubin

cAMP

cGMP

Fatty acids

Folic Acid

Hydroxyindoleacetate

Oxalate

Prostaglandins

Urate

Acetylated
sulfonamides

N-Acetylcysteine
conjugates

Gentisate

Glucuronide
conjugates

Gluthatione
conjugates

Glycine conjugates

Pyrazinoate

Sulphate conjugates

Drugs

Ephedrine

Ethambutol

Famotidine

Mecamylamine
(Inversine)

Mepacrine

Metformin

Methadone

Morphine

Pindolol - various other
β-blockers

Procainamide

Pseudoephedrine

Quinine

Acecainide
(N-acetylprocainamide)

Amiloride

Atropine

Cimetidine

Disopyramide

Emepronium bromide

Adapted from: Brater et al. [8]; Weiner [15]; Roch-Ramel et al. [19]; VanGinneken and Russel [30]; Bessighir and Roch-Ramel [31].

Abbreviations: cAMP = cyclic adenosine monophosphate; cGMP = cyclic guanidine monophosphate
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membrane transport, i.e. it is an organic anion/α-ke-
toglutarate exchanger, and transport is dependent on
the presence of chloride in the extracellular medium.
The recent observation that the expression of rat OAT1
is strongly increased at birth fits well with the fact that
the PAH secretory system develops post-natal [83].

Molecular identification of apical putative PAH
transporters.

NPT1 and MPR2 are two organic anion transport-
ers which have been identified by molecular biology
techniques, and which, in the kidney, were localized
to the apical membrane of proximal tubule. They might
be involved in organic anion secretion (Table 5).

Uchino et al. [84] cloned and characterized an api-
cal PAH transporter isolated from human kidney,
named NPT1. NPT1 was first identified as a low affin-
ity sodium-dependent phosphate transporter, later it
was characterized as an organic anion transporter. In
human embryonic kidney cells transfected with NPT1,
PAH, urate, benzyl penicillin, faropenem, estradiol-β-
glucuronide are transported, and PAH uptake can be
inhibited by various organic anions. NPT1 does not
function as an organic anion exchanger, and thus is

not the PAH/organic anion exchanger observed in rat
and dog brush border membrane vesicles. Rabbit
NPT1, a homologous of human NPT1, was demon-
strated to mediate electrogenic penicillin transport [85],
thus, NPT1 might be the PAH voltage sensitive path-
way observed in rat and rabbit brush-border membrane
vesicles. Further studies should confirm this hypoth-
esis.

Another putative apical PAH transporter is the
ATP-dependent export pump MRP2, a multidrug re-
sistance protein isoform characterized by its apical lo-
calization in polarized cells such as hepatocytes [49].
In the kidney, MRP2 has been localized to the apical
membrane of human and rat proximal tubule [86]. Sub-
strates are anionic conjugates with glutathione (leuko-
triene C4) or glucuronide (estradiol-17 β-D-glucu-
ronide), as well as non-conjugated substrates such as
probenecid, sulfinpyrazone, indomethacin, furosemide
and penicillin [87]. Recently two research groups dem-
onstrated that PAH and ochratoxin are transported
substrates [88, 89]. MRP2 thus might contribute to the
efflux of PAH and other organic anions at the apical
membrane. MPR1 another member of the ATP-depen-
dent export pumps that is associated with multidrug

Table 5. Proximal tubular ion transporters.

Apical Basolateral

Transporters with affinity for PAH identified by molecular biology techniques

NPT1 Might participate to the cellular efflux of PAH and other organic anions, second step of tubular
secretion [85]

MRP2 ATP activated multidrug resistance transporter. Might also participate to PAH and organic anions
luminal transport [88, 89]

OAT1 PAH transporter, sodium and alpha-ketoglutarate dependent. Classical organic anion transporter [39]

OAT3 PAH transporter independently from alpha-ketoglutarate and sodium [80a]

Transporters without affinity for PAH identified by molecular biology techniques

OATP1 Transports bile acid, bromosulfophtalein, and conjugate and unconjugated steroid hormones, etc.
The main basolateral transporter in hepatocyte, called also moat [50]

OAT-K1 Transports methotrexate and folate (anion exchanger)

OAT-K2 Transports methotrexate, folate, and many hydrophobic anionic compounds have affinity for it.
It might participate to the apical transport of many hydrophobic anionic compounds

SAT1 Sulfate-oxalate exchanger

NaDC3 Na dependent alpha-ketoglutarate cotransport

Membrane:



33

02. Renal handling of drugs and xenobiotics

resistance in cancer cell and is expressed in a few renal
tubular segments, but not in the proximal tubule [90].

Both NPT1 and MRP2 appear to be involved in the
apical efflux of organic anions, the second membrane
step in secretion. Transport through NPT1 occurs down
an electrochemical gradient, whereas MRP2 transport
is primarily active.

Molecular identification of organic anion
transporters without affinity for PAH

A number of transport molecules have been cloned
from different tissues and identified in the renal proxi-
mal tubule, which do not transport PAH, but may con-
tribute to the apical efflux of organic secretion [45].

OATP1. The S3 segment of proximal tubule ex-
presses OATP1, an organic anion transporter cloned
from rat liver, which transport bile acid, bromosulfo-
phtalein, and conjugated and unconjugated steroid
hormones, in a sodium independent manner. Although
hepatic OATP1 is expressed in the basolateral mem-
brane (blood side) of hepatocytes, in the kidney it is
located in the apical membrane. In the rat renal OATP1
mRNA, but not the hepatic one, is strongly regulated
by androgens and to a lesser extent by estrogens.
OATP1 might play a role in the renal excretion of es-
trogens [50]. A homolog of OATP1, OATP3 was iso-
lated from a rat retina and found to be expressed spe-
cifically in the retina and in the kidney. It transports
taurocholate as well as thyroid hormone (T3 and T4)
[91]. A homologous transporter, OATP2, a liver spe-
cific transporter, is not expressed in the kidney [91].

OAT-K1 and OAT-K2. These transporters are two
homologous organic anion transporters specific to the
kidney, which have been identified by molecular clon-
ing strategy [51, 52]. In rats, OAT-K1 was localized in
the apical membrane of straight proximal tubules.
When expressed in cultured renal epithelial cells, OAT-
K1 mediates both uptake and efflux of methotrexate
through the apical membrane, and appears to be spe-
cific for methotrexate and folate [51]. Non-steroid anti-
inflammatory drugs (indomethacin, ketoprofen, ibu-
profen, flufenamate, phenylbutazone) inhibit methotr-
exate OAT-K1 mediated uptake, but are not
transported themselves. OAT-K1 appears to be a site
for methotrexate and non-steroidal anti-inflammatory
drugs interaction [92].

In rats, OAT-K2, as OAT-K1, was localized in the
apical membrane of straight proximal tubule [52].

When transfected in cultured epithelial cells, it medi-
ates not only the apical transport of methotrexate and
folate but also that of taurocholate and prostaglandin
E2. In cis-inhibition studies, steroids, bile acid analogs,
and cardiac glycosides were shown to have a high af-
finity for OAT-K2, suggesting that it participates to the
apical transport of hydrophobic anionic compounds
in the kidney [52].

Conclusions
The molecular identification of various organic an-

ion transport proteins, and the characterization of their
transport mechanisms in various cell systems, gives an
insight in the complexity of the renal secretion of or-
ganic anions (Figure 5). Among these numerous trans-
port systems characterized at the molecular level, only
OAT1 has a clearly established role, being the most
likely candidate of the PAH secretory mechanism. The
identification of the apical transporter for the PAH
secretory mechanism remains to be established. How-
ever, in contrast to a main basolateral transporter, sev-
eral apical organic anion transporters appear to facili-
tate the transport of the various substrates accumulated
in the proximal cells by OAT1. The respective role of
the apical transporters, need to be demonstrated in situ.
In vivo models, such as transgenic mice, will allow the
elucidation of the physiological and pharmacological
roles of these transport proteins.

Tubular transport of organic cations

Transport mechanisms for organic cations have
been investigated not only for the classical substrates,
tetraethylammonium and N1-methylnicotinamide, but
also for a few other organic cations, mainly drugs.

Owing to electro-negativity of cell interior, a trans-
fer of positively charged molecules from peritubular
interstitium into cells occurs along a favorable  elec-
trochemical gradient and does not require energy. In
contrast, energy is necessary for the efflux from cell to
lumen which takes place against the electropositivity
of the lumen. The situation is opposite to that of or-
ganic anions for which the active step is the basolat-
eral transport. The mechanisms involved in tubular se-
cretion of organic cations are schematically summa-
rized in Figure 6. Transport of organic cations at the
basolateral membrane occurs by a voltage sensitive
pathway (mechanism 1), which was described for N1-
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methylnicotinamide, tetraethylammonium and/or
procainamide in rats, dogs and rabbits. Because of the
electronegativity of the cell this facilitated pathway
drives organic cations into cells. In rabbits, an organic
cation exchanger has also been observed (mechanism
2), the role of which in tubular secretion is unclear. As
is described below, the molecular structure of a few
isoforms of an organic cation transporter (OCT) has
been defined, some of which might be the basolateral
transporter of proximal tubule.

The Nernst equation predicts that because of the
cell electronegativity, passive facilitated diffusion
should allow a concentration ratio cell water/external
medium approximating 10 to 15 at steady state. In iso-
lated unperfused proximal tubules from rabbits, ratios
exceeding 100 for tetraethylammonium, have been
measured [44] and one can wonder if another mechan-
ism exists, for example a cation exchanger, as demon-
strated in rabbits (mechanism 2), but which has gener-
ally not been observed in rats and dogs [44], which
might be implicated in basolateral uptake. However,
as reported for anions, there is evidence that part of
the tetraethylammonium accumulated into cells is
bound to cytoplasmic organelles and that only part of
tetraethylammonium is freely diffusible [44, 93]. It has
also been demonstrated that endosomal membrane
vesicles isolated from rat renal cortex can accumulate
tetraethylammonium by an ATP-dependent mecha-
nism [93]. It is conceivable that the favorable trans-
membrane potential is the principal or single driving
force required for cellular uptake.

The efflux from cell to lumen is the active step of
organic cation secretion transport being against the
transmembrane potential. This active transport occurs

through an exchange with protons (mechanism 3),
maintained by the proton concentration gradient re-
sulting from the Na+/H+ exchange at the same mem-
brane (mechanism 4), mechanism energized itself by
the low Na+ concentration resulting from the Na-K -
ATPase activity (mechanism 5). Thus, in all species in-
vestigated so far (rats, dogs, rabbits [44], pig [94], hu-
mans [95]), tetraethylammonium and N1-methylnico-
tinamide were demonstrated to be transported in
brush-border membrane vesicles by an electroneutral
organic cation exchange system where one organic cat-
ion molecule is transported against one proton. Ami-
loride, cimetidine, morphine, procainamide, disopyra-
mide, gentamicin and verapamil [96] are also trans-
ported by such an electroneutral proton exchanger, in
rats and/or rabbits. Larger and more hydrophobic
compounds (quinidine, quinine, d-tubocurarine, vecu-
ronium) are inhibitors of organic cation transport, but
are not transported by the proton-organic cation ex-
changer. They are transported by another transport
mechanism, probably by the MDR1/P-glycoprotein
(see below).

Many studies have been performed to characterize
the requirements for a substrate to be transported by
the “organic cation transport mechanism” [97-100]. As
for organic anions, the molecular structure of substrates
is rather unspecific. Hydrophobicity and basicity are
the general characteristics of substrates, but their ion-
ization is not a prerequisite for interacting with the ba-
solateral carrier [65]. Similar properties were found in
brush border membrane [97-100]. Although the ratio
of basolateral to apical membrane affinities may vary
with substrates and animal species [97].

More than one organic cation/proton exchanger
appears to be involved in the transport of organic cat-
ions through the apical membrane, and substrates show
overlapping affinities for these different exchangers
[101]. Thus, proton-stimulated guanidine uptake by
brush border membrane vesicles is only minimally in-
hibited by tetraethylammonium, N1-methylnicotina-
mide and choline, whereas amiloride, clonidine, imi-
pramine and harmaline are more potent inhibitors
[101]. There are also species differences. Cephalexin,
for instance, shows an affinity for the N1-methylnico-
tinamide or tetraethylammonium transporter in human
brush border membranes [95], while in rats it has no
affinity for the tetraethylammonium transport mechan-
ism. At present the molecular identity of the organic

Figure 6. Model of the organic cation tetraethylammo-
nium transport in proximal tubule.
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cation/H+ remains unknown, although, as discussed
below, two organic cation transporters were recently
identified in the kidney, which might be the apical
transporters of organic cations.

Multidrug transporter/P-glycoprotein (MDR or Pg)
The apical membrane of proximal tubules is par-

ticularly rich in MDR-glycoprotein (“multidrug trans-
porter”), a membrane ATPase that mediates the active
efflux of a wide variety of drugs across the plasma
membrane of several cell types. This property explains
the resistance of some cancer cells to hydrophobic cat-
ionic drugs [102]. It was demonstrated that MDR/P-
glycoprotein can extrude many organic compounds
(e.g. vinblastine, vincristine, colchicine, cyclosporine
analogues) from renal proximal cell [103-105]. P-gly-
coprotein transport mechanism differs from the pro-
ton/organic cation exchanger since it does not trans-
port tetraethylammonium [94, 105], but the more lipo-
philic substrate, and vinblastine, a substrate of MDR/
P-glycoprotein, is not exchanged against protons in pig
brush border membrane vesicles [93].

MDR/P-glycoprotein, which transports organic cat-
ions is the analogous of MRP2, which transport lipo-
philic organic anions. Both are responsible for the
multidrug resistances of cells to anticancer drugs. Since
some substrates of the P-glycoprotein system are also
transported by the proton/organic cation exchanger,
it is often difficult to clearly distinguish between the
two systems at the functional level. Compounds trans-
ported by both the MDR/P-glycoprotein and the or-
ganic cation transporter, include daunomycin, colchi-
cine, verapamil, quinidine and vinblastine [106]. On
the other hand, secretion of digoxin, which is not an
organic cation, is restricted to P-glycoprotein only [107].

Molecular Identification of putative basolateral
organic cation transporter belonging to the OCT
family

Expression cloning allowed the identification of
several isoforms of a polyspecific organic cation trans-
porter OCT. The molecular biology of these various
OCTs have been described in detail by Koepsell et al.
[108], Zhang et al. [109] and Burckardt and Wolf [76].
After the cloning of the first organic cation transporter
(rOCT1) isolated from a rat kidney [110], a number of
homologous cation transporters have been identified
[108]. When expressed in various cell systems, OCT1

and OCT2 isoforms demonstrate a broad substrate af-
finities and a voltage dependent transport. These trans-
port characteristics made them candidates to be the
organic cation basolateral transporter of proximal tu-
bule [29, 108, 111]. The HIV protease inhibitors, indi-
navir, nelfinavir, ritonavir, saquinavir inhibit TEA
transport by hOCT1 but they are probably not trans-
ported [112]. Inhibitor potency for OCT1 and OCT2
varies with species [108, 109]. In general human hOCT1
interacts with the n-tetraalkylammonium compounds
with a lower affinity than that of rats, mice, or rabbits
[113]. Among OCT isoforms, rat rOCT1, rOCT2, rOCT3,
human hOCT2 and hOCT3, and mice mOCT3 are in-
volved in the renal transport of organic cations. In rats,
rOCT1 and rOCT2 are expressed primarily in the kid-
ney, and are localized in the basolateral membrane of
proximal tubule [114, 115]. Both probably play a role
in organic cation secretion [111]. The expression level
of rOCT2 mRNA and protein in males is much higher
than in females, which correlates with the higher trans-
port of TEA in male basolateral membrane vesicles and
cortical slices [116]. Because no gender differences were
observed for rOCT1 expression in the kidney, rOCT2
and not rOCT1 might represent the main renal organic
cation transporter in rats. Another isoform, rOCT3,
which transport TEA and guanidine, is expressed in
many organs including the kidney. However, because
its tubular localization is still unknown, its functional
role remains to be defined [117]. In the mice mOCT3
mRNA was found to be expressed in the proximal and
distal tubule, but the membrane localization is un-
known.

In human hOCT1 is expressed in the liver and not
in the kidney, whereas hOCT2 is present predomi-
nantly in the kidney. However hOCT2, being restricted
to the distal convoluted tubule, does not represent the
organic cation secretory transporter in human [29](Fig-
ure 7). Human OCT3 is expressed in the kidney and
also in other organs, its nephron localization has not
been determined [117]. There are discrepancies be-
tween Gründeman et al. [118] and Wu et al. [117] con-
cerning the substrate affinities for hOCT3. Wu et al
demonstrated a broad substrate affinities for hOCT3,
which transports various organic cations including,
TEA, clonidine, imipramine, procainamide, endog-
enous amine, etc., whereas Gründeman et al. concluded
that hOAT3 is limited to the transport of endogenous
organic cations, such as dopamine, histamine, and that
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it does not transport TEA. At present human OCT3 is
the only transporter isoform that has been implicated
in renal transport of organic cations. Its presence in
the basolateral membrane of proximal tubule must be
demonstrated before one can conclude it is the human
basolateral secretory transporter of organic cations.

In conclusion, substantial evidence exist that rOCT1
and rOCT2 are involved in the secretion of organic cat-
ions in rat proximal tubule. More precise localization
of transporters are needed before determining the role
of rOCT3 in rats, and hOCT3 in human.

Molecular identification of putative apical organic
cation transporters

A few transport mechanisms have been identified
in the kidney by expression cloning, which might be
involved in the apical step of organic cation secretion,
although their function in situ has not been established.

OCTN1, OCTN2. Two organic cation transporters,
OCTN1 and OCTN2, were identified in the kidney and
other organs of rats, mice, rabbits and human, by their
homology to the basolateral transporter OCT [53, 54,

119]. When expressed in human embryonic kidney cells
and Xenopus oocytes, human OCTN1 mediates the
transport of TEA in a pH dependent manner, trans-
port being higher at neutral or alkaline pH than at
acidic pH. The transport of TEA was observed to be
bidirectional and inhibited by various organic cations,
such as choline, clonidine, cimetidine, quinidine, vera-
pamil, etc., and by zwitterionic compounds such as L-
carnitine, cephaloridine, levoflaxin. The transport of a
few of these inhibitors, quinidine, verapamil, and L-
carnitine, was demonstrated [53]. In summary, OCTN1
is a multispecific, bidirectional and pH-dependent or-
ganic cation transporter, which is probably energized
by a proton antiport mechanism. Although its subcel-
lular localization in the kidney is unknown, the func-
tional characteristics of OCTN1 suggest that it might
be involved in the apical step of organic cation secre-
tion.

In the kidney, OCTN2 is expressed predominantly
in cells of proximal and distal tubules, as well as in
glomeruli. OCTN2 has the same functional character-
istics than OCTN1, but the substrate affinities for the
transporter differ [54]. Human, rat and mouse OCTN2
has the additional peculiarity of transporting L-car-
nitine and other zwitterions such as cephalosporins that
contain quaternary nitrogen, in a-sodium dependent
manner [54, 120, 121]. Site directed mutagenesis ex-
periments provided evidence that the transport sites
for organic cations and for carnitine are distinct [122].
OCTN2 thus might play a role in organic cation secre-
tion, and in the reabsorption of carnitine by a sodium
carnitine cotransport. In vivo cephaloridine was re-
ported to increase the fractional excretion of carnitine
by interfering with its reabsorption [120]. The possi-
bility exists that this type of cephalosporin might be
inefficient in patients with primary carnitine deficiency,
that are receiving carnitine supplementation, because
of competition for carnitine transport [120]. The anionic
cephalosporins are not substrates for OCTN2, but they
are substrates for the peptides transporters PEPT1 and
PEPT2 [45]. Conversely, the cephalosporins, which
have affinity for OCTN2, are not substrate of the pep-
tide transporters [120].

Effects of protein binding on organic ion secretion
It is generally recognized that the tubular secretory

rate is proportional to the concentration of free drug
or xenobiotic [123-126], and that plasma albumin bind-

Figure 7. Mechanisms of organic cation transport in renal
tubular cells. Cellular uptake of organic cations across the
basolateral membranes (BLM) is mediated primarily by
membrane potential-dependent organic cation transport-
ers such as OCT1 (1) and OCT2 (2). OCT3 (3) may contrib-
ute in part to the cellular uptake of organic cations. Exit
of cellular organic cations across brush border mem-
branes (BBM) is mediated principally by unidentified H+/
organic cation antiporter (4). P-glycoprotein (5) is involved
in tubular secretion of hydrophobic drugs such as
digoxin, anticancer agents, and some immunosuppres-
sants (cyclosporine and tacrolimus). Adapted from [29].
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ing is not rate limiting for tubular secretion of organic
anions with high affinity for the transport system [19,
36], because the dissociation rate of the organic anion/
albumin complex is much faster than the transtubular
transit time [19, 127]. Such is the case for hydrochlo-
rothiazide [36]. On the other hand, organic anions with
lower affinity for the transporter (e.g. phenol red) have
a reduced secretion when bound to plasma proteins
[124, 128]. Although the secretion of furosemide in the
perfused isolated rat kidney can be delayed by the ad-
dition of albumin to the perfusate [123], secretion in
humans does not appears to be limited by protein bind-
ing. Thus, in spite of a binding of more than 95% to
plasma proteins, the urinary clearance (uncorrected for
plasma protein binding) of furosemide in therapeutic
doses is somewhat higher than inulin clearance [36, 129,
130]. Because of the high protein binding of furosemide
its filtration rate is negligible and its diuretic effect,
which is related to its luminal concentration in the thick
ascending limb of Henle’s loop, depends on its tubu-
lar secretion. Thus, inhibition of furosemide secretion
by probenecid inhibits its diuretic effect [131].

Interactions of xenobiotics/drugs for secretion

Probenecid, which was first developed to delay
penicillin excretion, is now generally used (besides its
use as a uricosuric) to inhibit secretion of organic an-
ions. Thus, it is generally considered that a compound
whose secretion or transport across the proximal ba-
solateral membrane is inhibited by probenecid is a sub-
strate of the organic anion secretory mechanism.
Probenecid has also been used as a tool to investigate
the role of cellular accumulation of xenobiotics in neph-
rotoxicity. Inhibition of basolateral uptake of cepha-
losporins, such as cephaloridine and cephaloglycin, by
probenecid, can prevent their cellular toxicity. These
cephalosporins have a low extrusion rate through the
apical membrane, resulting in a rather high concentra-
tion, which is a major contributing factor to their neph-
rotoxicity. However, it is worth noting that cell accu-
mulation is necessary but not sufficient for cytotoxic-
ity, as shown by cephalexin that has a low nephrotoxic
potential despite marked cortical accumulation [40]
(see also chapter 9).

The nephrotoxicity of cisplatin is reduced in hu-
mans [132], mice [133] and dogs [134] by co-administra-
tion of probenecid, suggesting that cisplatin is trans-

ported by the p-aminohippurate transport system. It
has been proposed that platinum, like other nephro-
toxic metal ions such as mercury and potassium dichro-
mate, are taken up by tubular cells as sulphydryl con-
jugate through a probenecid-sensitive pathway [133].
However, cisplatin might also be transported by the
organic cation transport system, since quinidine, cime-
tidine and ranitidine inhibited its net secretion flux in
the dog kidney [134].

In human, methotrexate is largely cleared un-
changed from the body by renal excretion through
glomerular filtration and tubular secretion. Rises in se-
rum methotrexate levels accompanied by life-threat-
ening increases in methotrexate toxicity can occur if
aspirin, salicylates or non-steroidal anti-inflammatory
drugs are given concurrently. The increased methotr-
exate toxicity observed by concomitant administration
of ibuprofen [135], salicylates [135], or flurbiprofen
[136] might be in part the result of interaction at the
basolateral membrane [137], resulting in a decrease in
methotrexate renal excretion.

Excretion of digoxin is primarily renal, by glom-
erular filtration and tubular secretion and reabsorp-
tion. Competition studies have shown that the “clas-
sic” anion or cation transport systems are not involved.
The secretory process as studied in vivo and in a renal
epithelium in vitro, may be carried out by the apical
membrane P-glycoprotein. It is well known clinically,
that several drugs (most notably quinidine, verapamil,
nifedipine, propofenone, spironolactone, and amioda-
rone) reduce the renal (tubular) clearance of digoxin
and increase the plasma concentration and toxic risks
of the cardiac glycoside [63, 138, 139]. Accordingly,
these interactions may be explained by a competition
at the secretory step controlled by P-glycoprotein at
the luminal membrane. Such a possibility has received
experimental support for several of these compounds
[139-143]

Concurrent use of drugs that reduce renal blood
flow in patients with renin-angiotensin prostaglandin
dependent renal perfusion (e.g. NSAID), that are weak
organic acids competing for tubular secretion [144]
and/or nephrotoxic (cisplatin) can delay drug excre-
tion [145] and lead to severe myelosuppression.

Interactions of cimetidine and other H2-receptor
antagonists with the renal secretion of several drugs
have been repeatedly described, and comprehensively
listed [146]. Thus, cimetidine inhibits renal secretion
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of procainamide in humans and prolongs its elimina-
tion half-life [147, 148]. Similar inhibitory effects have
been shown on creatinine, ranitidine and many other
cationic compounds [149].

Interactions between organic anion and organic
cation secretion

The lack of strict structural requirements for sub-
strates in organic anion and cation transport systems,
the prominent role of substrate hydrophobicity in the
interaction with both classes of carriers, and the ability
of non-ionized substrates to interact with the transport-
ers, are all factors explaining that some substrates might
be transported by both transport systems [37]. For ex-
ample, the renal excretion of cimetidine and famoti-
dine, two organic cations, is reduced by probenecid
[150, 151]. In vitro also, cimetidine uptake by brush
border membrane vesicles is inhibited by probenecid
or furosemide, and cimetidine in turn can inhibit p-
aminohippurate uptake, demonstrating the existence
of some link between organic anion and cation trans-
port [152-155]. Such observations appear to overturn
the dogma of distinct transport systems for organic
ions. Some compounds have chemical characteristics
(“zwitterions”), which account for their particular sub-
strate behavior: creatinine [156], amino-cephalospor-
ins (e.g. cephaloridine) and gyrase inhibitors [157] bear
both positive and negative charges, and are therefore
“bisubstrates” [37]. Cimetidine has affinity for the or-
ganic cation basolateral transporter through its imida-
zole group, while hydrophobicity of the molecule and
electronegativity of the cyanoguanidine group explain
the affinity of the drug for the organic anion transporter
[158]. Famotidine and ranitidine have a guanidine
group and a nucleophilic side-chain accounting for the
affinity for both transport systems [158]. Clonidine and
pilocarpine are other imidazole derivatives interacting
with both transporters [158]. Zidovudine secretion in
rats might also proceed through both transport mecha-
nisms [159], though the anion transporter appears to
predominate [160, 161]. As reported above, cisplatin
also appears to be transported by both transport sys-
tems.

Many other compounds interact at the basolateral
membrane with the p-aminohippurate and the organic
cation transport systems as was demonstrated by the
systematic studies by Ullrich et al. [37].

Metabolism of drugs/xenobiotics in the
kidney

Metabolic transformation is the biological conver-
sion of a drug to another chemical form, occurring
mainly in the liver, although many other tissues, among
them the kidney are also capable of drug metabolism.
Microsomal enzymes are responsible for oxidation,
acetylation, conjugation (acylglucuronidation, N-glu-
curonidation, glycination) hydrolysis of drugs and xe-
nobiotics. The usual result of this enzymatic conver-
sion is drug metabolites, which are more polar, and
less lipid soluble than the parent compound and con-
sequently favoring renal excretion. The same enzymatic
pathways for drug metabolism present in the liver are
also found in the kidney, although the specific activity
of these pathways in the kidney is substantially lower
than those in the liver [2, 162]. In contrast to the liver,
the metabolic pathways in the kidney are not uniformly
distributed throughout the kidney, they are localized
to specific nephron segments (Table 6). Examples of
drug metabolism by the isolated perfused kidney are
oxidation of bumetanide [163], acetylation of sulphi-
soxazole [164], conjugation of salicylic acid [165], and
esterolysis of enalapril to enalaprilat [166].

The role of renal enzyme systems involved in the
metabolism of drugs and their potential nephrotoxic-
ity is well documented in the case of analgesic mix-
tures containing acetylsalicylic acid, acetaminophen
and/or phenacetin combined with addicting com-
pounds such as caffeine and codeine [167]. The kidney
can metabolize acetaminophen to glucuronyl and sul-
phate conjugates but also to an arylating intermediate
via the cytochrome P-450 mixed function oxidase sys-
tem [168, 169]. The intra-renal distribution of this en-
zyme system explains the proximal tubular localiza-
tion of acute acetaminophen toxicity [170]. Several
observations in the Fischer rat suggests that this acute
renal toxicity is mediated through the cytochrome P-
450 mechanism [168].

Renal metabolism of isoproterenol [171], bumet-
anide [163], cimetidine [172] and N-methylnicotina-
mide [173] has been reported. Renal metabolites may
have different mode of excretion [174], and may be
more nephrotoxic than the original substance [175].
Renal glucuronidation may be substantial as in the case
of morphine [176]. Xenobiotic glucuronidation can pro-
ceed by linkage through an ether or an ester bound.
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The latter process is called “acyl-glucuronide” charac-
terized by instability under physiological conditions
such that the glucuronide can deconjugate back to the
parent compound (futile cycle). In patients with nor-
mal renal function, acyl-glucuronides are readily elimi-
nated in the urine. In patients with renal insufficiency,
the conjugate accumulates in plasma where it can spon-
taneously hydrolyse to reform the parent compound.
This phenomenon, demonstrated for clofibrate [177,
178] diflunisal [179, 180] and some NSAID [181, 182],
leads to a paradox in which a drug may accumulate in
patients with renal insufficiency even through negli-
gible amounts of parent drug are eliminated in the
urine of patients with normal renal function.

The main role of the kidney in the process of drug
metabolism consists in the excretion of the many, more
or less pharmacologically active metabolites formed in
the liver [8]. Needles to say that renal insufficiency may
result in the accumulation of metabolites and, if phar-
macological active, may result in serious side effects/
toxicity [33]. Renal metabolism of drug-xenobiotics and
its contribution to elimination has been inadequately
explored so that clinical implications are for the most
part inferred from animal models or speculative.

The impact of knowledge of renal handling on
drugs and xenobiotics on their clinical use is clearly
demonstrated with the aminoglycosides (see chapter
8).

The development of imipenem is another convinc-
ing demonstration of how insight into the renal han-
dling/metabolism of a particular drug has succeeded

Table 6. Intrarenal distribution of enzymes that participate in the biotransformation of xenobiotics.

Renal cortex or Outer Inner
proximal tubule medulla medulla

Cytochrome P-450 MFO ++++ ++ trace

NADPH cytochrome reductase ++++ ++ ++

UDP-glucuronosyl transferase ++++ ++ -

Sulfotransferase ++++ ++ -

GSSG reductase ++++ ++ ++

Gamma-glutamyltranspeptidase ++++ ++ trace

Glutathione peroxidase-I ++++ ++ trace

Glutathione peroxidase-II ++++ ++ +

Prostaglandin endoperoxide synthetase trace ++ ++++

++++ = highest activity among the three regions of the kidney irrespective of the absolute activity.

Adapted from Kaloyanides  [32] with permission.

in maintaining its interesting pharmacological activ-
ity and preventing its nephrotoxic effect. Indeed dur-
ing the development of the carbapenem’s, imipenem
(N-formidoyl derivative of thienamycin) had the high-
est potency broad spectrum activity and lack of cross-
resistance. However the product was nephrotoxic and
furthermore there was an extensive renal metabolism
of imipenem resulting in low urinary concentrations
of the antibiotic [183]. A renal dipeptidase, dehydro-
peptidase-I, was responsible for hydrolysing imi-
penem. The strategic subcellular localization of this de-
hydropeptidase-I at the luminal membrane of the
proximal tubular epithelium, accounts for its impact
on the renal handling of imipenem. Indeed, the enzyme
has access to the antibiotic, both in the glomerular ul-
trafiltrate and the transcellular flux between the blood
and the lumen mediated by anionic secretion. In other
words, systemic persistence of the antibiotic is insu-
lated from renal metabolism, whereas urinary tract bio-
availability is drastically reduced. In order to counter
these effects, a specific dehydropeptidase-I-inhibitor,
cilastatin was developed. Once cilastatin was combined
with imipenem, the renal clearance rate of the antibi-
otic was dramatically elevated well above the glom-
erular filtration rate. This indicates that there is a sig-
nificant secretory component of imipenem that is re-
vealed only when its metabolism is blocked by the
dehydropeptidase-I inhibitor. When probenecid was
added, it caused an immediate drop in renal clearance
to the level of the glomerular filtration rate, it induced
a significant reduction in the plasma clearance rate [183]
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and nephrotoxicity was prevented. Probenecid is pre-
sumed to inhibit the active uphill transport of imi-
penem into the tubular epithelium, transport that is
evidenced when intracellular metabolism of imipenem
by dehydropeptidase-I is simultaneously blocked by
cilastatin. The disappearance of the nephrotoxic effect
of imipenem when associated with cilastatin, is due to
the combined effect of cilastatin reducing the secretory
transport of imipenem at proximal tubular level [184]

and the mitochondrial protection of cilastatin towards
the powerful acylating potential of imipenem [185].
Furthermore, cilastatin blocks intracellular and lumi-
nal metabolism of imipenem by dehydropeptidase-I
increasing dramatically the renal clearance rate - uri-
nary concentration of the antibiotic.

The combination of imipenem and cilastatin over-
came the pharmacokinetic [184], metabolic and toxi-
cological challenges presented by this powerful anti-
biotic.
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Pharmacovigilance

Steve  ZLOTNICK

University of the Sciences in Philadelphia, Pennsylvania, USA

Government agencies, like the (FDA) in the US,
re-view pharmacology and toxicology data

from a products approval application and determine
if the product is safe and effective for human use.
Despite diligent studies prior to approval, adverse
drug reactions occur unexpectedly or with greater
frequency than in the clinical trials that cause agen-
cies to recall re-label the product. The use of sponta-
neous reports from healthcare professional has pro-
vided useful information utilized to evaluate the
safety of products in populations not in the clinical
trials. Pharmacovigilance is an epidemiology ap-
proach using case reporting systems, published re-
ports in the literature and other sources to continu-
ally monitor the safety of marketed products. It is
the continual monitoring for unwanted effects and
other safety issues related to drugs.

Pharmacovigilance has been defined as the con-
tinual monitoring for safety related aspects of drugs
that have been approved and marketed to the public
[1]. The reason for pharmacovigilance is to provide
information to assist healthcare professionals in assess-
ing the risk/benefit profile of a drug product and im-
prove public health and safety. Pharmacovigilance is
an epidemiology approach using passive case report-
ing systems and published reports in the literature [2].
Unusual or rare events that occur during initial or long
term drug use are more likely to be detected by case
reports from the literature or voluntary reporting sys-
tems than in randomized controlled clinical trials [3].
And, it is in the post-marketing phase of a products
life that the true determination of the frequency of ad-
verse effects is identified [4]. In the pharmaceutical
industry, it was found that the majority of epidemio-
logic projects are devoted to drug safety, drug surveil-

lance/pharmacovigilance or to health/pharmacoeco-
nomic outcomes research [5].

Drug induced toxicity has been a concern as early
as 1848, when quinine imported for the US army dur-
ing the Mexican War was adulterated resulting in the
prohibition of the import of drugs from foreign coun-
tries. In 1877 chloroform anesthesia was associated with
sudden death. It was identified in the early part of the
20th century that arsenicals caused fatal hepatic events,
and aplastic anemia was associated with chlorampheni-
col. It was the deaths associated with elixir of sulfanil-
amide that led to the first enactment of legislation ad-
dressing adverse reactions known as the Federal Food,
Drug and Cosmetic Act of 1938. However, it was the
worldwide thalidomide tragedy that brought the US
Congress to act in 1962 passing the Kefauver-Harris
Amendment to the Food Drug and Cosmetic Act which
required not only proof of efficacy, but required drug
manufacturers to report adverse drug reactions to the
FDA [2]. Spontaneous reporting systems were devel-
oped after the Thalidomide tragedy in 1962. However
it was not until 1993 that the FDA established the Med
Watch System as a national initiative to educate health-
care professionals about the importance of reporting
serious adverse drug reactions to the agency.

Today, pharmaceutical products undergo extensive
controlled clinical trial testing and review prior to ap-
proval by regulatory agencies. Despite these vigilant
efforts, once the drugs are marketed, they often reach
millions of patients with characteristics not observed
in the controlled clinical environment and rare events
can occur that were not noted in the premarketing tri-
als [4].

The clinical testing of products prior to approval
involves 3 phases. Phase 1 involves determining the
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drug’s pharmacologic profile in a small number of
healthy volunteers. The kinetics of the product, and
dose ranging for safety are tested. In Phase 2, a larger
number of healthy volunteers are tested to look for ef-
ficacy and further safety studies may be added. About
2-300 patients are enrolled. In Phase 3, the drug is ad-
ministered by physicians in clinical settings to patients
with the condition the drug is intended to treat. Pa-
tients are often screened for comorbidities, allergies and
other conditions that might not be true of the popula-
tion who will eventually be using the product. Typi-
cally, premarketing studies exclude patients who have
complicating factors such as renal or hepatic insuffi-
ciency, diabetes or heart failure [4]. These trials often
do not include special populations such as pregnant
women or children or who may be at risk for unique
adverse drug reactions.  The less commonly occurring
side effects, rare but serious or common delayed ad-
verse drug reactions and drug interactions, may not
be detectable or become apparent until used in a larger
population with multiple disease states [2].

Therefore pre-marketing trials are limited in infor-
mation on a drugs full safety profile because they em-
ploy too few patients. The “rule of three” states that to
detect an unintended drug effect that occurs with a
particular frequency, the number of subjects needed
to follow up is 3 times that of the estimated frequency
of the event. Consequently if an ADR occurs in 1 in
10,000 users of the product, one would need to observe
30,000 patients in order to be 95% likely to detect it [2].
Even reducing the probability of detecting an ADR with
an occurrence of 1 in 10,000 from 95% to 80% requires
the evaluation of 16,000 drug exposures [6].

Phase 4 are those studies conducted after the drug
is marketed. Although not mandated by the FDA they
may be negotiated as a condition for a new drug ap-
proval or for obtaining approval for another indica-
tion for a drug. Phase 4 research may include clinical
trials that investigate identified events from post mar-
keting spontaneous reporting systems or pharmaco-
economic studies to establish cost effectiveness. Most
often they are employed to expand a claim or indica-
tions or for differentiation from other competitors [2].

Post marketing surveillance conducted by drug
regulators, the manufacturers and the medical com-
munity may be the preferred method of collecting in-
formation for the appropriate use of drugs. These ad-
verse drug reactions may be detected shortly after ini-

tiation of drug therapy or after long-term administra-
tion or some later time after the drug is discontinued
[2-4, 6].

The health care professional, pharmaceutical manu-
facturer and regulator all share a common interest in
the development and use of drugs that are effective
and have an acceptable level of undesirable effects.
Medwatch and similar programs are important tools
for detection of adverse events effects. However, they
are limited by the reliance on voluntary reporting as
an individual health care professional is not required
by law to report adverse drug reactions to the FDA [4].

Conversely, all sponsors of drugs with an New
Drug Application (NDA), Abbreviated New Drug Ap-
plication (ANDA ) or grandfathered prescription medi-
cation are required by regulation to report all adverse
drug reactions of which they become aware to the FDA.
The FDA requires manufactures to file any serious un-
labeled reactions to the FDA within 15 days. All non-
serious and serious labeled events are reported quar-
terly for new entities and annually for all other ap-
proved NDA and ANDA drugs. Manufacturers must
also submit all serious non-labeled ADRs on all FDA
approved drugs that occur outside the US. Manufac-
turers of over-the-counter drugs without NDAs are not
currently required to report. The manufacturer must
analyze the frequency of serious labeled reactions and
if an increased frequency is found, a narrative must be
submitted within 15 days [2].

Filed reports maintain the confidentiality of the pa-
tient and the reporter of the ADR. Healthcare profes-
sionals are encouraged to report serious ADRs sus-
pected to be caused by medications, medical devices,
special nutritional products and other approved prod-
ucts regulated by the FDA. Serious adverse drug reac-
tions include death, hospitalization, significant or per-
manent disability, congenital anomaly or an outcome
that requires medical or surgical intervention [3].

By the end of 1996 there were over 1 million re-
ports in the system. Approximately 90% were through
the manufacturers and the remaining 10% came di-
rectly to the FDA. Of those reported directly to the FDA,
46% were from pharmacists, 19% from physicians and
20% from hospitals with the remaining from a variety
of sources including consumers and law firms [2].

The physician must then consider attributing the
event to the assignment of causality [6].  The develop-
ment of a symptom or adverse drug reactions does not
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establish the drug as the cause of the problem. Deter-
mining which adverse drug reactions is caused by the
drug with reasonable certainty is an essential and dif-
ficult part of the adverse drug reactions reporting sys-
tem [3]. Some of the issues to be considered include
whether the interval between taking a drug and the
onset of the adverse drug reactions was possibly re-
lated, and the response to discontinuing therapy and
rechallenging with the drug.

Physicians are more apt to report reactions that are
severe or unique, especially on newer agents [6]. Thus,
when one reviews the Medwatch web site, one might
conclude that new products are associated with a high
incidence of adverse drug reactions. Using epidemiol-
ogy methods it is the agency’s responsibility to assess
the causality, seriousness and frequency of these events
based on the number of patients exposed. The results
of these analyses might result in adding information
to the label, withdrawing the drug from the market or
refuting unsubstantiated allegations about a particu-
lar agent [6].

In the last 30 years there have been continued in-
stances of drug recalls or precautionary statements due
to pharmacovigilance reports and some more notable
examples include benoxaprofen and hepatic disorders/
deaths in the elderly and temafloxacin associated
hemolytic anemia. Other recent examples are cardiac
valve disorders from fenfluramine and phentermine
(Fen-Fen), anaphylaxis from zomepirac, rhabdomyoly-
sis associated with cerivastatin and cardiac arrests from
drug interactions with terfenadine and drugs which
inhibit P450 3A4 like ketoconazole and erythromycin
[4]. When taking into account the number of new
chemical entities approved for each decade, the rate at
which new drugs are being withdrawn due to safety
concerns has decreased steadily [2].

The reporting of adverse drug reactions is critical
to the health care industry and as a result several sys-
tems have been developed worldwide. In 1968, the
World Health Assembly requested the World Health
Organization (WHO) to address the safety of drugs in
international markets, resulting in the establishment
of the WHO International Drug Monitoring System.
By 1992, 36 countries were regularly submitting reports
[2]. Today, the WHO Collaborating Centre for Inter-
national Drug Monitoring at Uppsala, Sweden main-
tains the database that currently contains over 2 mil-
lion reports from over 60 participating countries in-

cluding the FDA. Many other countries have their own
systems in place: for example, The Irish Medicines
Board maintains the adverse drug reactions informa-
tion on a national basis in Ireland [7].

Despite important progress in evaluating adverse
drug reactions, there is still no reliable method to iden-
tify potential delayed events that might occur well af-
ter the original course of therapy. For example
Medwatch system did not detect the identification of
diethyl stilbesterol (DES) associated clear-cell adeno-
carcinoma in female fetuses exposed in utero [3].

On the other hand, post marketing surveillance may
reveal unintended beneficial consequences. Pre-mar-
keting studies focus on the efficacy of a product in a
specific disease or primary efficacy but don’t always
assess the usefulness in a secondary efficacy endpoint
[2]. Randomized controlled clinical trials, developed
to monitor blood glucose control of antidiabetic agents
were not designed to assess the positive benefits of
blood glucose control on the cardiovascular or renal
complications of diabetes. These benefits were identi-
fied in post marketing pharmacovigilance studies. An-
other benefit detected in post marketing studies has
shown a reduction in deaths from cardiovascular dis-
ease in postmenopausal women on hormone replace-
ment therapy compared with non-users [3]. Many epi-
demiology studies have now shown the potential for
aspirin and certain non-steroidal anti-inflammatory
drugs to prevent certain cancers. This has promoted
the randomized controlled clinical trials of COX-2
agents in colon cancer prevention.

Ironically, it is interesting to note that thalidomide,
which was withdrawn because of the high risk of con-
genital malformations and the spark for post market-
ing surveillance, is now making a limited come-back
for the treatment of certain cancers due to a re-appraisal
of its risk/benefit ratio for this indication.

In addition to the pharmaceutical industry, there
are other organizations that facilitate reporting to the
FDA. Joint Commission on Accreditation of Health-
care Organizations (JCAHO) standards require hospi-
tals to maintain an adverse drug reaction reporting
system although hospitals are not required by law to
submit reports to the FDA. The American Society of
Health Systems Pharmacists has issued guidelines on
ADR monitoring and reporting [2].

Other sources for Pharmacovigilance studies in-
clude the growing databases maintained by health sys-
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tems such as computerized data from managed care
programs, hospitals and medical centers. These data
integrate pharmacy, laboratory and other outcomes
data [3, 4].

Healthcare professionals may report ADRs by tele-
phone 1800 FDA 1088 Fax 800 FDA 0178 or mail Med
Watch, 5600 Fishers Lane, Rockville, MD 20852-9787or
through the Medwatch internet site www.fda.gov/
medwatch. Medwatch provides feedback to healthcare
professionals though the FDA Medical Bulletin and the
Medwatch home page (www.fda.gov/medwatch). In
Europe and other countries individual Ministries of
Medicine may have a system in place such as Irelands
yellow card system. One might also contact The World

Health Organization (WHO) Collaborating Centre for
International Drug Monitoring. The WHO Headquar-
ters is at Avenue Appia 20, 1211 Geneva 27, Switzer-
land, telephone +41 22 791 21 11 or at www.who.int.

It is the responsibility of governing bodies to re-
quire and review randomized controlled clinical trials
for evaluating drugs prior to approval and marketing
to the public. After marketing, it is the responsibility
of the agencies and the industry to carefully monitor
the drugs safety. It is incumbent on every healthcare
practitioner to report serious and unexpected adverse
drug reactions to the appropriate agency, such as
Medwatch, to be part of the pharmacovigilance team
for evaluating drug safety.
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Introduction

The last three years have expanded insight as to how
lymphocytes respond to antigens or xenobiotics,

and also the knowledge of the pathophysiology of re-
nal diseases. This provides new clues on the mecha-
nisms by which chemically induced immune responses
trigger kidney lesions. First, we will discuss the gen-
eral mechanisms that could be responsible for drug-
induce immune nephropathies. The role of Th1 and
Th2 CD4+ T-cell subsets in the development of neph-
ropathies will be also debated. Then, we will describe
the types of immune nephropathy than can be induced
by xenobiotics in patients. Finally, we will focus on
experimental models of chemical-induced systemic

autoimmune diseases because they illustrate some
mechanisms described before and the genetic control
of these diseases.

Mechanisms by which xenobiotics may
induce an immune response

As summarized in Table 1, xenobiotics may induce
an immune reaction by at least four mechanisms: 1) by
inducing an abnormal immune response due to acti-
vation of antigen presenting cells, 2) by promoting an
immune response directed against an autoantigen
modified by the toxin or its metabolite, 3) by activat-
ing a limited set of autoreactive T cells and 4) by in-
ducing global immune disregulation.
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1. Abnormal immune response due to activation of
antigen presenting cells.

The recognition of peptides/MHC complexes at the
cell surface of an antigen presenting cell by a specific T
lymphocyte is not sufficient for triggering an immune
response. Dendritic cells, that are the professional an-
tigen presenting cells, need to be activated for initiat-
ing the immune response [1]. Signals delivered by
pathogens through the toll receptors at the dendritic
cell surface and signals generated in injured tissues
activate dendritic cells. For example, platelets that con-
stitutively express CD40L can interact with CD40 at
the cell surface of dendritic cells leading to their acti-
vation in a bleeding tissue. Non immune tissue injury
leads to necrotic death, release of reactive oxygen spe-
cies, of heat shock proteins (HSP) and of lymphokines
such as IL-1, TNFα, type I interferons, each being able
to stimulate dendritic cells. Activation of dendritic cells
results in upregulation of costimulatory molecules, in-
tracellular formation of immunogenic MHC-class II
peptide complexes and redistribution of MHC class II
products from intracellular compartments to the
plasma membrane [2]. Many chemicals, including
heavy metals, can directly activate dendritic cells [3],
which certainly favors the development of a T-cell re-
sponse. In addition, many chemicals may promote an
inflammatory reaction, which indirectly contributes to
dendritic cells maturation.

2. Induction of a T cell response against an
autoantigen modified by the chemical.

A toxin or one of its metabolites may bind an auto-
antigen. The complex will be internalized and pro-
cessed by antigen presenting cells. The peptide modi-
fied by the toxin will activate specific T-cells. This type
of response is responsible for hypersensitivity reac-
tions. For example, it was shown that HgCl2 binds two
cysteines in the sequence of fibrillarin, a nuclear anti-

gen that modifies its molecular properties and induces
a T-cell response [4]. The fact that B10.S mice injected
with HgCl2 produce antibodies against toxin-modified
fibrillarin with subsequent synthesis of antibodies spe-
cific for the native protein suggests that an autoimmune
response may be secondary to the response against the
antigen modified by HgCl2 [5]. According to Janeway’s
group [6], it can be supposed that haptenized determi-
nants stimulate specific T-cells which in turn activate
antigen presenting cells that become able to deliver co-
stimulatory signals allowing normally silent autoreac-
tive T-cells to be activated.

3. Induction of a limited set of autoreactive T cells.
A chemical may trigger autoimmunity by induc-

ing the expression of an antigen that is normally ab-
sent. For example, CdCl2 triggers HSP70 expression in
SJL/J renal tubular cells; since no T-cell tolerance to-
wards this antigen has been acquired during ontog-
eny, heat shock proteins reactive T-cells are induced
and transfer tubulointerstitial nephritis into normal
mice [7]. A toxin may also induce, directly or indirectly,
the expression of normally cryptic determinants of
auto-antigens for which no T-cell tolerance has been
achieved. This could trigger immunopathological
manifestations. Antigen presenting cells from mice in-
fected with Theiler’s virus initially present virus de-
terminants and then auto-antigens from the central
nervous system, which is responsible for autoreactive
T-cell activation and demyelinating disease [8]. Met-
als including Au and Hg may induce the presence of
cryptic determinants from bovine RNase A [9, 10, 11]
but the role of such a phenomenon in the development
of autoimmunity has not been proven. Chemicals may
also act indirectly. Recently, it has been reported that
reactive oxygen species modify glomerular basement
membrane, unmasking determinants for which there
was no immune tolerance and thus leading to an au-

Table 1. Mechanisms of toxin-induced immunopathology.

• Abnormal T cell response due to activation of dendritic cells: heavy metals

• T response against an autoantigen modified by a chemical: HgCl2, AuIII, Ni

• Induction of a limited set of autoreactive T cells: HgCl2, AuIII, Ni

• Chemical-induced immune disregulation:
- Interference with central tolerance: cyclosporine A, procainamide
- Activation of T cells at the periphery: hydralazine, procainamide, heavy metals
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toimmune response [12]. This mechanism could be in-
volved in some drug-induced autoimmune nephriti-
des since drugs affecting the kidney can generate re-
active oxygen species either directly or as a conse-
quence of toxic renal damage.

4. Chemical-induced disregulation of the immune
system.

Chemicals may also cause an autoimmune kidney
disease in the context of B- and/or T-cell activation,
independent of antigen-specific recognition. This will
lead to B-cell polyclonal activation with production of
autoantibodies since, normally, autoreactive B-cells ex-
ist but are not activated due to a lack of T-cell help.
Autoreactive T-cells with a high affinity for auto-pep-
tides are eliminated in the thymus or at the periphery
while those with a low affinity for auto-peptides es-
cape deletion and emigrate to the periphery (discussed
in [13, 14]). Several mechanisms explain the absence of
autoimmunity in normal individuals: auto-peptides do
not deliver any signal (T-cells are ignorant) or are rec-
ognized by a T-cell in the absence of adequate costimu-
lation, which induces functional inactivation (T-cells
are anergic). Finally, regulatory cells exert a negative
control on potentially deleterious autoreactive T-cells.
In this respect, some anergic cells could represent a
subset of regulatory cells due to their production of
IL-10, an immunosuppressive cytokine [15]. In experi-
mental models, the immunosuppressant cyclosporine
A blocks T-cell signaling pathways by inhibiting the
phosphatase calcineurin and may induce autoimmu-
nity by impairing central tolerance [16]. Lethally irra-
diated mice reconstituted with bone marrow cells and
treated with high doses of cyclosporine A develop in-
flammatory lesions in multiple organs after cyclospo-
rine A administration has been stopped. This disease
is transferable by T-cells and is attributed to the fact
that cyclosporine A blocks thymic negative selection.
A toxin may also act at the periphery. It may lower the
threshold of T-cell activation and/or deliver costimu-
latory signals. Recent data showing that the T-cell mem-
brane needs to be rearranged in order to allow full T-
cell activation, may provide a better understanding as
to how some toxic agents induce polyclonal T-cell ac-
tivation. Indeed, in normal conditions, negatively
charged glycocalyx of the antigen presenting cells and
the T-cells are so large that they hamper optimal T-cell
receptor/MHC peptide interactions [17]. Non-antigen

dependent factors such as chemokines, inflammatory
mediators, or factors present in lymph nodes, would
play an important role in the rearrangement of surface
molecules, initiating the formation of the immune syn-
apse, the T-cell area that contacts the antigen present-
ing cells by scaffolding the signalling molecules that
will transduce the signal. This process is likely to be
calcium-dependent [18] and requires cytoskeleton re-
organization. This is associated with the exclusion of
CD43, a component of the glycocalyx, from the syn-
apse and diffusion in the membrane of the integrin
LFA-1 and of adhesion molecules such as CD2. Alto-
gether, these events would optimize peptide-MHC
class II T-cell receptor interactions. It is possible that
chemicals such as HAuCl4 or HgCl2 activate T-cells by
this bias. It is also possible that chemicals act on down-
stream step(s) of T-cell receptor-dependent signaling
pathways.

What is the role of different CD4+ T-cell
subsets in the development of
nephropathies?

Characterization of Th1 and Th2 cells

CD4+ T-lymphocytes are heterogeneous in terms
of production of cytokines, and have different func-
tions [19, 20]. Th1 cells secrete IL-2, IFN-γ and lym-
photoxin which explains their role in activating mac-
rophages and cytotoxic cells and therefore in cell-me-
diated immune responses. Th1 cells also help B-cells
in the production of some isotypes: IgG2a in mice and
IgG2b in rats. Th2 cells produce IL-4, IL-5, IL-6, IL-10
and IL-13, promote IgE and IgG1 switch (in rats and
mice), and activate eosinophils and mast cells. Al-
though there is no marker that allows to identify Th1
and Th2 cells, these subsets express different chemo-
kine receptors [21] and display specific transcription
factors: c-maf, NIP-45 and GATA-3 characterize Th2
cells and control IL-4 and IL-5 gene transcription while
T-bet is expressed by Th1 cells and is essential for IFN-
γ expression (reviewed in [22]). The Th1/Th2 cell di-
chotomy brought new insights in the pathogenic
mechanisms responsible for immunopathological
manifestations. Th1 cells are widely considered as
crucial in inflammatory processes while Th2 cells play
a role in asthma, atopy and immediate hypersensitiv-
ity. Factors that influence Th1/Th2 polarization include
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the type of cytokines present during differentiation (IL-
12 and IL-4 direct Th1 and Th2 maturation respec-
tively), the nature of antigen presenting cells, the na-
ture of the antigen and the strength of T-cell receptor-
peptide/MHC interaction, the route of antigen admin-
istration and genetic factors. For example, Brown-Nor-
way rats are prone to develop Th2 responses [23].

IFN-γ contributes to Th1 cell development by sta-
bilizing the expression of the β2 chain of IL-12 recep-
tor (RIL-12). IL-4 amplifies its own production. There-
fore, there is a positive feedback reinforcing Th1 or Th2
cell maturation. At the other hand, Th1 and Th2 cell
development is antagonistic. IL-4 inhibits the expres-
sion of β2RIL-12 chain and IL-10 suppresses IL-12 pro-
duction. GATA-3 directly regulates IL-5 gene transcrip-
tion and contributes to IL-4 gene expression probably
by upregulating c-maf that binds proximal IL-4 gene
promoter. GATA-3 also down regulates β2RIL-12 chain
expression. The Th1 transcription factor, T-bet down-
grades IL-4 and IL-5 secretion.

It has recently been shown that the phenotype of
differentiated Th1 and Th2 cells is stabilized after about
3-5 cell divisions [24]. Grogan et al. showed that, early
in the differentiation, IL-4 and IFN-γ loci are easily ac-
cessible and IL-4 and IFN-γ gene transcripts equally
detected after stimulation of naive CD4+ T-cells with
plate-bound anti-T-cell receptor mAb [24]. In addition,
there is evidence that the cytokines are translated. It
has also been shown by fluorescent in situ hybridiza-
tion that IL-4 and IFN-γ genes are localized away from
the silenced centromeric chromatin; conversely, in Th1
cells, 52% of IL-4 alleles are reorganized in apposition
to centromeric heterochromatin and, in Th2 cells, 67%
of IFN-γ alleles are directed to heterochromatic do-
mains. Such physical gene repositioning contributes to
silence genes. This means that, during early phases of
differentiation, naive cells may give rise to Th1 or Th2
cells in a plastic manner. This process is independent
of cytokines and even of the presence of the specific
transcription factors GATA-3 and T-bet [24].

Role of Th1 and Th2 cells in the development of
nephropathies

Th1 cells very probably play an important role in
nephropathies associated with pauci immune depos-
its and with interstitial infiltrates of T-cells and mac-
rophages [25]). Neutrophils and platelets are also

found. The role of Th1 cells has been clearly demon-
strated in experimental murine models of crescentic
glomerulonephritis induced by immunization with
glomerular basement membrane antigens or by immu-
nization with heterologous sheep or goat immunoglo-
bulin prior to injection of heterologous anti-glomeru-
lar basement membrane immunoglobulin (reviewed in
[25]). In humans, crescentic glomerulonephritis is also
presumed to be Th1-mediated [25]. It is noteworthy
that immunization of the Th2 prone BALB/c mice, with
heterologous immunoglobulin prior to injection of het-
erologous anti-glomerular basement membrane immu-
noglobulin induces a glomerulopathy that is different
from the one observed in C57BL/6 Th1 prone mice.
The role of Th1 cells in a model of tubulointerstitial
nephritis induced by immunization with tubular base-
ment membrane antigens has also been documented
[26], (Table 2).

Th2 cells are pathogenic in gold-salt induced glom-
erulopathy in Brown-Norway rats [27] and in glom-
erulopathies associated with allogeneic reactions [28,
29]. Injection of semi allogeneic spleen cells into BALB/
c neonates induces donor B cell polyclonal activation
under the control of alloreactive BALB/c Th2 cells. This
Th2 response is particularly prominent when both do-
nors and recipients are β2m knockout which probably
prevents a negative control of Th2 cells by MHC class
I restricted regulatory cells [30]. In this case, mice dis-
play blood hypereosinophilia, massive eosinophilic
infiltration in different organs including kidneys, and
develop severe autoantibody-mediated glomerulone-
phritis [30]. Th2 cells could also play a role in human
membranous glomerulopathies (Table 2) mainly be-
cause immune deposits contain essentially IgG4, a Th2
dependent isotype. Th2 cells are probably also involved
in the idiopathic nephrotic syndrome of childhood as-
sociated with the development of minimal change dis-
ease that is thought to be associated with T lympho-
cyte dysfunction often triggered by viral infections and
with the production of circulating factor(s) resulting
in proteinuria. IL-4 [31] and/or IL-13 [32] may also play
a role.

A better understanding of the physiology of glom-
erular epithelial cells (podocytes) may explain the
mechanisms by which Th1 and Th2 cells induce pro-
teinuria. Proteins pass freely through the endothelium
fenestrae, and the principal barrier is at the site of the
slit diaphragm present between the foot processes of
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podocytes [33]. As shown in Figure 1, interaction be-
tween integrins and extracellular matrix components
transduces a signal leading to correct actin assembly
and anchoring of nephrin and CD2AP into the slit dia-
phragm. The role of CD2AP, nephrin, α-actinin and
Rho small G proteins has been demonstrated [34-39].
Stimuli such as TNF, aggregated IgG4, attack complex
of complement, can trigger rearrangement of the cy-

Table 2. Role of Th1 and Th2 cells in the development of kidney diseases.

Th1-dependent nephritides

Glomerulonephritis induced by inmmunization with glomerular basement membrane or by sensitization to heterolo-
gous immunoglobulin prior to administration of heterologous anti-glomerular basement membrane immunoglobulin:
severe crescentic glomerulonephritis (C57BL/6).

Tubulointerstitial nephritis induced by immunization of SJL with renal tubular antigens.

Human crescentic glomerulonephritis (especially pauci immune ANCA-associated glomerulonephritis, Wegener’s
granulomatosis, glomerulonephritis induced by IL-2 or IFNγ administration).

Th2-dependent nephritides

Glomerulonephritis induced by by sensitization to heterologous immunoglobulin prior to administration of heterolo-
gous anti-glomerular basement membrane immunoglobulin: (BALB/c).

Glomerulopathy induced by HgCl2 and gold salts in Brown-Norway rats and glomerulopathy associated with allogeneic
reactions in mice.

Human membranous glomerulopathies and possibly minimal change disease

Ig = immunoglobulins; GN = glomerulonephritis, GBM = glomerular basement membrane, ANCA = anti-neutrophil cytoplasmic antibodies. Adapted
from [25].

Figure 1.  Putative signalling pathways
involved in the organization of the slit
diaphragm in podocytes (From [93] and
[94]). FAK, src and crk are tyrosine kinases
involved in phosphorylation of paxillin
which activates the small protein G Rho
dependent signalling pathway, recruits
actin-binding proteins actopaxin, talin, α
actinin, vinculin, leads to actin polymer-
ization with anchoring of nephrin into the
slit diaphragm. Puromycin, aggregated
IgG4, TNF, the attack complex of comple-
ment could trigger reorganization of the
cytoskeleton, redistribution of nephrin
and proteinuria [41]. At least for TNFα,
this effect would be mediated by tyrosin
phosphorylation with FAK, paxillin, and
vinculin being phosphorylated after
stimulation by TNF [40].
ECM = extracellular matrix.
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toskeleton, with redistribution of nephrin and CD2AP,
which could result in proteinuria [40, 41]. IL-4 and/or
IL13 could induce proteinuria by direct interaction with
podocytes since these cells express receptors for both
cytokines [42]. Alternatively, they may act on mono-
cytes to produce vascular permeability factor(s) respon-
sible for nephrotic syndrome.
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Immune nephropathies induced by
xenobiotics

Glomerulopathies

Non-steroidal anti-inflammatory drugs are known
to induce a nephrotic syndrome in addition to acute
tubulointerstitial nephritis (discussed in [43]). Glom-
erulopathies include minimal change disease, focal
glomerulosclerosis that could represent a continuum
with the former entity and membranous glomerulo-
pathy. A recent review of 97 patients with non-steroi-
dal anti-inflammatory drugs-induced nephropathy
reported the following incidence: minimal change dis-
ease (39.2%), acute tubulointerstitial nephritis (19.6%),
membranous glomerulopathy (19.6%), focal glomeru-
losclerosis (13, 4%) and others (8, 2%) [43]. Lithium used
to treat bipolar affective disorders (reviewed in [44]),
gold salts or D-penicillamine used to treat rheumatoid
arthritis patients, or mercurials as environmental pol-
lutants, may also induce minimal change disease or
membranous glomerulopathy. For example, gold salts
cause proteinuria in about 10% of patients due to mem-
branous glomerulopathy (89%) or minimal change dis-
ease (10%). This indicates that the same drug may in-
duce several types of glomerulopathy with different
immunopathological mechanisms leading to pro-
teinuria. In the same way, a loss of nephrin expression
was found in an experimental model of minimal change
disease induced by injections of rats or mice with ami-
nonucleosides (puromycin or adriamycin) and in a
model of immune type glomerulopathy induced by
injections of rats with HgCl2 [45].

The occurrence of gold-induced membranous
glomerulopathy is related neither to the cumulative
dose of gold, neither to the duration of treatment nor
to the type of gold salt used. Susceptibility is geneti-
cally controlled since patients with HLA-B8 or DRW3
are at higher risk [46]. The role of HLA DR3 in suscep-
tibility to D-penicillamine-induced adverse reactions
has been demonstrated since membranous glomeru-
lopathy is 32 times more frequent in HLA DR3 posi-
tive patients than in those who are HLA DR3 negative
[47].

Tubulointerstitial nephritides

Most often, tubulointerstitial nephritis is the con-

sequence of glomerular lesions. However, they can be
isolated and the causes include autoimmune responses
towards tubular antigens, infections, and administra-
tion of pharmaceuticals [48].

Drug-induced tubulointerstitial nephritis repre-
sents 1-10% of cases of acute renal failure and is char-
acterized by infiltrates of mononuclear cells with tu-
bular cell injury [49]. Most of the patients exhibit en-
hanced serum IgE levels, hypereosinophilia and/or hy-
pereosinophiluria, fever and skin rashes. Most often,
withdrawal of the drug, with or without concomitant
steroid administration, improves the renal functions.

Rifampicin-induced tubulointerstitial nephritis is
interesting because, at least in some cases, a target
might be identified [50]. There is often an association
between renal failure and hematological abnormalities
(hemolytic anemia and thrombopenia). Patients de-
velop rifampicin-dependent IgG and IgM antibodies
against the I antigen of red blood cells, which caused
red blood cell lysis through interaction with the anti-
gen on the erythrocyte surface. These antibodies, or a
cell-mediated response against this antigen, could play
a role in tubulointerstitial nephritis since the I antigen
is also expressed on tubular epithelial cells.

The drugs that are most frequently responsible for
tubulointerstitial nephritis are antibiotics, especially β-
lactams, and non-steroidal anti-inflammatory drugs.
Hypersensitivity reactions directed against the drug
or its metabolites are usually found [43]. One study
reported an association between tubulointerstitial ne-
phritis and minimal change disease in 18 cases out of
27 patients with non-steroidal anti-inflammatory
drugs-induced tubulointerstitial nephritis [51].

In one case of tubulointerstitial nephritis and neph-
rotic syndrome induced by Triazolam, a sleep inducer,
numerous eosinophils were found to infiltrate glom-
eruli and interstitium [52] suggesting that eosinophils
may be pathogenic in this situation.

An association with tubulointerstitial nephritis and
nephrotic syndrome has also been occasionally re-
ported for penicillin/amoxicillin-induced nephropathy
[53]. Several reports have analyzed T-cells in penicil-
lin-induced allergy. It was shown that 1) CD4+ T-cells
specific for penicillin may be derived from the skin of
patients and produce mainly IL-5, some of them being
perforin positive with a cytolytic potential [54]; 2) β-
lactams specific clones may be obtained only from pa-
tients with adverse drug reactions; the clones were Th2
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whatever the type of clinical manifestation and whether
or not specific serum IgE were present [55]; 3) Peni G
impaired IFN-γ production in an antigen independent
manner [56]. These studies support the view that β-
lactams induce Th2-dependent hypersensitivity reac-
tions. Such cells may recruit and activate eosinophils
via their IL-5 production. It is also possible that direct-
cellular contact between activated Th2 cells and tubu-
lar epithelial cells amplifies the local inflammatory re-
action in the kidney because IL-4 and IL-13 increase
the production of RANTES, a proinflammatory media-
tor by tubular epithelial cells [57].

Xenobiotic-induced immune
disregulation

Some drugs such as hydralazine or procainamide
may induce lupus like diseases with antinuclear anti-
bodies and proteinuria. D-penicillamine not only
causes glomerulopathies, but also myasthenia, poly-
myositis or lupus, suggesting that this compound pro-
vokes immune disregulation. Gold salts also are ca-
pable of inducing various immunopathological disor-
ders such as pneumonitis, anemia, thrombocytopenia
and hepatitis.

We shall discuss hydralazine or procainamide-in-
duced autoimmunity and heavy metal-induced immu-
nopathological disorders because these compounds
have been extensively studied using multiple experi-
mental approaches and in several experimental sys-
tems, and because it was shown that several mecha-
nisms may contribute to the development of autoim-
munity.

Hydralazine and procainamide-induced
autoimmunity

Hydralazine and procainamide have been shown
to interfere with central and peripheral mechanisms
of tolerance and to lower the threshold of T-cell acti-
vation rendering them autoreactive [58, 59].

A metabolite of procainamide, injected into the thy-
mus of (C57BL6 x DBA/2) F1 mice induces the emer-
gence of autoreactive chromatin specific T-cells [58, 59].
In addition, procainamide impairs peripheral T-cell
anergy [60].

Therapeutic concentrations of hydralazine and pro-
cainamide inhibit methyl transferase activity [61, 62,

63]. Methylation of deoxycytosine residues of gene pro-
moters takes place during cell ontogeny and silences
genes through fixation of methylcytosin binding pro-
teins and changes in chromatin structures (developed
in [64]); this pattern is maintained through subsequent
mitoses by methyltransferases. It was shown that anti-
gen specific T-cell clones, incubated with inhibitors of
these enzymes, overexpressed LFA-1 and became able
to proliferate in the presence of autologous antigen pre-
senting cells, even in the absence of the nominal anti-
gen. Autoreactivity is probably the consequence of the
increase in LFA-1 expression since antigen specific T-
cells transfected with LFA-1 also became autoreactive
[63]. The injection of T-cells rendered autoreactive by
incubation with procainamide [65] or with hydralazine
[66] or of T-cells transfected with LFA-1 [63] into a non-
irradiated syngeneic normal recipient triggers an au-
toimmune disease [66]. This disease is marked by anti-
DNA antibody production, proliferative glomerulone-
phritis, pulmonary alveolitis, liver lesions resembling
primary biliary cirrhosis, and histologic changes in the
brain resembling central nervous system lupus [64].

Histone deacetylases are also important with re-
spect to the accessibility of chromatin and gene expres-
sion; acetylation of histones is required for gene ex-
pression while deacetylation correlates with inhibition
of transcription. Moreover, methylcytosine binding
proteins associate with histone deacetylases directing
the deacetylase activity to regions destined for inacti-
vation [67]. This suggests a role for inhibitors of de-
acetylases in targeting gene expression including IFN-
γ and IL-4 [68], which could contribute to the develop-
ment of autoimmunity.

HgCl2 and gold salt induced autoimmunity

Effect of these metals in mice
Injections of susceptible murine strains including

B.10S and AS.W mice with non toxic amounts of HgCl2
or gold salts trigger an increase in serum IgE and IgG1
concentrations, two Th2-dependent isotypes, and IgG1
antinucleolar antibody [69, 70]. Anti-IL-4 mAb admin-
istration inhibits the effect of HgCl2 on serum IgE and
IgG1 antibodies but does not modify the titer of anti-
nuclear antibodies; this treatment is associated with the
development of the Th1 dependent IgG2a and IgG3
antinuclear antibody isotypes [70].
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Effect of HgCl2, gold salts and D-penicillamine in rats
a) The model
Brown-Norway (BN) rats injected thrice a week

with HgCl2 (1 mg/kg bw, sc), HAuCl4 (1 mg/kg bw,
sc), aurothioropanolsulfonate sodium salt, the gold salt
used in France for rheumatoid arthritis (allochrysine®,
20 mg/kg bw, sc) treatment, or D-penicillamine, de-
velop an autoimmune disease while LEW rats are re-
sistant. The disease is characterized by the production
of numerous autoantibodies (anti-laminin, a compo-
nent of the glomerular basement membrane, anti-
dsDNA, anti-thyroglobulin antibodies …) and an in-
crease in serum IgE and IgG1 (reviewed in [71-73]).
Anti-laminin antibodies are found deposited in the kid-
neys; they are responsible for linear IgG deposits along
the glomerular basement membrane and this is fol-
lowed by the development of membranous glomeru-
lopathy. The disease induced by HgCl2 is more severe
than the one caused by gold salts or D-penicillamine
since rats display heavy proteinuria only in the former.
Glomeruli appear to be normal at the light microscopy
level and some infiltrates of mononuclear cells with
predominantly CD4+ T-cells are occasionally found in
the interstitium.

The disease is spontaneously regulated even if
HgCl2, HAuCl4 or D-penicillamine administration is
pursued and rats are resistant to rechallenge. This lat-
ter phenomenon appears to be dependent on CD8+
cells [74]. HgCl2-induced autoimmunity is reduced in
rats previously treated with D-penicillamine [72]. This
suggests that mechanisms involved in the regulation
of D-penicillamine-induced autoimmunity may also
partially protect against the development of HgCl2-
induced autoimmunity.

b) Non-antigen specific lymphocyte activation
HgCl2 and gold salts trigger a polyclonal activa-

tion of BN B- and T-cells. HgCl2 does not induce the
expansion of peculiar Vβ bearing cells, which rules out
the possibility that this metal behaves as a superanti-
gen [75]. HgCl2 and HAuCl4 increase the intracellular
calcium concentration in BN and LEW T-cells ([76] and
unpublished). HAuCl4 triggers a calcium signal in up
to 100% of CD4+ and CD8+ T- and in 70% of purified
B-cells from both BN and LEW rats [76]. These data
show that gold salts induce a panclonal activation of
T-cells and that the resistance of LEW rats is not ex-
plained by an inability of metals to stimulate their lym-
phocytes.

Stimulation of T-cells through the T-cell receptor
leads to a cascade of events [77], (Figure 2) initiated by
activation of src kinases that phosphorylate tyrosine
of the ITAMs (immunoreceptor tyrosine activated mo-
tives) in the T-cell receptor/CD3 chains. This results
in recruitment and phosphorylation of the tyrosine ki-
nase ZAP-70. Multiple adapter and effector molecules
are then directed to signalling complexes and are acti-
vated, including phospholipase Cg1. The latter cleaves
phosphatidylinositide 4, 5 biphosphate into inositol 3,
4, 5 triphosphate and diacylglycerol. Inositol 3, 4, 5
triphosphate releases intracellular calcium stores into
the cytosol with an ensuing calcium entry responsible
for a sustained increase in intracellular calcium con-
centration, while diacylglycerol activates protein kinase
C. Finally, T-cell receptor-dependent signalling path-
ways converge to activate multiple transcription fac-
tors leading to proliferation, cytokine gene transcrip-
tion etc. The calcium response elicited by HgCl2 and
HAuCl4 in purified T-cells is the consequence of an
effect of these metals on the early steps of T-cell acti-
vation. Indeed, the metals trigger a pattern of tyrosine
phosphorylation similar to the one induced by T-cell
receptor ligation, and PP2, an inhibitor of src kinases,
abolishes HAuCl4-induced calcium signal [76].

Figure 2. Scheme of T-cell receptor-associated signalling
pathways.
TCR = T-cell receptor; PTK= protein tyrosine kinases; PLCg =
phospholipase Cg; PIP2= phosphatidylinositide 4,5 biphosphate; IP3=
inositol 3,4,5 triphosphate; RIP3 = receptor for IP3; DAG= diacylglycerol,
PKC=protein kinase C.
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HAuCl4-induced T-cell activation results in early
cytokine gene expression by lymphocytes from both
Brown-Norway and LEW rats since two to four hour
incubation with the metal is sufficient to detect an in-
crease in IL-4 and IFN-γ mRNA [76, 78]. Nevertheless,
the expression of IL-4 predominates in BN T-cells while
the expression of IFN-γ is favored in LEW T-cells. The
in vitro findings correlate quite well with the profile of
cytokine expression in splenocytes of Brown-Norway
and LEW rats injected with HAuCl4, which gives rel-
evance to the in vitro data. The pronounced IL-4 over-
expression induced by gold in Brown-Norway rats is
probably related to the fact that Brown-Norway rats
mount preferential Th2 responses whatever the stimu-
lus [79, 80]. It would be interesting to determine what
is the frequency of IL-4 expressing T-cells upon stimu-
lation with gold and whether this phenotype concerns
a T-cell subset characterized by some particular mark-
ers.

It has been previously shown that HgCl2 induces
IL-4 gene transcription in BN but not in LEW T-cells
[78]. In order to identify what are the molecular mecha-
nisms at play, we used an IL-4 producing T-cell hybri-
doma, which allowed us to identify a new signalling
pathway [81]. Indeed, in this hybridoma, HgCl2 acti-
vates protein kinase C resulting in an entry of calcium
sufficient to initiate IL-4 gene transcription [81, 82]. We
then obtained evidence that this pathway was also
turned on following stimulation through the T-cell re-
ceptor not only in T-cell hybridomas but also in Th2
clones [83]. There is a large body of evidence that na-
ive T-cells, Th1 and Th2 cells differ not only by their
expression in transcription factors, by the expression
of receptors for cytokines or signalling pathways asso-

ciated to these receptors but also with regard to T-cell
receptor-dependent signalling pathways. This could
mean that HgCl2 or HAuCl4 behave as polyclonal T-
cell activators ([76] and unpublished) acting on the
early steps of activation and switching on the T-cell
receptor-dependent signalling pathways available in
the cell studied, pathways that differ depending upon
the state of differentiation.

HgCl2 and HAuCl4 are both B-cell activators but
the mechanisms involved are probably different. In-
deed the effect of HgCl2 on B-cells depends upon IL-4
[76, 78], while HAuCl4 directly acts on B cells, leading
to an increase in MHC class II expression probably via
the increase in intracellular calcium concentration [76].

c) Mechanisms responsible for autoimmunity
The fact that normal BN T-cells incubated with

HgCl2 transfer the disease [84] suggests that the effect
of the metal is sufficient for inducing autoimmunity.
Figure 3 schematizes some events by which HgCl2 or
HAuCl4 may induce autoreactivity.

HgCl2 or HAuCl4-induced autoimmunity is prob-
ably not due solely to an overexpression of IL-4 since
IL-4 transgenic mice have been described as autoim-
mune prone in one report [85]. In our model, HgCl2
and allochrysine are found to induce the emergence of
autoreactive anti-class II T-cells in both Brown-Nor-
way and LEW rats. T-cell lines have been obtained from
both strains; they are Th2 only when they originate
from Brown-Norway rats [27]. Autoreactive Th2 cell
lines transfer autoimmunity into CD8+ cell depleted
Brown-Norway rats [27]. This suggests that the direct
effect of metal on IL-4 gene expression in BN T-cells
certainly favors the development of autoreactive Th2
cells that are pathogenic in this model. Another inter-

Figure 3. Mechanisms by which
metals may induce autoreactivity.
APC = antigen presenting cells; TCR= T-cell
receptor.
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esting point is that the disease induced by injecting the
T-cell lines into CD8+ cell depleted Brown-Norway rats
is much more severe than the one induced by the ad-
ministration of gold salts. Indeed, in the former case,
rats display infiltration of many organs: liver, lung and
kidneys by CD4+ cells. In addition, animals may die
due to renal failure. This suggests that, in normal
Brown-Norway rats, CD8+ cells exert a negative con-
trol on Th2 cells.

The expression of LFA-1 was found to be increased,
among other markers, at the T-cell surface in Brown-
Norway rats injected with HgCl2 [86]. This could be
sufficient for inducing autoreactivity as shown by
Richardson’s group [64].

Elements favoring the supposition that HgCl2 and
allochrysine would induce some specific responses
come from experiments of Field et al. [87], who showed
that neonatal administration of HgCl2 does not induce
autoimmunity, prevents the development of HgCl2-in-
duced autoimmunity at adult age, but does not modify
the course of allochrysine-induced autoimmunity. The
tolerance is transferable by splenocytes. Altogether,
these data suggest that autoreactive T-cells may be con-
trolled by regulatory cells that are specific either for
mercury or for determinants specifically induced by
mercury and not by gold salts.

d) Genetic control and resistance of LEW rats
Injection of Brown-Norway rats with gold salts pro-

vided a model to analyze the genetic control of the IgE
response. A cohort of F2 progeny of susceptible Brown-
Norway and resistant LEW strains has been studied to
carry out a genome-wide search for loci controlling the
IgE response. Genome scanning identified three loci,
Atps1, Atps 2 and Atps3 on chromosomes 20, 10 and 9
respectively. Atps1 is linked to the MHC and Atps2 to
the cytokine gene cluster that includes the IL-4 region
[88, 89]. It is interesting to note that a region homolo-
gous to Atps2 is localized on human chromosome 5 in
5q31.1 and has been linked to serum IgE concentration
in families of atopic patients from different ethnic ori-
gins [90]. A locus called Eae4 implicated in the suscep-
tibility of Dark Agouti rats or the resistance of Brown-
Norway rats to develop Th1-mediated autoimmune
encephalomyelitis is mapped in the same region as
Atps3 [91]. Regions implicated in the susceptibility of
LEW rats and the resistance of Brown-Norway rats to
develop experimental autoimmune encephalomyelitis
also map in the same regions as Atps2 and probably

Atps3 [92]. Finally, it has been shown in rats that
CD4+T-cells with a high expression of the isoform
CD45RC contain Th1 precursors while CD45RClow cells
are enriched in Th2 precursors. The ratio CD4
CD45RClow/ CD45RChigh is 2:1 in the Th2 prone
Brown-Norway strain and 1:2 in the Th1 prone LEW
strain. Subra et al showed a linkage between this ratio
and regions containing Atps1, 2 and 3 [80]. Altogether,
these data suggest that Atps2 and Atps 3 contain genes
that control the differentiation of T-cells into Th1 or
Th2 cells.

The reasons why LEW rats are resistant to the de-
velopment of gold-induced autoimmunity are un-
known. However, two points are interesting: 1) LEW
MHC is permissive since Brown-Norway.1L rats,
which have the same MHC as LEW rats and non MHC
genes from the BN background, develop gold-induced
disease as Brown-Norway rats and 2) administration
of anti-IFN-γ mAb render LEW rats partially suscep-
tible to allochrysine-induced autoimmunity with the
appearance of anti-laminin antibodies even if their ti-
ter is 5 times lower than in Brown-Norway rats [76].
This mild response could explain why IgG deposits
are not found in the kidneys of LEW rats injected with
allochrysine and anti-IFN-γ antibodies.

Conclusion

There is still a long way to go before all the mecha-
nisms responsible for drug-induced immune kidney
lesions will be explained. However, the notion that T-
cell activation in addition to T-cell receptor-MHC pep-
tide interactions also requires a tissue environment is
an important concept for better understanding immu-
nopathogenic mechanisms. For example, it is notewor-
thy that a toxic effect of the drugs on the kidney may
initiate an immune response because they promote the
presentation of haptenized determinants or even of self-
peptides in inflammatory conditions. Th1 cells and
probably Th2 cells may be pathogenic even if the ef-
fectors responsible for the lesions may be different. For
example, in some patients, eosinophils, probably acti-
vated by Th2 cells could be pathogenic. Some drugs,
such as hydralazine or heavy metals behave as T-cell
polyclonal activators, which is sufficient for, or con-
tributes to, the development of autoimmunity at least
in some genetic backgrounds.
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Morphology of nephrotoxic injury

The changes in renal epithelial morphology that ac-
company acute renal failure are often subtle. At

least four cellular fates can be identified in acute renal
failure: cells may be necrotic; cells may become apop-
totic; they may replicate and divide; or they may ap-
pear indifferent to the stress (Figure 1). Frank necro-
sis, as is often seen experimentally, is not prominent in
the vast majority of human cases. Necrosis is usually
patchy, involving small clusters of cells, sometimes re-
sulting in small areas of denuded basement membrane.
Less obvious injury is more often noted, including loss

of brush borders, flattening of the epithelium, intratu-
bular cast formation, and dilatation of the lumen. While
proximal tubules show many of theses changes, injury
to the distal nephron can also be demonstrated when
human biopsy material is closely examined. The distal
nephron is also the site of obstruction by desquamated
cells and cellular debris.

Necrosis is a catastrophic breakdown of regulated
cellular homeostasis and is accompanied by massive
tissue damage leading to rapid collapse of internal ho-
meostasis of the cell [1]. It is characterized by cell swell-
ing with early loss of plasma-membrane integrity, ma-
jor alterations of the organelles, and swelling of the
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nucleus with flocculation of the chromatin. Affected
cells rupture, and the cellular components spill into
the surrounding tissue space, evoking an inflamma-
tory response. Apoptosis is also a feature of nephro-
toxic injury and a distinction can be made between
necrosis and apoptosis based on morphological crite-
ria (Table 1).

In apoptosis, the most outstanding morphological
and biochemical changes occur in the nucleus in which
chromatin rapidly forms dense crescent-shaped aggre-
gates lining the nuclear membrane [2-4]. The plasma
membrane becomes convoluted, so that the cell sepa-
rates into a cluster of membrane bound segments,
”apoptotic bodies“, which often contain morphologi-
cally normal mitochondria and other cellular or-
ganelles. The absence of inflammation is a crucial fea-
ture of apoptosis, and thus it permits cell death with-
out damage to adjacent cells, and is thus advantageous
for normal cell turnover, development and homeosta-
sis of organs under physiological and pathological con-
ditions. This form of cell death differs from frank ne-
crosis in that it requires the activation of a regulated

Table 1. Different characteristics between apoptosis and necrosis.

Apoptosis Necrosis

Affects scattered individual cells Affects massive and contiguous cells

Chromatin marginates as large crescent aggregates Chromatin marginates as small aggregates

A ladder of DNA fragmentation (-200 bp), Dominant smear pattern of DNA
sometimes no fragmentation

Cytoplasm and cell volume decrease Cytoplasm and cell volume increase

Organelles retain integrity Organelles swell (mitochondria, endoplasmicreticulum)

Cell breaks into small fragments Cell ruptures

Cell fragments are phagocytized Cell contents released

No inflammation Extensive inflammation

program that leads to DNA fragmentation, nuclear
condensation, and cell loss without causing an inflam-
matory response.

Proximal tubule cells may undergo necrosis or
apoptosis in vitro depending on the severity of insult
[5,6]. Much of the evidence for the role of apoptotic
mechanisms in renal tubular injury relates to the dem-
onstration of chromatin condensation, the morphologi-
cal hallmark of apoptosis, and endonuclease activation
resulting in oligonucleosome-length DNA fragmenta-
tion (~200 bp), considered as the biochemical hallmark
for apoptosis. Thus, apoptotic bodies in renal tubules
have been shown in a variety of renal injuries includ-
ing ischemia/reperfusion injury in vivo and hypoxia/
reoxygenation in vitro, human allografted kidney, oxi-
dant stress and compounds such as HgCl2, cisplatin,
and cyclosporine. Apoptosis has been noted after the
administration of bacterial cell wall constituents such
as lipopolysaccharides as well.

The site and relative contribution of apoptosis to
the total loss of epithelial cell integrity in nephrotoxic
damage is still a matter of dispute, but a consensus is
emerging that apoptosis occurs in a minority of cells
(<5% of the total cells in the renal cortex) and the ma-
jority of apoptosis is confined to the distal nephron. In
large part the confusion stems from an over-reliance

Figure 1. Radiohistogram of outer stripe of outer medulla of
rat kidney taken from animal 5 days after cisplatin, 5 mg/kg
BW. Note three cell fates: 1) Necrosis (ND) of cells lining
injured S3 segment; 2) apparent indifference of thick
ascendary limb (TAL) and collecting duct (CD) epithelial cells;
3) cells of the proximal tubule (PT) undergoing DNA synthesis
(arrow). Condensed nuclear debris may also be seen in such
section indicating apoptotic bodies (not shown).
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upon the use of TUNEL staining rather than classic
morphologic criteria to determine apoptosis. While
endonuclease activation and resultant oligonucleoso-
mal DNA fragments is a hallmark of apoptosis, sev-
eral recent observations make equating DNA fragmen-
tation with apoptosis problematic. Thus, chromatin
condensation and DNA fragmentation are regulated
by different metabolic pathways [7], apoptosis can oc-
cur without DNA fragmentation [7], and DNA frag-
mentation can be seen in necrotic cells. Indeed, rat re-
nal proximal tubules subjected to hypoxia/reoxygen-
ation result in DNA strand breaks and DNA fragmen-
tation and, endonuclease inhibitors provided complete
protection against DNA damage induced by hypoxia/
reoxygenation and partial but significant protection
against cell death. Iwata et al. [8] reported DNA frag-
mentation (indicative of endonuclease activation) in
vivo ischemia/reperfusion injury associated with mor-
phological features of necrosis rather than apoptosis.
It is highly likely; therefore, that apoptotic and necrotic
forms of cell death share many biochemical features
together. The form of cell death initiated in any par-
ticular cell by a single toxin will depend on the dose of
the toxin, the particular cell type, and whether the cell
can mount an effective defense against the deleterious
effects of the toxin (see below).

Pathophysiology of cell injury

The mechanisms of the changes in cell viability dur-
ing renal injury are incompletely understood. Most of
the experimental data have been derived from the is-
chemia-reperfusion model of acute renal failure and
have focused on necrotic cell death. Because as many
as 50% of patients have ischemia-induced acute renal
failure, the observations should be relevant to a large
portion of the patients at risk. Also, different stresses
initiate common biochemical events, so that under-
standing the relevant pathways of one stress will most
likely be applicable to others. What follows is a de-
tailed analysis of some of the pathways currently
thought to execute cell death in a variety of nephro-
toxic insults.

Disruption of energy production

The two principal sites of energy production in
proximal tubular cells reside within the mitochondria

and peroxisomes. Both organelles oxidize short chain,
medium chain, and long chain fatty acids to generate
ATP [9-11]. Inhibition of fatty acid oxidation may rep-
resent a common pathophysiologic response of the kid-
ney, and in particular the proximal tubule, during is-
chemia/reperfusion and cisplatin-induced acute renal
failure. Ischemia/reperfusion injury and cisplatin in-
hibits fatty acid oxidation in mouse kidney and in
proximal tubule cells in culture [12, 13]. In each of these
insults there is reduced PPAR-a mediated transcrip-
tion and activity. These DNA binding proteins induce
mRNA of key enzymes in fatty acid oxidation. Another
transcription factor, the PPAR-Gamma-Coactivator-1
(PGC-1) was also reduced by cisplatin. This latter
nuclear protein has been shown to be a transcriptional
co-activator of PPAR-a [14], PPAR-g [15], RXR [16], and
other transcription factors like Nuclear Respiratory
Factors (NRFs) that play critical roles in the regulation
of oxidative metabolism, cellular respiration and adap-
tive thermogenesis [17,18]. In situ hybridization stud-
ies demonstrate the expression of PGC-1 in the mouse
proximal tubule (PT) and the thick ascending limb
(TAL), two nephron segments which also express high
levels of PPAR-a and fatty acid oxidation enzymes and
cisplatin inhibited the expression of PGC-1 in both
nephron segments. The above studies suggest that the
common underlying defect in proximal tubule energy
production is a reduced PGC-1/PPAR-a function. The
mechanisms for these changes in nuclear factor activ-
ity and how alterations in fatty acid oxidation metabo-
lism lead to structural alterations of mitochondria and
eventually cell death are not known.

Mitochondrial dysfunction in acute
renal failure

Defects in energy generation

Mitochondrial dysfunction has long been consid-
ered to play a central role in the development of cell
injury during ischemia-reperfusion and hypoxia-reoxy-
genation [19]. Besides the inhibition of fatty acid oxi-
dation, mitochondrial energy generation is diminished
because of defects in respiratory chain function. Inhi-
bition of the F0-F1-ATPase leading to impaired func-
tion of respiratory complex I has been observed in I/R
injury. Similar to ischemia, cisplatin has been shown
to affect mitochondrial respiratory complexes and func-
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tion [20]. Exposure of freshly isolated porcine proxi-
mal tubules to cisplatin resulted in loss of mitochon-
drial membrane potential as well and this decrease
preceded cell death [21]. Cisplatin specifically inhib-
ited complexes I to IV of the respiratory chain after 20
min incubation with 50 to 500 mM, respectively. As a
result intracellular ATP was decreased to 70%.

Structural abnormalities

Two structural abnormalities in the mitochondria
are considered important pathogenetic factors during
ischemia. One is characterized by pore formation in
the inner mitochondrial membrane and high amplitude
swelling (mitochondrial permeability transition or
MPT) [22, 23]. The second involves leakage of cyto-
chrome C from the inter-membrane space into the cy-
tosol [24]. Because of its role as an electron shuttle, dis-
location of cytochrome c compromises respiration [25,
26], and as a cytosolic cofactor cytochrome C activates
caspase 9, and triggers apoptosis [25-27] (see below).

Cytochrome C release may follow the MPT or oc-
cur independently. In a recent study of cisplatin toxic-
ity [27] decrease in oxidative phosphorylation was due
to the inhibition of mitochondrial F0-F1-ATPase activ-
ity, but the decrease in oxidative phosphorylation was
accompanied by hyperpolarization of the mitochon-
drial membrane rather than a decrease in membrane
potential that is usually associated with the MPT [28].
The studies also demonstrate a marked decrease in
active Na transport and Na-K-ATPase activity that par-
alleled the decrease in F0-F1-ATPase activity and pre-
ceded increases in membrane potential in cisplatin
treated renal proximal tubular cells. These studies
would suggest that cytochrome C release into the cy-
toplasm and the subsequent formation of the
apoptosome (see below) may occur independently of
the MPT and that the initiation of cell death by disrup-
tion of energy metabolism can directly engage the
caspase cascade.

Endonuclease activation is the final
common pathway of cell death

Endonuclease activation is the final common execu-
tioner of the cell death pathways as both apoptotic and
necrotic cell death initiated by renal ischemia/reper-
fusion injury in vivo and hypoxia/reoxygenation in

vitro [7] is the generation of unrepairable double
stranded DNA strand breaks. These lesions are gener-
ated by the activation of an endogenous DNase/en-
donuclease, a reaction that  is considered a point of no
return for cell death becomes irreversible [29]. Recent
work from Basnakian et al. has established the activa-
tion of a 30 kDa endonuclease as the principal endo-
nuclease activated in the kidney cortex following is-
chemia/reperfusion injury. Tyrosine phosphorylation
has been implicated in the activation of the endonu-
clease in chemical hypoxia in vitro and inhibition of
tyrosine kinase activity provided marked protection
against DNA damage, inhibited the activation of the
endonuclease, and limited cell death [30]. Interestingly,
these effects were independent of any effect of the in-
hibitors on ATP depletion, indicating that kinase ac-
tivity was not substrate limited. Two possible pathways
of endonuclease activation exist. The first involves ac-
tivation of endonuclease that requires caspase activa-
tion, especially that associated with ICAD (Inhibitor
of Caspase-Activated DNase) proteolysis [31] and the
other involves caspase-independent activation of en-
donuclease activity. JNK activation has been shown to
be upstream in each of these pathways after UV expo-
sure [32].

Caspases and cell death

Considerable evidence is accumulating to implicate
the caspase pathway in the pathophysiology of acute
renal failure. Caspases are a family of cell death pro-
teases [33] that play an essential role in the execution
phase of apoptosis and act upstream of DNA fragmen-
tation [34-39]. The term ‘caspase’ for the cell death pro-
teases embodies two distinct catalytic properties of
these enzymes such that ‘c’ refers to the cysteine pro-
tease and ‘aspase’ refers to their specific ability to cleave
after an Asp amino acid [33]. The role of caspases in
apoptosis was first recognized in 1993 [40] when it was
discovered that the cell death gene CED3 in Caenorhab-
ditis elegans has sequence homology to caspase-1,
which was then called interleukin-1 b converting en-
zyme [40].

Thus far, 14 members of caspase family have been
identified from mammalian cells [34, 36, 41, 42]. They
are divided into two main subfamilies based on se-
quence homology to caspase-1 and CED 3. Caspase-8,
-10, -2, and -9 have larger prodomains and are termed
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initiator caspases, while caspases with smaller domains,
caspase-3, -7 and -6, are termed executioner caspases.
Caspase-1, -4, -5, -11, -12, and -13 play a role in inflam-
mation [35, 36, 43]. Over-expression of executioner and
initiator caspases in transfected cells results in DNA
fragmentation and cell death in a variety of mamma-
lian cell lines [43-45]. Caspases share many common
features, such as: i) they are synthesized as inactive
proenzymes in the cytosol of living cells. Each proen-
zyme is composed of three structural domains: a vari-
able prodomain, a large subunit of about 20 kDa size
and a small subunit of about 10 kDa size. On receiving
an apoptotic stimuli, these domains are cleaved and
the large and small subunits oligomerize to form an
active enzyme [34, 45], ii) they are capable of initiating
an apoptotic response when transfected into recipient
cells [35-37, 39, 46], iii) they are inhibited by substrate-
specific synthetic peptide inhibitors and by the bacu-
lovirus protein, p35, or by the poxvirus serpin, CrmA.
In cell culture, these inhibitors suppress mammalian
cell apoptosis; iv) caspases are very specific proteases
with an absolute requirement for cleavage after aspar-
tic acid in the target substrates; and v) the active site
contains the sequence QACxG in which C is a catalytic
cysteine [34, 39, 41, 44].

At present, there are two relatively well-character-
ized cell death pathways that result in the activation
of executioner caspases (Figure 2). One is receptor-me-
diated and the other is mitochondrial-dependent. On
receiving an apoptotic stimulus, the receptor-depen-
dent pathway is initiated by activation of cell death
receptors such as Fas and tumor necrosis factor. The
death receptor stimulation results in the formation of
a death inducing signaling complex (DISC) that recruits
and activates procaspase-8, which in turn cleaves and

activates downstream caspases, caspases-3, -6 and –7
[47, 48]. Receptor-induced cell death and caspase-8 ac-
tivation is inhibited by the cowpox virus protein Crm
A [49-51] but not by Bcl-2 [52]. The other pathway is
mitochondrial-dependent and is triggered by cyto-
chrome c release from the mitochondria, which pro-
motes the activation of procaspase-9 through Apaf-1
and dATP. Activated caspase-9 then cleaves and acti-
vates pro-caspase-3 [53-55] An active site mutant of
caspase-9 is able to block activation of caspase-3 by
caspase-9 [54]. Overexpression of Bcl-2/BclxL blocks
cytochrome c release and the apoptosis-induced mito-
chondrial changes [23, 56, 57]. Recent data [58, 59] dem-
onstrate that rat kidney cortex transcribes genes en-
coding caspases -1, -2, -3, -6, -8, and -9.

In vitro evidence of caspase activation in
cytotoxicity

In studies in vitro, caspases are involved in hypoxic
[58, 60] injury to RTE cells. Antimycin A-induced
chemical hypoxia [60] or growth under hypoxic con-
ditions results in increased caspase activity and
pancaspase inhibition prevents hypoxia-induced DNA
fragmentation and cell death in RTE cells. Partial ATP
depletion of MDCK cells by antimycin A was also
shown to result in apoptosis with marked increase in
activation of caspase-8 and inhibition of caspases pro-
vided marked protection against antimycin A-induced
cell death [61]. Exposure of freshly isolated RTE to
hypoxia resulted in caspase activation and cell mem-
brane damage [62]. In a related study, activation of
caspase-3 during hypoxia or ATP depletion was shown
to be accompanied by bax translocation and cyto-
chrome c release [63]. As in ischemia, cisplatin acti-

vates the caspase cascade as well. Cisplatin induces
selective and differential activation of caspases

including executioner caspase-3 and ini-
tiator caspase-8 and -9 but not pro-

inflammatory caspase-1 [64]. The
activation of these caspases was
markedly inhibited by their respec-

tive peptide inhibitors suggesting
that these caspases may play an impor-

tant role in cisplatin-induced injury to re-
nal tubular epithelial cells. DEVD-CHO or

LEHD-CHO, inhibitors of caspase-3 and caspase-9
respectively, provided partial protection against cispl-Figure 2. Three pathways of caspases activation
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atin-induced cell death and DNA damage in LLC-PK1
cells [64] indicating mechanisms other than caspase ac-
tivation are also involved in cisplatin-induced cell
death. Overexpression of crmA, a cowpox viral gene
known to inhibit caspase-8, also provided protection
against cisplatin-induced apoptosis in mouse proximal
tubular cells [65] Thus, cisplatin-induced activation of
caspase-8 and caspase-9 in renal proximal tubules in-
dicate that both receptor and mitochondrial pathways
participate in the activation process. In a recent study
p53 inhibition was shown to partially protect cisplatin-
induced cell death [66].

In vivo evidence of caspase activation in
cytotoxicity

Renal ischemia/reperfusion injury in vivo activates
caspase-1 and caspase-3 [58,67]. In a murine model of
ischemia/reperfusion injury, ZVAD-fmk, a pancaspase
inhibitor, was shown to attenuate reperfusion-induced
DNA damage (as determined by TUNEL assay) and
inflammation [67]. Recent studies by Edelstein et al.
[62, 62a] help establish a link between the inflamma-
tory aspects of the ischemic/reperfusion injury and
caspase activation. In these studies it was observed that
caspase 1 deficient mice were protected from ischemia-
reperfusion injury. Aware that IL-18 is expressed after
several cell stresses and is activated by caspase-1, the
authors observed that IL-18 expression is increased in
ischemia-reperfusion and caspase-1 converts IL-18 pre-
cursor to its active form. Furthermore in caspase-defi-
cient mice the activity of IL-18 does not increase and
the use of a neutralizing antibody to IL-18 offers pro-
tection in wild-type animals. The authors also demon-
strate reduced leukocyte infiltration in caspase-1 defi-
cient mice, completing a loop between cell injury, ini-
tiation of inflammation, and caspase-1 activation.
Another study has demonstrated that caspase-3 acti-
vation during ischemia/reperfusion injury may be in-
volved in the downregulation of calpastatin, an inhibi-
tor of calpain [68] indicating a role of caspases for
calpain activation during renal injury.

The Bcl-2 and the mitochondrial perme-
ability transition: role in cell death

The essential role of cytochrome c release from in-
jured mitochondria in the activation of caspase 9 has

been alluded to above. This pathway is especially im-
portant in proapoptotic stimuli that are not initiated
by surface receptors for apoptosis, such as UV irradia-
tion, and may involve mitochondrial dependent path-
ways [69]. Continued respiration in the presence of an
open mitochondrial pore may result in the generation
of reactive oxygen species. Release of cytochrome c may
be mediated by the opening of the mitochondrial PT
pore, a non-selective channel whose composition is
only partially defined [70]. Inhibitors of PT pore open-
ing, such as cyclosporine, which binds to the adenine
nucleotide translocator (ANT), a component of the PT
pore, and bongkrekic acid, as well as Bcl-2, prevent
cytochrome c release and inhibit apoptosis [71] whereas
activators of the PT pore, such as atractyloside and Bax
induce it [72]. Oxidants can rupture the outer mem-
brane of mitochondria and release caspase-activating
proteins [73]. Some studies have shown cytochrome c
release before collapse of the mitochondrial membrane
potential [69] suggesting alternate control of the PT
pore. Many, but not all, of the members of the Bcl-2
family of proteins reside in the inner mitochondrial
membrane, form ionic channels in lipid membranes
and increase rates of proton extrusion in mitochondria
[74] and thus may control the PT pore. The antiapop-
totic and mitochondrial affects of Bcl-2 are indepen-
dent of caspase activity as they occur in the presence
of caspase inhibitors and also in yeast that lack caspases
[72].

As pro- and anti-apoptotic members of the Bcl-2
family heterodimerize with each other, the relative con-
centration of the proapoptotic and pro-survival mem-
bers may act as a rheostat for the suicide program [75].
Bax may have an independent role in apoptosis, as
binding to Bcl-2 is controversial and it may damage
organelles directly, a process that is inhibitable by Bcl-
2 [53]. Bcl-2 has multiple antiapoptotic effects includ-
ing binding to Apaf1 and preventing activation of
Caspase 9 and inhibition of cytochrome c release from
mitochondria [53]. The Bcl-2 proteins are regulated
both transcriptionally and post transcriptionally. For
example, Bad is induced transcriptionally as part of
the p53-mediated damage response [76] and phospho-
rylated and sequestered after IL-3 addition to serum-
starved hematopoietic cells. This pathway has been
fully characterized and is mediated by activation of
Akt/PKB [77].
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The renal stress response determines
whether cells survive or not

Molecular aspects

Exposure of renal cells to a hostile environment ini-
tiates a complex molecular response including the ac-
tivation of phosphorylation cascades and the expres-
sion of many genes. Many of these molecular responses
are not confined to areas of regeneration and in fact
are localized to nephron segments not undergoing ob-
vious injury or repair. For example, a typical immedi-
ate early gene response (IEG), as indicated by c-fos and
c-jun activation, occurs most prominently in areas not
undergoing an increase in DNA synthesis. Because the
sites of increased DNA synthesis are spatially sepa-
rated from those of IEG expression and many of the
responses, including the expression of chemokine
genes, resemble the response observed in cells exposed
to adverse environmental conditions such as ionizing
radiation, oxidants, and hypertonicity, the expression
of these genes under these circumstances has been
termed the Stress Response. This response is thought
to be a major determinant of whether cells survive the
insult or not, and might be necessary for the repair of
injured cells. Thus, the stress response may ultimately
determine much of the proinflammatory, reparative,
cytoreductive, and perhaps functional aspects of renal
failure, as well as which cells survive the stress or not.
Several elements in the stress pathway have been ma-
nipulated to effect whether cells survive a particular
stress or not.

Signal transduction pathways in the stress
response

At least two pathways lead to the activation of c-
Jun, as outlined in a simplified form in Figure 3. While
both of these pathways converge on c-jun activation,
their induction and effect on cell fate are quite differ-
ent. Growth factors and phorbol esters activate c-Jun
via the mitogen activated protein kinases (MAPKs),
which include ERK-1 and 2. This pathway includes the
activation of the MAPK kinases, MEK-1 and 2 and is
most likely mediated through the activation of Ras and
Raf 1. Although this cascade eventually leads to the
activation of c-Jun, it does not appear to act directly on
the c-Jun protein, but rather activates c-Fos, which in

turn upregulates c-jun transcription via an AP-1 bind-
ing site. This pathway of activation is proliferative in
nature. By contrast, oxidative stress and DNA dam-
age, two stresses known to cause nephrotoxicity, in-
crease c-fos and c-jun expression without provoking a
proliferative response. The stress-associated expression
of these genes is actually antiproliferative [78]. Analy-
sis of the activation of c-Jun under these circumstances
has led to the discovery of unique stress-induced pro-
tein kinases termed SAPKs (stress activated protein
kinases) [78]. These kinases are comprised of the ki-
nases JNK-1 and 2 (c-Jun N-terminal Kinase) and p38.
Evidence to date suggests that the SAPKs are regulated
by signal transduction paths separate from those that
activate other MAPKs through distinct upstream regu-
lators. JNK-1 and 2 have been shown to be the princi-
pal kinases responsible for c-Jun activation during oxi-
dative stress and DNA damage while p38 seems to be
the principal kinase activated by LPS and TNFa, all of
which inhibit proliferation [79]. This activation of c-
Jun is antiproliferative in nature and can lead to either
cell survival or to cell death.

Studies on the effect of ERK and JNK activation on
cellular outcome have revealed that the consequence
of this activation is cell type specific. While the activa-
tion of ERKs is often proliferative in nature, it may not
always be so. For example, the induction of ERK by
nerve growth factor in PC12 cells leads to terminal dif-
ferentiation and exit from the cell cycle [80]. In other
cell types, the ability of the cell to survive an insult is
often dependent on the balance between ERK and JNK

MKKKRaf MKKKMEKK

MKKMEK MKKSEK

M KAP ERK M KAP SAPK

Cell stress

other substrates other substratesc-fos c-jun

proliferation and/or survival antiproliferation and/or death

Figure 3. Mitogen activated protein kinase pathways
(MAPKs) initiated by cell stress. Note separation of
MAPKERK and MAPKSAPK activation by distinct upstream
kinases (see text).
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induction so that predominant or sole JNK activation
leads to apoptosis [81]. Manipulation of the ERK path-
way by growth factors and inhibitors has demonstrated
that ERK activation is cytoprotective in renal epithe-
lial cells [19]. How ERK promotes survival is an active
area of research currently.

Renal stress engages the cell cycle and
is a determinant of cytotoxicity

Shortly after acute renal failure many normally qui-
escent kidney cells enter the cell cycle. Orderly pro-
gression through the cell cycle is regulated by sequen-
tial synthesis, activation, compartmentalization and
degradation of proteins controlling both entry and exit
from each of the four phases of the cycle: G1 (gap-1), S
(DNA synthesis), G2 (gap-2) and M (mitosis) (Figure
4). Control of the various phases of the growth cycle is
exerted by the cyclical activation and repression of the
cyclin-dependent kinases. Two important regulators
of the cell cycle have been now shown to participate in
acute renal failure. One family of proteins, the cyclin-
dependent kinase inhibitors, which bind to and inhibit
assembled cyclin kinases, and in particular the cyclin-
dependent kinase inhibitor protein p21 is expressed in
all forms of renal failure studied, including ischemia-
reperfusion, cisplatin and obstructive uropathy. This
protein binds to and inhibits the CDKs that regulate
the G1/S a G2/M transition. P21 expression is en-
hanced by hostile environmental conditions [82]. The
function of these checkpoints is to monitor the fidelity
of DNA replication and other macromolecular com-
ponents of the cell necessary for accurate reproduction

of the cell. The absence of these checkpoints leads to
uncoordinated replication and leads ultimately to cell
death, so that the expression of p21 is antiapoptotic in
most situations studied. It has been shown that mice
lacking the p21 gene are more sensitive to ischemic and
cisplatin nephrotoxicity [83, 84]. In these studies a dis-
tinction could be made between regeneration and in-
creased cell cycle activity such that large numbers of
polyploid nuclei were associated with increased cell
death and not regeneration [85]. Thus cell cycle con-
trol initially manifested as cell cycle inhibition is nec-
essary for optimal recovery from acute renal failure
(Figure 5). How the cell cycle machinery merges with
the executioner pathways is an exciting new area of
research in acute renal failure.

Summary

Cell death, survival and repair are intimately inter-
related after renal injury. Disordered energy produc-
tion is common to each of the models and may be part
of the stress response. Of particular interest in this re-
gard is the inhibition of fatty acid oxidation in mito-
chondrial and peroxisomal compartments. The
caspases seem to play a key role in executing cell death
whether the outcome is necrosis or apoptosis. The stress
response characterized by transduction pathways and
gene transcription that serve both positive and nega-
tive aspects of cell survival is intimately involved in
the outcome of ischemic and nephrotoxic damage. The
cell cycle and its regulation are key components of the
life and death of the stressed cells throughout the kid-
ney. Some cells participating in this response will sur-
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Figure 4. The cell cycle and stress. Note proliferative and
apoptotic pathways are engaged by common stresses.
The link between cell stress and these two pathways is an
area of intense investigation.

Figure 5. The regulation of the cell cycle is an important
determinant of cell fate in acute renal failure.
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vive and repair, whereas others will die (Figure 6).
What determines whether a cell will recover from such
injury or undergo cell death by necrosis or apoptosis
is probably a function of the severity of the stress, the
specific changes in gene regulation that the cell is ca-
pable of mounting, and the availability of survival fac-
tors in the cell’s external milieu. Augmentation of the
positive aspects of the stress pathway while carefully
regulating the negative ones is a reasonable approach
to altering the outcome of exposure to a nephrotoxic
insult.
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Introduction

There are a variety of experimental models of acute
renal dysfunction and injury for the study of neph-

rotoxicity. These models include whole animals, iso-
lated perfused kidneys, preparations for the study of
the renal microcirculation (including juxtamedullary
nephron preparation, hydronephrotic kidney, isolated
perfused afferent arteriole, isolated perfused juxta-
glomerular apparatus), isolated proximal tubules and
cultured tubular cells. In this chapter, three commonly
used animal models: whole animals, isolated perfused
kidneys, and preparations for the study of the renal
microcirculation, will be reviewed. Because the func-
tional effect of a nephrotoxin can include vascular, in-
traluminal, and direct tubular cell effects, no single
experimental model is ideally suited to study the patho-
physiology of nephrotoxic injury. Also, each technique
also has major limitations which must be appreciated
when interpreting the results. However certain mod-
els are useful for studying specific types of nephro-
toxic injury. For example, techniques for study of the
microcirculation are ideal to study drugs that cause
acute renal dysfunction on a vascular basis. These
drugs include prostaglandin inhibitors e.g. non-steroi-
dal anti-inflammatory drugs (NSAIDs), direct vasocon-
strictors e.g. cyclosporine and angiotensin II blockers
e.g. angiotensin converting enzyme (ACE) inhibitors.
Each model, when appropriately applied and inter-
preted, produces useful information. However, it
should be emphasized that complementary models and
approaches need to be used to study a particular neph-
rotoxin. For example, tubular damage caused by in-
tramuscular injection of glycerol is caused by heme tox-
icity and is due to a combination of factors that include
severe intrarenal vasoconstriction, heme-mediated oxi-
dant injury to tubular cells and obstruction of distal
tubules by casts of acid hematin.

A major difficulty in interpreting in vivo studies of
nephrotoxic acute renal failure in whole animals is the
amount and localization of nephrotoxin uptake by the
kidney. It may be difficult to ascertain whether a given
intervention alters pathways of nephrotoxin-mediated
injury or merely the intracellular nephrotoxin burden.
For example, the amount of drug which accumulates
within tubular cells cannot be directly assessed because
whole tissue analysis detects both intraluminal and in-
tracellular drug content. Also, experimental conditions

e.g., renal hypoperfusion, renal pedicle clamping may
directly influence the amount of renal nephrotoxin up-
take. Thus, a knowledge of the limitations of each in
vivo experimental model is necessary. The use of
complementary in vitro models e.g. isolated proximal
tubules to assess direct tubular toxicity is often re-
quired.

The nature of tubular injury in acute renal failure
(ARF) includes reversible sublethal injury (swelling,
loss of apical brush border) and lethal injury (necrosis
and apoptosis) [1, 2]. Proximal tubular cell death due
to ischemic ARF in vivo and hypoxia in vitro results
predominantly in necrosis, hence the term acute tubu-
lar necrosis or ATN. Apoptotic cell death in ischemic
renal injury has been inconsistently demonstrated [3].
When apoptosis has been demonstrated in early is-
chemic ARF, it is present in the distal tubule [4, 5].
Apoptosis in proximal tubules may play a role in tu-
bular regeneration and was demonstrated to occur at
3 days after ischemic injury in regenerating PT [6].
Thus, the nature of nephrotoxic injury, whether it is
tubular dysfunction necrosis or apoptosis is also an
important consideration.

Whole animal models

“Knockout” mouse models

Various animal models have been used to study the
pathogenesis of ARF and develop therapeutic inter-
ventions that prevent or ameliorate the severity of tu-
bular injury following an acute ischemic or toxic renal
insult. Utilization of animal models has advantages
over other in vitro models such as isolated perfused
kidneys, isolated proximal tubules, or tubular cell cul-
ture. It reproduces the complex interactions of hemo-
dynamics and local tubular factors seen in the whole
animal with ARF.

In the early 1940s, the effect of induced is-
chemic myopathy on renal perfusion in the rabbit was
studied. It was conclusively demonstrated in this model
that there was extreme renal cortical vasoconstriction
with preservation of the medullary circulation [7]. This
early first demonstration of posttraumatic vasomotor
nephropathy was independently confirmed 20 years
later in the USA when ‘preferential renal cortical is-
chemia’ was demonstrated in acute renal failure in man.
Since then, many animals have been used to study
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pathogenesis of ARF. Rats and mice are the most popu-
lar experimental animals now. Dogs and rabbits are
now less often used. Rats and mice are becoming more
and more acceptable animals because they are easy to
breed.

Compensatory responses
The ability to generate mice with a targeted muta-

tion in a desired gene has made them a very attractive
model. The first knockout mouse line was generated
over 15 years ago. Many hundreds of genes have been
targeted. In mice with a targeted mutation, it is pos-
sible to determine the function of gene product in vari-
ous pathological conditions including renal ischemia.
However, there may be discrepancies between results
of studies in mice with a targeted mutation versus mice
treated with an agent to neutralize the specific protein.
For example, specific neutralization of interleukin-18
(IL-18) using anti-IL-18 antiserum, results in prolonged
survival in lipopolysaccharide (LPS) lethality [8]
whereas the IL-18 deficient mouse is often not protected
against LPS lethality [9]. Also, neutralizing antibodies
against IL-18 reduce disease severity in inflammatory
bowel disease [10]. In contrast, IL-18 deficient mice ex-
hibit enhanced disease severity [11]. In general, if neu-
tralizing antibodies are available and if such reagents
exhibit a high specificity for a particular cytokine, the
use of such neutralizing antibodies is best to define the
role of a cytokine compared to a deficiency of the cyto-
kine from the time of conception as in the deficient
mice. In any model involving production of several cy-
tokines, neutralization of a single cytokine associated
with a reduction in disease severity is a better test of
the hypothesis because one is certain that several cyto-
kines are produced in the wild-type mouse. In the case
of the deficient mouse, one is not sure if several cyto-
kines are produced or if some cytokines are being over-
produced (compensatory). For example, it has been
demonstrated in IL-18 deficient mice that levels of other
cytokines such as IL-1β, IL-6 and TNF-α are overpro-
duced as compared to wild type mice [9]. A mouse
deficient of a specific cytokine can be very informative
and highly useful in models of spontaneous disease
activity. But in the case of a specific challenge such as
nephrotoxic acute renal failure, the test of the hypoth-
esis may be best served by specific blockade. The above
principles may also apply to other proteins besides
cytokines. Thus, in summary, when working with

knockout animals, it is important to consider that the
resultant phenotype is due to both loss of function of
the targeted gene and the compensatory reaction that
the animal develops to minimize that loss.

Another example of problems in interpreting results
in knockout mice is demonstrated by the following:
An important role of colony-stimulating factor (CSF)
in hemopoiesis of myeloid lineage cells has been dem-
onstrated. G-CSF was knocked out, animals were neu-
tropenic and had decreased hemopoietic progenitors
in bone marrow and spleen [12]. In contrast, mice with
a null mutation in GM-CSF, which acts upstream to G-
CSF in myeloid differentiation, demonstrated no im-
pairment of hemopoiesis, but develop a characteristic
pulmonary pathology [13]. Therefore, we have to in-
terpret the results of experiments with knockout mice
with caution.

Strain differences
Different strains of mice have different levels of sus-

ceptibility to ischemic kidney injury. For example,
C57BL/6 mice, the major strain used in the develop-
ment of genetically engineered mice, have greater sus-
ceptibility to renal ischemia/reperfusion injury than
do the NIH Swiss mice [14]. The early knockout mice
developed were in a mixed strain, C57BL/6 x SV129
F1. It is well known that the phenotype of a knockout
mouse can depend critically on the background. For
example, C57BL/6 x SV129 F1 mice have different coat
colors ranging from black to white. The use of this
mixed strain also runs the risk of genetic drift of back-
ground compared to the knockout mice being used.
Thus, siblings from heterozygous crosses are better
than “unrelated” controls. More recently, knockout
mice are being “backcrossed” into the C57BL/6 back-
ground to eliminate strain differences. Rapid congenic
protocols are available for the backcrossing [15, 16].

Gender differences
There are also gender differences in susceptibility

to ischemic acute renal failure in mice. Male mice may
be more susceptible to renal ischemia than females [17].

Table 1 demonstrates different lines of knockout
mice that have been used to study ischemic ARF. These
models are of potential value in the study of nephro-
toxic injury from drugs and chemicals.
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Types of renal injury

Ischemic, nephrotoxic, and septic rodent models of
acute renal injury were developed to study mecha-
nisms of acute renal failure. Decreasing renal blood
flow is critical in the pathophysiology of ARF in hu-
mans. Ischemic and other animal models are used to
reproduce the morphological features of human dis-
ease.

Ischemic
Ischemic ARF may be induced by intrarenal nore-

pinephrine injection or by renal artery clamping. There
are similarities between these two models of ischemic
renal failure. In the norepinephrine model of renal fail-
ure, as in the arterial clamping model, there is the same
degree of tubular injury except for a slightly greater
frequency of tubular casts at 48 hours in ischemic model
[18]. In both models, calcium channel blockers improve
renal function [19, 20]. The major difference is that in
the renal artery clamping model, morphology at 48
hours showed smooth muscle necrosis in half of the
resistance vessels, but in less than 10% of those in nore-
pinephrine-induced model.

There are bilateral and unilateral models of ischemic
ARF. The bilateral model is used more often because it
is more similar to the pathophysiology of the syndrome
of acute renal failure in humans and the most likely to
yield clinically relevant information. Moreover, uni-
nephrectomy immediately before renal artery occlu-
sion may offer protection from this insult [21, 22].

It is been known that proximal tubules are dam-
aged more severely than distal tubules in ischemic ARF
and that the S3 segment of proximal tubules is more

susceptible to ischemia than the S1 segment [23, 24].
The greater susceptibility of the S3 segment to ischemia
in vivo is suggested to be related to hemodynamic fac-
tors that result in persistent impaired perfusion of the
outer medulla [25]. However, the degree of damage
closely correlates with the severity of renal failure. For
example, as the time of vascular obstruction or the dose
of a nephrotoxin increases, injury also involves both
S1 and S2 segments [26, 27]. Sections of kidney, stained
with hematoxylin-eosin and periodic acid Schiff (PAS),
show common features of ischemic damage: loss of
proximal tubular brush border, congestion of the outer
medulla, interstitial edema, proximal tubular injury,
cast formation and interstitial leukocyte accumulation.
The distal nephron is less affected, with mild damage
in the thick limb of Henle and apoptotic cells in distal
tubules. In contrast, tubular necrosis is less extensive
in humans with ischemic ARF than in the rodent model.
Morphological injury in humans is subtle and focal,
affecting both proximal and distal tubules [28, 29]. The
role of apoptotic cell death and the mechanisms of in-
duction of apoptosis in ischemic ARF have been inten-
sively discussed for the past decade. It has become ap-
parent that apoptosis, a form of cell death, distinct from
necrosis, may contribute to ischemic ARF [30] [31] [32].
Morphological and biochemical features that distin-
guish apoptosis from necrosis, as well as the role of
apoptosis in ischemic ARF have been reviewed [33, 34].
Given the importance of the topic, we will again briefly
summarize the features of necrosis and apoptosis and
differences between them. In marked contrast to ne-
crosis, apoptosis is an active, energy-dependent pro-
cess. Even though ATP deficiency may be a signal both
for apoptosis and for necrosis, cells with a rapid and

Table 1. Knockout mouse models of ischemic acute renal failure.

Deficient gene ARF model Protection against Reperfusion Reference
 Ischemic ARF period (hr)

Caspase-1 Bilateral renal pedicle clamping Yes 24 [279]

Caspase-1 Unilateral renal pedicle clamping No 24 [280]

iNOS Bilateral renal pedicle clamping Yes 24 [281]

Interleukin-1 receptor Bilateral renal pedicle clamping No 24 [282]

ICAM-1 Bilateral renal pedicle clamping Yes 24, 48, 72 [283]

CD4/CD8 lymphocytes Bilateral renal pedicle clamping Yes 48 [284]

Osteopontin Bilateral renal pedicle clamping No 24 [285]
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severe ATP deprivation die by necrosis rather than
apoptosis. Other pro-apoptotic mediators have been
shown to present in ARF, such as caspase-3 activation,
expression of Fas and Fas ligand in renal epithelial cells
and expression of tumor necrosis factor α (TNF-α) [35,
36]. The morphological characteristics of apoptosis and
necrosis are quite different. The early loss of plasma
membrane integrity, seen in necrosis, is associated with
phospholipase activation, oxidant injury to cellular
components and cell swelling, leading to the release of
proteolytic enzymes into the extracellular space and
subsequent inflammatory reaction. In contrast, in apop-
tosis the cell becomes progressively smaller in size,
nuclear chromatin becomes condensed and frag-
mented, while the plasma membrane retains its integ-
rity. Later on, the apoptotic cell disintegrates into
“apoptotic bodies”, which are ingested by macroph-
ages, mesangial or epithelial cells and can be easily
detected by light microscopy. Apoptotic cell death al-
most always occurs without marked inflammation and
tissue injury.

Two waves of apoptosis during the reperfusion
phase after ischemic ARF have been described. The first
coincides with a maximum proliferative activity that
is at 2-3 days post-injury. The second occurs on day 7-
8 following injury [37]. Other investigators have dem-
onstrated that apoptosis peaks between 4 and 14 days
of post-ischemia [38]. The discrepancy may be due to
different methods used to detect and quantify apopto-
sis or different animal models of ischemic ARF.

Cell death due to apoptosis or necrosis is not the
only form of tubular injury in ARF. There is also sub-
lethal injury causing cell dysfunction. For example, al-
terations in proximal tubular cell polarity occur dur-
ing renal ischemia. Tubule polarity is essential for its
primary function of selective reabsorption of ions from
the tubular fluid. Sodium-potassium-ATPase (Na-K-
ATPase), the enzyme, normally localized to the baso-
lateral membrane, maintains tubular polarity by regu-
lation of cellular transport sodium and potassium in
proximal tubules. Na-K-ATPase is linked to the cytosk-
eleton/membrane complex by a variety of proteins in-
cluding spectrin. It has been demonstrated that in early
reperfusion period spectrin dissociates from the cytosk-
eleton and NaK-ATPase moves from the basolateral
membrane into the cytoplasm and apical membrane
[39-43].

The loss of gate function of the renal tubular cells

prevents the renal epithelium from acting as a barrier
to free movement of solute and water across the tubu-
lar epithelium. Thus, “backleak” of glomerular filtrate
occurs. It has been demonstrated in humans that loss
of proximal tubule cell polarity for Na-K-ATPase dis-
tribution is associated with enhanced delivery of fil-
tered Na+ to the macula densa for seven days after
allograft reperfusion [44].

As a result of the loss of cell-matrix adhesion, epi-
thelial cells, normally attached to the underlying ma-
trix, become detached from the basement membrane
[45]. In the urine of patients with “acute tubular necro-
sis” in native and transplanted kidneys, there is sig-
nificant tubular cell shedding with up to 100% viabil-
ity of voided tubular cells.

Inflammation and kidney neutrophil accumulation
in the post-ischemic period is another controversial is-
sue. There is increasing evidence that leukocytes, par-
ticularly neutrophils, mediate tissue injury and play a
deleterious role in the pathogenesis of renal failure [46-
50]. Conversely, renal injury can occur by a neutrophil-
independent pathway, as seen in neutropenic patients
who develop ARF, indicating that neutrophils are not
the only factor contributing to ARF [51]. Myeloperoxi-
dase (MPO) activity is an accepted index for assess-
ment of leukocyte accumulation in animal model. How-
ever, one should consider that hematoxylin-eosinstain-
ing (morphology of cell nucleus) remains the gold stan-
dard for identification of neutrophils. MPO assays or
chloroacetate esterase staining should be regarded as
tools to quantitate both neutrophils and monocytes/
macrophages [27].

In summary, loss of brush border, presence of cast
formation and predominant injury of the S3 segment
of proximal tubules are similar in both human and ex-
perimental ARF. Reversibility of the reduction in GFR
is another important similarity.

Nephrotoxic
From an epidemiological point of view, among the

causes of ARF of a medical nature, drug-induced and
toxic ARF are very important [52]. Nephrotoxic sub-
stances include a wide variety of compounds such as
heavy metal ions, organic solvents, antibodies and
natural toxins. Nephrotoxins induce ARF in humans
by direct cellular toxicity, vasoconstriction, and crys-
tal-mediated tubular obstruction. Acute interstitial in-
flammation is an important factor in pathogenesis of
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acute interstitial nephritis. In general, a decrement of
GFR is the result of combination of mechanisms rather
than any single mechanism.

Table 2 shows the predominant mechanism of a
decrease in GFR in different animal models of nephro-
toxic ARF.

Septic
Sepsis is the most frequent cause of ARF in inten-

sive care units [53, 54]. Moreover, when sepsis is asso-
ciated with ARF the mortality increases dramatically
[53]. The incidence of ARF increases even further in
patients with septic shock. Also, the use of nephrotox-
ins e.g. aminoglycosides, amphotericin B in septic pa-
tients may precipitate or worsen the ARF.

In one prospective study, ARF occurred in 51% of
septic shock patients [55]. The combination of ARF and
sepsis is associated with a greater than 80% mortality
[54]. Over the past 3 decades, sepsis and septic shock
have been studied in various species including rats,
dogs, pigs, primates. Only recently has a mouse model
of septic ARF been developed. Administration of dif-
ferent doses of endotoxin (5-30 mg/kg intraperitoneal)
to mice is associated with sepsis and septic shock, re-
spectively [56].

The mouse peritonitis model of sepsis is also widely
used. In this model, the cecum is isolated, ligated and
punctured with a 25-gauge needle. The mortality, mor-
bidity, and immunopathology in endotoxemic and
peritonitis models of sepsis has been compared [57].
The models yield similar mortality and morbidity but
have significant differences in the kinetics and magni-

tude of cytokine production. Also, the LPS model did
not accurately reproduce the cytokine profile of hu-
man sepsis. As in humans, the septic shock mouse
model has a higher incidence of ARF and mortality than
the normotensive sepsis model.

It has been demonstrated that the early effects of
sepsis in causing ARF primarily involve renal vaso-
constriction. This primary vasoconstriction can be dem-
onstrated in the absence of sepsis-mediated hypoten-
sion. Later events include apoptosis, leukocyte infil-
tration and morphological evidence of coagulation (e.g.
glomerular fibrin) [58-61]. There is evidence that sev-
eral vasoconstrictor and vasodilator pathways are ac-
tivated during sepsis in various experimental models.
During septic shock a hyperdynamic state occurs in
which systemic vasodilation is associated with a sec-
ondary increase in cardiac output. The rise in cardiac
output, however, may not be maximal for the degree
of afterload reduction because of the myocardial de-
pressant effect of cytokines such as tumor necrosis fac-
tor α (TNF-α). The arterial underfilling associated with
systemic arterial vasodilatation is known to activate
the renin-angiotensin-aldosterone system (RAAS), the
sympathetic nervous system (SNS) and the non-os-
motic release of arginine vasopressin (AVP) [62, 63]
[64]. While these events attenuate the degree of sys-
temic hypotension, they also lead to renal vasoconstric-
tion. The vasoactive events of septic shock are how-
ever more complex than initiated by arterial underfill-
ing. The endotoxin-mediated increase in TNF-α is as-
sociated with an increase in inducible nitric oxide syn-
thase (iNOS) [58, 65]. There is evidence in the

Table 2. Animal models of nephrotoxic ARF.

Animal Nephrotoxic Predominant mechanism Primary site of injury Reference
model agent of decreased GFR

Dog Uranyl nitrate Backleak of filtrate S3 segment of proximal tubule [286] [287]
5-10 mg/kg Decreased ultrafiltration coefficient

Rabbit Glycerol Tubular obstruction Proximal tubules [288]
7.5 g/kg

Rat Gentamycin Decreased ultrafiltration coefficient Proximal convoluted tubular [289]
40-120 mg/kg/day Tubular obstruction [290, 291]

Dog, rats Mercuric chloride Increased preglomerular resistance S3 segment of proximal tubule [291, 292]
1-3 mg/kg Back leakage of filtrate

Rat Cisplatin Renal vasoconstriction S3 segment of proximal tubule [293, 294]
6-10 mg/kg Back leakage of filtrate
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endotoxemic rat that the increased NO which results
from the upregulation of iNOS exerts a negative feed-
back on the endothelial NOS (eNOS) in the kidney (See
Table 3). Moreover, the secondary messenger of NO,
cyclic GMP, has been shown to increase in the renal
cortex during the initial 16 hours of sepsis but then at
24 hours to be down-regulated in spite of continued
high plasma levels of NO [56]. Both of these events,
namely NO-mediated decreased eNOS and down-
regulation of cyclic GMP, would impair the normal
counterregulatory vasodilator pathways which attenu-
ate the renal vasoconstriction associated with activa-
tion of the RAAS, SNS and the non-osmotic release of
AVP. There is also evidence against a role of iNOS in
septic ARF (See Table 3). In this study, iNOS deficient
mice or mice treated with a selective iNOS inhibitor
were not protected against endotoxemic ARF.

Sepsis is also associated with increased reactive oxy-
gen species. Antioxidants and superoxide scavengers
have been suggested to attenuate the renal dysfunc-
tion of sepsis [66, 67]. Recent studies have further in-
dicated that peroxynitrite, the product of the reaction
between NO and superoxide, may be responsible for
the renal oxidant injury associated with endotoxemia
[68].

Some animal models of sepsis are shown in table 3.

Measurement of injury

Serum creatinine and blood urea nitrogen
Serum creatinine and blood urea nitrogen are ac-

cepted indicators of renal function in animal model of
ischemic ARF, correlating well with GFR as measured
by inulin clearance [69]. In the rat and mouse clamp
model of ischemic ARF, the serum creatinine and BUN
reach a peak in 24-48 hours of reperfusion and nor-
malize by day 6-8 [70]. Thus, this is a reversible model
of ischemic ARF.

Histology
Histologic changes remain to be an important

marker of kidney injury in ARF both in human and in
animals. Histological parameters of ARF include tu-
bular necrosis, loss of proximal tubular brush border,
casts in tubular lumens, neutrophil accumulation, In-
terstitial edema and vascular erythrocyte congestion.
To assess the histological changes, a quantitative or
semiquantitative approach should always be used.
Areas of kidney damage such as cortex, outer or inner
medulla should also be specified. Terms such as “ex-
tensive”, “patchy”, “widespread”, “mild”, or “severe”
are not precise enough for evaluating the changes.

Table 3. Animal models of septic (endotoxemic) ARF.

Intervention Septic model Protection against Reference
septic ARF

TNF inhibition (TNFsRp55) Mouse Lipopolysaccharide (5 mg/kg IP) Yes [295]

iNOS inhibitor (1400W) Mouse Lipopolysaccharide (5 mg/kg IP) No [295]

iNOS deficient mice Mouse Lipopolysaccharide (5 mg/kg IP) No [295]

Nonselective NOS inhibition (L-NAME) Rat Lipopolysaccharide (0.5-50 mg/kg IP) No [296]

Selective iNOS inhibition (L-NIL) Rat Lipopolysaccharide (10 mg/kg IV) Yes [296]

iNOS inhibition (agmatine aldehyde) Rat Lipopolysaccharide (0.5-50 mg/kg IP) Yes [297]

Type IV phosphodiestrase inhibitor Rat Lipopolysaccharide (20 mg/kg IP) Yes [298]
(RO 20-1724)

Antioxidant (Dimethylthiourea) Rat Lipopolysaccharide (0.5 mg/100 g IV) Yes [299]

Antioxidant (Superoxide dismutase) Rat Lipopolysaccharide (0.5 mg/100 g IV) Yes [299]

Selective endothelin B receptor Rat Lipopolysaccharide (10 mg/kg IV) Yes [300]
antagonist (BQ-788)

Nonselective endothelin receptor Dog Lipopolysaccharide (250 ng/kg/min for 2 hr) Yes [301]
antagonist (TAK-044)
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Inulin clearance
Inulin clearance has been used as the gold standard

of GFR measurement. Accurate measurements of both
urine and blood inulin concentrations are essential to
get accurate results. Radiolabeled markers have been
widely used, but they have a number of disadvantages
such as cost and safety issues related to the use of ra-
dioisotopes. A new method of determining inulin clear-
ance, representing a viable and accurate alternative to
radioactive methods, has been described recently [71].
This method uses samples containing FITC-inulin that
were stored between oil columns in constant-bore mi-
crocapillary tubes, which were then used as cuvettes
to determine fluorescence on a microscope fluorom-
eter. The authors report their method as simple to use,
relatively inexpensive, and highly precise. The other
advantage is that inulin concentration may be mea-
sured in nanoliter volumes of fluid, which make the
method very important in micropuncture studies.

Molecular parameters
The effect of ischemia-reperfusion injury on activ-

ity, protein and m-RNA levels of proteins is also stud-
ied. For example, the enzymes that are involved in free
radical detoxication (catalase, copper-zinc and man-
ganese containing superoxide dismutase and glu-
tathione peroxidase) were studied in rat kidney [72].
This study demonstrated that there was a significant
decrease in the levels of mRNA coding for all the en-
zymes except manganese superoxide dismutase, which
remained high. There was also structural and func-
tional damage of peroxisomes and catalase-containing
subcellular organelles [73]. The authors conclude that
in ischemia-reperfusion, the antioxidant enzymes, pro-
viding protection by reducing the cellular level of free
radicals, were downregulated at both the transcrip-
tional and translocational level and may contribute to
free radical species injury of intracellular molecules
critical to cell homeostasis.

Proximal vs. distal tubular injury

The last segment of the proximal tubule (the S3 seg-
ment) and the medullary thick ascending limb (MTAL)
are both located in the outer medulla of the kidney.
This region of the kidney suffers the most severe is-
chemic damage because of the delayed return of blood
flow after ischemia. In most in vivo experiments, cell

injury and necrosis has been shown to be more severe
in proximal than distal tubules [74]. The proximal tu-
bule is also the main site of injury in the human kid-
ney allograft with ARF [75]. The explanation for the
increased vulnerability of the S3 segment to ischemia
is that proximal tubules have little capacity for glyco-
lysis compared to distal tubules [76]. Also, it has been
shown that distal tubule cells demonstrate a very well-
developed response to ischemia that is characterized
by an alteration in the expression of many genes, that
may be adaptive and result in decreased susceptibility
of this segment to injury [77, 78]. Specifically, transcrip-
tional downregulation of epidermal growth factor
(EGF) as well as the activation of the immediate early
gene response characterizes this segment’s response
to the ischemic insult [79, 80].

Mitogen-activated protein (MAP) kinase activation
is regionally distributed in the postischemic kidney. It
has been demonstrated that ischemia-reperfusion in-
jury induces the activation of the c-Jun N-terminal ki-
nases (JNKs) that occurred both in the cortex and in-
ner stripe of the outer medulla [81, 82]. During is-
chemia, JNK activation has a deleterious effect and in-
hibition of JNK s ameliorated renal failure [81]. Proxi-
mal tubule cells are more sensitive than thick ascend-
ing limb (TAL) cells to oxidative stress as assessed by
cell counting, light microscopy, propidium iodide up-
take and fluorescence-activated cell sorting (FACS)
analysis. Immunoprecipitation/kinase analysis re-
vealed that JNK activation occurred in both cell types,
whereas extracellular regulated kinase (ERK) activa-
tion occurred only in TAL cells. In TAL cells, ERK in-
hibition reduced cell survival nearly fourfold after oxi-
dant exposure. In proximal tubule cells, activation of
the ERK pathway by insulin-like growth factor I (IGF-
I) increased survival by threefold and this IGF-I-en-
hanced cell survival was inhibited by a MAP kinase
kinase (MEK)-1 inhibitor of the ERK pathway [83]. It
is also possible that increased expression of some genes
within the medullary thick ascending limb encode the
production of paracrine growth factors that may con-
tribute to the regenerative response in the cells of the
adjacent S3 segment [77].
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The isolated perfused rat kidney

Introduction

A huge number of studies of experimental renal in-
jury have been performed using the isolated perfused
rat kidney. Studies have explored vascular and tubu-
lar responses to toxic and hypoxic injury and to me-
diators thought to participate in regulation of normal
renal function as well as in the biochemical and mor-
phological changes accompanying renal injury.

Three main models have been used. The intact iso-
lated perfused rat kidney (IPRK), is the most widely
used model and first developed for the study autoregu-
lation by Weiss et al in [84]. However, this prototype
was little used initially because autoregulation and
function declined after only 15-30 minutes. However,
when simpler surgery and improved perfusion solu-
tions were introduced by Ross, the model became use-
ful for studies of renal biochemistry [85, 86]. With fur-
ther improvements, including the addition of amino
acids [87, 88] and sometimes erythrocytes [89-91] the
model became useful for studies of physiology and
pathophysiology [92-95].

The second model is usually known as the hydro-
nephrotic rat kidney model, and was developed for in
vivo visualization of the microcirculation by
Steinhausen [96] and involves 60 min renal artery oc-
clusion combined with 3 weeks of ligation of the ure-
ter. Atrophy of tubular structures leaves the cortical
vasculature relatively intact and visualizable using pla-
nar microscopy in an illuminated observation cham-
ber with nerve and blood supply left intact. Absolute
and relative changes in lumen diameter of the major
resistance vessels-interlobular arteries, afferent and ef-
ferent arterioles can be monitored in response to vaso-
active stimuli. This model was adapted for in vitro per-
fusion by Loutzenhiser et al [97], removing systemic
neurohumoral influences.

The third model is the in vitro perfused juxtamed-
ullary nephron, also developed to allow direct visual-
ization of the renal microcirculation [98, 99]. Similarly
to the IPRK, the kidney is perfused in vitro with albu-
min-containing physiological solutions with or with-
out added erythrocytes. However, the preparation in-
volves hemisection of the kidney, reflection of the pa-
pilla and ligation of the major branches of the renal
artery until the vasculature perfusing a few glomeruli

on the inner cortical surface is isolated. The microvas-
culature is then viewed by videomicroscopy and ves-
sel lumen diameters measured by micrometer. Single
nephron glomerular filtration rate and tubular perfu-
sion can also be performed in this model and in con-
trast to the hydronephrotic model, tubuloglomerular
feedback is intact in the juxtamedullary nephron prepa-
ration and can be investigated [100, 101].

Both the hydronephrotic kidney and the juxtamed-
ullary model have been used primarily for physiologi-
cal studies, including studies of drug action, whereas
the IPRK has been used extensively for the studies of
pathophysiology as well. Consequently the main fo-
cus of this section will be the intact IPRK, which is both
the simplest and the most widely used model. The other
two models will be discussed in greater detail in sec-
tion 4 of this chapter.

Technique

The first useful version of the IPRK model [85, 86]
recirculates Krebs bicarbonate buffer containing 6.7 g%
bovine serum albumin (BSA) as an oncotic agent. Glu-
cose and amino acids are added as substrates. Two peri-
staltic pumps (or two passes through the same pump)
are used to drive the perfusate first through in-line fil-
ters into a cascading lung oxygenator, usually gassed
with 95% O2, 5% CO2 (Fig 1). The 5% CO2 serves to
maintain the bicarbonate buffer pH at 7.4. Prior to per-
fusion, the right kidney of the anaesthetized rat is ex-
posed and the ureter is cannulated using polyethylene
tubing (0.28 mm (i.d.), 0.61 mm (o.d.)- known as PE10).
Oxygenated and warmed perfusate is delivered into
the rat kidney through a cannula introduced into the
right renal artery via the mesenteric artery. The flow
of warmed, oxygenated perfusate is commenced with
the cannula in the mesenteric artery so that renal ar-
tery cannulation is initiated without even transient in-
terruption of renal perfusion. After cannulation, the
kidney is removed and mounted over a reservoir to
collect the perfusate, which flows from the renal vein
over the kidney, keeping the surface moist. The pre-
warmed perfusate keeps the temperature of the kid-
ney constant, usually at 37o. While some researchers
use a constant temperature cabinet for this purpose,
we have found that thermostatic tubing and glassware
is simpler, reducing surface drying and making the
experimental setup more mobile (Figure 1).
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After 20-30 min for equilibration, perfusate samples
are collected to coincide with the start of urine collec-
tions at 5 to 15 min intervals. The urine volume de-
pends on both perfusion pressure and oncotic pressure
[102]. Perfusion pressure and flow are monitored con-
tinuously. Renal function is assessed from renal vas-
cular resistance, urine flow, the ratio of 14C-inulin in
urine to plasma (U/Pinulin), glomerular filtration rate
(GFR as inulin clearance UV/P) and the fractional ex-
cretion of sodium (FENa) and potassium (FEK). Inulin
measurement can also be performed chemically. In
some situations GFR is misleading as an index of “good
function” in this model. For example, in the absence of
an oncotic agent, a “reasonable” GFR is over 1 ml/g/
min, however U/Pinulin is rarely more than 2, FENa
is over 0.1 and histological examination shows exten-
sive proximal necrosis within 20-40 min of initiating
perfusion. It appears that in this situation the massive

urine volume artificially elevates the GFR. Similarly,
dead space effects arising from urine in the renal pel-
vis, ureter and ureteric tubing reduce the real time re-
lationship to a perturbation of GFR and other urine-
based indices [95]. Because of these considerations, it
is important to combine the various parameters of func-
tion and set minimum standards of function, which
must be attained before results from individual per-
fused kidney experiments are utilized in data analysis
(see below).

Many technical refinements have been added to this
model over the years to help maintain renal physiologi-
cal function as well as to assist with the technique of
initiating perfusion. Technical modifications include
the addition of albumin as an oncotic agent [85, 102,
103] addition of amino acids [86, 88], other substrates
[104], addition of erythrocytes to improve outer med-
ullary oxygenation [89-91], servo-control of perfusion

Figure 1. The apparatus for isolated perfusion of rat kidneys is shown schematically. The typical circuit for bench
experiments is shown on the right, while the extension using thermostatted tubing which is required for experiments
conducted in the bore of a high field superconducting magnet for either magnetic resonance spectroscopy (MRS) or
magnetic resonance microscopy is shown on the left (not to scale). Modified with permission from Endre et al [122].
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pressure or flow [94] and ultrasonic recording of flow
[94]. While incremental improvements in renal physi-
ological function followed the various modifications
mentioned, especially the addition of BSA and amino
acids, the most physiological preparation with longest
viability for experimental work is the model with nor-
mal concentrations of erythrocytes, albumin, globulin
plus supplementation with antidiuretic hormone to
preserve concentrating capacity described by
Lieberthal [105]. However, because of the additional
effort and expense, this model is generally avoided
where the presence of erythrocytes, especially in high
concentration, is not required for interpretation of the
results. This seems to be the case in many studies of
vascular modulation. Oxygen uptake can be measured
by the Fick method [106]. During perfusion, electrodes
can be inserted into the renal tissue for measurement
of tissue PO2 [107-109] and nitric oxide [110]. Micro-
puncture studies have been applied to the IPRK [88].
At the end of perfusion the kidney can be fixed for
morphological evaluation, optimally for tubular his-
tology by perfusion with a flush solution (to remove
precipitable albumin from within the kidney) followed
by fixative. Immersion fixation after sectioning may
be better for assessment of vascular pathology in vivo.
This may not be essential after in vitro perfusion, since
the vessels are presumably already well perfused and
any dilatation induced by perfusion fixation is less
likely to be artifactual.

Some modifications to the perfusion circuit (Fig 1)
and equipment are required for perfusion of the IPRK
in high field magnets for spectroscopic analysis of com-
partmental biochemistry. Such studies include mea-
surement of ATP using 31P magnetic resonance spec-
troscopy (31P MRS) [92, 111-114] and of cations using
23Na MRS [94, 115-118] for sodium and 87Rb MRS [119]
for potassium. They also include using 1H MR for mi-
croscopy of the intact perfused kidney [120] or a com-
bination of both imaging and regional spectroscopy of
the cortex and medulla using image-guided volume-
localized magnetic resonance microspectroscopy [95,
121]. Although earlier MR spectroscopy studies had
yielded useful results, a major modification was re-
quired for MR microscopy to proceed, namely perfu-
sion under buffer to eliminate air-fluid interfaces which
produce magnetic susceptibility artifacts [95, 121, 122].
This also required a reduction in rat size to allow kid-
neys to be perfused inside an 18 mm i.d. glass cylin-

der, made from a modified “20 mm” MR sample tube
(Fig. 1). For this it became necessary to perfuse kid-
neys from 130-170 gm rats, necessitating the use of
smaller cannulas etc. The glass cannula originally used
for renal artery cannulation limited perfusion of small
kidneys from younger rats because glass cannulas have
relatively large wall thickness to lumen ratios. Conse-
quently, in our laboratory glass cannulas have been
abandoned in favor of 21 to 26 gauge synthetic intra-
venous cannulas, which have improved and made re-
producible the flow characteristics of the cannula, fa-
cilitated cannulation and reduced expense. Metal can-
nulas also have low wall thickness to lumen ratios, but
we have avoided these since even non-magnetic metal
cannulas are not usable in a strong magnetic field and
our laboratory was committed to extensive application
of magnetic resonance imaging and spectroscopy to
the IPRK model [123]. Metal cannulas are also best
avoided in studies involving free radicals including
nitric oxide. Venous cannulation is usually not required
and should be avoided unless necessary since small
rises in venous pressure may dramatically diminish
renal function. Occasionally, venous cannulation has
been used successfully, for example where observation
of the renal 87Rb signal was used as a K congener in
MR studies of K transport [119]. In this experiment,
separation of the Rb-containing venous effluent from
the kidney surface was required, since the MR spec-
troscopy measurements averaged the whole sample
and venous cannulation allowed the perfusate to be
separated from a warmed Rb-free bathing solution,
which was used to fill the sample space around the
kidney. Other refinements have recently allowed us to
reduce animal size to the extent that perfusion of kid-
neys from mice of 20-25 g body weight has now be-
come routine in our laboratory (M. Rahgozar, A.
Matthias, ZH Endre, unpublished data).

In 1981, Alcorn et al [124] described a consistent
artefact in MTAL cells in the inner stripe of the outer
medulla in the cell-free perfused IPRK. This lesion was
subsequently shown to be MTAL necrosis from hy-
poxia [125] and presumed to follow the diffusional
shunting of oxygen from arterial to venous limbs of
vasa recta entering the outer medulla [89]. Subsequent
studies have confirmed that not only the medulla but
even the cortical tissue oxygen tension is lower than
venous PO2 and that diffusional shunting of oxygen
occurs in vivo as well as in vitro and in the presence as
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well as in the absence of erythrocytes [108]. Necrosis
of the MTAL cells is eliminated by the presence of even
low concentrations of erythrocytes under both normal
[89-91], and hypoxic conditions [91]. Concentrating ca-
pacity in the IPRK falls rapidly after initiation of per-
fusion and is presumed to follow the loss of systemic
antidiuretic hormone (vasopressin) and washout of the
medullary interstitial osmotic gradient [95]. The latter
presumably accompanies high perfusate flow through
the renal medulla and the gradient is absent within 20
min of initiating perfusion. While low concentrations
of erythrocytes eliminate histological evidence of in-
jury to MTAL, erythrocyte concentrations must be in-
creased to near normal levels to normalize perfusate
flow to the 5-8 ml/min/g seen in vivo and antidiuretic
hormone must be added to restore concentrating ca-
pacity [90, 105]. This observation suggested that high
flow in the cell-free IPRK model was a result of low
viscosity or because of near maximal-vasodilatation in
response to the low oxygen concentration of cell-free
perfusate or a combination of both. However, recent
experiments in our laboratory suggest an additional
explanation for high flow, at least in kidneys from Spra-
gue-Dawley rats. Our data suggest that excessive re-
nal nitric oxide production under control conditions
also contributes to the high flow and partially inhibits
renal autoregulation (Z. Guan, A. Matthias, S. Manley,
ZH Endre, unpublished data). The most pronounced
improvements in IPRK physiological function followed
the addition of erythrocytes as an oxygen carrier [89-
91], although stroma-free lysates [126, 127] and alter-
native oxygen carriers have been used to maintain oxy-
genation [128, 129].

Although physiological function in the cell-free
IPRK shows somewhat reduced Na reabsorption, with
FENa levels of 1-5% in rats larger than 200g and val-
ues up to 10% in smaller rat kidneys (e.g., compare
[91] with [95], GFR remains comparable to in vivo with
values between 0.5 and 1.5 ml/gm kidney weight. In-
terestingly, little enhancement of physiological func-
tion accompanied elimination of the MTAL lesion un-
der control conditions [91] suggesting that Na reab-
sorption in the MTAL contributes little to total Na re-
absorption in this model. As highlighted already, re-
nal vascular resistance, urine volume, FENa and the
U/P inulin all need to be considered when evaluating
function since GFR values may be distorted (inflated)
by high urine volumes, even when extensive tubular

injury is present, as in the most extreme case where
kidneys are perfused with Krebs bicarbonate buffer
alone. In the latter situation GFR values of 1-3 ml/mg
kidney weight have often been recorded but the low
oncotic pressure leads to rapid swelling of the kidney,
perfusate flow rarely exceeds 10 ml/min and oxygen
delivery is therefore inevitably and severely compro-
mised. In this situation, FENa is often greater than 20-
30% and histological examination reveals extensive
proximal and MTAL injury within 60 to 90 min perfu-
sion (PJ Ratcliffe, ZH Endre, JD Tange unpublished
data).

Fortunately, these limitations have not inhibited
important studies of renal vascular function in the IPRK
perfused without albumin or erythrocytes, often with
flow fixed at very low levels, ca. 5 ml/min. Many of
these studies have contributed valuable data on renal
vascular regulation in normal and hypertension af-
fected kidneys [130-137]. This highlights the apparent
lack of oxygen-dependence of some of these processes
and certainly demonstrates the utility of even a rela-
tively hypoxic IPRK model in addressing vascular
regulatory mechanisms embracing nitric oxide, endo-
thelin, endothelium-derived hyperpolarizing factor
and antidiuretic hormone. These albumin-free perfu-
sion studies were driven by the need for single pass
perfusion instead of recirculating perfusion to elimi-
nate possible changes in concentration of the various
agents added to the perfusate and by the high cost of
purified albumin which usually makes single pass per-
fusion prohibitive. While such studies are valuable, it
would be helpful if some were repeated under more
physiological conditions to ensure the validity.

Applications in ischemia-reperfusion injury

Ischemia-reperfusion injury has been studied in a
number of ways using the IPRK. Hypoxia has been in-
duced by switching the gas delivered to the oxygen-
ator from 95% O2, 5% CO2 to 95% N2, 5% CO2 eg, [92,
94, 95, 138]. Alternatively, ischemia is produced by
clamping the tubing and diverting flow over the kid-
ney by a “Y’ piece eg, [139-141], which has the benefit
of maintaining kidney temperature and avoiding de-
hydration. Finally, chemical anoxia can be induced with
metabolic inhibitors, eg, [142].
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ATP depletion, cation shifts and oxygen-derived free
radical injury

Early studies in the IPRK utilizing 31P magnetic
resonance spectroscopy (MRS) confirmed the rapid
onset of ATP depletion with induction of hypoxia [92].
These studies also demonstrated that the extent of mor-
phological injury during perfusion at different degrees
of hypoxia was proportional to the extent of ATP dele-
tion. More recent studies by Lieberthal in cultured
mouse proximal tubule cells have confirmed that re-
nal cells die after being subjected to ATP depletion;
with severe ATP depletion the cells die by necrosis and
with less severe ATP depletion the cells die by apopto-
sis [143].

Multinuclear MRS studies in the IPRK with 23Na,
31P and 87Rb (a congener of potassium) MRS have dem-
onstrated that increases in intracellular sodium and
decreases in potassium accompany the decrease in ATP
induced by hypoxia [144]. Multinuclear studies with
19F, 35Cl, 31P and single, double and triple quantum
23Na MR have also been performed in IPRK by the
Gupta group. Brief (10 min) ischemia in an IPRK loaded
with the membrane-impermeant intracellular calcium
indicator, 5F-BAPTA, caused a partially reversible in-
crease in the intracellular calcium from 256 to 660 nM
as measured by 19F [112]. They demonstrated that the
increase in intracellular sodium approached extracel-
lular levels after prolonged ischemia [112]. They also
observed that kidneys exposed to higher (1.2 mM) ex-
tracellular Mg2+ showed better recovery of ATP and
lower accumulation of inorganic phosphate compared
to kidneys exposed to low Mg2+ (0.3 mM) during rep-
erfusion after a 60 min of stopped flow ischemia [118].
Measurements of the 23Na TQ signal following is-
chemia-reperfusion revealed that kidneys exposed to
1.2 mM Mg2+ exhibited significantly improved main-
tenance of low intracellular sodium as compared to
those exposed to 0.3 mM Mg2+. Consistent with results
in isolated proximal tubules, glycine supplementation
reduced the rate of sodium accumulation in the intact
hypoxic kidney [145].

Interestingly, the rate and extent of increase in to-
tal renal sodium (largely intracellular) in the IPRK was
also reduced by pretreatment with dimethylthiourea
(DMTU) and dimethylsulfoxide (DMSO), both scav-
engers of oxygen-derived free radicals (OFR) [94].
These studies supported similar indirect evidence for
OFR-induced injury during reperfusion [146, 147]. The

source of these radicals has been debated. Studies in
the IPRK have demonstrated that activated neutrophils
produce OFR mediated injury after ischemia [148, 149],
while other studies in isolated proximal tubules and
in the IPRK (eg [94, 139, 140] indicated that OFR were
generated and contributed to the injury process even
in the absence of neutrophils. Furthermore, the role of
infiltrating neutrophils in ischemia-reperfusion injury
remains controversial [150, 151]. Studies in both iso-
lated proximal tubules [152] and in the IPRK [139, 140]
have identified that the specific OFR produced follow-
ing ischemia-reperfusion include hydroxyl radicals and
an other unidentified species, possibly an early lipid
peroxidation product [140]. Pretreatment with either
allopurinol, which acts both to inhibit xanthine oxidase
and as an OFR scavenger, or DMTU reduced both the
morphological features of injury the extent of DNA
fragmentation in the MTAL [141], suggesting that hy-
droxyl radicals formed during reperfusion after is-
chemia play a significant role in both necrotic and apop-
totic cell injury.

Site of renal ischemia-reperfusion injury
The target zone for hypoxic injury has also been

extensively studied in the IPRK where it predominantly
involves the S3 segment of the proximal tubule and
distal tubules located within the outer stripe of the outer
medulla and their cortical equivalent, the medullary
rays. The debate over whether the proximal or distal
nephron segment is the primary target for hypoxic in-
jury continues. Many of the morphological events in
ischemic injury are model dependent as are those in
the IPRK. As discussed already, the consistent artifac-
tual necrosis of MTAL cells first described by Alcorn
[124] arises as a result of the absence of an oxygen car-
rier during erythrocyte-free perfusion. Many studies
by Brezis and his colleagues in the IPRK demonstrated
that the MTAL lesion resulted from hypoxia and found
that the lesion could be reduced by factors inhibiting
energy consumption in the presence of substrate (oxy-
gen) limitation, such as loop diuretics and that factors
further reducing regional oxygen delivery such as the
reductions in medullary blood flow produced by inhi-
bition of prostaglandins and/or nitric oxide inhibitors
would exaggerate MTAL injury [109, 125, 153, 154].
However, while aggravation of MTAL injury clearly
occurs under a number of defined circumstances, par-
ticularly where multiple insults are delivered to the
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kidney, this usually occurs in association with increased
proximal tubular injury as well [155]. Furthermore,
Endre and colleagues in other studies in the IPRK
showed that in the presence of erythrocytes in concen-
trations as low as 1% MTAL necrosis was prevented
both under control conditions with high perfusate oxy-
gen tension and in the presence of hypoxia [91]. The
proximal tubule continued to be injured by hypoxia in
vitro, confirming that MTAL necrosis was an artefact
of cell-free perfusion in this model. In IPRK perfused
with normal concentrations of erythrocytes, MTAL in-
jury was similarly absent [156] and such lesions are
absent during ischemia in vivo [157]. Thus, while the
overwhelming data in IPRK and in vivo support the
proximal tubule, especially the S3 segment, as the pri-
mary target for injury in hypoxia and ischemia, the
broader focus on hypoxic injury in the IPRK has raised
many useful questions and demonstrated that regional
hypoxia in the kidney may be more widespread than
previously appreciated.

A link between proximal and distal tubular injury and
recovery

The studies in the IPRK and in vivo outlined in the
previous section highlighted that both proximal
straight tubules (S3) and MTAL were potential targets
for hypoxic injury. The anatomical proximity of these
tubular segments emphasizes the location of both seg-
ments in a region under constant threat of hypoxia.
Outer medullary hyperaemia is a consistent phenom-
enon following renal artery clamping to induce acute
renal failure first described by Mason and others [158,
159]. It was hypothesized that erythrocyte aggregation
and stasis in the outer stripe was produced by oxygen-
derived free radicals causing extravasation of plasma
and local hemoconcentration, however free radical
scavengers were of no benefit, whereas hemodilution
and raised intraarterial pressure each reduced both
medullary hyperaemia and tubular necrosis [158]. The
phenomenon of medullary hyperaemia has not been
as well described in the IPRK, probably because eryth-
rocytes are usually not added to the perfusate and is-
chemia has been utilized by few groups in this model.
When erythrocytes are present and flow is stopped for
20 min or more, a similar but less dramatic hyperaemia
is observable although prolonged reperfusion reduces
this further. Our MR microscopy studies of the IPRK
demonstrated that hypoxia rapidly reduced flow

through the vascular bundles passing through the in-
ner stripe and through their cortical equivalents, the
medullary rays [120, 122]. The enlargement of the tu-
bules in these interbundle regions accompanying the
reduction in flow through the vascular bundles sug-
gested that a simpler explanation for the parallel in vivo
phenomenon of medullary hyperaemia is cellular
swelling leading to compression of the vascular
bundles running between the clusters of proximal and
TAL tubules. In any event, these observations in the
IPRK provided anatomical support for the concept of
local hypoxia in these regions.

A parallel phenomenon is the occurrence of DNA
fragmentation by in situ end labelling (TUNEL) in
MTAL cells after both brief or prolonged hypoxia in
the IPRK or after brief ischemia in vivo, which is not
accompanied by significant morphological evidence for
apoptosis [141, 160]. Similarly, DNA fragmentation has
been observed after 24 hours reperfusion following is-
chemia in vivo in rats, again with little or no morpho-
logical evidence of apoptosis [161]. DNA fragmenta-
tion has also been observed in human autopsy speci-
mens after renal hypoperfusion [162]. Explanations for
the dissociation between DNA fragmentation and
apoptosis in MTAL cells include different pathways
for these processes [163, 164] and also repair of dam-
aged DNA and interruption of the apoptotic process.
Studies by Gobé et al [161] [165] of the Bcl-2 multigene
family 24 hours after 30 min bilateral arterial clamp-
ing in vivo have demonstrated a marked increase in
expression of anti-apoptotic Bcl-2 and a moderate in-
crease in anti-apoptotic Bcl-X(L) and pro-apoptotic Bax
in distal tubules. Proximal tubules showed a marked
increase in Bax expression and a moderate increase in
Bcl-X(L). Twenty-four hours after expression of the Bcl-
2 proteins was increased, IGF-1 and EGF protein lev-
els were increased in the distal tubule, similar to the
Bcl-2 anti-apoptotic proteins. These growth factors
were also detected in the adjacent proximal tubules
suggesting a paracrine action since the factors are ap-
parently not synthesized in proximal tubules. TGF-β
expression was moderately increased in regenerating
proximal tubules, but no relationship to the pattern of
expression of the Bcl-2 genes was seen. To reconcile
the observations of proximal cell necrosis and DNA
fragmentation without apoptosis in nearby MTAL,
Gobé and colleagues [161] have proposed that the dis-
tal tubule is adaptively resistant to ischemic injury via
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promotion of survival by anti-apoptotic Bcl-2 genes,
which abort the apoptotic process in MTAL cells, lead-
ing to repair of the DNA fragmentation. Further stud-
ies by the same group [166] on the mechanism of this
protection in cultured cells suggest that survival in dis-
tal tubular cells is associated with translocation of the
Bcl-2 family proteins, Bcl-X(L) in the case of MDCK
cells, to the mitochondrial membrane. Presumably, this
prevents release of cytochrome c, which precedes acti-
vation of caspase 3 in the p53 cell death pathway [167].
Proximal tubular cells lack Bcl-2, but contain proapop-
totic Bax and proceed to death by both apoptosis and
necrosis. Survival of the distal tubular cells allows ex-
pression of EGF and IGF growth factors critical to the
maintenance and regeneration of other distal tubular
cells (autocrine action), and to survival and/or regen-
eration of the adjacent ischemia-sensitive proximal tu-
bular cells (paracrine action). Since proximal cells are
necrotic or have sloughed due to loss of cell adhesion,
proximal recovery is delayed compared to the MTAL.

Thus studies in the IPRK have provided evidence
that both ischemia and hypoxia produce reduced flow
in the outer stripe of the outer medulla and that the
resultant regional hypoxia affects nearby proximal and
distal tubules leading to necrosis of proximal tubules
and arrested apoptosis of the distal tubules. Follow up
work in vivo and in cultured cells have suggested that
the distal tubular cells are protected by Bcl-2 family
upregulation and that survival of these cells allows
growth factors to promote regeneration of the nearby
injured proximal tubules. Interestingly these data fit
with studies of localization of the early gene response
and DNA synthesis in the kidney after ischemic injury.
DNA synthesis occurs in the proximal tubule, whereas
induction of the early gene response is restricted to the
MTAL and collecting duct cells [168].

Tubuloglomerular feedback
Although direct observation of the microcirculation

is not possible in the standard IPRK model, the use of
hyperoncotic solutions to create a non-filtering kidney
[169] allows a relatively clean interruption of tubulo-
glomerular feedback (by impairing distal tubular NaCl
delivery) analogous to papillectomy in the perfused
juxtamedullary nephron technique [101]. Frusemide
can also be used to inhibit tubuloglomerular feedback
in either preparation and in vivo [170]. However, the
overlap with other actions of inhibitors (such as diure-

sis) produced by frusemide makes interpretation of the
results more difficult especially in the study of is-
chemia-reperfusion injury [170].

Endothelin in ischemia-reperfusion injury
Many studies of endothelin action have been per-

formed in the IPRK. The potential potent vasoconstric-
tor role of endothelin in acute renal failure was first
noted in the IPRK by Firth [171], who also observed
that endothelin-1 mRNA was upregulated for several
days after renal pedicle clamping in vivo [172]. In vivo
studies suggest that this upregulation of endothelin is
modestly stimulated by hypoxia alone [173, 174] but
that rapid and prolonged upregulation occurs after is-
chemia in renal medullary interstitial cells, damaged
tubules at the corticomedullary junction and peritu-
bular capillaries surrounding these damaged tubules
[175-177]. IPRK studies showed that pretreatment with
a selective endothelin (ETA) receptor antagonist), BQ-
123, ameliorated the fall in inulin clearance and sodium
transport in a renal artery clamp model of ischemic
acute renal failure [178]. The benefit of endothelin an-
tagonists in ischemic acute renal failure in vivo and in
vitro is complicated by the different effects of ETA and
ETB receptors, with protection arising from ETA an-
tagonists and exacerbation from both non-selective and
ETB-selective antagonists, the latter presumably be-
cause of impaired ETB-stimulated nitric oxide produc-
tion [179].

Treatment of ischemic acute renal failure
Many experimental treatments for acute renal fail-

ure have been tested in the IPRK, either for efficacy or
in the assessment of mechanisms leading to renal cell
injury. One example leading to clinical application will
be discussed. Lieberthal et al [180] observed that renal
vascular resistance was increased during reflow in the
isolated erythrocyte- perfused kidney subjected to 25
min of ischemia. Endothelium-independent vasodila-
tors (atrial natriuretic factor, ANF, and sodium nitro-
prusside) prevented the increase. Acetylcholine and the
calcium ionophore A23187, two vasodilators that act
by releasing endothelium-derived relaxing factor, had
no effect, while two inhibitors of EDRF, methylene blue
and gossypol, increased RVR in nonischemic kidneys
by an amount comparable to that found with ischemia
alone. The increase in RVR found with the combina-
tion of EDRF inhibition and ischemia was the same as



92

MELNIKOV, ENDRE & EDELSTEIN

that found with ischemia alone. In further studies [93],
they found that ANF, administered alone after 25 min
ischemia in the isolated kidney, reversed postischemic
vasoconstriction but did not improve glomerular fil-
tration rate (GFR). Mannitol alone had no effect on ei-
ther renal vascular resistance or GFR. However, in iso-
lated kidneys treated with the combination of both
ANF and mannitol following reflow, GFR was mark-
edly improved compared with GFR in the untreated
ischemia group and was not different from GFR in the
nonischemic controls. Comparable results were ob-
tained in studies performed in vivo, suggesting that the
combination of ANF and mannitol appear to act syn-
ergistically to improve GFR following ischemic injury.
These studies provided the initial experimental basis
for subsequent clinical studies of ANP in acute renal
failure [181].

Nephrotoxic injury

The IPRK model has been helpful in assessing many
potential nephrotoxins and in revealing mechanisms
of toxicity and treatment. Given the hundreds of pub-
lished studies, only selected areas will be cited. It
should also be noted that many of the IPRK prepara-
tions have utilized cell-free perfusion and are there-
fore likely to have varying degrees of distal tubular
injury. However, as already noted, this seems less of a
problem where the primary interest is in vascular or
proximal tubular function.

Cyclosporine
Nephrotoxicity arising from cyclosporine A has

been extensively studied in the IPRK. Cyclosporine pro-
duces necrosis, vacuolization and lipid droplets of the
proximal tubular cells, as well as glomerular afferent
arteriolar constriction and granular juxtaglomerular cell
hyperplasia. The mechanism of vasoconstriction is not
well known, but there appears to be substantial im-
pairment of endothelial cell function leading to en-
hanced release of vasoconstrictors such as endothelin
and thromboxane [182]. L- propionylcarnitine, a po-
tent analogue of carnitine, is able to correct and to pre-
vent alterations in endothelial membrane permeabil-
ity and has been identified in the kidney of various
animal species. Pretreatment with L- propionylcar-
nitine before administering several doses of CSA in the
IPRK reduced the vasoconstrictive effect of CSA on the

glomerular and tubular capillaries and preserved the
tubular epithelium both histologically and function-
ally with a reduction in cyclosporine-induced release
of alanine aminopeptidase and N-acetyl- glucosamini-
dase [183].

Endothelin in hypertension and pro-atherogenic
states

The role of renal endothelin receptors in diseases
associated with hypertension appears to be critical.
Hirata and colleagues [184] utilized the IPRK to dem-
onstrate that ETB receptor stimulation induced release
of nitric oxide. They found that ET-1 and ET-3 released
nitric oxide via ETB receptors in renal vessels. ETB re-
ceptors were downregulated in deoxycorticosterone
acetate (DOCA-salt) rat kidneys explaining why ETB-
mediated NO release was reduced in DOCA-salt rats,
an event which may modulate renal function and blood
pressure regulation in DOCA-salt hypertensive rats.
They subsequently observed that expression of ETB
receptors in the endothelium was decreased in IPRK
from 3 disease models (rats with hypertension, diabe-
tes mellitus, and hypercholesterolemia) compared with
that in the vascular smooth muscle cell [135]. Infusion
of a highly selective ETB receptor agonist, BQ-3020,
reduced renal perfusion pressure in Dahl salt-resistant
rats but increased renal perfusion pressure in Dahl salt-
sensitive rats. BQ-3020 caused a dose-dependent re-
lease of nitric oxide in both types of rats, although the
level of nitric oxide release in salt-sensitive rats was
lower. Similar effects of BQ-3020 were observed in
Streptozotocin- induced diabetic rats and diet-induced
hypercholesterolemic rats. Expression of endothelial
NO synthase (eNOS) decreased in salt-sensitive rats
but not in diabetic or hypercholesterolemic rats. They
concluded that impaired NO release in response to
stimulation of ETB receptors in these pathologic states
is due, at least in part, to a decrease in endothelial ETB
receptors and may play a role in vascular dysfunction
usually associated with arteriosclerosis-related dis-
eases.

Radiocontrast
Studies on the mechanisms of radiocontrast neph-

rotoxicity have been performed in IPRK with conflict-
ing results. While some studies provided modest sup-
port for the contrast –induced renal vasoconstriction
theory, perhaps resulting from reduced nitric oxide or
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increased endothelin release, others demonstrated that
different contrast agents had varying effects on the re-
nal circulation. For example, pretreatment with BQ123
(a selective endothelin (ETA) receptor antagonist), but
not with phosphoramidon (an endothelin-converting
enzyme inhibitor), inhibited the sustained fall in renal
perfusate flow produced by both iotrolan and diatri-
zoate. BQ123 markedly potentiated the renal vasodi-
latation produced by diatrizoate [185] and the AT1 re-
ceptor blocker, bosentan, prevented reduction in crea-
tinine clearance after diatrizoate [186]. However, sub-
sequent studies in the IPRK however suggest that NO
and endothelin-mediated events are independent and
not modulated by these radiocontrast agents. For ex-
ample, in careful dose response studies in the IPRK,
Morcos et al [187] observed that L-NAME did not in-
terfere with the vasodilatation induced by diatrizoate
in the presence of BQ123 and concluded that diatri-
zoate did not interfere with endothelium derived NO-
dependent vasodilatation. They concluded that re-
duced production of NO in the vascular endothelium
induced by contrast media was unlikely to play any
role in the pathophysiology of the increase in renal
vascular resistance produced by radiocontrast agents
and specifically that the renal vasodilatation induced
by diatrizoate was not dependent on endogenous pro-
duction of NO. In this light it is perhaps not surprising
that inhibition of ETB receptor stimulated nitric oxide
release could have produced the exacerbation of ra-
diocontrast nephrotoxicity by a non-selective endothe-
lin antagonist in a recent prospective clinical trial [188].
Nevertheless the aetiology and treatment of radiocon-
trast nephropathy is far from clear. Further studies will
need to account, inter alia, for the exacerbation in vaso-
constriction produced by prostaglandin inhibition in
the IPRK [189], for the role of adenosine suggested by
amelioration by theophylline [190, 191]. One related
experimental finding, at least, has changed clinical
practice. Yoshioka et al [192] demonstrated that renal
cortical antioxidant activity was reduced in water-de-
prived rats and that only water-deprived rats showed
increased lipid peroxidation after contrast which was
inhibitable by pretreatment with polyethylene glycol-
coupled catalase. The link between water deprivation
and, presumably free radical-mediated depletion of
renal cortical oxidant activity is unclear. However, the
observation has lead to the recent successful clinical
trial of prevention of contrast nephropathy by acetyl-

cysteine [193].

Mercuric chloride
A progressive fall in glomerular capillary plasma

flow is observed in mercuric chloride-induced acute
renal failure although the site of the main histological
lesion is the proximal tubule. Studies in the IPRK
showed that intense mercuric chloride-induced vaso-
constriction could be inhibited by captopril but not
enalapril arguing against renin-angiotensin system in-
volvement, with binding of free Hg by the sulphydryl
group of captopril suggesting a simpler explanation
and supporting possible attack by Hg to tissue thiol
moieties as the mechanism for vasoconstriction [194].
However, vasoconstriction was absent in the non-fil-
tering IPRK, suggesting that intraluminal mechanisms
might be involved [169]. Adenosine analogues selec-
tive for the A1 subclass of adenosine receptors, such
as N6-cyclohexyladenosine (CHA), induce vasocon-
striction in the IPRK [195]. However, theophylline
failed to reverse mercuric chloride-induced vasocon-
striction [196]. More recent studies in vivo suggest that
increased endothelin and reduced nitric oxide may be
involved in mercuric chloride-induced vasoconstric-
tion. Both endothelin (ET-1) and eNOS proteins are
expressed in the juxtaglomerular cells of afferent arte-
rioles. The expression of ET-1 was significantly in-
creased after mercuric chloride-induced acute renal
failure whereas the expression of eNOS was markedly
reduced [197]. Taken together, these data suggest that
mercuric-chloride induced vasoconstriction is medi-
ated by increased endothelin and reduced nitric ox-
ide, the latter perhaps involving tubuloglomerular
feedback.

Nitric oxide, endothelium-derived hyperpolarizing
factor and prostaglandins

A role for endothelium-derived relaxing factor in
renal vascular resistance and in glomerular and tubu-
lar function was first observed in the IPRK by Bhardwaj
and Moore [198] and by Rademacher et al. [199-201].
Others have observed that manipulating nitric oxide
can alter medullary oxygenation in the IPRK [109]. An
increased endothelium-dependent vasodilator re-
sponse to acetylcholine was observed in IPRK from
cirrhotic rats [202]. Portal vein ligation also lowered
renal vascular resistance that was not related to nitric
oxide or prostaglandins, although increased nitric ox-
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ide production interfered with the effects of the α-ago-
nist methoxamine [203], further suggesting that nitric
oxide plays an important role in the modulation of the
renal vascular responses to vasoconstrictors in portal
hypertension. Subsequent studies by Vargas et al [204,
205] in the IPRK pretreated with indomethacin and uti-
lizing tetramethylammonium (a nonspecific blocker of
potassium channels that inhibits acetylcholine-induced
hyperpolarization) and varying potassium concentra-
tions suggested that both nitric oxide and endothelium-
derived hyperpolarizing factor are similarly involved
in the endothelium-dependent vasodilatation induced
by acetylcholine. Similarly, NO- and prostaglandin-in-
dependent, endothelium-dependent vasodilator re-
sponses to bradykinin are attributed to release of a hy-
perpolarizing factor. The contribution of K+ channels
to the renal vasodilator effect of bradykinin was as-
sessed in the IPRK in the presence of ATP- and Ca2+-
activated K channel inhibitors [206, 207]. These stud-
ies implicated Ca2+-activated K+ channels in the renal
vasodilator response to bradykinin and similarly sup-
port a role for a hyperpolarizing factor. Other studies
in IPRK have demonstrated the biological importance
of S-nitrosothiols (RS-NO) in the action and metabo-
lism of endothelium-derived relaxing factor [208].

Studies in the IPRK utilizing single-pass perfusion
have demonstrated a close interaction between renal
nitric oxide and the cyclooxygenase pathway with in-
hibition of prostanoid production by nitric oxide [209].
The pressor effect of L-NAME also appears to partly
rely upon the vasoconstrictor effect of TxA2 and PGH2.
Other studies in the recirculating IPRK have shown
interactions between bradykinin and ANP on both
glomerular and tubular function [210], between estro-
gens and calcium-modulated endothelium-dependent
dilatation [211], between angiotensin II and eicosanoid
release stimulated through AT2 receptors [212], and
that the NO-cGMP pathway is involved in adrenom-
edullin induced vasorelaxation [213]. Finally, other
single pass studies suggest that impaired NO release
in response to stimulation of endothelin ETB receptors
may result from a decrease in endothelial ETB recep-
tors, which may represent a mechanism for in vascu-
lar dysfunction usually associated with arteriosclero-
sis- related diseases [135].

Renal and cardiac fibrosis
Short-term pirfenidone and spironolactone treat-

ment was recently found to reverse cardiac and renal
fibrosis and to attenuate increased diastolic stiffness
without normalizing cardiac contractility or renal func-
tion in STZ-diabetic rats [214].

Glomerular function in the IPRK

There is a significant literature exploring many as-
pects of glomerular function and models of glomeru-
lar injury in the IPRK. Examples include studies of al-
bumin excretion, protein trafficking and vasoactive
modulation of glomerular permselectivity [201, 215-
219]; studies of glomerular immune injury including
the role of complement [220], leukotrienes [221, 222],
prostaglandins [223, 224] and clusterin [225] and stud-
ies of glomerular hemodynamics [226].

Disadvantages of the IPRK model

In common with most isolated organs, the disad-
vantages of the IPRK include some physiological limi-
tations. There are also the unique anatomical artifacts
arising from cell-free perfusion and there is a require-
ment for significant technical surgical skill. While the
cell-free IPRK model exhibits much higher flow than
in vivo kidney, it now appears that this vasodilated state
arises from relative nitric oxide excess rather than sim-
ply low perfusate viscosity. Defining this more clearly
will provide further insights into normal physiologi-
cal responses. The model brings with it the expense
and trouble involved in preparation and use of albu-
min-containing solutions and even more complexity
when erythrocytes are added. Finally, despite exten-
sive preparation and skilful handling, the model is only
viable for a few hours - longer in the presence of eryth-
rocytes, shorter in their absence. Thus, perturbations
requiring longer than 2-3 hours for development can
only be monitored after having first been induced in
vivo, potentially negating at least part of the benefit of
assessing some pathological or physiological events in
the absence of non-renal or uncontrolled systemic in-
fluences.

Advantages of the IPRK model

The IPRK is an intact model of the kidney function,
which is well suited to examining critical functions,
which require an intact renal architecture to mimic the
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in vivo situation. Such critical functions modified by
the renal architecture encompass substrate delivery,
including oxygen, and the links between vascular and
tubular function. The model has the advantages of
eliminating systemic hormonal and sympathetic ner-
vous system influences, while still allowing tight con-
trol of pressure and flow and of permitting simulta-
neous measurement of renal vascular and tubular func-
tion with direct infusion of vasoactive agents into the
renal artery. It allows quantifiable assessment of renal
vascular, tubular and glomerular function and high
quality morphological assessment. Finally the model
permits more specialized assessment such as magnetic
resonance microscopy and spectroscopy. With continu-
ous modification for over 40 years, the IPRK technique
has developed into a reliable and powerful method for
studying many questions regarding renal physiology
and function in both health and disease and utilizing
most of the techniques applied in vivo and others that
are too difficult to apply, such as magnetic resonance
microscopy.

Methods to evaluate the renal
microcirculation

Introduction

Studies of the pathophysiology of acute renal fail-
ure has classically considered both tubular and vascu-
lar mechanisms [227, 228]. In vitro techniques isolating
either the vascular or tubular components have been
developed. For example, the use of isolated proximal
tubules in suspension or in culture allows the study of
tubular mechanisms of injury in the absence of vascu-
lar factors [229] [230]. There are both in vitro and in
vivo models to study vascular injury in the kidney. In
vitro models include the study of vascular smooth
muscle cells or endothelial cells in culture. In this sec-
tion, the in vivo methods to evaluate the renal micro-
circulation will be discussed. This is of relevance as
many nephrotoxins exert their deleterious effects
through pharmacologic actions on the resistance
vasculature with parenchymal injury occurring as a
consequence of ischemia. In clinical practice nephro-
toxins may cause prerenal azotemia as a result of in-
creased renal vascular resistance. Nephrotoxins that
cause acute renal failure on a vascular basis include
prostaglandin inhibitors e.g. aspirin, non-steroidal anti-

inflammatory drugs (NSAIDs), cyclooxygenase-2
(COX-2) inhibitors, vasoconstrictive drugs e.g. cyclo-
sporine, tacrolimus, radiocontrast media and drugs that
block angiotensin II e.g. angiotensin converting enzyme
(ACE) inhibitors and angiotensin II receptor antago-
nists (ARBs) (Table 4). ACE inhibitors and ARBs are
widely used for the treatment of hypertension, con-
gestive heart failure and diabetic nephropathy. They
preferentially dilate the efferent arteriole of the glom-
erulus and decrease intraglomerular pressure. Acute
renal failure may occur in conditions where angiotensin
plays a crucial role in maintaining the glomerular fil-
tration rate e.g. volume depletion, bilateral renal ar-
tery stenosis, diuretic-induced sodium depletion and
autosomal dominant polycystic kidney disease.

Control of vascular tone

Resting tone reflects basal properties intrinsic to the
smooth muscle cells and the modulating influence of
several well defined extrinsic factors [231]. These in-
clude the metabolic demand of the organ, neural and
humoral factors, paracrine modulators and physical
forces like stretch and shear. The myogenic response
which increases smooth muscle tone in response to
stretch is largely mediated by specialized, distinct
stretch operated calcium channels [232]. The transduc-
tion of flow-related stimuli also intrinsically regulates
blood vessels in the in vivo circulation. Flow produces
shear that is readily detected by endothelial cells. Va-
somotor responses to flow are predominantly dilator
[233]. Nitric oxide (NO) derived from endothelial ni-
tric oxide synthase (eNOS) [234] as well as endothelial
cyclooxygenase products [235] have been implicated
in the conversion of the endothelial shear response into
smooth muscle relaxation. The role of NO in the rest-
ing circulation is indicated by the increases in basal
vascular resistance after NOS inhibition [236]. The in-
fluence of humoral and neural factors like catechola-
mines, cholinergic mediators, prostanoids, angiotensin
and aldosterone may be greater in stimulated or stress
states than under basal conditions [231].

Vascular reactivity is the response to external and
local stimuli that modify vascular tone. These factors
are demonstrated in Table 5. The action of these fac-
tors varies among individual organs. For example, the
kidney has greater vasoconstrictor sensitivity to endo-
thelin-1 (ET-1) than other organs [237]. Integrity of the
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vascular responses is crucial in the maintenance of or-
gan function in the face of nephrotoxins. Loss of this
normal responsiveness may result in vascular injury.

Experimental models to evaluate the renal
microcirculation

Techniques have been developed for study of the
renal microcirculation. These techniques have distinct
advantages over in vitro endothelial and vascular
smooth muscle cell preparations. They allow study of
important anatomic and physiologic relationships that
are lost in isolated cell systems. For example, the ef-
fects of both pressure and flow can be determined and
the spatial relationship between the endothelium and
smooth muscle is maintained. These techniques per-
mit functional assessment of the resistance microvas-
culature without destroying vessel integrity while
eliminating the confounding influence of undetected
circulating, neural and parenchymal factors. The tech-
niques are demonstrated in Table 6.

In vitro perfused juxtamedullary nephron

In vivo micropuncture techniques have contributed
greatly to the understanding of the forces governing
glomerular hemodynamics and the ultrafiltration pro-
cess [238]. The In vitro perfused juxtamedullary neph-
ron first described in 1984 [239] allows study of a
unique population of nephrons present in the inside
cortex in apposition to the pelvic area of the kidney.
These glomeruli have long afferent arterioles originat-
ing close to the main arcuate arteries. They are also
located directly at the surface of the renal cortex nor-
mally covered by the pelvic mucosa. These superficial
nephrons at the corticomedullary border have vascu-
lar characteristics of efferent arterioles breaking into
the vasa recta which is typical for juxtamedullary neph-
rons. This technique does not involve microdissection
or the isolation of glomeruli and their arterioles.

Methods
The method for the in vitro perfused juxtamedul-

lary nephron technique in Sprague-Dawley rats is as
follows: A common dissection procedure is used to ex-
pose the arteries and related nephrons located at the
inside surface of the renal cortex lining the pelvic cav-
ity. Rats are systemically heparinized. The right kid-

ney is removed and the left kidney is perfused with
physiologic solution containing albumin. The left kid-
ney is then decapsulated, removed from the animal and
placed in a Petri dish filled with physiologic solution
containing albumin at room temperature. The kidney
is cut longitudinally to expose the pelvic cavity with
the papilla left intact. Most of the cortical tissue is
resected. The arcuate arteries are dissected and ligated
with tight ligatures. A microperfusion system allows

Table 4. Drugs that cause acute renal dysfunction on a
vascular basis.

Prostaglandin inhibitors:
• Aspirin
• Non-steroidal anti-inflammatory drugs (NSAIDs)
• Cyclooxygenase-2 (COX-2) inhibitors

Vasoconstrictors:
• Cyclosporine
• Tacrolimus
• Radiocontrast media

Angiotensin II blockade:
• Angiotensin converting enzyme (ACE) inhibitors
• Angiotensin II receptor antagonists (ARBs)

Table 5. Endogenous agents that modify vascular tone
and reactivity.

Endocrine or neural:
• Renal nerves
• Catecholamines
• Angiotensin II
• Natriuretic peptides

Paracrine:
• Endothelial derived e.g. nitric oxide, endothelin-1
• Angiotensin II
• Arachidonic acid metabolites e.g. thromboxane A2,

prostaglandins, leukotrienes
• Purinoreceptors and vasoactive purine agonists

e.g. P1 receptors and adenosine
• Dopamine and serotonin

Table 6. Techniques for study of renal microcirculation

• Juxtamedullary nephron preparation

• Hydronephrotic kidney

• Isolated perfused afferent arteriole

• Isolated perfused juxtaglomerular apparatus
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blood perfusion of the superficial nephrons via arcu-
ate arteries.

Model
Anatomic and physiological studies can be per-

formed in these kidneys [239]. Anatomically the mod-
els can be studied by light microscopy and scanning
electron microscopy after infusion of the kidneys with
resin. For physiological studies a perfusion system is
used with donor blood or a cell free media. The mi-
crovasculature is viewed by videomicroscopy and ves-
sel lumen diameters measured with a micrometer. It is
also possible to simultaneously measure single neph-
ron glomerular filtration rate or perform tubular per-
fusion with this technique. At a perfusion pressure of
100 mmHg, glomerular capillary pressure averaged 49
mm Hg, with most of the preglomerular pressure drop
being localized to the terminal afferent arteriolar seg-
ment. Blood hematocrit can be reduced to approxi-
mately 30% with physiological solutions devoid of or
containing albumin. In these conditions, the single
nephron glomerular filtration rate averaged 34 nl/min
(low plasma colloid osmotic pressure, PCOP) and 23.3
nl/min (maintained PCOP). Proximal tubule reabsorp-
tion ranges from 17 to 29%. In conclusion, the integrity
of nephron function is maintained in this model, which
provides insights into the dynamics of filtration and
reabsorption processes of juxtamedullary nephrons.
The procedure preserves the in vivo tubulovascular re-
lationships, enables the use of a semi-microperfusion
system and provides direct access to juxtamedullary
nephrovascular units.

In early studies, microvascular reactivity of in vitro
blood perfused juxtamedullary nephrons were stud-
ied in rats [240]. The effects of angiotensin II, epineph-
rine, and changes in perfusion pressure on glomerular
capillary and afferent arteriolar pressures were as-
sessed. At a perfusion pressure of 102 mm Hg, glom-
erular capillary pressure averaged 55 mm Hg. Affer-
ent arteriolar pressure, measured at early-to-mid af-
ferent locations, was 88 and decreased at the most ter-
minal segments. In some nephrons, readjustments of
glomerular capillary pressure occurred in response to
step changes in perfusion pressure. Bolus injections of
angiotensin II into the blood caused dose- dependent
and reversible decreases in glomerular capillary pres-
sure. Similar decreases in glomerular capillary pres-
sure were observed in response to epinephrine. Epi-

nephrine also consistently reduced afferent arteriolar
pressures. In contrast, angiotensin II typically increased
pressure in the early and mid segments of the afferent
arteriole, but caused variable responses in the late af-
ferent arteriole. The responses to vasoconstrictor agents
were not mimicked by increases in perfusion pressure
per se. This study demonstrates that the preglomeru-
lar vasculature of in vitro blood perfused juxtamedul-
lary nephrons can exhibit autoregulatory behavior and
is responsive to humoral vasoconstrictors.

Advantages
Advantages of the in vitro perfused juxtamedullary

nephron preparation are 1) preservation of the circu-
latory network; 2) no microdissection trauma to ves-
sels; 3) the elimination of neural and hormonal influ-
ences; 4) maintenance of tubulovascular relationship
and 5) simultaneous evaluation of both vascular and
tubular effects of toxic substances.

Limitations
Limitations of the in vitro perfused juxtamedullary

nephron preparation include 1) the availability of only
a select population of juxtamedullary glomeruli near
the inner surface of the kidney; 2) underestimation of
the contribution of flow in large vessels to preglom-
erular resistance and 3) lack of characterization of tu-
bular transport.

Studies
To date, the in vitro perfused juxtamedullary neph-

ron preparation has not been used to examine the ef-
fects of nephrotoxic agents. However the preparation
has been used to examine the pathophysiology of tu-
buloglomerular feedback. It has also been used to study
the effect of mediators like adenosine, oxygen radicals
and nitric oxide. Some recent studies are discussed be-
low.

The influence of neuronal nitric oxide synthase
(nNOS) on renal arteriolar tone has been studied in
the perfused juxtamedullary nephron preparation
[241]. Superfusion with a specific nNOS inhibitor de-
creased afferent and efferent arteriolar diameters, and
these decreases in arteriolar diameters were prevented
by interruption of distal volume delivery by papillec-
tomy. When volume delivery to the macula densa seg-
ment was increased, afferent arteriolar vasoconstric-
tor responses to the nNOS inhibitor were enhanced,
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but this effect was again completely prevented after
papillectomy. In contrast, the arteriolar diameter re-
sponses to a nonselective NOS inhibitor were only at-
tenuated by papillectomy. Specific nNOS inhibition
enhanced the efferent arteriolar vasoconstrictor re-
sponse to angiotensin II but did not alter the afferent
arteriolar vasoconstrictor responsiveness to angiotensin
angiotensin II. In contrast, non specific NOS inhibition
enhanced both afferent and efferent arteriolar vasocon-
strictor responses to angiotensin II. This study demon-
strates that the modulating influence of nNOS on af-
ferent arteriolar tone of juxtamedullary nephrons is
dependent on distal tubular fluid flow and that nNOS
exerts a differential modulatory action on the juxta-
medullary micro- vasculature by enhancing efferent,
but not afferent, arteriolar responsiveness to angio-
tensin II. It has also been demonstrated that superox-
ide inhibits nNOS influences on afferent arterioles in
spontaneously hypertensive rats [242]. The role of neu-
ronal NOS on afferent arteriolar function has been dem-
onstrated in enhanced tubuloglomerular feedback ac-
tivity [243], angiotensin II induced hypertension [244]
and chronic heart failure [245].

More recently, studies have been performed to de-
termine the responsiveness of rat juxtamedullary af-
ferent arterioles to receptor-selective P2- purinoceptor
agonists [246]. Experiments were performed in vitro
using the blood perfused juxtamedullary nephron tech-
nique, combined with videomicroscopy. The presence
of multiple P2 receptors on juxtamedullary afferent ar-
terioles and the classification of these receptors as mem-
bers of the P2X- and P2Y2 (P2U)-receptor subtypes was
demonstrated. In another study, the relative contribu-
tions of adenosine A1 and A2a receptors to the respon-
siveness of the renal microvasculature to adenosine was
investigated [247]. The presence of adenosine A1 and
A2a receptors on afferent and efferent arterioles of jux-
tamedullary nephrons was demonstrated. Also, ad-
enosine A2a receptor-mediated vasodilation partially
buffered adenosine-induced vasoconstriction in both
pre- and postglomerular segments of the renal mi-
crovasculature.

The role of the cyclooxygenase pathway interaction
with nNOS [248, 249], tyrosine kinase [250]. intracel-
lular calcium [251] and insulin-like growth factor 1
(IGF-1) [252] on afferent arteriolar function has been
demonstrated in the perfused juxtamedullary nephron.

Hydronephrotic kidney

The hydronephrotic kidney was developed for in
vivo visualization of the glomerular microcirculation,
the vasa afferens and the vasa efferens [96]. This prepa-
ration utilizes postischemic hydronephrosis (PIH) to
destroy the renal tubular system while preserving a
portion of the cortex. In this preparation, glomeruli and
associated vasculature remain intact. Observations are
made with either incident light or transillumination.

Model
Briefly, the model is as follows: Rats are anesthe-

tized, the left kidney is exposed and the ureter is per-
manently ligated while the artery is clamped for 60 min.
The rats develop a postischemic hydronephrotic kid-
ney in about 3 weeks. Microcirculatory experiments
are begun 3 to 12 weeks after initial surgery. The ani-
mals are placed on a heated operating table. A carotid
artery catheter is placed for continuous arterial blood
pressure monitoring. The left hydronephrotic kidney
is suffused with an isotonic and isocolloidal solution
warmed to 37°C. The kidney is split at the greater cur-
vature with a cautery knife and the halves of the kid-
ney are visualized with transillumination and fluores-
cence videomicroscopy. To visualize the flow velocity
in single glomerular loops, fluorescent-labelled eryth-
rocytes are injected so that only single erythrocytes pass
through the glomerulus at one time. The flow velocity
of fluorescent erythrocytes is monitored by analyzing
sequences of single frames of video pictures. The ge-
ometry of glomerular structure is reconstructed. Cap-
illary erythrocyte velocity and volume flow measure-
ments are made. Blood flow velocity in afferent and
efferent arterioles can be studied by the dual-slit
method. Vessel internal diameter can also be measured
electronically from a video image.

A high-speed video camera, recording up to 600
frames per second, can be incorporated in the setup
and erythrocyte velocity in vivo can be measured off-
line with the line-shift-diagram method [253].

Methods
In the original description of this model by

Steinhausen et al, the following measurements were
made: The inner diameter of the vasa afferens, mea-
sured within 50 microns of the glomerular vascular
pole, was 7.9 microns while that of the vas efferens was
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7.7 microns. Both vessels were narrower adjacent to
the glomerulus. A specialized round cell, which may
act as a sphincter, was seen in the vasa efferens. Blood
velocity, measured in the vasa afferens and efferens
about 100 microns from the vascular pole, was 5.9 and
4.6 mm X sec-1, respectively. During angiotensin II in-
fusion, the vasa efferens in the vicinity of the glomeru-
lus constricted by 22% whereas the corresponding vas
afferens showed no consistent response. During angio-
tensin II infusion, the filtration fraction (GFR/RPF)
may, therefore, be elevated by an increased resistance
in the vasa efferens, particularly at the outflow point
of the glomerulus. Higher dosages of angiotensin II
caused vasoconstriction of both vessels, especially at
sites more distant from the glomerulus.

Advantages
The advantages of the hydronephrotic kidney

preparation in examining the renal microvasculature
are as follows: 1) It is possible to determine the real
flow direction in both pre- as well as postglomerular
elements of the microvasculature a three-dimensional
way; 2) the circulatory network is preserved such that
the pressure and flow effects of changes in resistances
in one vascular segment can be determined in the ad-
jacent upstream and downstream vessels; 3) the circu-
lation can be examined without the trauma related to
microdissection; 4) both outer and inner cortical mi-
crovessels can be studied.

Limitations
Limitations of the technique include: 1) The induc-

tion of hydronephrosis may alter vasoreactivity; 2) tu-
bular atrophy eliminates tubular influences on the mi-
crocirculation such as those observed in the tubuloglo-
merular feedback phenomenon and 3) intrinsic vascu-
lar resistances are higher and blood flows lower in hy-
dronephrotic compared to normal kidneys.

Many important observations regarding segmen-
tal changes in the renal microcirculation to physiologic,
pharmacologic and toxic stimuli have been made with
hydronephrotic kidney preparation.

Studies
The effect of various mediators on the renal micro-

circulation are summarized in Table 7. The effects of
various drugs, including cyclosporine nephrotoxicity,
on the renal microcirculation are summarized in Table

8.

Isolated renal microvessels

Methods
The isolated renal microvessel preparation was first

described using adult female New Zealand White rab-
bits [254]. In this preparation, interlobular arteries and
superficial afferent and efferent arterioles are dissected
and mounted on micropipettes. Rabbits are sacrificed
and the kidney is removed. The kidney is sliced along
the corticomedullary axis and immediately placed in
chilled artificial bath solution. A single microvessel is
dissected using a sharpened forceps and transferred
to a temperature-controlled chamber mounted on the
stage of an inverted microscope. The vessel is viewed
with a video camera fitted to the inverted microscope.
Vessel lumen diameter is read directly off the video
monitor. One end of the vessel is cannulated with con-
centric glass micropipettes. After the lumen is perfused
to expel any residual erythrocytes, the other end of the
vessel is occluded by sucking it into the tip of a con-
striction pipette. Intraluminal pressure is set with a
syringe connected to the back of the perfusion pipette.
Pressure is measured with a manometer or pressure
transducer connected in series with the perfusion pi-
pette. Intraluminal pressure is set at 90 mm Hg for in-
tralobular arteries, 70 mm Hg for afferent arterioles and
20 mm Hg for efferent arterioles. After the pressure is
set, the chamber temperature is gradually increased to
37oC and the vessel is allowed to equilibrate for 30-45
min before an experiment is started. Some but not all
afferent and efferent arterioles develop a degree of
spontaneous tone as evidenced by a sustained decrease
in lumen diameter upon warming the bath from 20 to
37oC.

Model
The effect of acetylcholine, dopamine, and brady-

kinin on vascular tone has been examined in interlobu-
lar arteries and superficial afferent and efferent arteri-
oles isolated from rabbit kidney [255]. Acetylcholine
caused a dose-dependent relaxation of norepinephrine-
induced tone in all three vessel types. Significant re-
laxation was observed with 10(-8) M acetylcholine and
higher concentrations caused complete relaxation. In
afferent and efferent arterioles dopamine caused a
dose-dependent relaxation that was indistinguishable
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from the one caused by acetylcholine. Dopamine was
much less effective on interlobular arteries. In afferent
arterioles atropine blocked the effect of acetylcholine,
and metoclopramide selectively inhibited dopamine-
induced relaxation. Bradykinin caused a dose-depen-
dent relaxation of norepinephrine- induced tone only
in efferent arterioles. Bradykinin, either in the bath or

lumen, had no effect on the preglomerular microves-
sels. Acetylcholine and dopamine also caused relax-
ation of afferent arterioles with spontaneous tone while
all three vasodilators relaxed efferent arterioles with
spontaneous tone. This study demonstrates segmen-
tal heterogeneity for these vasodilators in the rabbit
renal microvasculature, with acetylcholine causing re-

Table 7. Hydronephrotic kidney: Effects of endogenous effectors.

Agent Effect Reference

Angiotensin II Efferent arteriolar vasoconstriction. Blocked by saralasin [302]

Dopamine Afferent+efferent arteriolar vasodilation [303]
Dependence on balance of constrictors and dilators

Atrial natriuretic peptide Reverses afferent arteriolar vasoconstriction peptide [304, 305]
Potentiates efferent arteriolar vasoconstriction

Perfusion pressure Afferent arteriole constricts. Hypertension shifts response [306]

Sex differences Efferent arteriole unchanged [307]
Autoregulatory response is modified by prostaglandins especially in females

Endothelin Decreases glomerular blood flow, dose-dependent [308, 309]
Constricts afferent and efferent arterioles
Constriction not affected by calcium channel blocker

Adenosine Needs a functioning angiotensin II receptor system for its vasoconstrictor action [310]

Renal nerve stimulation Afferent + efferent arteriolar constriction [311]

Chloride channels Ang II and NE induced afferent arteriolar [312]
Activation of voltage-dependent calcium channels

Insulin Reverses norepinephrine/angiotensin II vasoconstriction [313]
Effect mediated by nitric oxide

Prostaglandin E2 Vasodilatory and vasoconstrictor-afferent arteriole [314]

Nitric oxide Modulates myogenic vasoconstriction of afferent arteriole [315]
in spontaneously hypertensive rats

Table 8. Hydronephrotic kidney: Effects of drugs.

Drug Effect Reference

Cyclosporine Interlobular, afferent and efferent arteriolar constriction [316] [317]
Vasoconstriction due to altered NO metabolism

Calcium antagonist (aranidipine) Dilates both afferent and efferent arterioles during [318]
norepinephrine-induced constriction

Lovastatin Vasodilatory in partial nephrectomy model [319]

Anti-oxidant Prevents cyclosporine induced vasoconstriction [320]

(Lazaroids) Improves renal blood flow during sepsis [321]

Cobra venom Massive constriction of the interlobar and arcuate arteries [322]
Complement activation

Angiotensin II Receptor antagonist Dilates afferent and efferent arteriole in hypertensive rats [323]
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laxation in all three vessel types, dopamine acting pri-
marily on the glomerular arterioles, and bradykinin
affecting only the efferent arteriole.

The isolated renal vessel technique has been modi-
fied so that vessels can be isolated from rats instead of
rabbits [256]. The preparation has also been modified
for fluorescence measurements of cytosolic calcium in
the smooth muscle cell layer [257]. Measurements of
changes in smooth muscle calcium can be carried out
simultaneously with determinations of changes in lu-
men diameters. The effects of various agonists and
pressure stimulation in the presence and absence of
pharmacologic agents can be determined. Angiotensin
II-induced changes in lumen diameter and smooth
muscle cell cytosolic calcium have been determined
[236]. A maximal constricting concentration of angio-
tensin II caused abrupt and sustained increases in
smooth muscle cell cytosolic calcium in afferent and
efferent arterioles. When lumen pressure was reduced
to zero, angiotensin II caused abrupt peak increases in
smooth muscle cell cytosolic calcium in both afferent
and efferent arterioles which declined rapidly thereaf-
ter – patterns distinctly different from pressurized ves-
sels. With the calcium channel blocker, diltiazem in the
bathing media, angiotensin II caused an abrupt rise and
decline in smooth muscle cell cytosolic calcium in af-
ferent arterioles, but a sustained elevation in efferent
arterioles. This study demonstrates that maximal an-
giotensin II stimulates both Ca2+ entry and storage
mobilization in afferent and efferent arterioles and that
lumen pressure modifies the angiotensin II smooth
muscle cell cytosolic calcium response profiles. Angio-
tensin II activates differing Ca2+ influx mechanisms in
pre- and postglomerular arterioles [258]. In the affer-
ent arteriole, Angiotensin II activates dihydropyridine-
sensitive L-type Ca2+ channels, presumably by mem-
brane depolarization. In the efferent arteriole, angio-
tensin II appears to stimulate Ca2+ entry via store-op-
erated Ca2+ influx. Recent studies indicated that cyclic
ADP-ribose (cADPR) serves as a second messenger for
intracellular Ca2+ mobilization in a variety of mamma-
lian cells including the renal vasculature [259]. Collec-
tively, these studies demonstrate that the EP(4) recep-
tor is the major receptor in preglomerular VSMC. E-
prostanoid 4 receptors mediate prostaglandin E2-in-
duced vasodilation in the rat kidney and signal through
G proteins to stimulate cAMP and inhibit cytosolic cal-
cium concentration [260].

Advantages
The advantages of the isolated vessel technique in

defining microvascular physiologic and pathophysi-
ologic mechanisms are: 1) The vessels are studied in
the absence of a neurohumoral and parenchymal tis-
sue environment, 2) it allows for direct assessment of
vascular responses in defined segments, 3) transmural
pressure is controlled, 4) hormones and drugs can be
added to the bathing media or luminal perfusate, 5)
intracellular ion concentrations can be measured by
fluorescence microscopy and membrane potentials can
be recorded with microelectrodes.

Limitations
The limitations of the preparation are: 1) autocoid

production and vascular reactivity may be altered in
vitro, 2) the absence of flow dynamics may alter endot-
helial cell function, 3) the small amount of tissue limits
biochemical measurements, 4) isolated arterioles do not
exhibit myogenic responses to changes in transmural
pressure.

Studies
The isolated renal microvessel preparation demon-

strates concentration-dependent sensitivity to a vari-
ous constrictor and dilator substances. Early studies
demonstrated the lack of an effect of atriopeptin II on
rabbit arterioles [261]. In another study in rat arteri-
oles [262], atriopeptin III dilated preconstricted affer-
ent arterioles but constricted efferent arterioles that
were either not pretreated or that were preconstricted
with other agonists. The effect of atriopeptin III on pre-
constricted afferent arterioles did not require vasodi-
lator prostaglandin mediation. The constrictor effect
of atriopeptin III on efferent arterioles was not depen-
dent on angiotensin, thromboxane, or α- adrenergic
mediation.

Postsynaptic α-adrenoceptors have been character-
ized in afferent and efferent arterioles isolated from
rabbit renal cortex [263]. In both the afferent and effer-
ent arteriole selective α 1-adrenoceptor agonists pro-
duced concentration-dependent vasoconstrictor re-
sponses with the maximum responses being equal to
that of norepinephrine. Selective α 2-receptor agonists
had less of an effect. The α 1-receptor antagonist,
prazosin, produced a rightward shift in the concentra-
tion-response curve to norepinephrine, while the se-
lective α 2-receptor antagonist, rauwolscine had no
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effect on norepinephrine-mediated vasoconstriction.
This study confirms the presence of α-adrenoceptors,
exclusively of the α 1-subtype, on the glomerular arte-
rioles that mediated vasoconstriction.

The influence of arachidonate cyclooxygenase prod-
ucts on endothelin-evoked renal vasoconstriction has
been assessed [264]. In microperfused rat afferent and
efferent arterioles, indomethacin had no effects on the
maximal contraction by endothelin, but reduced the
duration of endothelin-induced constriction in both ar-
terioles. Endothelin infusion to rats in vivo resulted in
a selective increase in efferent but not afferent arteri-
olar resistance, leading to a dramatic increase in tran-
scapillary hydraulic pressure difference. Glomerular
filtration rate, which fell progressively during infusion
of endothelin alone, was markedly preserved by cyclo-
oxygenase inhibition, but not during selective throm-
boxane A2 antagonism. This study provides evidence
that locally released cyclooxygenase products, play a
key role in sustaining endothelin-induced renal arteri-
olar constriction.

The role of endothelin in mediating cyclosporine A
related renal vasoconstriction has been studied [265].
Both the afferent and efferent arteriole exhibited con-
centration-dependent decreases in lumen diameter to
increasing molar concentrations of cyclosporine A. The
afferent arteriole was more sensitive to the vasocon-
strictive effects of cyclosporine A than the efferent ar-
teriole. These data suggest that cyclosporine A directly
constricts renal microvessels and that this effect is me-
diated by endothelin in the afferent arteriole but not
the efferent arteriole.

Angiotensin II receptors [266], endothelin receptors
[267] and vasopressin V1a receptor (V1aR) and V2 re-
ceptor (V2R) receptors [268] have been isolated in rat
arterioles. In isolated rabbit arterioles, the vasoconstric-
tor response of angiotensin II is counteracted by vaso-
dilatory prostaglandins and nitric oxide [269]. The cal-
cium response to angiotensin II in the isolated rabbit
afferent arteriole shows tachyphylaxis [270]. This tac-
hyphylaxis cannot be reversed by applying increasing
doses of angiotensin II, protein kinase C does not seem
to be involved in the tachyphylactic phenomenon and
nifedipine and NO reduced the tachyphylaxis. In an-
other study, the afferent arteriole had a higher sensi-
tivity to luminal than interstitial angiotensin II in su-
perficial but not juxtamedullary nephrons [271]. In this
study, it was concluded that such heterogeneities in

angiotensin II action may be important in the control
of glomerular hemodynamics under various physi-
ological and pathological conditions.

Hydroxyeicosatetraenoic acid (HETE) release in re-
sponse to angiotensin II from preglomerular microves-
sels in rats has recently been demonstrated [272] indi-
cating that an angiotensin II-phospholipase C effector
unit is associated with synthesis of the vasoconstrictor
product, 20-HETE, in these vessels. Angiotensin II di-
rectly downregulates the expression of G proteins in
young spontaneously hypertensive rats but not in
young control rat renal microvessels indicating that the
diversity in its effect on G-protein expression may be
important for enhanced renal sensitivity to angiotensin
II in spontaneously hypertensive rats [273]. Cyto-
chrome P450 hydroxylase and cyclooxygenase arachi-
donic acid metabolites contribute importantly to the
afferent arteriolar diameter and renal microvascular
smooth muscle cell calcium responses elicited by en-
dothelin-1 [274].

Arginine vasopressin (AVP) is a potent vasocon-
strictor that preferentially reduces renal medullary
blood flow through the stimulation of the vasopressin
V1a receptor (V1aR). Studies have also shown that the
vasopressin V2 receptor (V2R) may modulate AVP-me-
diated vasoconstriction. The transcriptional and trans-
lational sites of the V1aR and V2R in microdissected
intrarenal vascular segments from both the cortex and
medulla was studied [268]. The results indicate that
V1aR mRNA and proteins are present in the isolated
cortical or medullary vasculature, but the V2R mRNA
and proteins were not found. This study suggests that
the vasoconstrictor action of AVP within the renal me-
dulla is mediated through the V1aR and that the modu-
latory V2R- mediated vasodilation is probably through
the release of paracrine hormones found within the re-
nal interstitial or tubular cells.

Bradykinin plays an important role in the regula-
tion of renal hemodynamics. The effects of bradykinin
on isolated perfused rabbit afferent arterioles and the
mechanisms of action of bradykinin was studied [275].
It was concluded that 1) bradykinin has a biphasic ef-
fect on afferent arterioles; 2) both dilation and constric-
tion may be mediated by bradykinin B2 receptors and
3) the mechanisms of vasodilation and vasoconstric-
tion are due to cyclooxygenase products, not nitric
oxide.
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Isolated perfused juxtaglomerular apparatus

Tubuloglomerular feedback, which operates be-
tween the tubule and the parent glomerulus, is impor-
tant to renal autoregulation and homeostasis of body
fluid and electrolytes. The juxtaglomerular apparatus
(JGA)  which has a close anatomical relationship be-
tween the specialized tubular cells of the macula densa
and the afferent and efferent arterioles, is the anatomi-
cal site of tubuloglomerular feedback. To study the
function of the JGA directly, an in vitro preparation in
which both the afferent arteriole and macula densa
(MD) of a microdissected rabbit JGA are microperfused
simultaneously, has recently been developed [276].
This preparation has the advantage of allowing con-
trol of both pressure in the afferent arteriole and lumi-
nal fluid concentration at the macula densa. Real time
images of the afferent arteriole, including luminal di-
ameter, can be obtained. Increasing the NaCl concen-
tration of the macula densa perfusate constricts the af-
ferent arteriole in the segment close to the glomerulus.

This constriction is blocked by furosemide, a loop di-
uretic known to inhibit tubuloglomerular feedback.
Microperfusion of the afferent arteriole alone showed
that they constrict significantly when intraluminal pres-
sure is elevated, the so-called myogenic response. The
myogenic response is the first to respond to changes
in perfusion pressure. The anatomical relationship be-
tween the myogenic response and tubuloglomerular
feedback may enable the kidney to achieve its ex-
tremely efficient autoregulation. The preparation will
provide important insights into the mechanism by
which the macula densa controls glomerular hemody-
namics. In this regard, the modulatory role of the
macula densa NO pathways in tubuloglomerular feed-
back has been demonstrated [277]. Advantages of the
preparation include [276] the following: 1) the hemo-
dynamic influence of the larger interlobular artery can
be excluded, 2) preparations from different nephron
populations can be studied and 3) hormonal manipu-
lations can easily be performed. A disadvantage of the
preparation is its technical difficulty [278].
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Introduction

The kidney represents a major target for toxic xe-
nobiotics due to its role in the control of body fluid

and electrolyte homeostasis. The high blood perfusion
rate (20% of cardiac output) and the capability to ex-
tract, metabolize, secrete and concentrate toxic com-
pounds make the kidneys extremely vulnerable to a

wide variety of toxins, many of which are yet to be
identified. It is estimated that therapeutic agents cause
20% of all diagnosed end stage renal disease (ESRD)
and that chemicals and drugs may play a significant
role in at least 50% of ESRD cases of unknown etiol-
ogy [1].

Because of the functional and biochemical hetero-
geneity of the nephron, the susceptibility to a particu-
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lar nephrotoxic insult will vary among nephron seg-
ments. Epithelial cells of the proximal nephron are tar-
get sites for a wide variety of nephrotoxic chemicals
due to a large number of transport systems [2] and the
presence of xenobiotic metabolizing enzymes such as
cytochrome P-450, NADPH-cytochrome c reductase,
glucuronyl transferase, sulfotransferases, glutathione
S-transferases (including cysteine conjugate β-lyase),
monooxygenases and prostaglandin H synthase [3].
Another factor is the intracellular concentration of glu-
tathione (GSH) and GSH dependent enzymes activity,
which is highest in proximal tubule and decreases pro-
gressively down the nephron [4, 5]. Injuries, which al-
ter cellular REDOX state such as the oxidative stress
during ischemia-reperfusion injury, will also vary
along the nephron. Early proximal nephron segments
(S2 segments) appear to be more resistant to oxidative
injury than their outer medullary portions (S3 seg-
ments) and the thick ascending limbs of Henle´s loop
(MTAL) [4].

Primary means of identifying the potential renal ef-
fects of chemicals involved testing in laboratory ani-
mals. However, the understanding of biochemical and
cellular mechanisms together with advances in cell and
tissue culture now permit the development and use of
in vitro toxicity assays. The aim of the development of
such in vitro tests is not only to refine, reduce and re-
place in vivo animal testing, but also to improve the
relevance of data obtained for the safety evaluation in
humans. The reasons for the current drive for in vitro
assay development can be attributed to three main
points: 1) Scientific experiments involving live animals
are receiving bad press in recent years. Public opinion
of such experiments is progressively more disapprov-
ing; and governments are listening. In 1986 the Euro-
pean Union issued a directive which states that ani-
mal experimentation shall not be performed if non-
animal procedures are reasonable and practically avail-
able [6]; 2) In vivo test methods are expensive, time
consuming and require the sacrifice of many animals.
As an example, the rodent bioassay for assessing car-
cinogenicity costs $1-3 million and requires at least 3
years to complete [7]. The development of reliable in
vitro models offers potential reduction of time and cost
during new product development; 3) There is often
doubt concerning the relevance to humans of toxicity
or lack of toxicity, of compounds tested in animals. A
compound toxic in one animal is not necessarily toxic

in another animal and vice versa. For example thali-
domide only causes birth defects in humans and rab-
bits and not in rats or mice [8]. Another example is the
herbicide acetochlor, which caused the induction of
nasal adenomas in rats in 2-year feeding studies. How-
ever after investigations including human tissue ex-
periments it was concluded that the effects in rats were
not relevant to humans [9]. Some of the species differ-
ences can be clarified; a specific isoenzyme of cyto-
chrome P-450 found in the nasal epithelium of rat but
not in humans, is thought to be responsible for the spe-
cies dependent effect of acetochlor [10]. Further spe-
cies variations in the expression of many Phase I and
Phase II metabolizing enzymes are known [11-13].
There are, therefore, compelling ethical, financial and
scientific reasons for developing in vitro alternatives
to animal testing. The most important issue in the de-
velopment of such tests is that the data produced by
the test system is relevant to human risk.

Current status of established renal cell
culture models

Renal cell cultures, which retain adequate renal cel-
lular functions known to interfere with xenobiotics or
drugs, have the advantage of providing an experimen-
tal model that is not influenced by higher-order regu-
latory systems. Alternative in vitro nephrotoxicity sys-
tems have been reviewed elsewhere [14]. For success-
ful application of renal cell cultures, certain require-
ments must be met. The kidney is populated by more
than 15 different cell-types, all with their own specific
antigenic, biochemical and physiologic and patho-
physiologic properties and sensitivity to chemical com-
pounds [15]. The nephron and collecting duct system
alone are populated by at least 12 different cell types
(Figure 1, Table 1) [16]. By bringing kidney tissue into
culture without applying any cell purification strate-
gies, aforementioned in vivo heterogeneity will be re-
flected in a comparable heterogeneity in vitro. Such
heterogeneity will inevitably interfere with the in vitro
study of molecular and cellular biology at the level of
a single cell-type. For culture systems to be valuable in
studying the effects of selected mediators on various
cell properties in a cell-type dependent way, it is criti-
cal to have access to cultures containing homogeneous
cell populations of defined cell type/nephron segment
origin [17].
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Figure 1. The different cell types
present in the distinct (sub-)segments
of the mammalian nephron and
collecting duct system [16].
Abbreviations:
PCT=proximal convoluted tubule cell;
PST = proximal straight tubule cell;
TAL= thick ascending limb cell;
DTL=descending thin limb cell;
CNT=connecting tubule cell;
DCT=distal convoluted tubule cell;
CD-PC=collecting duct principal cell;
CD-IC=collecting duct intercalated cell.

Cells isolated from the kidney and successfully cul-
tured should retain a phenotype, which preserves the
key properties of the in vivo et situ components relevant
for nephrotoxicity studies.

For example, glomerular microvascular endothelial cells
in culture should maintain the characteristic fenestra-
tion, the presence of Weibel-Palade bodies (both ob-
served by transmission electron microscopy), the basal
expression of von Willebrand factor and CD 31 (plate-
let-endothelial cell adhesion molecule-1) and the bind-
ing of lectin Ulex Europaeus (for human cells) [18, 19].

Microvascular endothelial cells (regardless of their or-
gan of origin) should respond to cytokines such as tu-
mor necrosis factor α (TNF-α), by the increased expres-
sion of cell adhesion molecules for example E-selectin
and intercellular adhesion molecule-1 (ICAM-1) [19,
20]. It is advisable to not only demonstrate the pres-
ence of specific characteristics, but also the absence of
non-endothelial markers such as cytokeratin-8 (epithe-
lial cells) [21], smooth muscle α actin (smooth muscle
cells) and the intermediate filament protein desmin
(pericytes) [22, 23]. The morphological characterization
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of endothelial cells by light microscopy must be used
with caution due to the marked plasticity of these cells
in culture [24]. However, glomerular endothelial cells
can usually be distinguished at a light microscopy level
from common contaminating cells such as fibroblasts,
mesangial cells and epithelial cells [19].

Glomerular visceral epithelial cells (podocytes) in cul-
ture should at least have retained the potency to pro-
duce basement membrane constituents (collagen IV
and glycosaminoglycans) and maintain the expression
of cytokeratin, the membrane proteins megalin and
podocalyxin [25], complement C3b and angiotensin II
receptors, as well as the synthetic machinery for the
synthesis of prostaglandins (Prostaglandin E2 and
thromboxane) [26].

Glomerular mesangial cells in culture should display
the basic properties of pericytes such as the expression
of the cytoskeletal filaments smooth muscle actin [27],
myosin, vimentin and desmin [28] and also functional
properties of their in vivo counterparts such as, the ca-
pability to produce extracellular matrix molecules con-
tributing to the formation of the glomerular basement
membrane [29] and response to vasoconstrictive sig-
nals [30], growth factors and mitogenic signals and dis-
play phagocytic properties [31]. Morphologically they
are recognized by the formation of multilayers and hill-
ock structure as assessed by phase contrast microscopy
and bundles of microfilaments orientated parallel to
the plasma membrane at an electron microscopic level
[32]. The absence of expression of non-mesangial mark-

Table 1. Anatomical structure of the mammalian nephron [16].

Micro-
anatomical

terms

Main divisions Segmentation
(preferred terms)

Cell types Other frequently used
descriptions

Proximal
convolution

Pars
convoluta

Proximal
convoluted tubule

(PCT)Proximal
tubule

Pars
recta

Proximal straight
tubule (PST)

S1 segment

S2 segment

S3 segment

S1 cells

S2 cells

S3 cells

P1 segment

P2 segment

P3 segment

Pars
descendans

Descending
thin

limb (DTL)
DTL cells

Intermediate
tubule

Pars
ascendans

Ascending
thin

limb (ATL)
ATL cellsLoop of

Henle

Pars
recta

Thick ascending
limb (TAL)

(or distal straight
tubule)

Medullary straight part

Cortical straight part

Post macular segment

TAL cells

Distal
tubule

Pars
convoluta

Distal convoluted
tubule (DCT)

DCT1

DCT2

DCT cells
(+ IC cells)

Early
distal tubuleDistal

convolution

Connecting tubule (CNT)
CNT cells
(+ IC cells)

Late
distal tubule

Distal tubule

Cortical collecting duct (CCD)

Outer medullary collecting duct (OMCD)

Principal cells
(+IC cells)

Cortical collecting tubule (CCT)

Collecting
duct

Collecting
system Collecting

duct

Inner medullary collecting duct (IMCD) Principal cells
Inner medullary collecting tubule
Papillary collecting duct (PCD)

(Ducts of Bellini)

Macula densa (MD) MD cells
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ers such as cytokeratin and von Willebrand factor will
exclude the possibility of contaminants from other cell
types.

Renal tubular epithelial cells in culture represent an
adequate in vitro model for nephrotoxicity studies if
they have retained: (1) polar architecture and junctional
assembly of epithelia, and proper polar distribution of
membrane enzymes and transport systems, (2) vecto-
rial transport of solutes and water, manifested by the
formation of domes [33], the generation of transepi-
thelial electrophysiological properties [34, 35], and cel-
lular uptake of xenobiotics from either the apical or
basolateral side, as observed in vivo [2] and (4) expres-
sion of nephron segment-specific characteristics, i.e.
distinct antigen/enzyme differentiation markers, meta-
bolic and transport properties, and hormone respon-
siveness [3, 17, 36]. Precise information concerning
enzyme and antigen distribution along the course of
the nephron has become available with the advent of
microdissection techniques, (quantitative) histochem-
istry and immunohistochemistry. Figure 2 illustrates
the in vivo expression patterns of a number of nephron
(sub-)segment specific epitopes in the human neph-
ron.

Whether these requirements are better met by pri-
mary cultures or renal cell lines is still subject of de-

bate. To date, none of the primary cultures or continu-
ous renal cell lines, at least for tubular epithelial cells,
fully express all the differentiated functions found in
their in vivo counterparts [37].

Methods of obtaining human primary
renal tubular epithelial cell cultures

The use of primary cell cultures has certain advan-
tages over perpetuated cell lines as the origin of the
cell is defined and inherently represent a better level
of differentiation.

Primary cultures containing more than one cell-type
have up to now generally been considered less useful
as one cannot ascribe the observed effects to a single
defined cell-type. Consequently, over the past few
years considerable effort has been expended to develop
purified primary cultures containing only cells from
an identifiable nephron segment and, whenever pos-
sible, containing but one single cell-type (reviewed in
[42]). A more recent approach consists of developing
ancillary techniques, which allow retrieval of cell spe-
cific responses in mixed cultures (containing cells from
different nephron segments) [43].

The methods that have been described for obtain-
ing human primary tubular epithelial cultures can be

Figure 2A. Diagram representing epitopes limited to the proxi-
mal convoluted tubule (PCT, left), epitopes limited to the proxi-
mal straight tubule (PST, right), and epitopes shared by proxi-
mal convoluted and proximal straight tubule (middle) [16].

Figure 2B. Diagram shows epitopes limited to the dis-
tal tubule cell (DT, left) epitopes limited to the collect-
ing duct (principal) cell (CD, right), and epitopes shared
by distal tubule and collecting duct cells (middle).

Abbreviations: AAP: Alanine aminopeptidase (aminopeptidas N/M); ACAM: N-Cadherin; APA: Aminopeptidase 1 (angiotensinase); AQP-1: Aquaporin-1;
AQP-2: Aquaporin 2; DPPIV: Dipeptidyl peptidase IV; EMA: Epithelial membrane antigen; GP-40kD: Glycoprotein 40kD [38]; IAP: intestinal alkaline
phosphatase; L1-CAM: L1 Cell adhesion molecule; NCX: Na+-Ca++ exchanger; NEP: Neutral endopeptidase; β-N-Ac: Dolichus biflorus; THP: Tamm-
Horsfall protein; TN-1: TN-1 antigen [39]; TN-2: TN-2 antigen [39]; TN-3: TN-3 antigen [39]; TN-5: TN-5 antigen [39]; TNAP: Tissue non-specific alkaline
phosphatase; TSC: Thiazide sensitive Na+-Cl- cotransporter; URO-10: Uro-10-antigen [39]; URO-3: Uro-3-antigen [41]; URO-5: Uro-5-antigen [41];
URO-8: Uro-8-antigen [40]; VLA-2: Very late antigen 2; VLA-3: Very late antigen 3; a-N-Ac: Arachis hypogea; γ-GT: γ-glutamyl transferase
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classified into preparative techniques, in which the cul-
tures are started off by seeding a ‘bulk-mixture’ of cells
of variable nephron segment origin, and pre-purifica-
tion techniques, in which cultures are started off by seed-
ing one particular cell subset selected from the initial
bulk-mixture. Preparative techniques have been widely
applied for starting mixed-type tubular epithelial cultures
and homogeneous proximal tubular epithelial cultures of
both animal and human origin. Preparative techniques
have also been described for obtaining rat and rabbit
distal tubular epithelial cultures. To date no preparative

techniques have been described for obtaining human
distal tubule/collecting (duct) system cultures [44-45].
The following discussion will be limited to the tech-
niques that have been published for obtaining the di-
verse types of human tubular epithelial cultures.

Preparative techniques (human cultures)

An overview of the preparative techniques that
have been published for obtaining homogeneous proxi-
mal tubular epithelial cultures and mixed-type tubular epi-

Author (et al),

year

Preparative

Procedure

Growth

Medium

Passage Characterization Application

Detrisac

1984 46�
Diss� Expl DMEM/HAMF12 +

HITS + T3 + EGF

P6-P12 CC: Glc-6-P+, AcP+, AP+,

ICC: CA+, VWF–, THP–, keratin–,

Morph: Domes+, Microvill+

53-55�

Triffilis

1985 50�
Perf Coll � Diss
� Coll� Siev
� Seed

EMEM CC: gamma-GT+,

ICC: cytokeratin+, THP–, vWF–

56, 57�

Miltenburg

1989 58�
Diss� Expl DMEM/HAMF12 +

HITS + T3 + EGF

P2-P6 ICC: EMA++, DPPIV+, cytokeratin–

Morph: Epith+, Domes+, Microvilli+
59-63�

McLaren

1990 49�
Diss� Coll
� Siev� DGC
� Seed

DMEM/HAMF12 P0 ICC: AcP+, NEP+, LAP+, vWF–, EMA–

, Glc-3-P-DHG–

cAMP: PTH+, AVP–, Calc–

T: Na+-dep. glc, anion and cation

transport

Morph: Epith+, Domes+, Microvill+

64�

Racusen

1991 65�
Diss� Coll
� Diss� Siev

� Seed

DMEM/HAMF12 +

HITS + 10%FCS +

T3

? ICC: gamma-GT+ 65�

Phillips

1995 66�
Diss� Serial

Siev

� Coll� Seed

DMEM/HAMF12 +

HITS + 10%FCS

P3 ICC: AP+, AcP+, NSE+, Glc-6-Pase+,

THP–

Morph: Microvill+

67, 68�

Courjault-

Gautier

1995 69�

Diss� Coll

� Siev� Coll
� Siev� Seed

DMEM/HAMF12 +

HI*TS

*:t1: insulin–, glc–

t2:insulin + ,glclow

P1 BC (homog): AP+, gamma-GT+

Morph.: Epith+, Microvilli, Domes+,

cAMP: PTH+, AVP–, Calc–

T: Na+-dep. Glc and P uptake

AcP: acid phosphate
AGCU: adenosine, guanosine, cytosine and

uridine supplemented
AP: alkaline phosphatase
APN: aminopeptidase N
AVP: arginine vasopressin
BC (homog): biochemical determination on

culture homogenate
CA: carbonic anhydrase
Calc: calcitonin
cAMP: cyclic adenosine monophosphate
CC: cytochemistry
Coll: treatment with collagenase
CG: density gradient centrifugation
Dexa: dexamethasone
DHG: dehydrogenase

diss: dissection
DMEM: Dulbecco’s modified Eagle medium
DPPIV: dipeptidyl peptidase IV
EGF: epidermal growth factor
EMA: epithelial membrane antigen
Epith: epithelial
Expl: explantation on culture substrate
FACS: fluorescence activated cell sorting/

analysis
FCS: fetal calf serum
glc: glucose
HITS: hydrocortisone/insulin/transferrin/

selenium supplemented
Homog: tissue discruption in sterile tissue

homogenizer
ICC: immunocytochemistry

IT: insulin/transferring supplemented
LAP: leucine aminopeptidase
MACS: magnetic cell separation
Morph: morphologically
NEP: neutral endopeptidase
NSA: neuron specific enolase
P: phosphate
Px: passage x
Pase: phosphatase
Perf coll: organ perfusion with collagenase
PTH: parathyroid hormone
Seed: seeding on culture substrate
Siev: sieving through steel sieve
T3: triiodothyronin
THP: Tamm-Horsfall protein
vWF: von Willebrand factor

Table 2. Overview of the published macro-separation techniques described to result in pure human proximal
tubular epithelial cultures [52].
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thelial cultures of human origin is shown in Tables 2
and 3. Two basic culture methods can be distinguished:
explantation of tissue fragments versus seeding of single
cells/small tubular fragments. In the explantation
method [46], renal cortical tissue is cut up into small
fragments, approximately 1 mm3 in size. These frag-
ments are then explanted directly into a culture flask
pre-coated with serum. The fragments are then im-
mersed in cell culture medium, which results in out-
growth of cells from these tissue fragments. The out-
growing cells ultimately form confluent monolayers.

In the seeding techniques, the dissected cortex is ad-
ditionally subjected to sieving through a steel mesh
sieve [47], proteolytic digestion (using collagenase,
trypsin, DNAse, or an enzyme mixture) [48] or both
[49]. Triffilis et al. [50] perfuse the entire kidney with
collagenase before dissecting it. In the method of
McLaren et al. [49], the digested fragments are addi-
tionally centrifuged on a discontinuous Percoll®-gra-
dient for separation of viable cells from small debris.
The resulting suspension of cells/small tubular frag-
ments is then seeded, cultured and passaged several
times. Cells are usually grown on tissue-culture-treated
plastic surfaces. In order to improve adherence and dif-
ferentiation, several authors pre-coat the growth sur-

Author (et al),

year

Preparative

Procedure

Growth

Medium

Passage Characterization

Hang Yang

1987 70�
Homog� Siev
� Coll� Siev

� Seed

Waymouths +

10%FCS

�P5 BC (homog): LAP+,AP+, gamma-GT+

Kempson

1989 48�
Diss� Coll

� Seed

DMEM/HAMF12 +

10%FCS

P3- P8 BC (homog): LAP+, gamma-GT+, Maltase+

T: Na+-dep. glc, P & alanine transport

cAMP: PTH+++, AVP+

Morph: heterogeneous, Epith+, Domes+,

Microvilli+

Burton

1996 71�
Diss� Coll
� Siev� Seed

DMEM/HAMF12 +

5%FCS + HITS + T3

P2 ICC: NSE+, vWF–, EMA+, keratin+

cAMP: PTH++, AVP+

Morph: Epith+, Domes+, Microvilli+

Combe

1997 72�
Diss� Coll

� Siev� Seed

DMEM/HAMF12 +

5%FCS (P3: + HITS +

T3)

P2-P5 ICC: EMA+, DPPIV+, NSE+, VWF–,

cytokeratin+

cAMP: PTH++, AVP+

Morph: Epith+, Domes+

Orphanides

1997 47�
Diss� Siev
� Seed

RPMI1640 + 10%FCS

+ AGCU + Dexa

P1-P6 CC: AP+,

ICC: desmin–, vimentin–, �-SMA–, keratin+

Morph: Epith+

face with serum and/or several extracellular matrix
components.

Since the original description of Detrisac et al. [46]
a 1:1 mixture of DMEM and HAMF12, supplemented
with hydrocortisone, triiodothyronine, insulin, trans-
ferrin and selenate (currently known as K1 medium)
[51], has been the most widely used medium in hu-
man (proximal) tubular epithelial cell culture. Several
authors add serum because of its growth promoting
effect.

Problems & pitfalls in determining cell composition
in cultures obtained by macro-separation techniques

In all macro-separation techniques, the starting
material is from multiple nephron segments. Hence,
assessment of unwanted elements such as non-epithe-
lial contaminants, non-tubular contaminants and/or
presence of cells originating from ‘undesired’ neph-
ron segments, is imperative. Culture composition has
generally been studied by checking for presence of fea-
tures characteristic of the cell-types of interest in vivo,
and vice-versa, for absence of features characteristic of
the contaminating cell-types. As far as morphology is
concerned, most authors checked presence/absence of
epithelial growth pattern, that is confluent monolayer

Table 3. Overview of the published macro-separation techniques described to result in heterogeneous human
tubular epithelial cultures [52].

Abbreviations: see table 2
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growth, and presence of microvilli and dome forma-
tion, the latter indicating vectorial transport-activity
and presence of tight junctions. Culture composition
has also been studied by checking for presence/absence
of expression of several membrane & intracellular con-
stituents (brush-border ecto-enzymes, hormone recep-
tors, intermediate filaments such as cytokeratins). Fi-
nally, some authors studied synthesis and release of
specific products (such as cAMP-production follow-
ing stimulation with diverse hormones) and presence
of segment specific transport activities indicative of
differentiated cell function (Tables 2 and 3).

However, despite using similar isolation proce-
dures, culture techniques and culture media, different
authors often draw different conclusions as to ‘homo-
geneous proximal’ versus ‘heterogeneous tubular epi-
thelial’ composition of their resulting cultures (Table 2
versus Table 3). The different conclusions regarding
the (in-)homogeneity of the resulting cell populations
may not follow from imprecise cell characterization,
but rather from a different interpretation of the cell
characterization.

In several studies multiple passages of cultures pre-
cede characterization. Repeated subculturing of cells
results in large cell numbers, often necessary for toxi-
cological & mechanistic studies, but multiple passages
promote loss of antigenic, biochemical and functional
characteristics of cells [51, 73-75]. This loss of cell-type
specific characteristics is likely to interfere with proper
characterization of cultures by promoting a false ho-
mogeneous image of culture composition (phenotype
homogenization). The finding that all cells in initially
heterogeneous cultures show the same phenotype fol-
lowing several passages has generally been interpreted
as reflecting purification caused by some form of se-
lection pressure. It should be noted however that ex-
cept in the study of Courjault-Gautier et al. [69], such
selection pressure has never been confirmed. Conse-
quently, it would seem more prudent to consider the
possibility of latent cell-types persisting in culture, re-
maining undetected due to widespread loss of anti-
genic, biochemical and functional characteristics.

It is evident that differentiating true purification
from phenotype homogenization will be facilitated by
increasing the number of cell characteristics studied.
In this regard it should be noted that in a number of
studies, homogeneous proximal tubular cell composi-
tion was indeed based on a very limited amount of

data [65, 76]. Differentiation between purification and
phenotype homogenization will be facilitated by char-
acterizing the cells early after isolation, to prevent loss
of cell differentiation with increasing culture time [77,
78]. In this regard it is of note that cells were character-
ized very late in the explant method of Detrisac et al.
[46] (passage 6-12), because cell (out-)growth proceeds
very slow in the absence of serum.

Secondly, conclusions on cell composition were of-
ten inferred from characterization studies performed
at the population level, rather than at the individual
cell level. Examples are the studies in which proximal
tubular brush-border enzyme activities were deter-
mined on culture homogenates [50]; studies in which
proximal tubule transport characteristics (sodium-de-
pendent glucose, amino-acid and/or phosphate up-
take) were determined [49]; and studies in which ade-
nylate cyclase activation patterns following hormonal
stimulation were assayed. Such characterization stud-
ies indeed provide valuable information on differenti-
ated state and function of cells present in the cultures
under study; however, they do not provide informa-
tion on homogeneity/purity of the culture and can not
be used for this purpose. As an example, one approach
to exclude the presence of non-proximal tubular cells
in cultures is by demonstrating absence of a signifi-
cant increase in cAMP production following addition
of AVP and/or calcitonin [49]. Unfortunately, nega-
tive results of such population-based characterization
studies do not exclude the presence of cell subsets if
not accompanied by strong experimental evidence that
the ‘unwanted’ cell subset actually continue to respond
in the presumed way (evidence that was never pro-
vided, as the unwanted cell subsets were not available
as pure populations).

Similarly, histochemical stainings of monolayers in
situ provide more information on culture composition
than enzyme determinations on culture homogenates.
Nevertheless, small-unstained subsets may easily re-
main undetected and very few authors have actually
counted the percentages of cells that stain positively
(for example by staining cytospin-preparations). Of-
ten the information is merely qualitative. In the stud-
ies of Detrisac et al. [46], for example, expression of
glucose-6-phosphatase is the only strong argument for
proximal origin of the resulting cells; however, the
authors provide only qualitative histochemical infor-
mation on its expression in the resulting cultures. If a
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subset of cells does not stain due to antigen/enzyme
expression below detection limit, a contaminating cell
subset may remain undetected.

Even cells grown in optimized culture conditions
never reproduce the whole phenotype of their in vivo
counterparts: alteration in phenotype may result from
genetic drift, cell selection and/or environmental fac-
tors [51]. For example, certain markers that are cell-
type specific in vivo, have been shown in vitro to be
expressed on cell-types not expressing them in vivo (off

 on concept, first described by Bander et al.) [79-84].
Other markers are known to disappear on cells once
grown in vitro (on  off concept). Pre-purified culture sys-
tems are the ideal tool for studying the extent to which
such phenotype alterations occur in distinct cell-types.
In view of the lack of pre-purified cultures used to char-
acterize cultures derived by macro-separation tech-
niques, very little information on phenotype alterations
is available. Hence, deduction of cell origin is largely
based on the assumption that no such changes take
place, contributing to misinterpretation of cell origin
and culture composition.

With the availability of pre-purified TAL cultures
(microdissection studies, see below), it is now known
that THP is rapidly lost by TAL cells, once in culture.
Nevertheless, many authors have inferred homoge-
neous proximal composition of cultures by demonstrat-
ing absence of THP-immunoreactivity on cultured cells
[46, 50, 66]. Homogeneous epithelial composition was
similarly often inferred simply from absence of the en-
dothelial marker von Willebrand Factor (vWF)-immu-
noreactivity, without proof that vWF remains ex-
pressed on endothelial cells under their culture condi-
tions [46, 49, 50].

DPPIV and AP are other examples of markers that
are used improperly in cell culture for characteriza-
tion purposes [46, 58, 66]. In vivo, DPPIV and AP are
expressed only by proximal tubular cells. With the
availability of pre-purified DT and CD system cultures,
it is now clear that in vitro DPPIV and AP are also ex-
pressed on DT/CD system cells and CD cells, respec-
tively. Thus any characterization study that uses mark-
ers of which the lineage-specificity was not previously
confirmed in vitro should be viewed with utmost cau-
tion.

Finally, a number of conclusions with respect to cell
origin were simply based on incorrect use of markers.
As an example, some authors have inferred absence of

non-epithelial cells from absence of vWF expression
in their cultures [66]; whereas, vWF expression is lim-
ited to a subset of human renal endothelial cells. Simi-
larly THP has regularly been used for excluding pres-
ence of non-proximal tubular epithelial cells [46, 50,
66, 58], whereas it expression is again limited to a sub-
set of distal tubule cells, namely TAL cells, with none
on collecting duct cells. Some authors [49] inferred ho-
mogeneous proximal origin based on strong upregu-
lation of adenylate cyclase activity in their cultures
which is PTH specific, and absent with AVP [46, 53,
54, 64]. However, microdissection studies in human
have revealed that PTH stimulates adenylate cyclase
in both proximal and distal tubule cells (see below) [85,
86]. Thus, the aforementioned hormone responsiveness
pattern would be perfectly compatible with homoge-
neous distal tubule culture composition.

Comparison of the characterization results of the
studies summarized in table 2 (supposedly homoge-
neous proximal tubular epithelial origin) with those in
table 3 (supposedly heterogeneous tubular epithelial
origin), yields relatively few convincing differences.
Those authors who concluded that their cultures were
not of homogeneous proximal origin seem to provide
evidence of a more prudent and scientifically more cor-
rect conclusion. In our opinion a meticulous and de-
tailed re-characterization of the cultures obtained by
aforementioned macro-separation techniques (that is
performed early, on the single cell level rather than on
the population level, using only validated markers, and
using them in a correct way) would yield a more het-
erogeneous antigenic/biochemical profile, and neces-
sitate reconsideration of their initially reported homo-
geneous composition.

Pre-purification techniques

Manual microdissection
The most direct way to establish cultures from spe-

cific portions of the nephron is to initiate them from
well-identified microdissected tubule segments. In the
microdissection procedure, tubules are identified by
their orientation within the kidney slice, their consis-
tency, and their distinct morphological characteristics
under the microscope.

Several groups have used this manual microdissec-
tion approach to isolate individual sub-segments. This
resulted in very pure cultures of PT cells, TAL cells,
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DCT cells and CD system cells from rabbit [85, 87-93].
Wilson and co-authors showed that human PCT (S1S2),
PST (S3), TAL and CD can similarly be obtained by
manual microdissection and can be grown in primary
culture in defined media [94].

The major advantage of the microdissection tech-
nique is the quasi-absolute certainty concerning the ori-
gin of the cells. Hence, cultures obtained by microdis-
section provide the ideal tool for studying cell re-
sponses. Microdissection does not, however, allow
separation of multiple cell-types present in the same
segment in vivo. Wilson et al. indeed report that their
microdissected CD cultures contain at least two dis-
tinct cell populations (principal cells and intercalated
cells) [94]. The main disadvantage of the microdissec-
tion technique is the limited number of cells derived
from a single isolate, particularly true primary (that is
passage 0) cells.

Affinity purification (immunoselection) techniques
To date, monoclonal antibodies or lectins specific

for almost every cell-type of the nephron and collect-
ing (duct) system are available (Figure 2). This array
of monoclonals/lectins represents a powerful tool for
the immunoselection of individual cell-types. How-
ever, the applicability of antibodies and lectins for im-
munoselection is limited by the membrane expression
density of the antigens/oligosaccharide moieties
sought, their stability and affinity.

In the panning technique, originally developed by
Wysocki and Sato [95], cell selection is achieved by in-
cubating a mixture of cells (obtained by macro-sepa-
ration techniques) on a culture dish pre-coated with a
monoclonal antibody, which allows the adsorption of
the cell-type bearing the corresponding antigen. The
remaining cells are removed by repeated washings.
Panning has been used for isolating rat PT cells, rabbit
TAL cells and rabbit CD cells [96-100]. To date, pan-
ning has not been used for purification of human renal
cell-types.

In magnetic cell sorting (MACS), cells labeled with
primary antibody are incubated with a ferrous conju-
gated second antibody. Labeled cells are separated by
decanting the cell suspension in a magnetic field.
Pizzonia et al. [101] and Bacskai and co-authors [102]
introduced MACS for immunoselection of murine dis-
tal tubule cells. Baer et al. [103] used MACS for im-
munodissection of human proximal and distal tubule

cells, based on expression of the brush-border enzyme
aminopeptidase M (CD13) and THP, respectively.

In fluorescence activated cell sorting (FACS), cells are
sorted following labeling with fluorochrome-tagged
primary or secondary antibodies. Cells are exposed to
a laser beam and selected on the basis of presence or
absence of cellular fluorescence. FACS was used for
affinity purification of rabbit CD principal and inter-
calated cells using fluorochrome-tagged monoclonal
antibodies and lectins [104-107]. It was first used to pu-
rify human cells by Van der Biest et al. [107]. FACS has
been expanded since its original use and now allows
isolation of a wide variety of cell types present in the
human nephron: proximal tubule cells (antigen: leu-
cine aminopeptidase), proximal convoluted tubule cells
(antigen: TN20 antigen), proximal straight tubule cells
(antigen: intestinal type alkaline phosphatase), distal
tubule/collecting duct system cells (antigen: epithelial
membrane antigen), thick ascending limb cells (anti-
gen: epithelial membrane antigen), and principal cells
(antigen: L1 cell adhesion molecule) [43].

Characterization of pre-purified cells: gold standard
cultures

Prepurified cultures can be considered a ‘golden
standard’ for the in vitro characteristics and/or for the
in vitro ‘behavior’ of defined cell-types. Thus, antigen
characteristics, transport processes and hormone pro-
files of proximal tubule, distal tubule and collecting
duct cells have been characterized by Wilson et al. [87]
(microdissection), Baer et al. [103] (MACS) and Van
Der Biest et al. [107] (FACS) (Table 2).

As far as morphologic characteristics are concerned,
dome formation was described in confluent PT, DT and
CD system cultures, indicating vectorial solute and
water transport in all these cell-types [94, 103, 107]. Van
Der Biest et al. [107] using phase contrast microscopy,
described proximal tubular monolayers to consist of
closely packed polygonal cells, which display high
granularity, indicative of high endocytic activity. On
the other hand, DT/CD system cells are clearly less
granular and present with a more curved outline [107].
At the ultrastructural level, microvilli have been de-
scribed on both proximal and distal tubular cells [94,
103, 107]. On both cell-types, their density is substan-
tially lower than on the corresponding cells in vivo. It
is noteworthy to mention that in characterization stud-
ies of cultures obtained by macro-preparative tech-
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niques, both dome formation and presence of microvilli
has, until recently, been interpreted as proving proxi-
mal phenotype (thus origin) [46, 64, 66, 69].

The expression of several in vivo proximal tubule
and distal tubule antigens remains present on in vitro
preparations of proximal tubule and distal tubule cells
(proximal: AP, γ-GT, DPPIV, APN; distal: EMA). Stud-
ies on these defined cell-types also revealed that some
in vivo cell-type specific markers (such as THP) were
no longer expressed on the corresponding cells in vitro
[103]. Antigen expression studies on purified cultures
similarly revealed that a number of in vitro nephron
segment/cell-type specific markers are no longer con-
fined to these cell-types once in vitro. In this way, the
brush-border enzymes γ-GT and AP were found to be
expressed weakly on DT cells and moderately on CD
system cells, respectively [94, 103, 107].

Pre-purified cultures can be used to study hormone
response patterns of defined renal epithelial cell-types.
All authors agree on PTH responsiveness and AVP
unresponsiveness by proximal cells in terms of adeny-
late cyclase activation [94, 103, 107]. Heterogeneous
DT/CD system cultures were found to respond to both
PTH and AVP stimulation [107]. Baer et al. [103] and
Helbert et al. [52] found DT cells to respond strongly
to PTH stimulation but very weakly to AVP. CD sys-
tem cells on the other hand produced cAMP following
PTH stimulation but not following stimulation with
AVP. These results are in accordance with the data from
Chabardes and co-authors [86], who studied the ac-
tion sites for PTH and AVP along the human nephron
by measuring adenylate cyclase activity using an in
vitro single tubule micro-assay (tubules isolated using
microdissection). In their hands, PTH increased ade-
nylate cyclase activity in the PT and the DCT. AVP in-
creased adenylate cyclase activity in the ‘late distal
convoluted tubule’, that is the CNT, and the CD sys-
tem [86]. The aforementioned hormone response pat-
terns are in accordance with hormone receptor local-
ization studies in rat by Yang et al. [108], Lee et al. [109],
Terada et al. [110], Mimura et al. [111], Philips et al.
[112] and Nonoguchi et al. [113].

Determination of responses in a cell-type
dependent way in unpurified cultures

Because antigenic shifts (on  off, off  on) seem to
be enhanced by multiple passaging of cells, it seems

prudent to limit the use of renal (tubular epithelial)
cell cultures as an in vitro model for the study of in vivo
phenomena to low-passage-number subcultures, pref-
erentially to ‘true primary’ (i.e. passage-0) cultures. At
a first glance, the use of pre-purified passage-0 cultures
may seem the solution to this problem. However, low
cell yield of the primary isolate is the price of high pu-
rity. Consequently, their use for experiments requir-
ing large cell numbers is impractical. Another approach
consists of introducing ancillary techniques that allow
evaluation of events/responses at the nephron segment
level in cultures containing different cell types, as is
the case when cultures are started off from a mixture
of cells originating from different nephron segments.
By studying the expression of a panel of cell surface
markers in pre-purified proximal and distal tubule/
collecting duct cultures, it is possible to identify a num-
ber of markers that retain their lineage specificity in
vitro. Using these appropriate stable markers in FACS
thus allows distinction of proximal and distal tubule/
collecting duct subsets in previously not pre-purified
cultures (Figure 3). When applying these markers in
multi-parameter FACS analysis, assessment of cell
events/responses becomes possible in a cell-type de-
pendent way in mixed cultures [43].

Multi-parameter-FACS-analysis applied on mixed-
type cultures combines two major advantages: first, it
allows obtaining cell type specific information in true
primary cells (passage 0), implying optimal differen-
tiation. Second, it allows obtaining cell-type-specific
information despite using a culture strategy that im-
plies less workload and results in considerably higher
cell yield (as compared to culture techniques requir-
ing pre-purification).

Non-human primary cultures

Primary cultures of renal tubular, glomerular me-
sangial and endothelial cells from various species have
been developed, including: mouse [114], rat [115, 116],
rabbit [117] and pig [118]. Although cells in primary
culture tend to dedifferentiate, the characteristics of
those cells are usually closer to the in vivo situation than
are animal cell lines, at least for a limited culture pe-
riod. Primary cultures have been used successfully to
study the short-term in vitro effects of cisplatin, gen-
tamicin, cephalosporins, cysteine conjugates, butyl hy-
droperoxide, mercuric chloride, and cadmium chloride
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Figure 3. (Immuno-) cytochemical and flow cytometric stain-
ing of confluent not pre-purified human renal tubular epi-
thelial cell cultures.  Cultures were stained/labeled for ex-
pression of validated markers: the proximal tubular marker
leucine aminopeptidase (LAP), the distal tubular/collecting
duct marker epithelial membrane antigen (EMA) and the
epithelial marker cytokeratin type 18.  LAP cytochemical
staining shows that proximal tubular cells (LAP positive, pink)
are organized into groups surrounding islands of cells not
expressing LAP (A).  Immunocytochemical staining for ex-
pression of EMA (brown) illustrates how EMA positive cells
grow in similar island-like configurations (B).  EMA (immu-
nocytochemistry, brown)/LAP (cytochemistry, red) dual stain-

ing of these cultures demonstrates that the LAP negative
islands match with the EMA positive islands and vice versa
(C). The epithelial nature of these cultures is shown by their
homogeneous staining for cytokeratin (immunocytochem-
istry, brown) (D).  Flow cytometric analysis of these not pre-
purified tubular epithelial cultures following EMA /LAP dual
labeling similarly reveals the co-existence of proximal cells
(LAP positive cluster) and distal tubular/collecting duct cells
(EMA positive cluster).  Dot plot representation (E) and con-
tour plot representation of 10.000 dual labeled cells (F).
Orig. magn.: A: x45; B-C: x55; D x130.  Contour plots drawn
in 10% linear-density. Adapted from [16], with permission.
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[119-122]. Nevertheless, the majority of in vitro neph-
rotoxicity studies have been performed on permanent
or continuous renal epithelial cell lines.

Permanent and immortalized cell lines
(human and non human origin)

Widely used permanent cell lines

Cell lines offer several advantages over primary cell
cultures, such as an unlimited life-span and the lack of
time-consuming isolation procedures. For this reason,
the majority of in vitro nephrotoxicity studies have been
performed on permanent or continuous renal epithe-
lial cell lines. The most widely used permanent renal
epithelial cell lines of animal origin are the LLC-PK1
(Hampshire pig) [124,125], JTC-12 (cynomilgus mon-
key) [126] and OK (American opossum) [128] cell lines,
which exhibit biochemical and antigenic characteris-
tics  suggestive of proximal origin, and the MDCK
(Cocker Spaniel) [125,127], and A6 (clawed toad, Xe-
nopus laevis) cell lines which exhibit properties sug-
gestive of distal tubule/collecting duct origin. It should
be noted that neither the cell-type of origin, nor the
agent responsible for transformation are known for the
aforementioned cell lines since no attempts were made
to characterize their ‘parent cells’. Their ‘origin’ was
merely deduced from their morphologic and functional
properties, which were usually studied years after
emergence resulting in an ambiguous phenotype, leav-
ing their true origin uncertain.

The MDCK cell line, for example, is one of the most
widely employed cell lines in basic renal epithelial re-
search. These MDCK cells show a hormonal profile con-
sistent with collecting duct origin, express the furo-
semide-sensitive Na+/K+/2Cl- symporter, consistent
with TAL origin, and express significant amounts of
brush-border hydrolases (tnAP and LAP), consistent
with PT origin [127, 129, 130].

Two cell lines that are often used as a model for the
proximal nephron are the porcine cell line, LLC-PK1
and the OK cell line from the opossum kidney. Both of
these cell lines lack expression of the enzyme fructose-
1, 6-bisphosphatase, rendering them incapable of glu-
coneogenesis, a key metabolic pathway in proximal
nephron cells [4]. In addition, LLC-PK1 cells are not
responsive to parathyroid hormone, and lack a
probenecid-sensitive organic anion transporter [131].

On the other hand they express vasopressin receptors
[132, 133], which are not expressed in the in vivo corre-
spondents. OK cells display very little γ-GT, and lack
alkaline phosphatase, both considered to be markers
for the proximal nephron [134].

Genetically engineered (‘immortalized’) cell lines

A combination of the advantages of a continuous
cell line with improved differentiation of primary cul-
tures can be obtained by immortalization of the latter.
Immortalization of primary proximal tubular cell cul-
tures has been achieved in several ways [135]. Proxi-
mal nephron cell lines have been produced by targeted
oncogenesis in transgenic mice by using a pyruvate
kinase-SV-40(T) antigen hybrid gene [136]. Transduc-
tion of the SV40 large T antigen has also been used to
establish cell lines from rat primary proximal nephron
cell cultures of the Wistar Kyoto rat [137] and the rab-
bit [138, 139]. Using a hybrid adeno 12-SV40 vector,
successful immortalization of rabbit proximal primary
cultures has been achieved [139, 140].

In theory, immortalized cell lines represent ideal
cell culture models, provided that they derive from a
single well-defined cell-type and maintain many char-
acteristics of the parental cell. In practice, substantial
loss of cell differentiation characteristics (including
growth pattern, morphologic features, membrane
properties and secretory patterns) are common draw-
backs of cell immortalization, limiting their value as a
model system for studying biology and (patho-)physi-
ology of renal cells in vitro. This is illustrated in the
rabbit-proximal tubule cell line RC.SV1 by down-regu-
lation of transport systems and blunted or aberrant
hormone response patterns [51, 139, 141].

Moreover, a number of immortalized cell lines were
found to acquire atypical properties such as ion chan-
nel activities not present in the corresponding primary
cells [142-145]. Certain cell lines were also shown to
contain more than one morphologically/biochemically
distinct cell-type, despite repeated subcloning [146,
147].

Cell lines of human origin

Many investigators are interested mainly in human
disease but lack access to fresh human kidney tissue
suitable for harvesting primary cultures. In this regard,
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optimally differentiated human renal epithelial cell lines
with extended in vitro growth potential would seem
an ideal alternative. Nevertheless, to date there have
been no reports on the use of continuous human renal
cell lines to investigate site-specific renal toxicity and/
or other site-specific renal processes, although there
are several reports of primary human cells being used
for such studies [144]. This is likely due the low num-
ber of more-or-less well-differentiated human immor-
talized cell lines and/or renal carcinoma cell lines that
have been developed to date [148, 149]: several human
renal adenocarcinoma cell lines were found to show
very restricted expression of proximal tubular, even
epithelial, tubular differentiation antigens [148, 149].
Human immortalized renal cell lines expressing a num-
ber of differentiated features of the proximal tubule
were developed by Ryan et al. [150] (HK-2), Racusen
et al. [64] (HKC 5/8/11) and Nanus and co-workers
[151] (PT-KI, PT-HA]). HK-2 and HKC cell lines were
shown to maintain epithelial morphology, monolayer
growth pattern and Na+-dependent glucose transport.
HK-2 and HKC cells show moderate expression of the
proximal brush-border enzymes γ-GT and AP (al-
though substantially weaker when compared to pri-
mary proximal tubular cell cultures following several
passages). HK-2 cells retained weak responsiveness to
stimulation with parathyroid hormone (PTH); hor-
monal responsiveness was not studied in HKC cells.
The only information available on the cell lines devel-
oped by Nanus et al. [151] is that they express a lim-
ited number of brush-border enzymes/antigens. To
date no immortalized human distal tubule or collect-
ing duct cell lines have been developed.

In summary, at present there is still a lack of well
characterized and well differentiated cell lines of hu-
man origin representative of the different cell-types
present in the nephron and the collecting duct system.
However, once available, human immortalized cell
lines of defined nephron segment origin will likely
provide a welcome alternative to primary cultures for
studying cell properties in vitro in a cell-type depen-
dent way.

In vitro nephrotoxicity study variables

Culture medium composition

Since cell cultures were originally developed for the

propagation of viruses needed for vaccine develop-
ment, almost all of the established cell-culture meth-
odologies, especially with respect to culture nutrients,
are designed primarily for the selection of proliferat-
ing cells. This remains true for cell cultures used to
study membrane traffic, gene expression, transport,
membrane electrophysiological properties, and intra-
cellular signal cascades. The efforts undertaken to cre-
ate culture media for the generation of non-proliferat-
ing, but differentiated, cells have been limited to the
development of serum-free media supplemented with
certain hormones, growth factors or chemicals [152];
in most of the trials, no changes with respect to the
basal composition of the media have been made.

Very few investigations define the physical condi-
tions of medium application, culture medium volumes,
growth support for cells, etc. It has recently been shown
for renal epithelial cells in conventional static cultures
that medium volumes markedly affect cell metabolism
[153]. Distinct changes in medium composition have
been shown to produce new cell phenotypes. For ex-
ample, the transient omission of glucose, but mainte-
nance of carbon sources for nucleoside synthesis (for
example, uridine or pyruvate) led to a selection of glu-
coneogenic phenotypes in the renal LLC-PK1 and OK
cell lines [154, 155]. Regrowth in the presence of glu-
cose demonstrated constitutive expression of the for-
merly missing gluconeogenic key enzymes, fructose-
1, 6-biphosphatase and phosphenol pyruvate carboxy-
kinase (PEPCK) [156].

Static versus non static cultures

Static cultures
Static cell cultures represent the classical approach

in cell-culture technology. Primary cells or cell lines
are seeded onto solid surfaces or growth supports made
of a variety of plastic materials (polystyrene, polycar-
bonate, PTFE (polymeric tetrafluoroethylene -
TEFLON®), PTX (polyester) or glass. The surfaces are
usually hydrophobic and can be manipulated with re-
gard to their surface charges by specific pretreatment.
The surfaces can also be coated with extracellular ma-
trix materials such as collagen, fibronectin or laminin
or the matrix material, MatrigelTM. It should be noted
that complex matrix materials, such as Matrigel, could
contain varying amounts of impurities in the form of
growth factors or undefined autocrine or paracrine sig-
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nal substances, which could affect the functional dif-
ferentiation [159]. Epithelial cells can also be grown on
microporous substrates, with nutrients supplied from
both the apical and basolateral sides.

Growth substrate characteristics influence epithe-
lial cell orientation and phenotypic expression due to
the interaction of receptor sites on the cell surface with
specific sites in the substrate/matrix. For example,
growth of the Xenopus laevis kidney cell line A6 on
microporous substrates could induce the expression of
vasopressin receptors absent in solid support grown
monolayers [157]. Similar observations have been re-
ported when rabbit primary cultures of renal cortical
collecting ducts were maintained on microporous sup-
ports under constant medium perfusion [158].

The major disadvantage of static cultures is that the
medium composition is continuously modified by the
cells, and needs replenishment at defined intervals.
Furthermore, the access of medium to the growth-sup-
port side of the cell is not the same as that in vivo, and
may therefore affect the cell phenotype [116]. In addi-
tion, gaseous exchange (CO2, O2) is affected. The latter
can be improved by using oxygen-permeable and/or
carbon dioxide-permeable thin plastic supports (such
as Permanox®). Nutrient access to cells is improved by
using microporous growth supports [160]. Microscopic
examination of cultures may sometimes be problem-
atic, since not all growth supports are readily trans-
parent. Appropriate, but not always easy to perform,
fluorescent microscopy techniques must be applied in
these situations.

Non-static cultures
The most widely used non-static culture systems

are roller and micro-carrier cultures. In roller cultures,
if cells are adhesive, they will gradually attach to the
inner surfaces of culture bottles and grow to form a
monolayer. This system has three major advantages
over static monolayer culture: a greater surface area; a
constant, but gentle agitation of the medium; and an
increased ratio of medium surface area to volume, al-
lowing enhanced gaseous exchange to take place
through the thin film of medium over the cells not ac-
tually submerged. The disadvantages are the difficulty
of examining cultures microscopically, and the access
of the medium to the cells from only one surface. In
rocking or shaking cultures, the culture dishes are tilted
slightly at a defined frequency. This exerts some me-

chanical stress on the monolayers and improves the
gaseous exchange in a way similar to that which oc-
curs with roller cultures [161]. In micro-carrier culture,
monolayer cells are grown on plastic microbeads of ap-
proximately 100µm diameter and made of polystyrene,
sephadex, polyacrylamide, collagen, or gelatin [162].
This culture system increases the maximum ratio of
surface area to medium volume, and has the additional
advantage that cells can be treated in suspension. An
advantage of this technique would be the possibility
of renewal of the medium at a constant rate.

In the perfusion culture technique, because the sup-
ply of medium and gaseous exchange become limit-
ing at higher cell densities [163], a combination of mi-
croporous growth support and continuous replenish-
ment of the medium was developed, originally based
on the use of hollow microporous plastic fibers, main-
tained in a container permanently perfused with cul-
ture medium [164]. For this reason, several modifica-
tions have been developed, [158, 163-165]. The
MinucellTM system, for example, combines the advan-
tage of filter inserts with constant replenishment of the
medium. Multiple filter inserts can be placed in a per-
fusion chamber. The inserts can even be supplied with
different cell types (co-cultures), if the cultures can be
maintained in the same culture medium. A modifica-
tion of this system allowed, for the first time, the use
of “gradient cultures” [158]. Here, barrier-forming,
confluent monolayers, grown on a special filter insert
sealed against the perfusion chamber by O-rings, are
perfused with media of various compositions on the
apical and basolateral side of the epithelial monolay-
ers. Disadvantages of this system include an imperfect
gas exchange within the chamber, as well as the fairly
small growth surface area for cells, which makes the
assessment of biochemical and molecular biology pa-
rameters difficult. The increased technical complexity
of culturing cells under continuous perfusion precludes
the possibility of this technique becoming routine at
present.

Endpoints for in vitro nephrotoxicity

The precise knowledge of the physiological and bio-
chemical properties of the in vitro models used and their
monitoring during culture is mandatory for the selec-
tion of biologically relevant endpoints for in vitro neph-
rotoxicity studies. Marked alterations of these prede-
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termined properties are indicative of toxicity. Examples
of endpoints used to monitor the toxic effect on spe-
cific cellular functions are given in table 4.

Contribution of established renal cell
culture models to the understanding of
nephrotoxic mechanisms

In this section we provide a short review on the
contribution of renal cell culture systems to the dis-
covery of the mechanisms of the most well known
nephrotoxins.

Table 4. Endpoints for assessment of nephrotoxicity on renal cell culture systems.

Cell activity
modulated

Type of modulation Detectable changes via

Switching on of new genes mRNA patterns

DNA synthesis 3H-thymidine incorporation

Modulation of transcription
e.g. Kinases, NF Kappa B and various other regulators of
transcription

Gene expression

mRNA stability Gel-electrophoresis (ethidium bromide)

Production
Rates of protein synthesis (14C-leucine incorporation),
specific protein expression and/or release (western blot,
enzyme immuno assays)

Protein expression

Degradation Ubiquitinylation, myristilation, hydrolysis

Ion pumps
Membrane potential, Na+-K+-ATPase activity, intra-
cellular ion concentrations

Membrane integrity

Leaking of cellular constituents (e.g. LDH) and trypan
blue exclusion. Brush border integrity by loss of brush

border enzyme (AP, 
-GT etc.).

Transport processes
Transport of solutes (e.g. glucose) and water, volume
regulatory properties, endo- and exocytosis

Membrane activity

Integrity of cell - cell
interaction (junctional

complexes)

Dome formation (only for solid supports), transepithelial
resistance and paracellular permeability and modulation
of junctional proteins (occludin, cadherin and catenin)

Respiration rate

Oxygen consumption linked to ATP production, glucose
and amino acid consumption, succinate dehydrogenase
levels, mitochondrial membrane potential (fluorescent
probes).

Metabolism Lactate/pyruvate ratio.

REDOX potential MTT assay

Energy production

Oxidative stress
GSH-GSSG ratio, generation of free radical species, lipid
peroxidation products and DNA strand breaks

Cell cycle
Rate of Apoptosis / cell and

population turn over

Caspase 3 upregulation, cyclin A levels, P53 level, Fas
ligand expression, cell size and granularity (flow
cytometric analysis), annexin V binding, DNA
fragmentation, nuclei condensation

Morphological
changes / Motility

changes

Cytoskeleton,
motor proteins

Light and electron microscopy, cell size and shape,
vacuolization, actin, microtubule and microfilament
levels and organization, cell contraction (plane cell
surface area).

Cyclosporine A
The immunosuppressive drug cyclosporine A

(CSA) has revolutionized transplant medicine. How-
ever, CSA induced-nephrotoxicity still represents a
major therapeutic challenge. Chronic CSA nephropa-
thy is characterized by a decrease in glomerular filtra-
tion rate (GFR), tubular atrophy, interstitial fibrosis and
progressive renal dysfunction. It is difficult to delin-
eate the mechanisms of CSA toxicity from clinical data
since the majority of clinical experiences with CSA have
been in renal transplant recipients. Animal models of
CSA nephropathy have brought some insights, how-
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ever in vitro cell culture techniques allow the direct de-
termination of toxicity at a cellular and molecular level,
thus allowing dissection of the effects of CSA.

CSA causes a dose and time dependent increase in
contractility of cultured mesangial cells [166, 167], as mea-
sured by changes in planar cell surface area (PCSA).
Since mesangial contractility, (contributing to the ul-
trafiltration coefficient (Kf)) is a major effector in de-
creased glomerular filtration rate, mesangial cell con-
traction is a particularly useful endpoint in the eluci-
dation of mediators involved in this response. A num-
ber of factors have been shown in vitro to attenuate
CSA induced increase in mesangial cell contraction in-
cluding, platelet activating factor antagonists [168], the
calcium channel blocker verapamil and anti-endothe-
lin antibodies [167]. CsA, also inhibited both basal and
induced PGE2 synthesis in cultured rat mesangial cells
[169] and increased expression of TGF β and its recep-
tors (Type I and II) [169a]. Interestingly, CSA causes
increased matrix accumulation in cultured mesangial
cells isolated from mice susceptible to glomeruloscle-
rosis, whereas in cultured mesangial cells from mice
resistant to glomerulosclerosis CSA had no effect [170].
This observation suggests that genetical background
may play a role in CSA-induced glomerular lesions.

The porcine proximal tubule-like cell line LLC-PK1, has
been the most widely utilized cell type in the study of
the direct tubular effects of CSA. CSA induces direct
toxicity to LLC-PK1 cells, manifested by an increase in
cell vacuolization, a decrease in cell proliferation [171]
and a dose dependent decrease in overall cellular vi-
ability as measured by MTT assay and loss of mem-
brane integrity. Such gross cell damage, with loss of
membrane integrity (increased LDH release and de-
creases in trypan blue exclusion), is indicative of ne-
crosis [172].

Low doses of CSA (nM concentrations) have been
shown to induce apoptotic cell death in LLC-PK1 cells
as evidenced by a decrease in cell size and an increase
in cell granularity (flow cytometric analysis), external-
ization of phosphatidylserine (FITC-annexin V bind-
ing), DNA fragmentation (TUNEL assay) and increases
in Fas ligand (APO-1/CD95) expression [172]. CSA has
also been shown to increase the tumor suppressor p53
in LLC-PK1 cells with associated cell cycle arrest [173].
p53 is also a transcriptional modulator of the bax gene,
which promotes apoptosis [174]. Apoptotic cell death
of renal tubular epithelial cells (including DNA frag-

mentation, caspase 3 induction, increased p53 and bax
expression, Fas ligand upregulation and decreases in
Bcl-2 expression) has been associated with interstitial
fibrosis in animal models of chronic CSA toxicity [175,
176]. However, in primary human proximal tubular
cells no evidence of CsA induced apoptotic cell death
could be demonstrated  [176a].

CSA causes an inhibition of glucose uptake by LLC-
PK1 cells, which may be representative of glycosuria
observed clinically in CSA treated renal transplant re-
cipients [179, 180].

LLC-PK1 cells also respond to CSA by increasing
the synthesis and release of endothelin [181], and by
increasing the activity of the basolateral Na-K ATPase
[182]. These observations may implicate renal tubular
cells themselves in the further contribution to CSA-in-
duced alterations in renal and systemic hemodynam-
ics.

CSA has also been shown to cause toxico-tolerance
in vitro. CsA, which is transported via the P-glycopro-
tein, increases the expression of P-glycoprotein in rat
proximal tubular cells [183] and in the human proxi-
mal tubular cell line HK-2 [183a]. CSA also induces
the expression of HSP 70 in LLC-PK1 cells, which in-
creases tolerance to subsequent exposure to CSA [184].

Walker et al. demonstrated that streptomycin (a
usual antibiotic additive to cell culture media) has syn-
ergistic effects on CSA toxicity to LLC-PK1 cells [185].
Since that publication most investigators have con-
ducted CSA experiments without antibiotics. This rep-
resents a good example that the utmost of care must
be taken to exclude the possibility of interfering sub-
stances such as growth hormones, serum supplements
and antibiotics, when conducting toxicity studies in
vitro.

Johnson et al. used human proximal tubular cells
(HPT) and renal cortical fibroblasts as a model of the tu-
bulointerstitium to investigate CSA-induced fibrosis.
CSA resulted in a suppression of matrix metallopro-
teinase activity and an increase in fibroblast collagen
synthesis. CSA also induced the secretion of insulin
like growth factor from the fibroblast cells and trans-
forming growth factor β-1 (TGFβ-1) from the HPT cells,
which preceded fibroblast collagen synthesis [177]. In
a more recent study they could demonstrate that the
angiotensin-converting enzyme (ACE) inhibitor,
enalaprilat (the active form of the ACE inhibitor
enalapril), could prevent CSA-induced collagen pro-
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duction from fibroblast cells and CSA-induced TGFβ-
1 production from HPT cells. However, enalaprilat
failed to protect HPT from direct CSA cytotoxicity (de-
creased cell viability, decreased cell proliferation and
inhibition of the sodium hydrogen exchanger) [178].

Cisplatin
Cisplatin is a widely used drug in the effective treat-

ment of a number of human carcinomas [186]. How-
ever, cisplatin is also a nephrotoxic agent primarily
damaging the epithelial cells of the S3 segment of the
proximal tubule [187]. In primary rabbit proximal tubu-
lar (RPT) cells cisplatin exposure resulted in an inhibi-
tion of DNA synthesis, which is related to the primary
anti-tumorigenic mechanism of this compound i.e.
DNA inter and intra strand cross linking [188, 189].
RNA and protein synthesis were decreased in RPT cells
and quiescent LLC-PK1 cells upon cisplatin exposure
[188, 190]. Other effects of cisplatin on cultured RPT
include a decrease in glucose uptake, an inhibition of
Na+-K+ ATPase and alterations in total glutathione
content [189].

In the normal rat kidney (NRK) cell line cisplatin (1µM
for 48h) induced a marked increase in the level of lipid
peroxides [191].

Cisplatin is taken up preferentially by the basolat-
eral membrane of microporous grown LLC-PK1 cells
and opossum kidney (OK) cells [192, 193]. Furthermore,
cisplatin applied basolaterally was more toxic than
apical exposure in LLC-PK1 cells [192]. These studies
suggest that tubular excretion of cisplatin is dominant
over tubular reabsorption.

Cisplatin is a potent inducer of apoptosis in vari-
ous proximal tubular cell models. In primary mouse
proximal tubular cell cultures [193a] and LLC-PK1 cells
[194], high doses of cisplatin (mM) resulted in necrosis
whereas low doses (µM) caused apoptotic cell death.
In mouse proximal tubular cells and normal rat kid-
ney epithelial cells (NRK52E), cisplatin induced an in-
crease in Fas, Fas ligand and TNF α mRNAs [194a].
Cisplatin induced apoptosis in LLC-PK1 cells is
brought about via activation and mitochondrial trans-
location of the pro-apoptopic molecule Bax, which
leads to release of cytochrome C into the cytosol and
activation of caspase 9 [194b]. The caspase 9 inhibitor
LEHD-CHO could prevent cisplatin induced apoptosis
in LLC-PK1 cells whereas the caspase 8 inhibitor IETD-
fmk did not  [194b]. Cisplatin induced apoptosis could

also be inhibited by overexpresssion of crm A (a sup-
pressor of the interleukin-1β converting enzyme fam-
ily) and by over expression of bcl-2 in immortalized
mouse S3 cells [195].

Van de Water et al. studied the effect of focal adhe-
sion kinase (FAK) on chemically induced apoptosis in
LLC-PK1 cells. LLC-PK1 were stably transfected with
deletion mutations of FAK (including, focal adhesion
targeting domain (FAT)), which compete with endog-
enous FAK for localization to focal adhesions. FAT
overexpression significantly increased apoptosis in
dichlorovinylcysteine (DCVC) treated cells but not in
cisplatin treated cells [196]. In other words, FAK pro-
tected against DCVC (also a potent acute nephrotoxin),
but failed to protect against cisplatin-induced
apoptosis, suggesting that FAK is not involved in cis-
platin-induced apoptosis.

Iron chelators (including desferrioxamine) and hy-
droxyl radical scavengers (dimethyl sulfoxide, manni-
tol and benzoic acid) reduce the cytotoxic effects of cis-
platin in LLC-PK1 cells and reduce acute renal failure
in rats [197]. It was therefore postulated that iron has a
critical role in hydroxyl radical mediated cisplatin-in-
duced nephrotoxicity. In a follow up study these in-
vestigators could show that inhibition of cytochrome
P-450 (with cimetidine or piperonyl butoxide) pre-
vented the cisplatin-induced increase in catalytic iron
content and nephrotoxicity (both in LLC-PK1 cells and
in vivo in rats) [198]. They conclude that cytochrome
P-450 is a significant source of catalytic iron capable of
catalyzing free radical reactions in cisplatin induced
injury, and thus cytochrome P-450 inhibitors may have
clinical benefits in the prevention of cisplatin-induced
nephrotoxicity. In a different study green tea tannin
was shown to dose dependently protect against cispl-
atin-induced damage to LLC-PK1 cells and nephrotox-
icity to rats. This protective effect of green tea tannin
was thought to be due to decreasing oxidative stress
[199].

It should be noted that cisplatin appears to inhibit
the activity of LDH [200]. Thus, the use of this enzyme
as a marker of cisplatin-induced toxicity should be con-
trolled appropriately. The possible interference of test
compounds with toxicity assays is not always carefully
controlled, but is a prerequisite for accurate scientific
evaluation.
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Aminoglycosides
Aminoglycosides are antibiotics particularly active

against aerobic gram-negative bacteria and certain
gram-positive organisms. Aminoglycosides are used
in therapy of severe infections of abdominal organs,
endocarditis or sepsis. However, the clinical use is lim-
ited by severe toxic effects to the kidney and inner ear.
The mechanism of action of these antibiotics was
thought to be the blockade of bacterial ribosomal pro-
tein biosynthesis. Recent studies, however, show that
cationic antibiotic molecules create fissures in the outer
cell membrane, resulting in the leakage of intracellu-
lar contents [201].

Gentamicin was found to induce an activation of
cultured mesangial cells, as measured by contraction
(PCSA) and proliferation. Since gentamicin increases
the expression of inducible nitric oxide (iNOS) in these
cells [202] and has been shown to elevate intracellular
Ca2+ (via influx, and release from internal stores) [203],
it is postulated that nitric oxide-induced Ca2+ eleva-
tion might be responsible for the observed effect. These
results are in support of a mesangial cell role in the
reduction of glomerular filtration rate after aminogly-
coside intoxication [204, 205].

In LLC-PK1 cells gentamicin induces membrane
damage as shown by the loss of specific membrane en-
zymes (γ-glutamyl transpeptidase, alkaline phos-
phatase and aminopeptidase), a decrease of the lyso-
somal enzyme N-acetyl-β-D-glucosaminidase, an in-
hibition of apical Na+-dependent glucose transporter
and the basolateral Na-K-ATPase pump as well as a
decrease in dome formation [206, 207]. Furthermore
gentamicin results in a dose dependent decrease in in-
tracellular ATP and cAMP [207, 208].

Chronic gentamicin exposure of LLC-PK1 cells (10
mM gentamicin for 15 days) resulted in an increase in
cell granularity and a decrease in cell size (flow cyto-
metric analysis), implicating enhanced rates of apop-
totic cell death. Interestingly, this effect was not paral-
leled by an increase in Fas ligand expression [209]. LLC-
PK1 cells over expressing the anti-apoptotic protein bcl-
2 were protected from gentamicin-induced apoptosis
[210].

LLC-PK1 cells appear to be an acceptable model for
the study of aminoglycoside toxicity due to the follow-
ing observations: (1) A recent study confirmed in vivo
observations that gentamicin was more toxic to LLC-
PK1 monolayers when exposed at the apical side, which

was due to increased apical uptake [211]. (2) Furo-
semide when given in combination with gentamicin
resulted in an amplification of cytotoxicity to these cells
[212]. This phenomenon has also been observed clini-
cally [213]. (3) Hori et al. [207] could show that LLC-
PK1 cells have the following sensitivities for amino-
glycosides with respect to decreases in frequency of
dome formation and an increased number of floating
cells, neomycin > gentamicin > amikacin, tobramycin.
Thus using these parameters LLC-PK1 sensitivities to
aminoglycosides reflects the in vivo situation.

Cephalosporins
Cephalosporins are a family of β-lactam-antibiot-

ics, which are effective bactericidal therapeutics for
infections of the bloodstream, skin, respiratory and uri-
nary tract.

LLC-PK1 cells lack an organic anion transporter,
which is thought to be responsible for cephalosporin
uptake by proximal tubular cells in vivo, however
cephalosporin toxicity in these cells mimics closely in
vivo observations. Kiyomiya et al. have demonstrated
that in LLC-PK1 cells, the cytotoxic effect of cepha-
losporins is due to a decreased  activity of cytochrome
C oxidase in the mitochondria causing decreases in
intracellular ATP content and consequent increases in
hydrogen peroxide and lipid peroxide levels [214,
214a]. Cephaloridine, ceftazidime and cefotaxime, were
shown to cause direct toxicity to LLC-PK1 monolay-
ers, evaluated by enzyme release (brush border en-
zymes AP and γ-GT, cytosolic enzyme LDH and the
mitochondrial enzyme glutamate dehydrogenase
(GLDH)). In addition marked morphological damage
was observed at both light and electron microscopic
levels [215]. A decrease in transepithelial resistance
(TER) was observed previous to other changes, dem-
onstrating that TER is a highly sensitive endpoint for
LLC-PK1 toxicity [215].

Amphotericin B
Amphotericin B (AmB) a polyene macrolide anti-

biotic with strong activity against a broad spectrum of
fungal infections has long been identified as nephro-
toxic. The toxic mechanism is assumed to be that bind-
ing of AmB to sterols in the cell membrane results in
the formation of aqueous pores, which leads to a dis-
regulation of volume and ion concentrations within the
cells [216]. However, Hsu et al. postulated by using
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the patch-clamp technique that AmB, at least in MDCK
cells, disturbs the normal ion channel function rather
than forming pores in the cell membrane [217].

Amp B results in mesangial cell contraction in vitro.
This effect was related to a Ca2+ entry from the extra-
cellular space via calcium channels [218]. In LLC-PK1
and renal medullary interstitial cells AmB, in thera-
peutic doses, induced apoptosis, which could be pre-
vented by recombinant human insulin-like-growth-fac-
tor-1 (IGF-1). Similar results were observed in rats [219].
In a mechanistic study it could be shown that Amp B
bound to high-density lipoprotein (HDL) was less toxic
to LLC-PK1 cells than AmB alone or AmB bound to
low-density lipoprotein (LDL). This result was thought
to be related to the absence of HDL receptors in LLC-
PK1 cells [220, 221]. The antifungal activity of AmB was
not altered when associated to HDL or LDL. These re-
sults are of relevance for therapeutic applications [220].

Cadmium
Cadmium (Cd), an extremely toxic metal used in

industry as an anti-corrosive agent, is found in food
and cigarettes. The most serious consequence of chronic
Cd poisoning is lung- and prostate cancer but the first
effect during chronic intake is kidney damage, mani-
fested by marked proteinuria. Under chronic exposure,
cadmium is primarily taken up by the liver, where it
induces synthesis of metallothionein (MT) and induces
formation of cadmium-metallothionein (CdMT) com-
plexes. Hepatic CdMT reaching the kidneys causes
proximal tubular damage, which has been shown in
animal studies to be due to apoptotic cell death [222].

Cd has been shown to be a specific inducer of c-fos
in mesangial cells through activation of Erk kinase, pro-
tein kinase C and stress-activated protein kinase
(SAPK) pathways [223, 224] and may therefore also
play a carcinogenic role in the kidney.

Although Cd can also induce apoptosis in LLC-PK1
cells, it appears that CdMT does not [225]. It is specu-
lated that there is a down regulation of CdMT trans-
port systems in both LLC-PK1 cells and primary rat
proximal tubular cells [226]. Thus, LLC-PK1 cells are
not a representative model for in vivo CdMT exposure.

However, inorganic Cd has numerous deleterious
effects on renal epithelial cells. CdCl2 exposure caused
a disruption in the cadherin-catenin complex result-
ing in reduced trans-epithelial resistance and produced
alterations in the actin cytoskeleton in LLC-PK1 cells

and MDCK cells [227, 227a]. Both LLC-PK1 cells and
MDCK cells take up CdCl2 preferentially from the
basolateral side and thus CdCl2 is more toxic to these
cultures when applied basolaterally [228, 227]. CdCl2
also resulted in an early decrease in mitochondrial
membrane potential and an increase in cytoplasmic
Ca2+ in LLC-PK1 cells, MDCK cells and OK cells  [228a].

Mercury
Mercury is an industrial pollutant, which can con-

taminate food (e.g. fish and grain) and water sources
[229]. The nephrotoxic potential of mercury is related
to its accumulation in the proximal tubule region and
the intracellular binding to several functional groups,
which results in inactivation of different enzymes and
inhibition of protein synthesis [230]. Inorganic mercury
in vivo accumulates to a greater extent within the kid-
ney than methyl mercury [231]. However, in cell cul-
ture experiments on rabbit renal proximal tubule, LLC-
PK1, MDCK and human proximal tubule cells (HPT)
the opposite was shown, possibly due to the binding
of inorganic mercury to synthesized metallothionein
and the resulting protection of the cell [232]. Another
protective mechanism appeared to be glutathione con-
jugation [232]. Of all cell types utilized LLC-PK1 cells
react most sensitive to exposure [231]. Additionally,
in LLC-PK1 cells, mercury chloride exposure caused
elevated c-fos mRNA levels [233] and increased apop-
tosis [234]. In a study using normal rat kidney epithe-
lial cells (NRK52E) it is postulated that Hg2+ enhances
the sensitivity of kidney cells to apoptotic stimuli as a
consequence of inhibition of NF-kappaB activity
[234a].

Mycotoxins
Mycotoxins are defined as mould derived second-

ary metabolites, Ochratoxin A and aflatoxin B being
the most widely studied. Ochratoxin A (OTA), pro-
duced by Aspergillus ochraeus and Penicillium
verrucosum, can be found as a contaminant in grain,
beer, coffee and meat. OTA is nephrotoxic, carcinogenic
and genotoxic [235].

Nanomolar concentrations of OTA resulted in the
dedifferentiation of an MDCK clone (MDCK-C7), i.e.
a distinct morphology from the parent cell line (spindle-
shape, pleiomorphic, narrow intercellular spaces, in-
creased cell size) and a reduced proliferation rate and
numerical chromosomal aberrations [236]. Further
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studies could demonstrate that OTA exposure resulted
in apoptosis, which was associated with induced c-jun
amino-terminal-kinase (JNK) activation. These effects
occurred at dose levels where no inducing signs of
acute toxicity were seen (increase in LDH release, de-
crease in total protein) [237].

By utilizing horseradish-peroxidase-labeled OTA
in western blots Schwerdt et al. [238] could show that
in different renal cell lines (MDCK-C11, OK, LLC-PK1
and immortalized human kidney epithelial cells
(IHKE)) OTA binds directly to certain proteins. Thus
OTA-protein binding damages normal protein func-
tion. Moreover, such binding results in a further accu-
mulation of OTA [237].

Aflatoxin B1 (AFB1) is produced by such fungi as
Aspergillus flavus, niger and parasiticus. AFB1 is known
to induce liver cancer by causing a point mutation on
the p53 gene [239, 240]. AFB1 is also a nephrotoxic
agent. It is found mostly on stored nuts, sweet corn
and bacon. It is worth mentioning that these mycotox-
ins are not eradicated by cooking.

Aflatoxin B leads to condensation of nuclei, sepa-
ration of nuclei from the cytoplasm, cytoplasmic vacu-
olization, and loss of the brush border in MDBK
(Madin-Darby bovine kidney) and PFBK cells (primary
fetal bovine kidney) evidenced by electron microscopic
examination [241]. In addition exposure of OK cells to
Aflatoxin B resulted in an inhibition of inorganic phos-
phate uptake, which could not be abolished by appli-
cation of parathyroid hormone (PTH) and insulin [221].

Hemoglobin and myoglobin
Hemoglobin and myoglobin are good examples of

endogenous nephrotoxic substances. Hemoglobin
(Hb), responsible for the transport and delivery of oxy-
gen within the body, is composed of the prosthetic iron
containing heme group and four globin molecules.
Myoglobin (consisting of one globin molecule with a
prosthetic group), is an oxygen store for the muscle.
When hemoglobin as well as myoglobin are released
into the extracellular compartment in large amounts
due to pathological events (hemolysis, rhabdomyoly-
sis) both will severely injure the kidney and may even
lead to acute renal failure [242]. Several potential
mechanisms of toxicity have been proposed for these
compounds such as renal epithelial cell damage by
iron-induced free oxidant injury [243, 244] and ischemic
injury due to heme pigment-induced vasoconstriction

[245].
In a rat model of hemolysis (by glycerol injection)

iron released from hemoglobin resulted in hydroxyl
radical formation, lipid peroxidation and renal dys-
function. Desferrioxamine (DFO), which binds free iron
could protect against injury [243]. LLC-PK1, OK and
NHK-C cells respond to injury mediated by reactive
oxygen molecules with an early decline in ATP levels
and a late response consisting of cell detachment and
cell lytic injury. Scavengers of hydroxyl radicals and
iron chelators prevented these alterations [246].

A 24-hour exposure of the HK-2 cell line to myo-
globin suppressed cell proliferation and resulted in
DNA strand breaks and suppression of protein syn-
thesis. DFO reduced myoglobin-induced cell death and
also induced a growth suppressive effect [247]. In rats,
as well as in OK cells, polymerized Hb solution in-
creased heme oxygenase (HO) activity. Inhibition of
HO enzyme activity by cimetidine did not change the
grade of renal injury seen with Hb infusion alone,
which indicates that Hb-evoked renal injury is not HO-
dependent [248]. Mitochondrial and nuclear damage
induced by myolysis in rats and verified by electron
microscopy and TUNEL technique, could not be ob-
served in MDCK and LLC-PK1 cells [249]. Exogenous
glutathione (GSH) resulted in increased myoglobin tox-
icity in HK-2 cells. Intracellular GSH depletion pre-
vented this action [250]. Although oxygen-free-radi-
cal-induced renal damage remains a controversial
topic, such studies provide further insight into the un-
derstanding of hemo/myoglobin induced renal dam-
age.

In summary
It is clear from the above studies that in vitro renal

cell culture can be used successfully to study the mecha-
nisms of cell modulation by toxic compounds. Such
systems allow a simple but sophisticated approach to
the development of strategies to overcome nephrotox-
icity of many important drugs. Once strategies are de-
veloped however they still need to be studied in rel-
evant animal models.

Future requirements to study
nephrotoxicity in vitro

Renal cell cultures have an unexploited potential
in the screening and evaluation of possible nephrotox-
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ins. These systems are theoretically suited not only to
short term studies but also to long term exposures and
thus may be useful in the screening of compounds on
a chronic basis. Predictive models of chronic renal tox-
icity would be a major development in the assessment
of human risk to a whole range of environmental, thera-
peutic and industrial compounds. However, if this is
to be achieved successfully a number of requirements
must be sought.

There is general agreement that all culture systems
used for clinical risk assessment, especially when test-
ing for long-term effects, should preferably be of hu-
man origin. Although this could be achieved by the
use of primary cultures, their establishment is con-
stantly hampered by the restriction of the availability
of samples (usually from surgical sources), by the fact
that life-span of cultures is limited, and because such
cultures have a limited capability to be passaged. Fur-
thermore, it has to be kept in mind that cell pheno-
types can change rapidly, depending on the culture
conditions. For this reason, more surrogate cell lines
of human origin are needed, and those that are cur-
rently available need further characterization (e.g. the
human proximal tubule, HK-2 cell line).

New cell culture techniques, which may improve
the applicability of renal epithelial cultures, are also
required. Currently there exist two commercially avail-
able cell culture perfusion systems, which allow the
continuous perfusion of culture media and optimized
oxygenation [165]. These systems allow stable long-
term culture of quiescent adherent cells [158]. Continu-
ous medium perfusion furthermore may lead to the
re-expression of lost functions in continuous cell lines
and the maintenance of differentiated properties in pri-
mary cells. Recently our laboratory has demonstrated
that LLC-PK1 cells maintained in a newly developed
perfusion system (EpiFlow®) changed from a glyco-
lytic to a more oxidative phenotype [251].

Evidence is also available from pilot experiments
in our laboratory that this mode of cultivation helps to
prolong the lifetime of primary cultures of proximal
tubular cells. Combining perfusion culture with co-cul-
ture of a cell type that is an anatomical neighbor in
vivo (e.g. epithelial with endothelial interstitial or im-
mune cells) may improve the state of differentiation of
both partner cells and increase the complexity of auta-
coid interaction.

The establishment of more organotypic types of re-

nal cell cultures (perfusion and co-cultures) will in the
future hopefully allow for long term testing of neph-
rotoxins. Co-culturing renal epithelial or mesangial
cells with either endothelial and/or immune cells un-
der perfusion conditions would allow testing of im-
portant signal molecules [252] such as therapeutic cy-
tokines (interferons, interleukins, immune cell growth
factors) and biotechnologically produced by industry.
Due to the high species specificity of these latter com-
pounds in vitro test systems based on human cells (pri-
mary cultures or cell lines) represent the only possibil-
ity to judge toxic side effects and therapeutic risks.

Additionally, efforts need to be invested to estab-
lish culture medium formulations, which are designed
to maintain differentiated, quiescent cultures. At
present this criteria are best, although still insuffi-
ciently, met by serum free hormonally defined media.

The elegant and sophisticated methodology intro-
duced by Helbert [43, 69, 253], the combination of im-
munoselection of renal cells, with improved culture
technologies regarding media-composition and media-
application may help to establish long living highly
differentiated “homogeneous” primary cultures of the
various nephron cell types.

The utilization of renal cell culture techniques will
gain added importance in the future for screening
newly synthesized drugs or environmental contami-
nants for adverse effects to the kidney, or to investi-
gate mechanistic aspects leading to renal cell injury.
Especially with respect to the latter, renal cultures of-
fer the possibility of easy access to the object of inter-
est. Cell lines can be provided in nearly unlimited
amounts, and they match reasonably well their site of
nephron origin. In this context continuous renal cell
lines represent the current experimental system of
choice. They are easy to grow, maintain and handle,
they are commercially available (e.g. from the Ameri-
can Type Culture Collection) and retain most of the
basic functions of their ancestor cell, at least in case of
permanent proximal and collecting duct cells (LLC-
PK1, OK, JTC-12, HK-2, MDCK, A6). Another advan-
tage is the enormous amount of information about cul-
ture conditions and differentiated functions, metabo-
lism, transport, and hormone responsiveness, available
from the literature [37, 134]. The disadvantage is the
fact that they may suffer from loss of the one or more
in vivo et situ functions as a result of prolonged culti-
vation. Under these circumstances, if the lost function
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is the predominant target for a nephrotoxic xenobiotic
under investigation, a more laborious and difficult pri-
mary cultures must be selected. In addition one must
keep in mind that continuous cell lines are heteroge-
neous, and multiple cell types might be present in an
uncloned wild type culture.

It is desirable that methods should be developed to
re-express the “lost functions” or to tailor new cell lines
more closely matching the cell type of origin in con-
tinuous cell lines. Such an enterprise may include sev-
eral already available cell biology techniques. The sim-
plest approach could be adaptation to culture condi-
tions that more closely resemble the in vivo environ-
ment of the respective cell type. As already mentioned,
omittance or drastic reduction of glucose and replace-
ment against pyruvate in the media used for cultiva-
tion of LLC-PK1 cells enables re-expression of gluco-
neogenesis [155]. Fusion of cells of continuous cell lines
[254] stemming from the same in vivo ancestor cell of
different species and with different retention of cellu-
lar functions, i.e. metabolic pathways, transport sys-
tems or hormone receptors, may be used to establish
new continuous lines more closely resembling the char-
acteristics of the cell type of origin. Fusion of cells from

primary cultures with cells from continuous lines de-
lineated from the same nephron cell or nephron seg-
ment may help to either immortalize the respective pri-
mary culture or help to re-express lost functions within
the continuous cell type. Genetic approaches [135] may
deliver another route to tailor new, more “natural” per-
manent cell lines. Transfection with different but de-
fined genes will be one of the important tools [255].
These strategies should even offer the possibility to es-
tablish cell lines expressing most or all of the functions
of human renal cells. However, all these trials demand
careful selection procedures to isolate the fused hybri-
doma, the mutated or transfected cells.

Last but not least there is urgent need to “harmo-
nize” or “standardize” all these procedures so that an
interlaboratory comparisons can be achieved. Such pro-
cedures include, cell isolation, growth substrates, cell
culture media including the mode of medium applica-
tion. A first initiative in this direction has been taken
by ECVAM (European Center for the Validation of Al-
ternative Methods, a section of the European Commis-
sion Institute for Health an Consumer Protection) by
founding a task force dealing wit the creation of guide-
lines for “Good Cell Culture Practice”.
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Epidemiology and clinical importance of
aminoglycoside nephrotoxicity

This chapter covers the aminoglycosides used in
present clinical practice. Most of these molecules

have been introduced between the mid-60’s and the
early 80’s (gentamicin, tobramycin, dibekacin, amika-
cin, netilmicin). Since then, only isepamicin and arbeka-
cin have been developed and brought to market in only
a few countries. Aminoglycoside antibiotics have im-
portant antibacterial properties. They demonstrate con-

centration-dependent bactericidal activity against sus-
ceptible organisms. The addition of an aminoglycoside
to a β-lactam has increased survival in patients with
gram-negative bacteremia, particularly in those with
hypotension and severe illness [1]. A general descrip-
tion of aminoglycosides with respect to structures, ac-
tivities and mechanisms of bacterial resistance has been
reviewed by Mingeot et al. [2]. Of particular interest is
the fact that, in contrast to cephalosporins or fluoro-
quinolones, which are used for many of the same indi-
cations, emergence of bacterial resistance during ami-
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noglycoside therapy is distinctly rare.
All of the aminoglycoside family share a potential

for nephrotoxicity, ototoxicity, and rarely, neuromus-
cular blockade. With the exception of the aminocycli-
tol, spectinomycin, the aminoglycoside antibiotics all
have the potential for causing injury to the renal proxi-
mal convoluted tubules, the cochlea and/or vestibu-
lar apparatus of the ear, and inducing neuromuscular
blockade [3, 4]. The inherent toxicity and relative toxic
potential of the aminoglycosides is partly related to
their positive electrical charge at physiologic pH. At
intracellular sites, the pH is even lower and the drugs
are more cationic.

The reported incidence of nephrotoxicity varies
from 0-50% with most in the 5-25% range [5-7]. The
variability results from differences in definition of
nephrotoxicity, frequency of, and tests used to mea-
sure renal function and the clinical setting in which
the drugs were given. The incidence in a small group
of healthy young volunteers dosed over 11 days with
a single daily infusion was zero; the incidence in in-
fected older patients with multisystem disease and
exposure to other potential nephrotoxins ranged as
high as 35-50% [5, 6, 8]. In prospective randomized
studies with definitions of nephrotoxicity that reflect a
substantive decrement of glomerular filtration rate
(GFR) in seriously ill patients, the reported incidence
of nephrotoxicity varies between 5-10% of patient
courses [5, 9]. In a routinely applied once-daily dosing
program, the incidence of nephrotoxicity may even be
lower. The Hartford hospital reported an incidence of
nephrotoxicity of 1.2% in a series of 2, 184 adult pa-
tients [10].

In studies of the etiology of acute renal failure,
medication-induced renal injury is reported as a ma-
jor cause. In an analysis of over 2000 hospitalized pa-
tients, almost 100 experienced renal insufficiency and
seven episodes were attributed solely to aminoglyco-
side therapy [11]. A high percentage of neonatal pa-
tients are treated with aminoglycosides and in the in-
volvement of drugs in neonatal acute renal failure has
increased up to 8-fold in the last 10 years [12].

In general, the aminoglycoside-induced toxicity is
manifested as a non-oliguric decline in creatinine clear-
ance. Progression to dialysis-dependent oliguric-anu-
ric renal failure is unusual unless other risk factors are
present [8]. As in animal models, the renal failure is
generally reversible. In a few patients there has been

documented recovery of renal function despite con-
tinued administration of the aminoglycoside [13].

A study from 1987 has measured the economic im-
pact of aminoglycoside nephrotoxicity. This study had
an incidence of nephrotoxicity of 7.3%. There were 2.74
additional regular hospital days and 1.50 intensive care
unit days. The average additional cost of this renal
complication calculated over each course of prescribed
therapy was US$ 2501 in 1987 [14]. With the inflation
in medical costs this impact was already increased to
US$ 4583 per case in 1997 [15] and can be calculated to
US$ 6133 in 2002.

Risk factors of aminoglycoside
nephrotoxicity

Studies on the pathogenesis of aminoglycosides are
largely carried out in otherwise normal animals while
clinically these drugs are administered to patients with
serious infections and associated co-morbidities. Based
on clinical observations, there appear to be a variety of
factors that predispose to the development of renal
dysfunction with aminoglycoside therapy [8] (Table 1).

Age

The incidence of aminoglycoside nephrotoxicity
rises with advancing age from 7% in patients under
age 30 to 15% in patients over 70 years of age [16]. It is
likely that dosage may be excessive in older patients
based on overestimates of drug excretory capacity by
insensitive renal function tests such as the serum urea
nitrogen or serum creatinine. This age effect has been
confirmed in a retrospective stepwise discriminant
analysis of 214 patients in randomized prospective tri-
als [17]. The mechanism of this age effect is unclear
since experimental studies show a decrease in drug
uptake in older animals compared to similarly dosed
younger animals [18].

Pre-existing renal disease

Moore et al. [17] studied patients with pre-existing
renal disease, as estimated by serum creatinine greater
than 2 mg/dl and found no increased risk of toxicity if
the dose was carefully adjusted. Yet, pre-existing re-
nal failure clearly exposes the patient to unsuspected
overdosing. In addition, the kidney from patients with
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pre-existing renal disease may have a decreased abil-
ity to recover from ischemic and/or toxic insults [19,
20].

Other demographic and patient factors

Retrospective analyses of clinical studies suggest
that females are more susceptible to aminoglycoside
nephrotoxicity than males [17]. This is in contradiction
to the increased susceptibility of male rodents to ami-
noglycosides [21]. In experimental animals with strep-
tozotocin diabetes, nephrotoxicity and renal drug up-
take are markedly reduced [22, 23]. There seems to be
no clinical counterpart to this experimental observa-
tion.

Depletion of intravascular volume is an important
risk factor for aminoglycoside-induced nephrotoxicity

whether induced by sodium depletion, hypoalbumin-
emia, diuretics, systemic acid-base disturbances or sep-
sis [24-28]. These co-morbid conditions per se are not
associated with increased risk if acid-base and electro-
lyte/volume status are maintained [29]. Hypokalemia
and hypomagnesemia may be both predisposing risk
factors or the consequences of aminoglycoside-induced
damage [30, 31].

Accumulated evidence suggests that liver disease
is an important clinical risk factor for aminoglycoside
nephrotoxicity [32]. This is particularly true of patients
with biliary obstruction or cholangitis as distinct from
other causes of liver disease such as alcoholic cirrhosis
[33]. When liver disease is defined as any three of six
criteria consisting of, AST > 2 times normal, total bi-
lirubin > 2.5 µg/dl, albumin < 3 g/dl, elevated alka-
line phosphatase, prothrombin time > 15 seconds or

Table 1. Risk factors for aminoglycoside nephrotoxicity [17, 42, 46].

RISK OF TOXICITY INCREASE RISK OF TOXICITY DECREASE

Patient factors:

Older patients* [16] Younger patients*
Pre-existing renal disease Normal renal function
Female gender [17]; male gender [46]*
Magnesium potassium, calcium deficiency*
Intravascular volume depletion*, hypotension* [27] Normotensive*
Hepatic syndrome No hepatic dysfunction
Sepsis syndrome*

Aminoglycoside factors:

Recent aminoglycoside therapy No recent aminoglycoside therapy
Larger doses* Smaller doses*
Treatment of 3 or more days* [16] Treatment of less than 3 days*
Drug choice: e.g. gentamicin [50]*, amikacin [9]* Drug choice: e.g. tobramycin [50]*, netilmicin [51]*
Frequent dosing interval* Once-daily dosing*

Concomitant drugs:

Amphotericin B Extended spectrum penicillins [47]*1

Cephalosporins [45, 52]
Cisplatin
Clindamycin
Cyclosporine
Foscarnet
Furosemide
IV radiocontrast agents
Piperacillin [49]
Vancomycin [53, 54]

*In concurrent with experimental nephrotoxicity data
1Extended spectrum penicillins: e.g. carbenicillin, ticarcillin
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ascites, the relative risk of developing tobramycin-in-
duced renal dysfunction was 31.8 (95% confidence in-
terval: 19.7-51.4) based on an analysis of 179 patients
[34].

Sepsis

Because of the unique importance of aminoglyco-
sides in treating patients with difficult gram-negative
sepsis, the hemodynamic and metabolic perturbations
of the sepsis syndrome often coalesce with the drug to
produce synergistic nephrotoxicity. Acute or chronic
endotoxemia amplifies the nephrotoxic potential and
renal uptake of gentamicin in rats [35-37]. Endotoxin
and other bacterial toxins or virulence factors trigger
increased reactive oxygen intermediates in renal tu-
bular cells which may be additive to the membrane
damage produced by the aminoglycosides themselves
[38, 39]. The increased renal metabolic demands due
to fever along with shock, ischemia and foci of tissue
necrosis enhance aminoglycoside nephrotoxicity by ac-
celerating the course and severity of the toxic insult
[40, 41]. In any critically ill patient with acute renal dys-
function, it is often difficult to discern the precise etio-
logic role of aminoglycosides.

In order to identify individuals at high risk for ami-
noglycoside nephrotoxicity, a predictive model was
developed based on retrospective analysis of risk fac-
tors in 338 patients receiving aminoglycosides. Neph-
rotoxicity developed in 17.5% of the sample popula-
tion with duration of therapy the strongest associated
risk factor [42]. Initial one hour post-dose blood level -
which directly correlated with the dose of aminogly-
coside administered-, liver disease, age, and female sex
were other risk factors of significance based on multi-
variate analysis. Using their new model, it prospec-
tively predicted 14 of 15 patients with nephrotoxicity
(93% sensitivity) and 106 of 160 without toxicity (66%
specificity) [42]. However, a later study using the same
model found only a 42% sensitivity and 54% specific-
ity [43].

Drug-related risk factors

Toxicity is obviously related to techniques used to
administer the aminoglycosides (choice of drug, dos-
age, schedule,...), however, before discussing the prac-
tical applications, the reader must appreciate the

mechanism of renal aminoglycoside drug handling and
the pathogenesis of nephrotoxicity.

Toxicity of aminoglycosides is enhanced by co-ad-
ministration of other drugs. Some concomitant drugs
having additive effect do so because of potential kid-
ney toxicity: e.g., amphotericin B, vancomycin, foscar-
net, cyclosporine, contrast dye and cisplatin. Others
with statistically identified risk factors defy explana-
tion at present: e.g., clindamycin. All these drugs are
commonly given to patients who receive or will receive
aminoglycosides.

On the other hand, certain drugs have been reported
to decrease aminoglycoside toxicity, such as antipseu-
domonal penicillins. Thus, when gentamicin or tobra-
mycin plus carbenicillin or ticarcillin are administered
to a febrile neutropenic patient, the reported incidence
of nephrotoxicity is between 2-6% as compared to a
10-15% incidence when the aminoglycoside is com-
bined with other β-lactam drugs [44, 45]. In part this
protection may be due to the increased sodium con-
tent of these two penicillins when administered in large
doses [46, 47]. Experimentally, piperacillin seems to
protect against the early gentamicin-induced alter-
ations in animals [48], but and unambiguous clinical
counterpart has not been demonstrated. A recent analy-
sis of risk factors actually reported an increased risk of
aminoglycoside nephrotoxicity with concomitant pip-
eracillin but not carbenicillin or ticarcillin [49]. The
authors speculated that the lower sodium content of
piperacillin might explain the difference. It is possible
that the difference between the incidence of nephro-
toxicity when penicillins are given with aminoglyco-
sides versus when cephalosporins are the co-adminis-
tered drug, relates to relative protection by the peni-
cillins, not enhancement by the cephalosporins.

Physiopathology

Renal handling

Because of their polar nature, the distribution of
aminoglycosides is largely restricted to the extracellu-
lar space. Consequently, their distribution volume is
small both in animals and humans. It equals the vol-
ume of the extracellular space or approximately 0.25
L/kg body weight, in normal subjects.

The plasma pharmacokinetics of aminoglycosides
have been described by a three interrelated compart-
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ment model [55, 56]. The first phase (α or distributive)
corresponds to the distribution of the drug from the
vascular to extracellular spaces, and occurs with a half-
life of 15 to 30 minutes following intravenous admin-
istration. The second phase (β or eliminative) involves
excretion of drug from the plasma and the extravascu-
lar spaces, and is essentially determined by the GFR.
This phase is most important for the adjustment of the
dose. The third (or γ) phase corresponds to the pro-
longed, slow elimination of drug that has accumulated
in the ‘so-called’ deep compartment, which essentially
corresponds to the kidney. For most dose-adjustment
decisions, plasma kinetics can be simplified to a one-
compartment model because the distribution phase is
short and because the γ phase influences serum levels
that are significantly lower than therapeutic concen-
trations (the activity of aminoglycosides is primarily
related to the serum peak concentration). Moreover,
the influence of the third compartment on plasma ki-
netics is minimal because release of the drug from this
compartment is only detected in the urine.

The plasma half-life of different aminoglycosides
is very similar [1.5 to 3.5 hours in humans with normal
renal function [57] and correlates with the GFR [58,
59]. Aminoglycosides are excreted unchanged from the
body, primarily by glomerular filtration. The renal
clearance of aminoglycosides is, however, about 10 to
30 % lower than GFR [56]. Theoretically this difference
between aminoglycoside clearance and glomerular fil-
tration could be due to a decreased glomerular ultra-
filtrability of aminoglycoside. Pastoriza-Munoz et al.
[60] found in Munich-Wistar rats a Bowman’s space
plasma gentamicin/inulin ratio of 0.86. The authors
attributed this restriction in gentamicin ultrafiltrabil-
ity primarily to the influence of the Donnan effect on
the passive distribution of these polycations across a
semipermeable membrane, rather than to binding of
drug to plasma proteins. However, the main reason
for the observed difference between aminoglycoside
clearance and GFR is partial reabsorption of amino-
glycosides along the tubules (see below). Because of
the dominant role of glomerular filtration in amino-
glycoside clearance, half-life is prolonged in all cases
of decrease in renal function, such as in the elderly [61]
or in very young and premature infants (up to 8 hours)
whose kidneys are immature. Aminoglycoside half-life
is considerably shorter in small rodents (approximately
30 min) because of the characteristically larger renal

clearance in these animals as compared to man.

Cortical uptake

Initial understanding of the physiopathology of
aminoglycosides nephrotoxicity occurred in the sev-
enties with the demonstration of aminoglycoside ac-
cumulation in the renal cortex [62, 63]. This finding
was first documented in animals, but later confirmed
in the human kidney [64-67]. Autoradiographic stud-
ies have consistently shown that cortical accumulation
is the result of aminoglycoside uptake by the proximal
tubular cell [68-71]. Autoradiographic, micropuncture
and immunocytochemical studies have localized ami-
noglycosides to S1/S2 proximal tubule cells [69, 71-
74]. Much attention had been focused on the identifi-
cation of pathway(s) responsible for aminoglycosides
uptake in proximal tubular cells, but the proposed
mechanism remained a matter of controversy. On one
hand a common transport system for gentamicin and
polyamines (e.g. polylysine or spermine) at the brush
border membrane of the renal proximal tubular cells
was proposed [75-77]. In parallel, it was suggested that
gentamicin was transported across the brush border
membrane through a cation/H+ exchange [78]. How-
ever, adsorptive endocytosis soon became the most
likely mechanism, but its molecular basis, and the rea-
son why uptake takes place only in proximal tubular
cells remained to be resolved. Thus, early studies
showed that gentamicin binds to anionic phosphati-
dyl inositides in the luminal membrane before being
ingested into the renal cortical cells by endocytosis [79-
81]. Soon evidence was presented that gentamicin binds
to the brush-border membrane of renal epithelial cells
through electrostatic interactions [82, 83]. A key role
for megalin, as an endocytotic receptor expressed on
the apical surface of the proximal tubular epithelium,
was proposed in the mid 90’s. Megalin binds low mo-
lecular weight plasma proteins and is critical for their
reabsorption from the glomerular filtrate [84]. Mega-
lin is also responsible for the re-uptake of many xeno-
biotics from the luminal urine, and particular polyba-
sic substances which interact with the abundant nega-
tives charges present on the extracellular receptor do-
main [85]. Several studies in the rat have addressed
the role of megalin in renal aminoglycosides uptake:
Moestrup et al. [85] used the specific antagonist recep-
tor-associated protein (RAP), to block the activity of
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megalin in perfused rat proximal tubules, causing a
20% reduction in gentamicin clearance. Nagai [86] dem-
onstrated similar results in rats treated with maleate
(which impairs the receptor-mediated uptake of mega-
lin ligands). Finally, the demonstration that mice with
genetic or functional megalin deficiency do not accu-
mulate aminoglycosides in their proximal tubular cells
and are protected against aminoglycoside-induced
nephrotoxicity has provided compelling evidence for
the role of this protein as the principle in vivo drug tar-
get [87].

Intracellular handling

Following binding to megalin in the brush border,
aminoglycosides traffic via the endocytotic system to

Figure 1. Binding uptake and intracellular trafficking of gentamicin in renal proximal tubular cells. A. Gentamicin (•) is
shown binding to the surface membrane and being internalized by a receptor (megalin) – mediated endocytic process.
Gentamicin also enters the cell through fluid phase endocytosis. It moves through the endocytic system into late
endosomes and from there into lysosomal structures. A small but quantifiable fraction (5-10%) of gentamicin directly
traffics from the surface membrane into the trans-Golgi network and from there throughout the Golgi Apparatus. Panel
B shows total cellular Texas Red Gentamicin fluorescence following two hours of uptake in LLCPK1 cells. Panel C shows
cellular uptake with quenching of lysosomal and endosomal fluorescence utilizing an HRP method. The paranuclear
fluorescence has been shown, using co-localization studies, to be consistent with Golgi uptake. In both inserts N stands
for nucleus. Mitochondria have also been shown to contain aminoglycoside following treatment.

lysosomes, where they accumulate in large amounts
(reaching concentration 10-100 time the serum concen-
tration). This process probably relates to the capacity
of lysosomes to retain non-diffusible solutes, while
water and other diffusible solutes can leave these or-
ganelles [88]. Furthermore, aminoglycosides are resis-
tant to degradation by lysosomal hydrolases (lysoso-
mal glycosidases act only on neutral or acidic sugars).
Recent information (Figure 1), also indicates that a mea-
surable (5-10%) amount of internalized gentamicin traf-
fics directly and rapidly from the surface membrane
to the Golgi apparatus [89-92]. This novel finding for
gentamicin is consistent with the movements of other
surface ligands such as the Shiga or Ricin toxins [93-
95]. Potentially injurious situations, such as ischemia,
may increase the shunting to the Golgi apparatus [96].
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Cellular toxicity

High dose
Pathologic alterations reported vary from minor

changes to frank, extended necrosis depending on the
duration of the treatment and the amount of drug used.
Initial rodent studies used large doses (40 mg/kg gen-
tamicin and above), because of the belief that these ani-
mals had reduced sensitivity to aminoglycosides be-
cause of a faster drug elimination rate. Under these
circumstances, acute tubular necrosis is readily ob-
served, but it is difficult to ascertain the sequence of
events leading to this stage of tissue injury. High dose
studies were instrumental in demonstrating the rela-
tionship between injury of proximal tubules and kid-
ney dysfunction, the onset of an intense regeneration
leading to the repopulation by immature cells which
resulted in a state of apparent refractiveness to further
aminoglycoside insult. The successive events of alter-
ation and recovery have been partially dissected and
characterized by using infused animal models, which
allow transient, acute exposures [97]. High dose stud-
ies have also allowed delineation of the potential in-
volvement of alterations in distal tubules [98] and in
the glomerulus [99] as contributing to kidney dysfunc-
tion. Major changes in these anatomic locations have
been described, but may not be pertinent to the situa-
tion in humans.

Low dose
An intriguing aspect of aminoglycoside nephrotox-

icity is that very large amount of drugs (usually 10
times the therapeutic doses) must be administered to
animals in order to have active acute tubular necrosis
and concomitant alteration of the renal function [100,
101], while rats given low, therapeutically relevant
doses, show neither extensive tubular necrosis nor
gross kidney dysfunction. Low doses induce an array
of alterations involving the apical and basolateral mem-
branes, the lysosomes and various other subcellular
components of proximal tubular cells, none of which
correlate with organ dysfunction [102]. The recent ob-
servation that aminoglycosides induce apoptosis both
in vivo and in vitro [2, 71] at therapeutically relevant
doses has shed new lights on the early aspects of toxic
mechanisms.  Apoptosis, or programmed cell death,
was first described by Kerr in 1972 [103], and is char-
acterized by specific features of cell shrinkage, in-

creased cytoplasmic density, condensation of chroma-
tin and fragmentation of the DNA. While apoptosis is
an important, physiological event in many normal pro-
cesses such as embryogenesis, remodeling of tissue, or
maturation of the immune system, it can also be trig-
gered by a large array of toxic agents [104]. Rats treated
with low doses of aminoglycosides show a marked
apoptotic reaction in proximal tubules (Figure 2) which
is (i) detectable after 4 days of treatment, and conspicu-
ous after 10 days, (ii) dose-dependent and (iii) occur-
ring in absence of necrosis [2]. Gentamicin-induced
apoptosis can be also demonstrated on cultured cells
of renal (LLC-PK1; MDCK) and non-renal (embryonic
fibroblasts) origin [71]. Current work suggest that ly-
sosome destabilization is a key triggering event in the
onset of apoptosis in LLC-PK1 cells incubated with gen-
tamicin, with other pathways, such as the mitochon-
drial also are involved.

In addition to apoptosis and necrosis, amino-
glycosides also cause multiple morphological and func-
tional evidence of organelle toxicity. In apical mem-
branes there is inhibition of alkaline phosphatase ac-
tivity and decreased transport of D-glucose [105], while

Figure 2. Enumeration of apoptotic nuclei observed in
cortex sections after application of TUNEL. Open circles,
control animals; filled squares, animal treated for 10 days
with gentamicin (G); filled triangles, animals treated with
netilmicin (N). Each point refers to the pooled counts of
one individual animal (n=6 in each group). Statistical
analysis (ANOVA followed by Scheffe post hoc test with
P<0.05): a, significantly higher than control; b, signifi-
cantly higher than the lower dose; c, significantly lower
than the other aminoglycoside at the same dosage [116].
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basolateral membranes show a marked inhibition of
Na-K-ATPase activity [75, 106, 107] when the drugs
are presented in the cytoplasmic but not external sur-
face of the membrane [75]. Aminoglycosides inhibit the
phosphatidylinositol cascade in proximal tubule cells
in culture stimulated by parathyroid hormone [108].
Most conspicuously, aminoglycosides induce an in-
tense phospholipidosis that has been demonstrated in
cell culture [109], experimental animals [97, 110-112]
and man [65]. This phospholipidosis occurs rapidly in-
volving all major phospholipids, with the predominant
increase being phosphatidylinositol [110, 111]. Accu-
mulation of phospholipids within the lysosomes is re-
sponsible for the formation of the so-called ‘myeloid
bodies’ [109, 113, 114]. Subcellular fractionation stud-
ies, however, have also showed an increased in the
phosphatidylinositol content in other organelles such
as brush-border and basolateral membranes, mitochon-
dria, and endoplasmic reticulum [92, 110-112], with a
significant increase in total phospholipids limited to
basolateral membrane [112]. The cellular contents of
neutral lipids and cholesterol are not increased. The
phospholipidosis induced by aminoglycosides has
been proposed to result primarily from an impaired
degradation due to the inhibition of phospholipases A
and C and sphingomyelinase [97, 109, 115]. The activ-
ity of the other lysosomal enzymes are unaffected [109].
A recent study has suggested that phospholipidosis
could be due to the increased synthesis of phospha-
tidylinositol and phosphatidylethanolamine [115]. At
present, it is unknown whether phospholipidosis is
linked to apoptosis and necrosis. Some aminoglyco-
sides induce a marked phospholipidosis with little
apoptosis or necrosis (netilmicin, e.g.; [116, 117]). More-
over, gentamicin induces apoptosis in LLC-PK1 cells
without associated phospholipidosis [71]. Besides ly-
sosomes, aminoglycoside-induced alterations of mito-
chondria have also been described.  Bendirdjian et al.
[118] showed a competitive interaction between gen-
tamicin and Mg2+ resulting in reduced mitochondrial
respiration. Simmons et al. [119] showed a reduced
respiration of mitochondria isolated from rats treated
with gentamicin, and additional studies have revealed
competitive displacement of Mg2+ at the inner mito-
chondrial membrane sites by gentamicin [120]. In this
context, Sundin et al. reported that gentamicin might
traffic to the Golgi complex and mitochondria in vivo
[92]. This observation may have particular significance

since polyamines are known to activate mitochondria
and cause the release of cytochrome c, an important
precursor to apoptosis [121]. More recently, proteomic
analysis following gentamicin administration indicate
energy production impairment and a mitochondrial
dysfunction occurring in parallel to the onset of neph-
rotoxicity [122]. Involvement of oxygen radicals spe-
cies at the level of the mitochondria are also proposed
as an potentially important mechanism [123, 124].

Aminoglycosides are known to inhibit prokaryotic
protein synthesis by binding to ribosomes, blocking
initiation and causing mistranslation [125, 126]. Stud-
ies indicate gentamicin that administered in vivo rap-
idly reduces renal cortical endoplasmic reticulum pro-
tein synthesis in vitro [127, 128]. Data indicates that a
major of the in vivo inhibitory effect of gentamicin on
protein occurs during the first two days after antibi-
otic administration [92]. The mechanism by which this
occurs is unknown, but could involve inhibition of
nuclear transcription or alteration of endoplasmic
reticulum or Golgi-mediated post-translational modi-
fications.

In summary, while aminoglycoside antibiotics are
known to induce cellular toxicity by affecting numer-
ous intracellular organelles and processes, the mecha-
nisms by which this occurs remain poorly understood.
At present, critical questions regarding the understand-
ing of aminoglycoside nephrotoxicity center around the
compartmentalization of aminoglycoside within endo-
somal/lysosomal structures and subsequent move-
ment throughout the cell. Do aminoglycosides diffuse
out of the endocytotic compartment into the cytosol
where they can induce direct subcellular organelle
damage, or do they remain sequestered within these
compartments and traffic to other subcellular or-
ganelles via retrograde vesicular trafficking (Figure 1).
How does co-existing ischemia alter the intracellular
compartmentalization of aminoglycosides, and why
does oxygen deprivation result in markedly enhanced
cellular toxicity ?

Secondary cellular and tissue alterations

Two major observations made during the low dose
studies and post-treatment recovery, are that amino-
glycosides induce (a) a dramatic increase in tubular
cell turnover, and, (b) a marked proliferation in the
cortical interstitial compartment [98, 129]. The first phe-
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nomenon most likely results from the necrosis/apop-
tosis process and is certainly essential for the recovery
or maintenance of a normal kidney structure. Conflict-
ing results involving the role of growth factors in the
regenerative response in the kidney after toxic injury
have been reported. Administration of a high doses of
gentamicin to rats provoke an early and dramatic de-
cline in amounts of mRNA coding for epidermal
growth factor, resulting in undetectable amounts after
four days and below normal levels for at least ten days.
Thus, this decline persists throughout the complete
regeneration phase [129]. Subcutaneous infusion of rats
with epidermal growth factor during gentamicin neph-
rotoxicity and repair shortens the period of tubular
necrosis, but changes in serum creatinine, BUN val-
ues, or cell proliferation do not different significantly
from rats given only gentamicin [130]. The prolifera-
tive response in the kidney of gentamicin-treated rats
starts in the interstitial compartment [98, 129]. An in-
terstitial infiltrate of leukocytes, including macroph-
ages and T lymphocytes is observed. For the moment,
the role of this infiltration in the initiation of tubular
damage and subsequential recovery is unclear.

Prevention of aminoglycoside
nephrotoxicity

The above descriptions lead to a number of poten-
tial and useful applications at the level of drug devel-
opment and evaluation, as well as that of the direct
care of the patient (Table 2).

Experimental studies

In vitro and in vivo models, which explore the above

considerations have been useful in rationally analyz-
ing the potential differences among aminoglycosides
with respect to renal tolerance. Thus, aminoglycoside
congeners appear to have quite different nephrotoxic-
ity profiles when examined in experimental set-ups.
There is obviously a hierarchy among the drugs used
in clinical practice, and this hierarchy is based on the
combination of pharmacokinetic parameters (essen-
tially the level of cortical accumulation) and the intrin-
sic toxicity (i.e. its ability to cause tubular insult for a
given cortical concentration). Ranking by these two
criteria is not identical, because the molecular param-
eters involved differ. The two types of ranking in ex-
perimental animals are presented in Table 3. One is
cautioned against using a direct animal to human trans-
formation. First, it will only apply to patients who are,
otherwise, strictly identical in terms of risk factors and
underlying conditions. This is rarely the case and ex-
plains why conflicting clinical reports have been pub-
lished concerning the relative nephrotoxicity of differ-
ent aminoglycosides. There has been little dispute
about such a ranking in experimental animals. Thus,
for instance, amikacin which is active against many
gentamicin- or tobramycin-resistant strains, has long
been considered as an aminoglycoside to be used only
in patients at high risk (and therefore most often more
severely ill or in more complex situations) or in pa-
tients who experienced failures with the other amino-
glycosides because of resistance problems but who
were already partly intoxicated by the first course. Sec-
ond, the difference between drugs may be sufficiently
narrow (see for instance the difference between gen-
tamicin and netilmicin in animals treated with low,
clinically-relevant doses [131]) so as to almost vanish
when examined in the context of a clinical study where

Table 2. Possible measures to prevent
aminoglycoside-induced nephrotoxicity.

1. Limit the duration of treatment to
maximal 7 days

2. Choose the least toxic aminoglycoside

3. Adapt dose to renal function

4. Avoid concomitant administration of
potentially nephrotoxic drugs

5. Determine clinical risk factors

Table 3. High to low nephrotoxicity of aminoglycosides in rats.

According to renal cortical accumula-
tion (% of administered dose)

Neomycin

Gentamicin

Netilmicin

Tobramycin

Amikacin

Streptomycin

According to intrinsic
toxicity

Neomycin

Gentamicin

Tobramycin

Netilmicin

Amikacin

Streptomycin
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variations among patients and other causes of nephro-
toxic insult cannot be avoided and cause ‘background
noise’ to an extent equal to that of the aminoglycoside-
induced toxicity itself. Given these methodological ca-
veats, it is nevertheless interesting to note that there is
a clinical consensus that gentamicin, at the one end of
the spectrum, tends to be more nephrotoxic than ami-
kacin, with tobramycin and netilmicin somewhere ‘in
between’, as suggested from the experimental studies.
There are so far no direct clinical data comparing the
nephrotoxic potentials of dibekacin and sisomicin with
other aminoglycosides in comparable patients. Data
with isepamicin are still scanty in Caucasian popula-
tions, but the Japanese experience seems very positive
(note however that aminoglycosides are given at con-
siderably lower doses in Japan compared to other coun-
tries, which may obscure the picture). Neomycin, was
recognized early on as a very nephrotoxic aminogly-
coside so that its parenteral use was discontinued.
Thus, there is only very limited clinical information
available beyond anecdotes or ‘case reports’. Strepto-
mycin is accepted as being virtually non-nephrotoxic,
but one has to remember that it was never included in
any large clinical trial for comparison with other ami-
noglycosides.

Another development in experimental studies has
been the search for agents or approaches that would
protect against aminoglycoside nephrotoxicity. Among
them, the use of polyaspartic acid has been most suc-
cessful since the co-administration of this acidic poly-
mer with gentamicin or amikacin provides almost com-
plete protection against the development of all mea-
surable histological or functional signs related to ami-
noglycoside treatment in the experimental animal, us-
ing a wide variety of conditions (low and high doses,
acute and chronic treatment...). Discovery of polyas-
partic acid as a protectant against aminoglycoside-in-
duced nephrotoxicity actually arises from the errone-
ous assumption that it would prevent or compete with
the aminoglycoside uptake by kidney tubular cells.
This proved to be wrong, since co-administration of
polyaspartic acid actually increases the amount of ami-
noglycoside recovered from the kidney cortex, even
though it eventually, and quite paradoxically, achieves
protection [132]. Available data suggest that polyaspar-
tic acid actually complexes aminoglycosides in the ly-
sosomes of proximal tubular cells (binding of the acidic
polymer to the polycationic drug is fostered by the acid

pH of lysosomes) and thereby prevents drug binding
to lysosomal acidic phospholipids and/or other anionic
intracellular targets. Interestingly enough, this obser-
vation provides further evidence that the intralyso-
somal aminoglycoside acts as a key factor in the onset
and/or development of aminoglycoside-induced neph-
rotoxic insult.

Clinical studies: the once-a-day schedule

Paradoxically, early experimental studies had con-
clusively demonstrated that daily doses of aminogly-
cosides given according to conventional clinical sched-
ule of “thrice-a-day” (TID, i.e. the daily dose split into
3 administrations at 8-hour intervals) over a one-week
period would invariably cause more intense toxicity
than the same daily dose given in only one adminis-
tration per 24 hours [133]. A high peak of aminoglyco-
side has long been noted, and accepted, as a statisti-
cally significant risk factor in clinical situations. But
this was based on retrospective studies in which the
schedule of administration was kept unchanged (TID)
so that high peaks were manifestation of overdosing.
The bulk of the evidence now shows that aminoglyco-
side nephrotoxicity can be dissociated from the height
of the peak of the aminoglycoside blood level. Over
the years, it became obvious that for a given total daily
dose of any specific aminoglycoside, the magnitude of
the toxicity could be manipulated by changing the
schedule of administration and that toxicity was great-
est when the daily dose was being divided into mul-
tiple small administrations (in experimental toxicologi-
cal evaluations, a practical approach to detect toxicity
with minimal amounts of drug has been the use of
implanted osmotic pumps which can give almost con-
tinuous infusions for a couple of days). The reason for
this apparent paradox is that the drug uptake is satu-
rable, as seen above, so that maintaining a low serum
level maximizes the relative drug uptake. Quite
importantly, the apparent saturation constant lies close
to values round which the serum concentration will
vary when changing the schedule of administration
from thrice a day (TID) to once-day (QD) in patients.
Moreover, that concentration (15 mg/L for gentami-
cin) is consistent with the dose needed to achieve ef-
fective therapy. Indeed, at the same time, bacteriologi-
cal evidence became available that high concentrations
of aminoglycosides (above 10 mg/L for gentamicin)
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(1) enhance bacterial killing, (2) prolong the so-called
post-antibiotic effect of aminoglycosides (which is the
period during which no bacterial regrowth will be ob-
served following drops in the drug concentration be-
low the in vitro minimum inhibitory concentration for
the bacteria under study), and (3) could also be useful
in preventing the selection of bacteria with intermedi-
ate sensitivity to aminoglycosides (reviewed in [2]).
This prompted the launching of several clinical trials
comparing conventional dosing (TID; BID) of amino-
glycosides with a QD mode of administration. When
small groups of patients were combined, no difference
in efficacy or increase in toxicity was evident, rather
the magnitude of the subclinical signs of aminoglyco-
side-induced tubular insult, like phospholipiduria was
reduced [134, 135].

Several meta-analyses pooled the data of individual
RCT (Table 4) [136-145], including a meta-analysis spe-
cifically of the studies in immunocompromised patients
[145]. It is apparent that only the meta-analyses that
combined the results of the individual RCT by means
of a fixed-effects model yielded significant results in
favor of less nephrotoxicity in the single daily dose regi-
mens. However, given the inhomogeneity of the study
designs and the different aminoglycosides used, it
seems prudent to use the random-effects model to com-
bine the individual studies. The meta-analyses that
used this technique did not show a significant differ-
ence in the two dosing regimens. Nevertheless, in all
analyses the single daily dose regimen was associated

with an increase in nephrotoxicity.
In recent years three new prospective studies have

been published. The study of Rybak [146] is remark-
able since it was not only randomized but also per-
formed in a double-blinded fashion. Once-daily ver-
sus twice-daily administration of aminoglycosides was
evaluated in 123 patients with suspected or proven
gram-negative bacterial infections. Once-daily dosing
of aminoglycosides had a predictably lower probabil-
ity of causing nephrotoxicity than twice-daily dosing.
Uijtendaal et al. (147) evaluated the efficacy and neph-
rotoxicity of once-daily administration of gentamicin
versus multiple-daily administration in 52 children and
infants. Nephrotoxicity occurred in 6 patients, 3 in each
group. Both regimens were equally effective.

Karachalios et al. [148] investigated the efficacy and
safety of amikacin administered once-daily versus
twice-daily in adult patients with systemic infections.
There was no difference in clinical response, bacterial
cure rate, or in the incidence of nephrotoxicity, which
was unusually low in this series (5 patients out of 136).

In conclusion, although a decrease in nephrotoxic-
ity rates in once-daily dose regimens has not been es-
tablished, extended-interval dosing strategies have
never been associated with an increased risk of neph-
rotoxicity. The main reason why the majority of acute
care hospitals [149] have adopted this strategy is that
once-daily dosing provides a cost-effective method for
administration of aminoglycosides by reducing work
load among service personnel and by reducing or even

Table 4. Meta-analyses of the incidence of nephrotoxicity in single daily dosing versus multiple dosing of amino-
glycosides.

Author N of RCT Method Result (95% CI)

Blaser & König, 1995 [136] 24 Summation RR 0.82

Galloe et al., 1995 [137] 16 Not given RR 1.00 (0.98-1.02)

Barza et al., 1996 [138] 21 Random-effects model RR 0.78 (0.57-1.07)

Munckhof et al., 1996 [139] 15 Random-effects model RD –1.3 % (-5% – 3.1%)

Ferriols-Lisart & Alos-Aliminana, 1996 [140] 18 Fixed-effects model OR 0.60 (0.40-0.86)

Freeman & Strayer, 1996 [141] 15 Fixed-effects Peto OR 0.70 (0.51-0.94)

Hatala et al., 1996 [142] 13 Random-effects model RR 0.87 (0.60-1.26)

Ali & Goetz, 1997 [143] 26 Random-effects model RD –0.18% (-0.99% - 3.75%)

Bailey et al., 1997 [144] 22 Random-effects model RD –0.6% (-2.4% - 1.1%)

Hatala et al., 1997 [145] 4 Random-effects model RR 0.78 (0.31 – 1.94)

OR: odds ratio; RR: risk ratio; RD: risk difference
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icity. Yet, an elevated trough level will most often mean
a decrease in the glomerular filtration of the drug and
an actual reduction of its availability to the proximal
tubular cells (remember that an increased creatinine
clearance - and therefore an increased filtration rate of
the aminoglycoside may be an independent risk factor
for toxicity, whereas a decreased creatinine clearance
per se is not). Thus, the interpretation of an elevated
trough level is that there has been a delay in drug elimi-
nation. Consequently, less drug needs to be given or
more prolonged intervals can be applied between drug
administrations. Universal acceptance is difficult be-
cause (1) the lack of normative objectively defined val-
ues and (2) that trough levels are often difficult to ac-
curately measure, certainly in extended interval dos-
ing schemes [151].

Another assumption needed to accept serum level
determinations as useful, is that the degree of toxicity
is linearly related to the trough level. Current evidence
does not support this correlation, since the early data
of Schentag and coworkers [163] clearly demonstrated
that the extent of renal uptake - which in turns will
trigger toxicity - may vary widely among patients.
What we actually need is a direct estimation of the
amount of drug retained in the kidney, but that infor-
mation is not easy to obtain by non-invasive techniques.

Figure 3. Forest plot of the relative risk of nephrotoxicity
(value < 1 favors pharmacokinetic dosing) of the 8
individual randomized controlled trials. The overall
relative risk was 0.90 (95% CI 0.63-1.31).

eliminating the need for therapeutic drug monitoring
[150, 151].

Clinical studies: pharmacokinetic dosing

To reduce the toxicity burden of aminoglycosides,
monitoring of drug serum levels and applications of
pharmacokinetic principles to achieve predefined lev-
els in patients is common practice. Eight prospective,
randomized controlled trials specifically designed to
investigate the effect of pharmacokinetic dosing [152]
on aminoglycoside expression of nephrotoxicity could
be identified from the literature [153-160]. These indi-
vidual studies have been unable to detect any change
in the incidence of this adverse event. We combined
the results of the studies using a ‘random effect model’
[161] (Figure 3). The overall relative risk for nephro-
toxicity in the pharmacokinetically dosed group was
found to be 0.90 (95% confidence interval 0.61-1.31),
thus strengthening the findings of the individual stud-
ies. The reason may be that those ‘predefined levels’
were not those above which toxicity rates would be
importantly modified. But, more basically, it must be
emphasized that an underlying and indispensable as-
sumption in the concept of drug monitoring to pre-
vent drug toxicity is, that serum levels are the main
determinant of toxicity. This assumption may be flawed
for aminoglycosides [162, 151]. First, the develop-
ment of the once-a-day concept has made clear
that high peak levels per se are not necessarily
associated with toxicity (what a high peak
level, for a given scheme of administration
mean can be either a high total dosage or a
small volume of distribution, and these two
conditions may already have opposite
meanings in terms of toxicity). Peak levels,
nowadays, are probably more useful to as-
certain aminoglycoside effectiveness in
situations where they could be abnormally
low such as in patients with a larger vol-
ume of distribution or when infection
with organisms with intermediate sen-
sitivity is feared. Trough levels undoubt-
edly are of toxicological significance; be-
cause their elevation would cause the kidney to be ex-
posed for prolonged periods of time to drug concentra-
tions below saturation of binding to the brush border,
i.e. conditions which maximize the uptake and the tox-
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Vancomycin

Vancomycin is a glycopeptide antibiotic with a mo-
lecular weight of 1500. The drug is poorly absorbed
from the gastrointestinal tract. Vancomycin cannot be
given by the intramuscular route and should be ad-
ministered as a slow 60-minute infusion, when
parenteral therapy is necessary. Approximately 30%
is bound to serum protein [164, 165]. Renal vancomy-
cin elimination is predominantly by glomerular filtra-
tion [166]. The renal clearance of vancomycin amounts
to 90% of inulin clearance and 80% of creatinine clear-
ance. In healthy subjects, 30% of the systemic clear-
ance is by non-renal mechanisms. The vancomycin
clearance is decreased in the elderly and dosage should
be adjusted in this population [167]. A reduction of
dosage is also necessary in patients with renal insuffi-
ciency. Dosing nomograms for use in patients with re-
nal insufficiency are available [168, 169]. Since vanco-
mycin is not eliminated by hemodialysis or peritoneal
dialysis, there is no need for additional dosing after
dialysis [170].

The worldwide increase in the incidence of resis-
tant gram-positive infections has renewed the interest
in the T glycopeptide antibiotics [171].

Vancomycin is the drug of choice against serious
infections caused by methicillin-resistant strains of Sta-
phylococcus aureus and coagulase-negative staphylo-
cocci [172]. It may also be used for treatment of infec-
tions by gram-positive organisms in penicillin-intoler-
ant patients. Vancomycin has been extensively used
to treat endocarditis caused by streptococci, enterococci
and staphylococci. The empiric treatment of intrave-
nous catheter sepsis and hemodialysis vascular access
infection by vancomycin has led to a linear increase in
its use in the last decade [173]. Oral vancomycin is ef-
ficacious in the treatment of Corynebacterium difficile-
mediated diarrhea. Of major concern is the recent emer-
gence of vancomycin-resistant enterococcus strains
[174, 175].

In the early years of its use, vancomycin developed
a reputation as being a relatively toxic drug. The most
important side effects associated with vancomycin
therapy are an anaphylactoid reaction referred to as
the ‘red man’ syndrome or the ‘red neck’ syndrome,
ototoxicity, and nephrotoxicity. Typically, the ‘red man’
syndrome develops upon rapid infusion of vancomy-
cin and consists of pruritus, a rash involving the face,

neck, and upper torso, and exceptionally hypotension.
It is believed to be mediated by non-immunological
release of histamine and other mediators. Pretreatment
with H1-antihistamines may be protective for the syn-
drome [176]. Improved purification procedures, how-
ever, have diminished adverse reactions. In a recent
study comparing once-daily versus twice-daily admin-
istration of vancomycin for infections in hospitalized
patients, red man syndrome occurred in 13.7 % and
9.6 % in QD and BID groups, respectively [177].

The incidence of nephrotoxicity associated with
vancomycin is low (5-15%) when the drug is used alone
[54, 178, 179]. In a subset of patients who did not re-
ceive any other potentially nephrotoxic agents, Cohen
et al. [177] found 4 of 37 patients with nephrotoxicity
in the QD vancomycin group and 3 of 39 patients in
the BID group. There is, however, clinical and experi-
mental evidence that vancomycin can enhance the
nephrotoxic potential of aminoglycosides. Wood et al.
[180] reported that rats treated concomitantly with to-
bramycin and vancomycin showed more extensive tu-
bular necrosis than rats treated with either tobramycin
or vancomycin alone. In a prospective study, Rybak et
al. found an incidence of nephrotoxicity of 5% in pa-
tients treated with vancomycin alone and of 11% in
patients treated with an aminoglycoside alone [54]. In
patients who received the combination of vancomycin
with an aminoglycoside the incidence was increased
to 22%. In a meta-analysis, Goetz and Sayers calculated
that the incidence of nephrotoxicity associated with
combination therapy was 13.3% greater than therapy
with vancomycin alone and 4.3% greater than therapy
with an aminoglycoside alone [178]. In a prospective
study, evaluating the effect of aminoglycoside dosing
regimens on rates of observed nephrotoxicity, concomi-
tant use of vancomycin was found to be a significant
predictor of nephrotoxicity by multivariate logistic re-
gression analysis [146]. In a prospective study com-
paring continuous versus intermittent infusion of van-
comycin in severely ill patients Wysocki et al. [181]
found a significant rise in serum creatinine during treat-
ment only in those patients who received vancomycin
with other antibiotics including aminoglycosides. A
prospective study of vancomycin toxicity in oncology
patients [182] essentially came to the same conclusion
that concomitant administration of nephrotoxic anti-
biotics increases the risk for nephrotoxicity.

Whether concomitant vancomycin therapy can en-
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hance cyclosporine-induced nephrotoxicity remains
controversial. In a retrospective analysis, Chandrasekar
and Cronin did not find an additive nephrotoxic po-
tential for vancomycin when used concomitantly in
bone marrow transplant recipients with cyclosporine
and aminoglycosides [183]. However, in a prospective,
randomized, and double-blind study in febrile neutro-
penic patients, Kureishi et al. found a significant dete-
rioration of renal function when vancomycin and cy-
closporine, but not teicoplanin and cyclosporine, were
used concurrently [184].

Monitoring vancomycin serum concentrations is
not cost-effective in preventing vancomycin-induced
nephrotoxicity in patients with normal renal function,
since the correlation between serum levels and anti-
bacterial efficacy or toxicity remains controversial [185,
186, 182]. Serum level determination may be helpful
in patients with increased volume of distribution, in
patients with decreased renal function, in children or
neonates, and in the elderly [165].

Teicoplanin, a glycopeptide antibiotic similar to
vancomycin, is devoid of nephrotoxicity. Used at lower
doses (6 mg/kg/day) it is better tolerated than vanco-

mycin. However, there is some concern about its effi-
cacy in severe infections like endocarditis [171] and the
possible selection of resistance in Staphylococcus au-
reus and in coagulase-negative staphylococci. At higher
doses (12 mg/kg/day) it may be more effective in the
treatment of various gram-positive infections [187]. For
the time being, teicoplanin should be considered as an
alternative for vancomycin in the treatment of gram-
positive infections only in patients who are at risk for
developing drug-induced nephrotoxicity. Recently,
two new antibiotics – quinupristin/dalfopristin and li-
nezolid – came available as treatment options for in-
fections due to drug-resistant gram-positive cocci [188].
Although devoid of nephrotoxicity, both drugs have
important adverse effects and they are costly. Never-
theless, quinupristin/dalfopristin and linozolid may
be useful in selected patients who cannot tolerate van-
comycin or in the case of infection with resistant or-
ganisms.
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Introduction

The large family of β-lactams comprises penicillins,
cephalosporins, cephamycins, monobactams, car-

bacephems and carbapenems and are so named since
they all containing the β-lactam moiety.

Penicillin was the first β-lactam antibiotic and was
discovered in 1928 by Sir Alexander Fleming at St.
Mary’s Hospital, London [1]. The β-lactam chemical
structure for penicillin was first proposed by Abraham
and Chain in 1943 and finally established in 1945 by X-
ray crystallographic analysis. In the same year,
Giuseppe Brotzu, a Sardinian professor of bacteriol-
ogy, isolated Cephalosporium acremonium from the sea
near a sewage outfall at Cagliari, which produced an-
tibiotic material with a broad spectrum of activity. It
was almost eight years later in 1953 when Newton and
Abraham, while studying the production of antibiot-
ics by Brotzu’s Cephalosporium, that they discovered
a penicillin-like substance providing resistance to hy-
drolysis by penicillinases which was named cepha-
losporin C.

By 1959, Rolinson and coworkers completed the iso-
lation of the penicillin nucleus, 6-aminopenicillanic
acid, (Figure 1) in quantity. At about the same time the
β-lactam-dihydrothiazine structure for the cepha-
losporin C was proposed [2] and confirmed subse-
quently by X-ray crystallographic analysis. In 1962,
Morin and coworkers established a chemical method
for the production of 7-aminocephalosporanic acid
(Figure 1) from cephalosporin C in quantity. These
developments opened the way to the preparation of a

large number of semi-synthetic cephalosporins with
hopes of being used as therapeutic agents. Cephalothin
was prepared in 1962 and was the first semi-synthetic
cephalosporin to find extensive clinical use in the 1960s.
Cephalothin was followed by cephaloridine, in which
the acetoxy group at C-3' of cephalothin was replaced
by a pyridinium group (Figure 2). These cephalospor-
ins were followed by four generation of cephalospor-
ins that are now categorized based on their spectrum
of activity.

Figure 1. Core structure of penicillins, cephalosporins,
carbapenems and monobactams.

Figure 2. Various side chains attached to the β-lactam
nucleus, which are involved in renal toxicity.
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Cephamycins, including cefoxitin, cefotetan, cefmeta-
zole and moxalactam (latamoxef), are related to cepha-
losporins but contain a metoxy group rather than a hy-
drogen at the 7-position on the β-lactam ring of the
cephalosporin nucleus [3]. Cefoxitin (Figure 2) is the
best known semi-synthetic cephamycin antibiotic de-
rived from cephamycin C, a substance produced by
Streptomyces lactamdurans. Molecular alterations such
as an exchange of oxygen for sulfur at the S1 position
in the dihydrothiazine ring resulted in the develop-
ment of moxalactam, which is an oxa-β-lactam rather
than a cephalosporin. Moxalactam is stable to β-lacta-
mases due to the presence of a 7-methoxy group in its
chemical structure. It is highly active and has a broad
spectrum of activity except against Pseudomona aerugi-
nosa.

Clavulanic acid was discovered in 1976 and is a β-
lactam antibiotic with low antibiotic activity, but does
protect β-lactamase-sensitive compounds of high in-
trinsic activity such as benzylpenicillin, ampicillin, and
amoxicillin from β-lactamase destruction. Subsequently
other β-lactamase inhibitors such as sulbactam and
tazobactam were developed [4].

Carbacephems are structurally related to cepha-
losporins [5]. Loracarbef, the first this new class of β-
lactam antibiotics, is a carbacephem analog of cefaclor
(Figure 2) in which the sulfur atom in the dihydrothi-
azine ring has been replaced by a methylene group.
Carbacephems have greater chemical stability than
cephalosporins. Loracarbef has in vitro activity against
most pathogenes responsible for upper respiratory tract
infections. It is active in vitro against Streptococcus pneu-
moniae and has activity against most strains of Staphy-
lococcus aureus.

Carbapenems, which are β-lactam antibiotics (pen-
ems) that are neither penicillins (penams) nor cepha-
losporins (cephems), proved to be of clinical signifi-
cance and scientific interest. The first compound of this
new type of β-lactam class was thienamycin [6]. Re-
placing the sulfur atom with a carbon atom altered the
penem ring of thienamycin. All biologically active
members of the class contain the unsaturated carbapen-
2-em carboxylic acid nucleus (Figure 1). The carba-
penem derivatives of thienamycin such as imipenem
and panipenem showed exceptional activity against a
wide range of bacteria including strains of Pseudomona
aeruginosa and are high resistance to hydrolysis by β-
lactamases. Imipenem is a semi-synthetic β-lactam an-

tibiotic and is the N-formidoyl derivative of thienamy-
cin, a carbapenem antibiotic produced by Streptomyces
cattleya. The derivative imipenem is formulated in com-
bination with cilastatin, which prolongs the half-life of
imipenem by preventing its inactivation by dehydro-
peptidases in the kidney. Meropenem and biapenem
are newer carbapenems, which show stability to renal
hydrolysis and do not need to be combined with cilas-
tatin [7].

From the monobactam group, aztreonam is a mono-
cyclic β-lactam antibiotic (Figure 1), which is produced
by Chromobacterium violaceum. Aztreonam has a high
activity against gram-negative aerobic bacteria includ-
ing Pseudomona aeruginosa, but it is virtually inactive
against gram-positive bacteria and anaerobes. Aztre-
onam shows a high degree of stability to a wide range
of both plasmid- and chromosomally-mediated β-
lactamases comparable to the third-generation cepha-
losporins [8].

Nephrotoxic beta-lactams

Beta-lactams such as cephaloridine, cephalothin, ce-
fotiam and imipenem have been associated with neph-
rotoxicity in humans and experimental animals [9]. An
understanding of their nephrotoxicity mechanisms
may provide valuable information for elucidation of
the biochemical mechanisms of newer β-lactam neph-
rotoxicity. Similarly to cephaloridine, third- generation
cephalosporins such as ceftazidime and cefsulodin and
fourth-generation cephalosporins such as cefpirome
and cefepime possess a quaternary nitrogen attached
to the dihydrothiazine ring which may impart neph-
rotoxic potential [10]. Clinical and animal studies car-
ried out with β-lactams, such as cephaloglycin, cepha-
loridine, cephalothin or imipenem, indicated that they
show a differential accumulation at the site of their
toxicity, the renal cortex [11]. Elucidation of the mecha-
nism of toxic action of these model β-lactams has be-
come the focus of several research efforts [12-16].

Penicillins

Penicillins are β-lactam antimicrobials, which have
a 4-membered β-lactam ring that is fused to a 5-mem-
bered thiazolidine ring, thus forming the penam
nucleus (Figure 1). Modifications of the parent com-
pound can alter the bacterial spectrum of these β-
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lactams. The natural penicillins, penicillins G and V,
remain the drugs of choice for infections caused by S.
pyrogens, Peptococcus, Treponema and other organ-
isms. The penicillinase resistant drugs such as methi-
cillin and oxacillin are primarily used for staphylococ-
cal infections. Whereas aminopenicillins such as
amoxicillin and ampicillin are effective against E. coli,
Proteus, Salmonella and Shigella, the extended spec-
trum penicillins such as tircarcillin and carbecillins are
active against Enterobacteriaceae and Pseudomonas.

When 1500 mg/kg ampicillin was administered to
female rabbits as a single dose, there was no evidence
of nephrotoxicity judged by the absence of  tubular ne-
crosis 48 hours after administration [17]. In the other
hand, carbenicillin, methicillin and ampicillin have
been associated with acute interstitial nephritis (AIN)
[18-20].

AIN is characterized by fever, eosinophilia, hema-
turia, mild proteinuria and skin rash occur an average
of 15 days after exposure (range 2-40). Rising serum
creatinine concentration and acute renal failure with
oliguria develop in about 50% of AIN cases, especially
in older patients. Histologically, interstitial granulomas
and variable degrees of tubular necrosis may be seen
on renal biopsy.

Benzylpenicillin is a β-lactam with low or no renal
toxicity [21]. However, when administered in large
doses, benzylpenicillin or amoxicillin [22] have the po-
tential to induced nephrotoxicity. Acute interstitial ne-
phritis and disturbances of blood electrolytes have also
been reported [23]. By comparison, dicloxacillin in-
duced a pathological increase of creatinine, while
cloaxicillin had only a marginal effect on the renal func-
tion [24].

The peroxidative potential of mezlocillin was de-
termined by measuring both the generation of super-
oxide and malondialdehyde (MDA). The results
showed that the amount of generated superoxide was
almost equal to that produced by cefsulodin, under the
same experimental conditions, while the amount of
MDA was about 50% of that generated by cefsulodin
[10]. After incubation of renal cortical slices with me-
zlocillin there was no change in the accumulation of
the organic anion para-aminohippurate (PAH) in slices
when compared to control whereas a significant de-
crease in the accumulation of the cation tetraethylam-
monium (TEA) occurred [10], suggesting a preferen-
tial sensitivity of organic cation transporter.

Cephalosporins and cephamycins

Therapeutic demands for new antimicrobial anti-
biotics arise from the emergence and dissemination of
new opportunistic pathogens, especially in a expand-
ing immune system-debilitated host population. As the
number of β-lactams, and especially of cephalospor-
ins, continues to expand, the need for classification in-
creases. Changing the molecular environment of the
β-lactam ring resulted in the development of β-lactam
antibiotics possessing a penam or cephem nucleus
known as “classical β-lactams” and of those with an
unusual nucleus as “non-classical β-lactams” such as
carbapenems (Figure 1). The introduction of specific
side chains to the penam ring or cephem ring has re-
sulted in a variety of changes in biological properties
of these drugs: expansion of the antibacterial spectrum,
increase in stability against β-lactamase and improved
pharmacokinetic properties, slower elimination allow-
ing longer dosage intervals and lower toxicity, espe-
cially nephrotoxicity [25, 26].

Cephalosporins are β-lactam antibiotics in which
the β-lactam ring is fused to a 6-membered dihydro-
thiazine ring, thus forming the cephem nucleus. To dif-
ferentiate between the successive waves of cepha-
losporins that have appeared since 1975, the introduc-
tion of the term “generations” served for separate one
cephalosporin group from another. Cephalosporins
have been classified as belonging to a first-, second-,
third- or fourth-generation on the basis of their bio-
logical characteristics and clinical use for management
of specific infections [25].

First-generation cephalosporins are mainly active
against gram-positive cocci (except enterococci) and
numerous Enterobacteriaceae. First generation cepha-
losporins (cephalothin, cephaloridine, cefazolin, ceph-
alexin, cephapirin) have limited activity against gram-
negative bacteria although some strains of Escherichia
coli, Klebsiella pneumoniae, Proteus mirabilis, and Shigella
may be inhibited in vitro by these drugs. However,
gram-negative bacteria, which possess β-lactamases,
are able to hydrolyze these cephalosporins partially or
totally. Cefazolin has a substantially longer half-life and
reaches much higher serum concentrations than other
members of this group.

The nephrotoxicity of β-lactams, such as cephalori-
dine, is characterized by decreased glomerular filtra-
tion rate, proteinuria, enzymuria, urinary granular
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casts, impaired ability of renal cortical slices to accu-
mulate organic ions and to synthesize glucose [27].

Ultrastructural changes of proximal tubular cells
occur as early as 1 hour after cephaloridine adminis-
tration to rabbits and are characterized by loss of brush
border, less elongated mitochondria and disappearance
of structures associated with endocytosis. Later ultra-
structural changes include disorganization of lateral
interdigitations of plasma cell membrane and mito-
chondrial swelling [28,29].

Treatment of rabbits [30] or rats [31] with inhibi-
tors of renal organic anion transport, such as
probenecid, decreases renal cortical accumulation of
cephaloridine and its nephrotoxicity. This correlates
with the results of more recent studies, which indicate
that cephaloridine, is actively transported into proxi-
mal tubular cells by a renal organic anion transporter
1 [32, 33]. Results from numerous in vitro and in vivo
animal studies using real cortical slices, isolated tubule
fragments and renal cortical microsomes [26, 31, 34-
41] as well as in vitro studies using human renal corti-
cal slices and human renal microsomes [9] revealed
marked cephaloridine-induced lipid peroxidation.
Cephaloridine-induced oxidative stress caused a sig-
nificant decrease in renal accumulation of organic an-
ions and cations, plus significantly impairing the abil-
ity of the renal cortical tissue to synthesize glucose [26,
31, 36, 37, 39, 42]. Similar results were obtained with
cephalothin, which was less nephrotoxic than cepha-
loridine; cefazolin-induced lipid peroxidation was sub-
stantially less than that caused by cephalothin and did
not affect the renal cortical accumulation of the cation
tetraethylammonium (TEA) or gluconeogenesis [26].
It appears that cephaloridine-induced lipid peroxida-
tion antedates the inhibition of organic ion accumula-
tion [37]. Furthermore, species differences in cephalo-
ridine- [9, 42] or cephalothin-induced nephrotoxicity
have been reported [43]. Selenium deficiency potenti-
ated cephaloridine nephrotoxicity [35, 44]. In contrast
to selenium deficiency, copper deficiency did not in-
crease cephaloridine-induced nephrotoxicity [44].

Second-generation cephalosporins (cefuroxime, ce-
fotiam, cefonicid, cefaclor, cefamandole) differ from the
first generation in that they are generally less active
against staphylococci and streptococci, may have more
resistance to β-lactamases and have greater in vitro ac-
tivity against gram-negative bacteria than the first gen-
eration cephalosporins. Cefuroxime and cefamandole

have enhanced activity against most strains of
Haemophilus influenzae and some Enterobacteriaceae.
Second generation cephalosporins are inactive against
methicillin-resistant Staphylococci and enterococci. The
N-methyl-tetrazole-thiol (NMTT) side chain in posi-
tion 3 of the cephem nucleus confers epileptogenic ac-
tivity, disulfiram-like activity and hypoprothrom-
binemia to cephamandole and cefotiam [26, 45].

Histochemistry and electron microscopy of rabbit
kidneys treated with large doses of cefotiam revealed
both loss of microvilli and the presence of degenera-
tive processes in the proximal tubule [46]. When com-
pared to the first-generation cephalosporin cephazolin,
cefotiam has a comparable peroxidative potential but
greater nephrotoxicity [26].

Third-generation cephalosporins (cefotaxime, cefo-
dizime, ceftizoxime, cefixime, ceftriaxone, ceftazidime,
cefsulodin, cefoperazone) have an expanded spectrum
of activity against gram-negative bacteria compared
with the first- and second-generation compounds. They
are very resistent to β-lactamases, high potency against
Enterobacteriaceae and some activity against
Pseudomona aeruginosa and Bacteroides fragilis. However,
they are usually less active in vitro against susceptible
staphylococci than the first generation cephalosporins.

Cefoperazone, like cefamandole, has the ability to
induce epileptogenic activity, disulfiram-like activity,
and hypoprothrombinemia. It appears that hypothrom-
binemia occurs more frequently with cefoperazone
than with other cephalosporins [45].

Two clinical studies indicated a small but signifi-
cant decrease in glomerular filtration rate during
ceftazidime therapy [47, 48]. A significant elevation in
the excretion of alanine aminopeptidase was also ob-
served [48]. Although cefotaxime and cefoperazone
have peroxidative potential, they do not affect TEA ac-
cumulation and glucose synthesis by renal cortical
slices [26]. Results of studies conducted with renal cor-
tical microsomes showed that cefsulodin, when com-
pared with ceftazidime and cefotaxime, was the most
potent cephalosporin, causing superoxide production
and induction of lipid peroxidation [10]. In studies con-
ducted with renal cortical slices, ceftazidime induced
the greatest decrease in PAH accumulation when com-
pared to cefotaxime and cefsulodin but all three de-
creased TEA accumulation to a similar extent [10].

Fourth-generation cephalosporins such as cef-
pirome, cefepime, cefoselis, cefluprenam and cefclidin
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are zwitterionic 7-methoxyimino cephalosporins,
which are active in vitro and in vivo against both gram-
negative and gram-positive bacteria. These zwitteri-
onic β-lactams remain active against some, but not all,
ceftazidime-resistant Enterobacteriaceae. Antip-
seudomonas activities are generally similar to that of
ceftazidime except for cefclidin which is more active.
However, these cephalosporins are not active against
Bacteroides fragilis.

The nephrotoxic potential of the fourth-generation
cefpirome and of two third-generation cephalospor-
ins, cefotaxime and ceftazidime was compared using
both in vitro and in vivo studies with renal cortical slices
[49]. While cefpirome and cefotaxime did not have an
effect on gluconeogenesis, ceftazidime caused a sig-
nificant decrease. Furthermore cefpirome and ceftazi-
dime decreased TEA accumulation whereas cefotaxime
showed no effect [49]. These differences may be ex-
plained, at least in part, by the zwitterionic structure
of cefpirome and ceftazidime as opposed to cefotaxime
which lacks a pyridinium ring. Other factors besides
peroxidative injury may play a role in the decrease of
TEA accumulation caused by ceftazidime and cef-
pirome. Little or no evidence is yet available concern-
ing the nephrotoxic potential of other fourth-genera-
tion cephalosporins.

Cephamycins include β-lactam such as cefoxitin,
cefotetan, cefmetazole and latamoxef (moxalactam).
Cephamycins are active against anaerobic bacteria, are
less active against gram-positive cocci and, have no ac-
tivity against methicillin-resistant staphylococci and
enterococci. Cephamycin antibiotics such as cefotetan
and latamoxef have a side chain called the methylth-
iotetrazole group (MTT), which predisposes to
hypothrombinemia and bleeding, and alcohol intoler-
ance by causing a disulfiram reaction.

The nephrotoxicity of cefotetan in rabbits was con-
siderably less than that of cefazolin [50]. When com-
pared to cefotiam, cefoxitin appears to be better toler-
ated by the kidney since the cefotiam-induced decrease
of TEA accumulation and the decrease of gluconeo-
genesis in renal cortical slices was 2-3 times greater than
with cefoxitin [26].

Carbacephems and carbapenems

Chemically, carbacephems differ from cephalosporin
antibiotics in the dihydrothiazine ring where a meth-

ylene group has been substituted for the sulfur group
(Figure 1). Loracarbef is the carbacephem analog of
cefaclor. Loracarbef has been shown to be active against
gram-positive aerobes such as Staphylococcus
pneumoniae and gram-negative aerobes such as Escheri-
chia coli and Haemophilus influenzae. When administered
to female rabbits (1500 mg/kg) cefaclor and its
carbacephem analog loracarbef differentiate in their
nephrotoxicity with loracarbef showing a greater po-
tential to cause tubular necrosis than cefaclor [17]. A
case of acute interstitial nephritis associated with
loracarbef resulting in end-stage renal failure has been
described [51].

Carbapenems are a relatively new class of β-lactam
antibiotics (penems) with a remarkably broad spec-
trum. These antibiotics have potent activity against
gram-positive cocci including enterococci, and potent
activity against gram-negative organisms, including
Pseudomonas aeruginosa. Carbapenems also display high
activity against gut anaerobes.

When given as a large single dose, imipenem can
produce acute proximal tubular necrosis in experimen-
tal animals [52]. Imipenem has an unsaturated ring
adjacent to the β-lactam ring, which is normally hy-
drolyzed by dehydropeptidase-1, a renal tubular brush
border enzyme [53]. Cilastatin, a specific inhibitor of
dehydropeptidase-1, blocks the inactivation of imi-
penem, resulting in high imipenem urinary concentra-
tions and reduced nephrotoxicity. The nephroprotec-
tive effect of cilastatin is due to the inhibition of the
contraluminal imipenem transport reducing the intra-
cellular accumulation and preventing high tissue con-
centrations and nephrotoxicity [52]. Newer carbapen-
ems such as meropenem are stable to the hydrolytic
action of dehydropeptidase-1, without combination
with cilastatin, and are well tolerated in elderly and
renal impaired patients [54,55].

In an earlier study of the effects of imipenem in the
rabbit kidney it was shown that imipenem caused a
significant decrease of mitochondrial respiration,
depletion of reduced glutathione, increased produc-
tion of oxidized glutathione and lipid peroxidation [56].
However, these effects were less than those produced
by a comparable nephrotoxic dose of cephaloridine
[56]. Panipenem induced nephrotoxicity at a dose of
200 mg/kg, i.v., but this was less severe than that
caused by a single dose of imipenem [57]. Simultaneous
administration of βmipron (N-benzoyl-3-propionic
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acid) with imipenem and panipenem reduced the
nephrotoxicity of these carbapenems by inhibiting the
active transport of carbapenems in the renal cortex [57].

In a more recent study, peroxidative and nephro-
toxic injuries induced by meropenem and imipenem/
cilastatin in rat and human cortical slices and mi-
crosomes were compared to those induced by cepha-
loridine [9]. While meropenem and imipenem/cilas-
tatin did produce lipid peroxidation and depressed
PAH accumulation and gluconeogenesis in rat and
human renal cortex, the effect was substantially less
than with cephaloridine [9]. The human renal cortical
tissue appears to be less susceptible to β-lactam induced
lipid peroxidation than the rat renal cortical tissue; with
meropenem showed lower renal toxicity then imi-
penem/cilastatin [9].

Monocyclic beta-lactams

Aztreonam, a monobactam, is a useful alternative for
patients with aerobic gram-negative infections who are
allergic to penicillins, but has no activity against anaer-
obes. Aztreonam appears to be the only β-lactam anti-
biotic that can be safely administered to penicillin-al-
lergic patients [58]. Aztreonam has a spectrum of ac-
tivity that is comparable to the aminoglycosides but it
is less nephrotoxic in patients [59] and it appears to be
well tolerated in infants and children [60].

Results of in vitro experiments carried out with rat
renal microsomes and renal cortical slices showed that
aztreonam has a low potential to induce reactive oxy-
gen species and lipid peroxidation [10]. However, az-
treonam caused a decrease in renal cortical accumula-
tion of PAH comparable to that of paraquat without a
significant decrease in TEA accumulation [10]. There-
fore, it appears that the nephrotoxic activity of aztre-
onam may be not directly related to the superoxide
generation and lipid peroxidation.

Relationship between beta-lactam
structure and renal toxicity

A consequence of the development of the large
number of cephalosporins is that the molecular struc-
tures have become more and more complex. Alterations
in the cephalosporin molecule have resulted in differ-
ences between cephalosporins in spectrum of activity,
protein binding, peak serum level, serum half-life, route

of excretion, cerebrospinal fluid levels and toxicity.
Cephalosporins are semi-synthetic antibiotics derived
from 7-aminocephalosporanic acid, which is also called
the cephalosporin nucleus. The cephem ring
(“nucleus”) is composed of a β-lactam ring fused with
a dihydrothiazine ring (Figure 1).

Cephalosporins differ in the substituents attached
to the 3 and/or 7 positions of the cephem ring. Usu-
ally modifications at position 7 influences the anti-
bacterial spectrum and resistance against β-lactamases
(Figure 2). For example, the presence of a methoxy-
imino group at the position 7 as found in cefuroxime,
cefotaxime, ceftizoxime and ceftriaxone, confers en-
hanced β-lactamase stability with some loss of gram-
positive activity. Addition of an aminothiazolyl side
chain, as found in all the above except cefuroxime, pro-
vides unusually high affinity for the penicillin bind-
ing proteins found in gram-negative bacteria. Ceftazi-
dime has a propylcarboxyl group at this location, which
produces superior Pseudomonas activity but markedly
reduces effectiveness against gram-positive organisms.
The presence of a methoxy group at position 7 of the
cephamycins cefoxitin and cefotetan, by steric hin-
drance, confers resistance to gram-negative β-
lactamases, although it also reduces affinity for peni-
cillin binding proteins [61].

Substitutions at position 3 of the dihydrothiazine
ring play a major role in the overall pharmacokinetic
properties and toxicity. For example, the unusually
long half-life of ceftriaxone appears to be caused by
the presence of a triazine substituted at this position
[62]. Cephalosporins such as cephalothin, cephalogly-
cin, cephapirin, cephacetrile and cefotaxime share an
acetoxymethyl group at the position 3 (Figure 2) and
are all metabolically converted to desacetyl derivatives
and to the antibacterially inactive lactone of these sub-
stances.

With increasing complexity of the molecular struc-
ture it seems inevitable that the toxic profile will be
altered. The most striking example of the effect of
chemical alterations on the safety profile of β-lactams
is the 3-methylthiotetrazole (MTT) side ring attached
in position 3 of the cephem nucleus (Figure 3) The MTT
side ring is present in many cefamycins (cefotetan,
moxalactam) and cephalosporins (cefmenoxime, cefop-
erazone and cefamandole) and confers epileptogenic
activity, disulfiram-like activity and reduced synthe-
sis of prothrombin. Hypoprothrombinemia and bleed-
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ing complications during therapy with these drugs oc-
curred in geriatric, debilitated, or other patients with
vitamin K deficiency or in patients with severe renal
failure or following radical gastrointestinal surgery
[63]. The substitution of the MTT side chain and the
presence of the 2-methyl-1,3,4-thiodiazole-5-thiole
(MTD) side ring in position 3 of the cephem nucleus of
cefotiam, cefonicid and cefazolin (Figure 3) induces
weaker but similar effects to those caused by the MTT
side ring. It appears that the ionization of the N-dim-
ethylaminoethyl group attached to the N-methyl-
tetrazole-thiol (NMTT) side chain of cefotiam enhances
its secretory transport in kidney epithelial cells [64].

Cephalosporins such as cephaloglycin, cephalexin
and cefaclor have in common a D-phenylglycyl side
chain at C-7' but they differ in the side chain on the C-
3' of the cephem nucleus (Figure 2). While cephalogly-
cin possess an acetoxymethyl group at C-3 and a high
intrinsic nephrotoxic potential, cephalosporins such as
cephalexin and cefaclor, which in place of the acetoxy-
methyl group contain a methyl group or a chloride,
respectively, are basically not nephrotoxic [11].

While the D-phenylglycyl side chain is not totally
responsible for nephrotoxic potential of the β-lactam
molecule, it does increase the nephrotoxic potential of
the β-lactam if other molecular components are not
metabolically detoxified or if renal metabolism occurs
at a slow rate, as in the case of cephaloglycin [65].

However, the acetoxymethyl side chain in position
3 of the cephem ring may confer nephrotoxic potential
as in the case of cephaloglycin [11] and cephalothin
[43] but not with cefotaxime (Figure 2) [26]. It is likely
that the presence of D-phenylglycyl side chain in the
cephaloglycin molecule and its global molecular con-
figuration insures that the acetoxymethyl side chain
will be metabolized at a slower rate by the renal en-
zymes. This leads to an intracellular accumulation of
the intact cephaloglycin sufficient to reach threshold
nephrotoxic concentration [64]. Thus, these results sug-
gest that the presence of the acetoxymethyl group on
the position 3 of the cephem ring does not lead to in-
evitable renal damage and thus cannot be solely re-
sponsible for the occurrence of nephrotoxicity. The dif-
ference between cephaloglycin and cefotaxime is due
to the presence on the position 7 of the cephem nucleus
of the D-phenylglycyl side chain for cephaloglycin and
of the aminothiazolyloximino side ring for cefotaxime.
The lack of the nephrotoxic potential of the aminothia-

zolyloximino side chain is proven by the molecular
structure of ceftizoxime, which has only a hydrogen
atom on the position 3 of cephem nucleus (Figure 2).

More interesting, the presence of the thiophene ring
in position 7 of the cephem nucleus (Figure 2) has been
associated with nephrotoxic effects in the case of cepha-
loridine and cephalothin and to a lesser extent in the
case of the cephamycin cefoxitin [26, 66]. When com-
pared to cephalothin, small alterations of the cefoxitin

Figure 3. Side chains attached to the cephem nucleus,
which have a toxic potential.
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molecule in positions 3 and 7 of the cephem nucleus,
such as replacement of the methyl group with an amino
group and addition of the methoxy group respectively,
reduced its nephrotoxic potential [66]. The aminoac-
etoxy side chain of cefoxitin that is also present in the
molecule of cefuroxime (Figure 2), did not, by itself,
confer a nephrotoxic potential to these two β-lactams.

The presence of other structures in position 7 of the
cephem nucleus, such as the aminothiazolyloximino

side ring of cefotaxime, ceftizoxime and cepirome (Fig-
ure 4) or the corresponding complex structure of ce-
foperazone (Figure 3), does not confer a nephrotoxic
potential to these β-lactams [26, 49]. Furthermore, the
results of various studies suggested that the pyridinium
ring when attached at position 3 to the cephem nucleus
could be implicated in the nephrotoxic effects seen with
cephaloridine, cefsulodin and ceftazidime [10, 26, 34].
The concomitant presence of the thiophene ring and
pyridinium ring in the molecule (Figure 4) creates the
most nephrotoxic cephalosporin to date, cephaloridine.
The presence of an acetoxymethyl side chain instead
of the pyridinium ring resulted in the reduction of the
nephrotoxic potential of cephalothin by about 30-50%
when compared to cephaloridine [9, 26].

However, β-lactams such as cefotiam or imipenem
which contain neither a D-phenylglycyl nor a pyri-
dinium ring in their molecule act as nephrotoxicants
[9, 26, 67]. Imipenem induces acute proximal tubular
necrosis in monkeys [68] and rabbits [56] similar to that
produced by cephaloridine. Both impairment of mito-
chondrial respiration and oxidative injury appear to
be involved in the nephrotoxic action of imipenem [35,
69]. Nephrotoxic cephalosporins have an active leav-
ing group in their C-3 side chain and cause mitochon-
drial injury by acylating and inactivating the mitochon-
drial receptors [11]. Although imipenem does not have
any leaving group, it also causes similar nephrotoxic-
ity [56].

The differences in nephrotoxicity of carbapenems
are due to the different structural features, especially
the physicochemical properties. The structure of mero-
penem differs from the structure of imipenem and pa-
nipenem due to the presence of a 1β-methyl group and
the lesser basicity of the amino group in the C-2 side
chain. The basicity of meropenem is much lower than
that of imipenem and panipenem [70]. The reduced
meropenem nephrotoxicity is not related to the pres-
ence of the 1β-methyl group. However, the basicity of
the C-2 side chain of carbapenems is important for the
occurrence of nephrotoxicity [70].

The strained structure of carbapenems confers a
higher reactivity to the carbapenem skeleton than that
of cephalosporin skeleton. It has been suggested that
both β-lactam ring and the basicity of C-2 side play a
major role in carbapenem-induced nephrotoxicity [70].

To summarize, the nephrotoxic potential of β-
lactams is not solely due to the presence of a specific

Figure 4. Cephalosporins containing the pyridinium ring
attached to the cephem nucleus.
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side chain in the molecule, but rather, the entire mo-
lecular structure determines the nephrotoxic action.

Effects on plasma cell membrane and
subcellular organelles

Plasma cell membrane

The cell membrane serves as a protective barrier in
renal cells. It is the initial site which β-lactams encoun-
ter in their journey to the cellular environment from
the blood or tubular fluid. β-lactams may disrupt the
functional organization of the membrane through per-
oxidation of membrane lipids, which, in turn, leads to
the inability of membrane to serve as an osmotic bar-
rier and causes the cytosol contents to leak. As a result
of the cephalosporins disruptive effect on cell mem-
brane, increased leakage of the cytosolic enzyme lac-
tate dehydrogenase (LDH) occurs. The increased LDH
concentration was from the cytosol of the renal cortex
[49,71] or from isolated proximal and distal tubular cells
[39] or in the urine of experimental animals [39]. The
results of these studies indicate that plasma membrane
became permeable to large molecules such as LDH.
After cephalosporin treatment, cephaloridine caused
the greatest decrease of LDH concentration in cytosol
[49]. Whereas, cephaloridine induced a greater release
of LDH from proximal tubular cells than cephalothin
and cephalexin, distal cells were not affected by any of
these cephalosporins [38,39].

Endoplasmatic reticulum

The major intracellular source of reactive oxygen
species such as superoxide anion and hydrogen per-
oxide are the cytochrome P-450 system of the
endoplasmatic reticulum and mitochondria.

The endoplasmic reticulum is a continuous anasto-
mosing network of lipoprotein membranes extending
from plasma membrane to nucleus and mitochondria.
The microsomal fraction derived from endoplasmatic
reticulum consists of membranous vesicles. Microso-
mal cytochromes P-450 are a superfamily of hemopro-
teins that play a central role in the metabolism of a large
variety of xenobiotics plus synthesis and catabolism of
endogenous compounds. Results of studies using
nephron fragments have shown that cytochrome P-450
was localized exclusively in the proximal tubule [72]

whereas NADPH-cytochrome c reductase was distrib-
uted along the entire nephron [73]. The average con-
centration of cytochrome P450 in unstimulated renal
cortex microsomal membranes is about 0.150 nmol/
mg protein in rats while in humans it amounts to about
0.050 nmol/mg protein [73, 74].

The renal cytochrome P-450 enzyme system is in-
volved in oxidative reactions in which an atom of mo-
lecular oxygen is inserted in an organic molecule. The
flavoprotein NADPH-cytochrome P-450 reductase is
an essential component of the mixed-function oxidase
systems (MFO). Microsomal membranes appear to be
particularly subject to attack by reactive oxygen radi-
cals due to their high content of unsaturated fatty ac-
ids and the presence of the cytochrome P-450 system
[40]. Cephaloridine-induced peroxidation of mem-
brane lipids is decreased by the cytochrome P-450 in-
hibitor cobalt chloride [31], suggesting a role for a cy-
tochrome P-450 reductase in the β-lactam-induced gen-
eration of reactive oxygen species and subsequent per-
oxidation products.

Cephaloridine-induced reactive oxygen species
such as superoxide, hydrogen peroxide, and hydroxyl
radical could, in addition to inducing peroxidative
damage of membrane lipids [40], destroy and/or in-
activate renal cortical membrane proteins and enzymes
[75,77]. Treatment of rats with cephaloridine (CPH)
caused an in vivo depletion of the microsomal cyto-
chrome P-450 and b5 as well as induction of a polypep-
tide of molecular weight 44,000. SDSD-gel electro-
phoresis and phenobarbital induction studies indicated
that the two depleted polypeptides were cytochrome
P-450 isoenzymes [74]. The in vivo depletion of renal
cortical cytochrome P-450 by CPH was dose-depen-
dent. It is worth noting that statistically significant
depletion of cytochrome P-450 occurred at relatively
low dosage. More interestingly, the time course of
CPH-induced decrease in renal cortical content of cy-
tochrome P-450 isoenzymes indicates that a significant
depletion occurred as early as 3 h after a single dose of
1200 mg/kg CPH [74].

An almost complete depletion of cytochrome P450
was measured at 12 and 24 hours after CPH treatment
followed by a slow recovery of the cytochrome P-450
content over 48 to 72 hours despite continuing CPH-
treatment (1200 mg/kg/d). Measurement of MDA con-
tent in the same alloguate of renal cortex and mi-
crosomes showed that a significant increase in CPH-
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induced lipid peroxidation occurred 24 hours after ad-
ministration of 1200 mg/kg/d CPH [74]. The time
course of these biochemical events indicates that the
onset of CPH-induced cytochrome P-450 loss distinctly
precedes the onset of CPH-induced lipid peroxidation.

After intravenous treatment of rats with 1200 mg/
kg/d CPH for 3 days, homogenates of the renal cortex
were separated into subcellular fractions and their pro-
tein composition analyzed. The results of the SDS-gel
electrophoresis of the renal cortical subfractions
showed significant alterations of the polypeptide pat-
tern in the microsomal fraction. The analysis of the
polypeptide composition of the microsomal fraction
indicated that paralleling to the depletion of cyto-
chrome P-450 isoenzymes in the molecular weight
range 50-53,000 was the induction of a polypeptide of
molecular weight 44,000 [74].

The question rose whether the CPH-induced 44,000
molecular weight polypeptide is a cytochrome P450-
isoenzyme. Thus, induction experiments were carried
out in which saline-treated rats were compared with
phenobarbital- and CPH-treated rats. Analysis of the
polypeptide composition of the microsomal fraction
from the phenobarbital group indicated a significant
increase of polypeptides in the 50-53,000 molecular
weight (P-450 region), but no increase in 44,000 mo-
lecular weight polypeptides [75]. However, in the re-
nal cortical microsomes from the CPH treated rats (1200
mg/kg/d for 3 days), there was a time- and dose-de-
pendent increase in the amount of the 44,000 molecu-
lar weight polypeptide with a simultaneous depletion

of the 50-53,000 molecular weight polypeptides from
the cytochrome P-450 region. These results suggest that
the 44,000 renal microsomal polypeptide induced by
CPH-treatment is not a cytochrome P-450 isoenzyme
nor is it the result of degradation of high molecular
weight proteins by CPH [75].

Solubilization experiments revealed that the CPH-
induced 44,000 molecular weight polypeptide is a pe-
ripheral rather than an integral membrane protein [75].
The precise function of the inducible 44,000 molecular
weight microsomal protein is not known at the present
time. However, data showing an increase in the enzy-
matic activities of drug metabolizing enzymes such as
renal cortical microsomal GSH-S-transferase (3.5-fold)
suggest that the CPH-induced 44,000 polypeptide is
an enzyme of the endoplasmatic reticulum involved
in the detoxification of the reactive species evolving
from intracellular bioactivation of CPH [74, 75].

CPH-treatment of rats (1200 mg/kg/d for 2 d) in-
duced the enzymatic activities of other renal cortical
drug-metabolizing enzymes such as 7-ethoxy-
coumarine-O-deethylase and cytosolic GSH-S-trans-
ferase whereas the enzymatic activities of aniline hy-
droxylase and aminopyrine-N-demethylase were si-
multaneously decreased or remained unchanged, re-
spectively (Table 1) [74]. Treatment of male and female
rats with cephaloridine (750 mg/kg/d) for two weeks
to three months resulted in a 2-fold increase of glu-
tathione-S-transferase activity in the renal cortex [76].
These results suggest an adaptive response to cepha-
loridine subchronic treatment.

Table 1. Effects of cephaloridine on the activity of drug metabolizing enzymes from rat renal cortex microsomes.

Enzymes Control rats Treated rats % of control

NADPH-cytochrome-c-reductase 13.64 ± 2.81 11.65 ± 2.03 85.2
(nmoles/mg protein/min)

Aminopyrine-N-demethylase 0.81 ± 0.12 0.82 ± 0.07 101.2
(nmoles/mg protein/min)

Anilline hydroxylase 0.330 ± 0.02 0.018 ± 0.003* 5.5
(nmoles/mg protein/min)

7-Ethoxycoumarin-O-deethylase 0.095 ± 0.02 0.130 ± 0.07* 136.8
(nmoles/mg protein/min)

Glutathione-S-transferase
(nmoles/ mg protein/min):
I. Microsomal 9.8 ± 1.6 35.0 ± 1.8* 357.1
II. Cytosolic 94.75 ± 7.4 298.62 ± 11.3* 315.2

Cephaloridine was administered for 2 days (1200 mg/kg/d, i.v.). Results are mean ± SD from 5 different preparations. * Values are significant at P< 0.05.
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Renal brush border

The effects of CPH-treatment of rats (1200 mg/kg/
d for 3d) on the polypeptide composition of renal brush
border from the proximal tubule cells; enzymatic ac-
tivities and transport systems of the brush border mem-
brane vesicles (BBMV) were investigated [77]. The re-
sults of these studies showed that CPH-treatment in-
duces a 20-30% decrease in the specific activities of re-
nal brush border enzymes leucine aminopeptidase and
γ-glutamyltransferase. SDS-gel electrophoresis showed
that CPH-treatment induced a decrease of the inten-
sity of 3 brush border polypeptides of molecular
weights of 72,000, 58,000 and 39,000 [77].

Lysosomes

Cephaloridine has been shown to interact with ly-
sosome phospholipids; this reaction is, in part, hydro-
phobic in nature [78]. High cephaloridine concentra-
tions have a disruptive effect on lysosomes whereas at
low concentrations cephaloridine has a stabilizing ef-
fect on the lysosomal membrane system [78,79]. The
stabilizing effect is greater with cefazolin and cepha-
loridine than with ampicillin [80]. This membrane sta-
bilizing effect could be due to the cephaloridine inhi-
bition of the lysosomal membrane bound phospholi-
pase 2 [78].

Treatment of rats with latamoxef (2000 mg/g day)
for 5 days induced an insignificant increase in the re-
lease of N-acetyl-β-D-glucosaminidase from lysos-
omes, when compared to control rats [81]. After intra-
venous treatment of rats with 1200 mg/kg/d CPH for
3 days, homogenates of the renal cortex were separated
into subcellular fractions and their protein composi-
tion was analyzed. The results of the SDS-gel electro-
phoresis of the renal cortical subfractions showed no
relevant alterations of the polypeptide pattern in the
lysosomal fraction [75].

Mitochondria

Administration of cephaloridine induces mitochon-
dria elongation followed by mitochondria swelling [28,
29] which lead to mitochondrial dysfunction. Cepha-
loridine and other β-lactams decreased mitochondrial
respiration significantly, suggesting a loss of mitochon-
drial integrity [35,56]. It has been suggested that mito-

chondrial damage may mediate, at least in part, the
nephrotoxicity of some β-lactams. Nephrotoxic β-
lactams (cephaloridine, cephaloglycin, imipenem)
cause similar patterns of respiratory depression
whereas non-nephrotoxic β-lactams do not alter mito-
chondrial function [67]. It is also possible that intracel-
lular accumulation of the nephrotoxic β-lactams cause
disruption of lysosomal membrane, release of lysoso-
mal hydrolases which inflict mitochondrial membrane
injuries and mitochondrial dysfunction. Structural
damage, which can be observed by light microscopy
usually, means that the β-lactam-induced toxicity is se-
vere. Under this conditions it may be difficult to de-
cide whether or not the mitochondrial effects are the
cause of renal toxicity or are secondary to the death of
the cell. Many studies have shown that the β-lactam-
induced injuries are early indications of cell injuries.
However, some caution must be observed in interpret-
ing the data as mitochondria can undergo reversible
changes in conformation, which may reflect changes
in osmolality of the cell rather than a direct mitochon-
drial inhibition.

Mechanisms of action

High intracellular concentration

Contraluminal uptake of organic ions from blood
along with the luminal secretion and/or uptake of or-
ganic ions plays a crucial role in the renal handling of
organic ions, especially β-lactams [82, 83].

Cephalosporins such as cephalothin and cephalo-
ridine interact with both the anionic (p-aminohippu-
rate, PAH) and cationic (tetraethylammonium, TEA or
N-methylnicotinamid, NMN) transport systems [31, 67,
85]. β-lactams have been shown to be secreted by the
S2 segment of the proximal tubule via the PAH trans-
port system [85]. Cephalothin inhibited the transport
of PAH in rabbit basolateral and in brush border mem-
brane vesicles [84] while cephaloridine inhibited the
transport of PAH and TEA and in rat renal cortical
slices [26, 77] and of PAH [77, 84] or NMN [84] in rat
brush border membrane vesicles (BBMV).

Cephaloridine-induced nephrotoxicity is not re-
stricted to the S2 segment but also involves the S3 seg-
ment of the proximal tubule [86]. More recent studies
suggest that the rat renal organic anion transporter 1
(OAT1) located in the renal basolateral cell membrane,
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is the major transporter responsible for the renal secre-
tion of antibiotics, especially that of β-lactams [32, 33].
The luminal secretion of β-lactam across brush-border
membrane into urine has also thought to be carrier-
mediated. The multispecific organic anion transporter,
multidrug resistance-associated protein 2 (MRP2), is
localized to the luminal membrane of all proximal tu-
bule segments [87] and mediates the efflux of anionic
lipophilic compounds such as glucuronides and glu-
tathione conjugates from the cell. MRP2 or MRP2 iso-
forms are possible carrier candidates for the luminal
secretion of organic anions such as β-lactams.

Apart from the secretion mechanisms, brush bor-
der membrane also contains transport systems for re-
absorption of compounds from the luminal urine.
Treatment of rats with 1200 mg/kg/d cephaloridine
greatly reduced the uptake of cephalexin and cefotiam
into BBMV whereas the posttreatment uptake of cepha-
loridine by the BBMV remained unaffected [77]. The
unaffected uptake of cephaloridine into BBMV from
cephaloridine treated rats indicates that cephaloridine
is transported by a transport system, which is differ-
ent from the dipeptide transporter. OCTN2 is an or-
ganic cation/carnitine transporter, which can transport
not only organic cations but also of the zwitterions
cephaloridine, carnitine and acylcarnitins [88]. Cepha-
loridine and other β-lactams with quaternary nitrogen
such as cefoselis and cefepime are recognized by
OCTN2 as transportable substrates [88]. β-lactams that
do not contain a quaternary nitrogen but possess an α-
amino group are recognized as transportable substrates
by the peptide transporters PEPT1 and PEPT2 [89].
PEPT2 has a much higher affinity for β-lactams such
as cephadroxil and amoxicillin [89], which do not con-
tain a quaternary nitrogen but posses an α-amino group
in the penam or cephem nucleus. Available evidence
indicates that PEPT2 mediates H+-peptide cotransport
from the luminal urine across brush-border membrane
into the proximal tubule cells [90].

Available experimental data indicates that cepha-
loridine-induced nephrotoxicity is dependent upon its
renal cortical concentration [67]. Experimental data
showed that probenecid, 2-4-dinitrophenol, ouabain
and anoxia decreased the renal cortex accumulation of
cephaloridine and cephalexin [91]. Concomitant expo-
sure of renal cortical slices to cephaloridine and
probenecid decreased cephaloridine-induced nephro-
toxicity as shown by TEA accumulation in renal corti-

cal slices [35]. Since inhibitors of organic ion transport
prevent both transport and nephrotoxicity of cephalo-
ridine, it could be concluded that the nephrotoxicity
of cephaloridine is related to high intracellular concen-
trations resulting from active transport [67, 91] and bio-
activation within kidney cells [34, 40].

Cytochrome P-450 and renal bioactivation

Kidneys are able to carry out extensive oxidation,
reduction hydrolysis and conjugation reactions. The
attractive hypothesis that cephaloridine is metabolized
prior to producing nephrotoxicity [92] was not sub-
stantiated by experimental data. However, pretreat-
ment of rats with 60 mg/kg cobalt chloride decreased
cephaloridine-induced lipid peroxidation in renal cor-
tical slices [31]. These results suggest that prior to pro-
ducing nephrotoxicity, cephaloridine is taken up into
renal cells, where, with the involvement of cytochrome
P-450, it induces peroxidation of cell membrane lip-
ids.

Whereas many cephalosporins such as cefaclor,
cefadroxil, cefonicid, ceforanide, ceftazidime, cefti-
zoxime, cefuroxime, cephalexin, and cephradine are not
metabolized, cefamandole naftate is rapidly hydro-
lyzed in plasma to cefamandole, which has greater an-
tibacterial activity than the parent compound. Ceftri-
axone is metabolized to a small extent to microbiologi-
cally inactive metabolites in the intestines after biliary
excretion. Cefuroxime axetil is rapidly hydrolyzed to
cefuroxime, the microbiologically active form of the
drug, by nonspecific esterases in the intestinal mucosa
and blood following oral administration. The axetil
moiety is further metabolized to acetaldehyde and ace-
tic acid [93].

Desacetylation of cephalosporins occurs in liver and
kidney via the activity of acetylesterases. Desacetylated
cephalosporins all maintain some antibacterial activ-
ity. Desacetylcefotaxime penetrates well extravascular
body sites, achieves high tissue concentrations and acts
synergistically with cefotaxime [94, 95]. Desacetylation
of cephaloglycin, cephalothin and cephapirin resulted
in formation of less active desacetyl forms [94] and less
toxicity [64]. About 50% of cephaloglycin is metabo-
lized to desacetylcephloglycin, which is less nephro-
toxic at equal dosage [17]. Thus, desacetylation appears
to be a detoxification mechanism for toxic cephalospor-
ins such as cephaloglycin and cephalothin [64, 96].
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Reactivity of the beta-lactam nucleus

The central β-lactam nucleus is involved in the
molecular events leading to renal toxicity. Among other
factors reactivity of the central β-lactam core contrib-
utes to the antimicrobial potency of these compounds.
In the bacterial cell wall β-lactams form covalent com-
plexes with membrane bound proteins (acylation), thus
blocking cell wall formation and bacterial proliferation.
The ability of a variety of penicillins and cephalospor-
ins to acylate bacterial cell wall proteins was ranked as
following: ceftazidime > cefaclor > cephaloglycin >
cephalothin > or = cephaloridine > or = cefazolin >>
penicillins > cephalexin and other 3-methyl-cepha-
losporins [97]. It appears that there is a partial correla-
tion between β-lactam acylation potency and their
nephrotoxicity which ranked as following: cephalogly-
cin > cephaloridine > cephalothin > cefazolin > cefa-
clor > penicillins, cephalexin, ceftazidime and cefo-
taxime [26, 67]. Moreover, cefaclor which appears to
have high acylation potential has low renal toxicity.

Further, cephaloridine with moderate acylating ac-
tivity is one of the most nephrotoxic cephalosporins. It
was speculated that this discrepancy may be due to
the presence of the cationic nitrogen group near to the
carboxyl group of cephaloridine; this could limit cepha-
loridine access to the anionic targets and thus requir-
ing high intracellular concentration to induce nephro-
toxicity [67]. Whereas experimental evidence supports
the concept that some β-lactams may induce acylation
of mitochondrial substrate carries, little is known about
the functional consequences of acylation of other cel-
lular proteins [67].

Mitochondrial dysfunction

It has been suggested that mitochondrial injury may
mediate, at least in part, the nephrotoxicity of some β-
lactams [67]. Mitochondrial respiration with and up-
take of succinate after exposure to toxic doses of cepha-
loridine, cephaloglycin, or imipenem [98] showed sig-
nificant reduction of both functions. Cephalexin did
not affect either the mitochondrial uptake or respira-
tion with succinate. Depressed mitochondrial respira-
tion secondary to acylation of the mitochondrial trans-
porter for succinate appears to be implicated in renal
toxicity caused by cephalosporins and carbapenems
[98]. The organic anion fluorescein accumulates in mi-

tochondria of renal proximal tubular cells [99, 100]. Val-
proate, indometacin, and salicylate induced a signifi-
cant inhibition of fluorescein [101]. However, cepha-
loglycin and cephaloridine did not inhibited the fluo-
rescein uptake. This is contrast with the results of pre-
vious studies in which an activation of the mitochon-
drial transporter was described [56]. This discrepancy
between the results of these studies may be explained
by the involvement of other carrier systems and/or
species differences.

Using t-butyl hydroperoxide as a model hydroper-
oxide, the temporal sequence of cellular events lead-
ing to renal proximal tubular cell death was determined
[102]. The results of the in vitro studies using rabbit
isolated tubule suspensions showed that lipid peroxi-
dation and glutathione oxidation are the initial events
in t-butyl hydroperoxide-induced toxicity followed by
mitochondrial dysfunction and cell death [102]. The
temporal sequence of cellular events causing functional
impairment and cell death was determined after ex-
posure of rat renal cortical slices or suspensions of rab-
bit renal cortical tubules to cephaloridine [37, 38]. The
results of these studies indicate that GSH depletion and
lipid peroxidation are initial events, which precede
mitochondrial dysfunction, impairment of the cellular
uptake of organic ions and cell death. Moreover,
supplementation of GSH to the incubation medium
containing renal cortical microsomes significantly re-
duced cephaloridine-induced lipid peroxidation within
the first 3 minutes after onset of incubation [36].

Glutathione and glutathione transferases

Reduced glutathione is the most important nonpro-
tein thiol present in animal cells [103]. Most of the in-
tracellular GSH is found in the cytosol. However, a
minor mitochondrial pool of GSH contributes to the
total cellular pool of glutathione [102, 104, 105].

GSH transferases are inducible enzymes with over-
lapping substrate specificity [73]. They are also found
in renal cells as cytosolic enzymes or as membrane-
bound microsomal transferases. GSH conjugates are
usually less toxic than their parent compounds and are
readily excreted in the bile and in the urine as their
corresponding mercapturic acids. However, evidence
is accumulating that GSH conjugates and/or their cor-
responding cysteine conjugates are nephrotoxic [106,
107].
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Moreover, intracellular accumulation and cyto-
chrome P450 catalyzed bioactivation of β-lactams such
as cephaloridine overwhelms of the GSH redox cycle
by inhibiting glutathione reductase activity [35, 56],
depletion of GSH and accumulation of GSSG [35, 42,
49, 56]. Most of GSSG formed is subsequently reduced
by glutathione reductase and GSH is regenerated with
concomitant oxidation (consumption) of NADPH to
NADP+ [104].

Depletion of GSH by cephaloridine [34, 35, 56],
cephaloglycin and imipenem [56]) was accompanied
by a significant rise of GSSG concentration of the renal
cortex. GSH depletion in renal cortex was dose-depen-
dent and was greatest in rabbits, intermediate in rats
and least in mice [42]. This pattern is consistent with
the species susceptibility to cephaloridine nephrotox-
icity. Further in vitro studies [36-38] using kidney slices
and renal proximal tubule suspension were aimed at
establishing the temporal sequence of biochemical
events leading to cell death. The results of these stud-
ies showed that GSH depletion and lipid peroxidation
were the earliest measurable events (0.25 to 1.5 hours)
occurring after exposure of the renal tissue to cephalo-
ridine [36-38].

These results correlate with the in vivo studies where
a significant GSH depletion was measured 1 h after
treating animals with cephaloridine, cephaloglycin or
imipenem [42, 56].

Modulation of GSH level in cells (inhibition or
stimulation) prior to treatment with different com-
pounds affects the cellular response and drug toxicity
[42,104,109]. Pretreatment of mice with buthionine sul-
foximine enhanced peroxidative injury and trichloro-
ethylene-mediated nephrotoxicity [109]. Similarly, di-
ethylmaleate significantly depleted GSH in the rat re-
nal cortex and potentiated cephaloridine-induced
nephrotoxicity [42]. GSH synthesis may be stimulated
by the drug oxothiazolidine-4-carboxylate (OTZ). Af-
ter uptake in the cell, OTZ is enzymatically decarboxy-
lated to yield cysteine, which is then used to synthe-
size GSH and thus increasing cellular GSH levels [110].
Another way of increasing cellular and tissue GSH lev-
els is by use of GSH esters. The ester group attached to
GSH facilitates penetration through the cell membrane
inside the cell, where esterases hydrolyze the ester
group to yield free GSH.

Reactive oxygen species and lipid peroxidation

It has been shown that the renal bioactivation of
xenobiotics such as the herbicides paraquat and diquat
[10, 111, 112], and of β-lactams such as cephaloridine
and cefsulodin [10, 40, 41] or the antitumor agent adria-
mycin [113, 114] can induce the generation of reactive
oxygen species (oxidative stress) which can be involved
in alterations of the structure and functions of cell mem-
branes, cytoskeletal injury, mutagenicity, carcinogenic-
ity, and cell necrosis [115-117].

Reactive oxygen species
Although the mechanism(s) of β-lactam-induced

nephrotoxicity is not fully elucidated, there is grow-
ing evidence that for some of the β-lactams, oxidative
stress plays a pivotal role in the chain of events lead-
ing to nephrotoxicity and cell death [10, 34, 40].

The univalent reduction during redox cycling of
compounds such as paraquat or cephaloridine, after
exposure to renal microsomes, leads to production of
the superoxide anion radical (Figure 5) [10, 40, 112].
Recent in vitro studies utilizing renal microsomes dem-
onstrate that cephaloridine-induced reactive oxygen
species readily oxidized porphyrinogens to porphyrin
[118]. Results of in vivo studies in rats show that treat-
ment with cephaloridine (10-500 mg/kg) produced a
dose-dependent increase in urine concentration of the
total porphyrin levels [118]. These results support
cephaloridine-induced production of reactive oxygen
species, in vivo. Pyridinium ring containing cepha-
losporins such as cephaloridine, cefsulodine and
ceftazidime as well as other β-lactams such as mezlocil-
lin and aztreonam, which do not contain a pyridinium
ring, also induce superoxide production in the pres-
ence of rat renal microsomes and NADPH [10].

The capacity to generate, and the amount of super-
oxide produced by a in vitro renal microsome system
is dependent on the molecular structure of the specific
β-lactam. Superoxide production is a function of ex-
posure time and β-lactam concentration (Figure 5). The
rank order of the magnitude of superoxide production
by β-lactams in vitro is as follows: cephaloridine > cef-
sulodin > mezlocillin > aztreonam > ceftazidime > ce-
fotaxime [10].

The magnitude of renal damage caused by oxygen
reactive species will also be influenced by the presence
or absence of transition metals. Addition of FeCl2 to a
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Figure 5. Concentration-dependent production of
superoxide induced by paraquat ( ), cephaloridine ( )
and ceftazidime ( ).

Figure 6. Concentration-dependent hydrogen peroxide
production induced by cephaloridine: 3-24 mmol/l ( ),
cephaloridine and catalase: 60 µg/ml ( ), cephaloridine
and catalase: 120 µg/ml ( ), cefotaxime: 3-24 mmol/l ( ).

renal microsomes system increased cephaloridine-in-
duced peroxidation of membrane lipids in a concen-
tration-dependent manner [36]. These data are relevant
to in vivo conditions where the availability of physi-
ological concentrations of iron is critical. Ferritin, which
is present at the subcellular level in the cytosol and
endoplasmatic reticulum, appears to be the source for
ferric iron in vivo [119].

Superoxide generated by xanthine oxidase or in the
redox cycling of paraquat can cause the reductive re-

lease of F3+ from ferritin, a process that is dependent
on the activity of microsomal NADPH-cytochrome P-
450 reductase [119]. Iron appears to be an essential com-
ponent in the formation of reactive species such as su-
peroxide and hydroxyl radical via redox cycling of
cephaloridine. Addition of EDTA or of the specific iron
chelator desferrioxamine to an incubation system con-
taining renal cortex microsomes and cephaloridine de-
pressed cephaloridine-induced peroxidation of mi-
crosomal lipids significantly; EDTA showed a weaker
effect than desferrioxamine at equimolar concentra-
tions. By chelating F3+ preferentially [120], desferriox-
amine reduced the availability of F2+ produced by the
iron redox cycle and decreased cephaloridine-stimu-
lated peroxidation of membrane lipids [36, 37].

Previous studies have shown that renal cortical mi-
crosomes are able to catalyze the reduction of cephalo-
ridine in the presence of NADPH with subsequent for-
mation of superoxide and hydrogen peroxide [40]. The
divalent reduction of oxygen or the univalent reduc-
tion of superoxide yields non-radical species that are
protonated at physiological pH to give hydrogen per-
oxide in a concentration-dependent manner (Figure 6).
Hydrogen peroxide, which is a long-lived and mem-
brane permeable species can diffuse and cause injury
of cell macromolecules at considerable distances from
its generation site.

Beta-lactam-induced generation of superoxide and
hydrogen peroxide triggers formation of further highly
reactive and cytotoxic oxygen species such as hydroxyl
radical. Hydroxyl radical can further contribute in the
presence of iron salts, to the decomposition of hydro-
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gen peroxide and formation of additional reactive oxy-
gen species such as singlet oxygen [40].

Beta-lactam induced lipid peroxidation
Free radical chain reactions, which occur during

lipid peroxidation, lead to formation of lipid hydrop-
eroxides that decompose to several types of secondary
free radicals and a large number of secondary reactive
compounds, such as aldehydes, all resulting in the de-
struction of cellular membranes and other cytotoxic re-
sponses.

Under in vivo conditions, liver and kidney microso-
mal NADPH-cytochrome P-450 reductases are also able
of initiating peroxidation reactions resulting in the
breakdown of polyunsaturated fatty acids to short-
chain products. Uncontrolled, these peroxidation re-
actions can cause disorganization of membrane struc-
ture, leading to the inactivation of membrane-associ-
ated enzymes, membrane leakage and cell death. Ac-
tivated oxygen species resulting from bioactivation of
paraquat and β-lactams react with polyunsaturated
fatty acids to cause peroxidation of the cell membrane
lipids and subsequent nephrotoxicity [10, 34, 37, 39,
40, 56]. Among the more stabile end products of lipid
peroxidation are compound such as malondialdehyde
(MDA), ethane, pentane, and hydroxy-trans-neonal.
Generation of conjugated dienes, MDA and pentane
have been frequently used to demonstrate in vivo in-
duction of β-lactam peroxidative damage in the kid-
ney [34, 37, 56, 109].

Because NADPH-cytochrome P-450 reductase ac-
tivity is highest in the cortex [77,121] and medullary

microsomes lack cytochrome P450 [121], renal cortical
tissue was used to investigate peroxidative injury
caused by β-lactam accumulation in the kidney. Renal
cortical microsomes, slices, tubule and cell suspensions,
primary cultured renal cells and established kidney cell
lines were exposed to β-lactams with the aim to inves-
tigate the subcellular mechanism of the nephrotoxic
injury.

Studies conducted with renal cortical slices from
pig, rabbit and rat revealed that slices from rabbit and
rat renal cortex are more susceptible to β-lactam in-
duced peroxidative injury [43]. Comparing the peroxi-
dative potential of cephalosporins of different genera-
tions revealed that not only first-generation cepha-
losporins, but also second-generation cephalosporins
such as cefotiam and third- and fourth-generation
cephalosporins (Table 2) can produce a significant in-
crease of lipid peroxidation measured as MDA pro-
duction [10,26,49].

Exposure of renal cortical microsomes or primary
renal epithelial culture cells to different type of antibi-
otics led to a significant increase in production of su-
peroxide and MDA after cephaloridine and mezlocil-
lin [10, 40] but not after gentamicin [40, 122].

Significant increase in the cephaloridine-induced
MDA generation was manifest in the proximal tubule
suspensions while incubation of distal tubules with
cephaloridine failed to increase MDA production tu-
bule cell toxicity [36, 41, 50]. Exposure of rabbit and rat
isolated proximal tubules or rat renal cortical slices to
cephaloridine caused a time- and concentration-depen-
dent generation of MDA [37, 38, 40, 41]. Inhibition of

Table 2. Malondialdehyde (MDA) content and gluconeogenesis as a function of the cephalosporinconcentration
in the incubation medium.

MDA (nmol/h/g tissue) Gluconeogenesis (µmol/h/g tissue)

Cephalosporin
(mg/ml) 0 1.25 2.5 5 10 0 1.25 2.5 5 10

Cephaloridine 36.0 48.4 65.5* 96.4* 111.2* 26.7 18.8* 16.2* 5.4* 4.4*
± 6.2 ± 5.5 ± 3.1 ± 2.0 ± 2.5 ± 1.7 ± 2.1 ± 1.3 ± 1.9 ± 1.2

Ceftazidime 38.0 41.5 44.4* 48.6* 57.4* 26.9 28.8 8.2* 13.8* 2.8*
± 3.6 ± 3.4 ± 1.4 ± 0.4 ± 2.3 ± 2.4 ± 1.3 ± 3.3 ± 2.8 ± 0.7

Cefpirome 41.2 46.5 45.2 47.3 58.3 * 25.6 25.7 21.2 18.9 23.0
± 3.1 ± 4.1 ± 1.2 ± 4.0 ± 3.1 ± 3.3 ± 1.9 ± 2.9 ± 3.9 ± 3.5

Cefotaxime 41.3 42.8 41.3 46.6 55.4 * 25.5 25.3 24.3 25.7 26.8
± 2.9 ± 2.4 ± 1.9 ± 3.6 ± 4.2 ± 1.6 ± 2.7 ± 4.1 ± 1.6 ± 1.3

Data represent mean ± SD from at least 4 rats.* Values are significant at P< 0.05.
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cephaloridine uptake into kidney slices [40] or isolated
proximal tubules by 1.0 and 2.0 mM probenecid re-
duced MDA production in a concentration-dependent
manner [39]. These results provide indirect evidence
that biochemical processes leading to MDA produc-
tion do not occur in the incubation medium but within
the cortical cells after an obligatory uptake process
across the cell membrane. Furthermore, pretreatment
of rats with 60 mg/kg cobalt chloride significantly de-
creased cephaloridine-induced lipid peroxidation in
renal cortical slices [31]. Addition of FeCl2 to the incu-
bation medium of renal cortical microsomes caused a
significant stimulation of the cephaloridine-induced
lipid peroxidation [36, 37]. Collectively, these results
are indicative of the cytochrome P450 involvement in
the intracellular bioactivation of cephaloridine and its
subsequent peroxidative and nephrotoxic action [123].
However, it appears that β-lactams are nephrotoxic
through more than one molecular mechanism.

Protection by antioxidants and radical scavengers
Under normal physiological conditions the liver

and the kidney cells appear to possess adequate de-
fense mechanisms against lipid peroxidation. The most
crucial intracellular components of the antiperoxidant
defense system are glutathione and the glutathione-
dependent enzymes.

The use of the detoxifying enzymes superoxide
dismutase and catalase to suppress formation of su-
peroxide and hydrogen peroxide, respectively, as well
as specific radical scavengers for the hydroxyl radical
and singlet oxygen such as mannitol, (+)-cyanidanol-
3, thiourea, sodium benzoate, N-acetyl tryptophan and
histidine, effectively decreased paraquat- or cephalo-
ridine-induced peroxidation of microsomal lipids in
vitro [15, 40, 41]. The chelation of iron should inhibit
the production of hydroxyl radical and therefore miti-
gate the lipid peroxidation. Deferoxamine, a specific
iron chelator, significantly inhibited peroxidation and
protects against nephrotoxicity [36, 37]. Moreover, non-
specific antioxidants such as vitamin E, N,N’-diphe-
nyl-phenylenediamine, promethazine, probucol or re-
duced glutathione significantly depressed cephalori-
dine-induced peroxidation of lipids in renal cortical
slices and microsomes [37, 40, 41, 124]. Intracellular
signaling pathways of cAMP and protein kinase C
(PKC) have been reported to modulate cephaloridine-
induced free radicals and nephrotoxicity. [72, 125].

Phorbol myristate acetate (PMA) enhancement of
cephaloridine-induced lipid peroxidation and cell in-
jury was blocked by a PKC inhibitor [71].

Alterations of cellular biochemical
processes

Various β-lactam antibiotics such as cephalospor-
ins and guanylureido penicillins may cause nonimmu-
nologic nephrotoxic effects. The elucidation of the pre-
cise biochemical mechanisms involved in nephrotox-
icity of β-lactams is of obvious importance for their
rational and efficient utilization in the clinical manage-
ment of infectious disease and for development of fu-
ture cephalosporins.

Renal transport systems

For the zwitterion cephaloridine (CPH) a quantita-
tive correlation between CPH-concentration and the
degree of nephrotoxicity has been found [126]. CPH is
taken up from blood into the proximal tubule cells and
it was assumed that CPH uptake across the basolat-
eral membrane occurs by the transport systems for
PAH [127, 128]. However, it was also shown that zwit-
terionic β-lactams such as CPH can interact with the
cation transport systems [82].

Because rats treated with CPH had altered protein
composition and enzymatic activities of membranes
from endoplasmic reticulum membranes [74, 75] and
since intracellular CPH accumulation and nephrotox-
icity was ascribed to relative impermeability of the lu-
minal membrane for CPH [129], the effects of CPH-
treatment on transport systems located in the brush
border membrane were investigated [77].

The uptake of D-glucose into renal brush border
vesicles (BBMV) from control rats is a Na+-dependent
transport process which demonstrates an overshoot
phenomenon. After treatment of rats with CPH, the
D-glucose transport into renal BBMV shows neither a
Na+-dependency nor an overshoot phenomenon (Fig-
ure 7). Furthermore, the equilibrium values for D-glu-
cose uptake were reduced to 35% of controls in these
studies. Similar results were obtained with BBMV from
small intestine after treatment of animals with the an-
ticancer drug mitomycin C [130, 131] but the equilib-
rium uptake values for D-glucose remained un-
changed.
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trast to D-glucose, the equilibrium uptake values for
L-alanine remained unchanged. Weinberg and col-
leagues [132] found that alanine and glycine can be
protective against injury associated with increases in
cytosolic free Ca2+, reactive oxygen species, ATP deple-
tion, and Na-K-ATPase inhibition in isolated kidney
tubule cells in culture. Thus, the cephaloridine-induced
decrease of alanine transport at the luminal cell mem-
brane would diminish the cell defense ability against
the toxic injuries caused by oxygen reactive species
resulting from intracellular bioactivation of accumu-
lated cephaloridine.

The carrier-mediated uptake of p-aminohippuric acid
(PAH) into BBMV (Figure 7) and PAH accumulation
by renal cortical slices [69,77] were also significantly
reduced by CPH treatment (1200 mg/kg/d for 3d).
Furthermore, the transport of other cephalosporins
across the renal brush border membrane is also affected
by CPH-treatment; the uptake of cephalexin and cefo-
tiam into BBMV was greatly reduced whereas the up-
take of CPH remained unaffected [77]. Secretion of
cephalosporins across the brush border membrane is
assumed to occur by the PAH-system as well as by the
organic cation/H+-antiporter [127, 133]. Reabsorption
of many cephalosporins is performed by the dipeptide
transport system [69, 133]. The unaffected uptake of
CPH into BBMV from CPH-treated rats indicates that
CPH is transported by a system different from the
dipeptide transporter. This is in agreement with results
of other studies [82, 127] indicating that CPH interacts
with transport systems for organic cations and anions
in the brush border membrane. The similar uptake val-
ues for CPH in renal BBMV from untreated and CPH-
treated rats do not support the previous hypothesis that
the brush border membrane is impermeable for CPH
[129].

Since cephalexin is transported by the dipeptide
transport system [75,133], the question arose whether
or not the reduction of cephalexin transport activity
following CPH treatment could be caused by either re-
duction in the number of transport sites or an impair-
ment of the transport system for β-lactam antibiotics
and dipeptides [77]. Using photoaffinity labeling, two
membrane polypeptides of brush border membrane of
molecular weight of 130,000 and 95,000 were identi-
fied as constituents of the dipeptide transport system
[77]. The results of this study demonstrated that CPH-
treatment of rats greatly reduced the photoaffinity la-

Figure 7. Time-dependent uptake of PAH, L-alanine and
glucose by renal brush border membrane vesicles. (●),
control rats; (❍), rats treated with cephaloridine (1200
mg/kg for 3 days).

The effect of CPH-treatment upon the Na+-depen-
dent transport of the amino acid L-alanine was investi-
gated [75]. The results of these studies showed that
Na+-dependent transport of L-alanine was also re-
duced by the treatment with CPH and the overshoot
phenomenon completely eliminated (Figure 7). In con-
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beling of the binding protein for β-lactam antibiotics
and dipeptides with apparent molecular weight
130000. The labeling of the polypeptide of 95000 mo-
lecular weight was almost completely depressed [77].
The decrease in labeling intensity of the putative dipep-
tide transporter is suggestive for a reduction in the
number of transport sites following CPH treatment.
These results provide further evidence to elucidate the
biochemical mechanism by which cephaloridine-in-
duced oxidative injuries alter cell membrane perme-
ability.

Gluconeogenesis

Gluconeogenesis is an important metabolic func-
tion of the kidney [134]. Renal cortical slices from nive
rats exposed to cephalosporins in vitro or renal cortical
slices from animals treated with cephaloridine showed
a time- and dose-dependent decrease of renal gluco-
neogenesis [26, 37, 49]. Glucose synthesis occurred in
the proximal but not in the distal tubule suspensions
[36]. Inhibition gluconeogenesis within 5 minutes of
drug treatment may be an early event in cephaloridine-
induced renal toxicity occurring prior to the onset of
lipid peroxidation in renal cortical slices [135]. How-
ever, decreased gluconeogenesis should not cause cel-
lular necrosis. Interestingly, antioxidants used to pro-
tect against cephaloridine-induced inhibition of organic
ion accumulation do not block inhibition of gluconeo-
genesis by cephaloridine [135]. Cephaloridine-induced
decrease in gluconeogenesis has been shown to be re-
lated to a simultaneous inhibition of the microsomal
bound enzyme glucose-6-phosphatase activity in the
renal cortex [135]. In contrast, the activity of another
rate-limiting enzyme of gluconeogenesis, fructose-1,6-
diphosphatase, was not inhibited by cephaloridine [12].

Renal lipid metabolism and protein degradation

Penicillin treatment of rabbit neonates (90,000 IU
for 2d) altered lipid metabolism in vivo by significantly
increasing serum concentration of non-esterified fatty
acids and decreasing renal triglyceride content [136].
It appears that penicillin was either decreasing the uti-
lization of non-esterified fatty acids or increasing re-
lease. The decrease of renal triglyceride content could
be the result of the inhibition of the triglyceride syn-
thesis or penicillin might have increased the utiliza-

tion of this substrate.
Cephaloridine contains a quaternary nitrogen, ex-

ists as a zwitterion under physiological conditions and
has structural similarities with carnitine. Proximal tu-
bule cells are the internal sites of carnitine acylation
[137]. Cephalosporin and carbapenem antibiotics in-
hibit carnitine tubular reabsorption [68, 138] and mi-
tochondrial uptake of acylcarnitine leading to massive
acylcarnitinuria [67]. Newer β-lactam such as cefepime
and cefoselis, which possess a quaternary nitrogen as
does carnitine, may also inhibit carnitine tubular reab-
sorption [88].

In order to be metabolized, long-chain fatty acids
must first undergo conjugation to carnitine for trans-
port by the acylcarnitine-carnitine carrier across the
mitochondrial inner membrane [139]. Short-chain fatty
acids enter the mitochondria through monocarboxylic
acid transporters [139]. Studies were carried out to as-
sess the effects cephaloridine, cephaloglycin and ceph-
alexin on the mitochondrial oxidative metabolism of
fatty acids such as butyrate and palmitate [67].

The results of these studies showed significant in-
hibition of palmitoylcarnitine-mediate respiration by
cephaloridine in vitro, whereas cephaloglycin, which
lacks structural homology with carnitine, caused a
greater inhibition of the mitochondrial transport and
oxidation of butyrate than cephaloridine. It is possible
that the mitochondrial uptake of butyrate was not af-
fected by cephaloridine maybe because the pyridinyl
nitrogen hinders its attack on the monocarboxylate re-
ceptors. Cephalexin induced only mild in vitro toxicity
to the mitochondrial uptake and oxidation of butyrate
and palmitate [67].

Cephaloridine effect on the intracellular renal pro-
tein degradation was investigated using the labeled low
molecular weight protein, 125I-lysozyme. Treatment of
rats with cephaloridine for 5 days was followed by ad-
ministration of 125I-lysozyme one hour prior sacrifice.
Release of trichloroacetic acid (TCA) soluble radioac-
tivity into incubation medium from renal cortical slices
was used to quantify lysosomal degradation of
lysozyme [141].

The results of these experiments showed that cepha-
loridine caused a dose-dependent decrease of intrac-
ellular protein degradation thus impairing the renal
metabolism of endogenous and exogenous peptides
and proteins taken up by the renal cells.
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Clinical toxicity of beta-lactam
antibiotics

Usually β-lactam induced adverse reactions are
readily recognized by the clinician. On the other hand,
the relationship between antimicrobial activity and the
development of a drug-initiated adverse effect can be
very subtle and elude the most astute clinician. If a β-
lactam is uniquely advantageous for a patient, a care-
fully controlled rechallenge can be considered to more
precisely identify a cause-effect relationship. With ap-
propriate clinical management renal failure caused by
β-lactams is often reversible. Identification and elimi-
nation of the risk factors associated with β-lactam neph-
rotoxicity is essential to the prevention of nephrotox-
icity. Of these factors, correction of volume depletion
and/or congestive heart failure and reversing dimin-
ished renal perfusion are of primary importance. While
fluid resuscitation can limit the renal damage caused
by nephrotoxic β-lactams, there is a risk of overhydra-
tion if renal failure develops. Monitoring of serum drug
concentration should be helpful to confirm β-lactam-
induced renal toxicity, especially when drug interac-
tions are involved.

Interaction with other nephrotoxic drugs

Beta-lactam induced renal toxicity can results from
their use in monotherapy or when used in combina-
tion with other nephrotoxic drugs such as aminogly-
cosides, amphotericin B, cisplatin, cyclosporine, furo-
semide, ifosfamide, vancomycin and nephrotoxic β-
lactams. While the risk of nephrotoxic injury from
monotherapy with β-lactams is relatively low, this risk
is substantially increased when multiple drug combi-
nations are required.

Benzylpenicillin and ureidopenicillins such as pip-
eracillin and mezlocillin appear to have a little or no
nephrotoxic potential when administered alone or in
combination with other drugs.

Rats treated with piperacillin (1600 mg/kg) and fu-
rosemide (100 mg/kg) have elevation blood urea ni-
trogen (BUN) and creatinine concentration, and mild
histologic degeneration of the proximal tubules. These
alterations were similar to those observed in rats treated
with furosemide alone [142].

The combination of cephalothin with an aminogly-
coside was more nephrotoxic than methicillin plus

aminoglycoside [143]. There is good evidence that con-
current administration of cephalothin and gentamicin
are additive nephrotoxins in humans, especially in pa-
tients over 60 years of age as wells as in rabbits [144],
and renal injuries are intensified in the presence of mild
renal ischemia or endotoxemia [108]. The results of pro-
spective randomized comparative studies of the com-
bination mezlocillin/cefotaxime versus gentamicin/
cefoxitin showed that the concurrent administration of
mezlocillin/cefotaxime has low renal toxicity and can
be recommended for the rational and empirical treat-
ment of serious systemic infections [145].

Results from animal studies indicate that while fu-
rosemide enhanced cephaloridine nephrotoxicity no
increased renal toxicity was observed by combining of
piperacillin with furosemide [142]. Latamoxef and flo-
moxef may decrease nephrotoxicity of vancomycin by
inhibiting its uptake into the kidney [146, 147]. The re-
sults of a retrospective study including renal transplant
patients indicate that aztreonam can be safely admin-
istered with cyclosporine [148]. Combination therapy
with ampicillin/aztreonam in neonates showed a lower
renal toxicity than in the group with concurrent ad-
ministration of oxacillin/amikacin [149].

New lactam antibiotics

There is a continuous need for new antibiotics to
overcome resistance. However, in the case of β-lactams
there is a need to inhibit β-lactamase enzymes, which
hydrolyze, and thereby inactivate β-lactam antibiotics.
Novel tricyclic carbapenems (trinems) and 2-naphtyl-
carbapenems have broad spectrum and showed potent
activities against gram-negative bacteria [150, 151] in-
cluding methicillin-resistant Staphylococcus aureus
(MRSA). The γ-lactams may be less susceptible to deg-
radation by hydrolases. A number of compounds con-
taining the γ-lactam (pyrrolidin-2-one) moiety show
interesting biological and pharmaceutical activities.
Some novel monocyclic thienyl γ-lactams are reported
to show moderate to high antibacterial activity against
gram-positive and gram-negative bacteria [152].

Prevention of clinical toxicity of beta-
lactam antibiotics

Adverse drug effects represent a major source of
morbidity and mortality and must be considered in the
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differential diagnosis for patients who are experienc-
ing new medical problems or whose clinical status is
worsening. Familiarity with β-lactam induced adverse
reactions can improve antibiotic selection and reduce
adverse events. Before antibiotic therapy is started, the
potential benefits and the possible adverse effects
should be investigated in light of each patient’s situa-
tion. Prevention should be considered in the first place,
but if adverse events do occur, they must be recognized
and corrected promptly.

The most important approach to decreasing β-lac-
tam nephrotoxicity is judicious use of these drugs. If a
β-lactam is uniquely advantageous for a patient, a care-
fully controlled rechallenge can be considered to more
precisely identify a cause-effect relationship. When β-
lactams are used in neonates, accurate determination
of the dosage is required, especially for compounds
with low therapeutic index and in patients with renal
failure.

Occurrence of acute renal failure from β-lactam
treatment may be prevented by early treatment of se-
rious infections, together with maintenance of hemo-
dynamic stability, renal perfusion, and urinary solute
excretion. The β-lactam induced renal failure has a time
course comparable to acute tubular necrosis of other
origins. While there is no firm evidence that dialysis
will speed up renal recovery, clinical stability and good
nutrition are likely to improve recovery, as it is also
the case with other types of renal failure.

Concomitant administration of piperacillin and

cephaloridine to rabbits resulted in a significant pro-
tective effect against cephaloridine nephrotoxicity
[153]. Cephaloridine nephrotoxicity can be prevented
by administration of other cephalosporins or penicil-
lins that produce little or no reduction of the cortical
concentration of cephaloridine [154]. However, ceftri-
axone protects against tobramycin nephrotoxicity by
reducing the intracortical accumulation of tobramycin
[155]. Combination of tobramycin with latamoxef pro-
tects the rat kidney from tobramycin nephrotoxicity,
and the protective effect may be partially due to sup-
pression of intrarenal accumulation of tobramycin by
latamoxef. This suppression of nephrotoxicity is
roughly dependent on the latamoxef dosage [81, 156].

Methimazole (1-methylimidazole-2-thiol) protects
against cephaloridine-induced nephrotoxicity when
was given 30 min prior cephaloridine administration
to rats [157]. Furthermore, cephaloridine transport and
accumulation in the kidney was not affected by methi-
mazole [157].

Comparison of cephaloridine-induced nephrotox-
icity in normoglycemic and diabetic rats showed lower
renal toxicity in diabetic rats than normoglycemic rats.
This is apparently due to the fact that the diabetic re-
nal tissue accumulated less cephaloridine than the tis-
sue from normoglycemic rats [158].
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Introduction

In recent years, systemic mycoses have become a
prominent cause of disease particularly in severely

ill and immunocompromised patients. The factors con-
tributing to the increased prevalence of fungal infec-
tions are related to larger number of patients with un-
derlying immunosuppression, for example the ac-
quired immunodeficiency syndrome (AIDS), more
aggressive cancer chemotherapy, increase in transplan-
tation, greater number of other immunocompromised
patients, and more frequent use of prosthetic devices
[1]. There have been a number of recent surveys, which
illustrate the extent of this problem. The Center for Dis-
ease Control reported that among 51 USA hospitals,
candidiasis was the eighth most common infection, ac-
counting for 5% of the isolates [2]. This value can be
considerably higher in certain specific patient groups.
The National Cancer Institute estimated that 43% of
patients dying with acute leukemia had systemic fun-
gal infection at autopsy [3]. In patients with AIDS, the
most common fungal infection is oropharyngeal can-
didiasis. However, in these patients, the fungal infec-
tion with the highest mortality rate is cryptococcosis.
It is evident that systemic fungal infection is an impor-
tant consideration in the treatment of a severely ill, im-
munosuppressed patients [4].

Amphotericin B (AmB) has remained the mainstay
of therapy for serious fungal infections since its intro-
duction in 1956, despite the availability of newer agents
[5]. The usefulness of this agent, however, is limited
by the frequent occurrence of several acute and chronic
adverse effects that often necessitate changes in, or pre-
mature discontinuation of, therapy. These include fe-
ver, chills, nausea, vomiting, anorexia, headache, bron-
chospasm, hypotension, anaphylaxis, and bone mar-
row suppression. The most limiting adverse effect,
however, is nephrotoxicity.

AmB is a member of the polyene macrolide class of
antibiotics. The molecule consists of a large macrolide
lactone ring of 37 carbon atoms, one side of which is
composed of a rigid lipophilic chain of seven conju-
gated double bonds, and the opposite side of a similar
number of hydrophilic hydroxylated carbon atoms
(Figure 1). Thus, the molecule is amphipathic, and this
feature of its structure is believed to be important in its
mechanism of action [6]. The major action of AmB is
believed to be on the cell membrane of fungal and

mammalian cells. It is generally accepted that the drug
binds to sterols in the cell membrane and induces for-
mation of aqueous pores, which result in impairment
of barrier function and loss of protons and cations from
the cell. At low concentrations, the increased perme-
ability is restricted to small molecules or cations such
as sodium and potassium. At higher concentrations or
after prolonged exposure, other cell constituents are
lost and this leads to metabolic disruption and even
cell death [6].

The cellular events that follow this membrane ef-
fect are complex and depend on a variety of factors,
such as the growth phase of the cells, the dose, and the
mode of AmB administration [7]. Some studies sug-
gest that cell mortality is not simply a consequence of
changes in permeability of membranes, and that for-
mation of active oxygen species may play a role in the
lytic or lethal actions of AmB [8, 9].

Clinical manifestations of nephrotoxicity

The most restrictive adverse effect associated with
AmB therapy is its potential to induce nephrotoxicity,
manifested as disturbances in both glomerular and tu-
bular function. The clinical manifestations usually in-
clude azotemia, renal tubular acidosis, decreased con-
centrating ability of the kidney, and electrolyte distur-
bances such as urinary potassium wasting leading to
hypokalemia, and magnesium wasting to result in hy-
pomagnesemia [10].

Azotemia

The incidence of AmB-induced renal impairment
is highly variable depending on the definition of neph-
rotoxicity and upon the presence of underlying risk
factors. Following AmB introduction, a survey of 56
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Figure 1. Chemical structure of amphotericin B.



201

10. Amphotericin B

patients treated between 1956 and 1963 confirmed that
93% of patients developed values of BUN exceeding
200 mg/L, and 83% had serum creatinine levels greater
than 15 mg/L [11]. A more recent report indicates that
in almost every patient treated with AmB, the glom-
erular filtration rate (GFR) falls approximately 40%
within the first 2 to 3 weeks of therapy, stabilizes at
20% to 60% of normal and remains at this level through-
out the course of treatment [12]. Clements and Pea-
cock [13] reported an incidence for azotemia of 60% in
a retrospective analysis conducted between 1984 and
1987. In general, the incidence of azotemia due to AmB
in the literature ranges between 50-90%. This variabil-
ity may reflect various factors, among which are the
definition used for nephrotoxicity, the dose of AmB,
concomitant administration of other nephrotoxic
agents, and the presence or absence of other proposed
risk factors. In general, azotemia is transient and lim-
ited to the duration of therapy; renal function usually
returns to pretreatment levels after discontinuation of
the drug. In many cases, cessation of therapy for a few
days allows renal function to recover enough to per-
mit administration of the full course of therapy. In rare
cases, however, permanent renal damage persists af-
ter cessation of therapy.

The relationship of the cumulative dose of AmB to
the development of nephrotoxicity is controversial.
Earlier studies suggested that greater cumulative doses
of AmB (e.g. 3-4 g) were associated with a greater risk
of nephrotoxicity [14]. This implies that the likelihood
of a rise in the serum creatinine concentration increases
in proportion to the length of therapy. However, we
observed patients who developed azotemia at doses
ranging from 100 mg to 1.5 g, with no significant in-
crease in frequency as the cumulative dose increased.
Our experience indicated that the frequency of neph-
rotoxicity did not increase with extended therapy over
this dose range (Figure 2) [15]. With larger cumulative
doses, renal impairment may be irreversible, as re-
ported by Winn [16] who found persistent renal im-
pairment in 88% of patients who had received cumu-
lative doses exceeding 5 g.

In addition to cumulative dose, additional risk fac-
tors have been identified. The rate of infusion of AmB
impacts toxicity. In a recent study involving patients
with suspected or proven invasive fungal infection,
AmB was less toxic when administered as a continu-
ous infusion over 24 hours compared to the conven-

tionally 4 hour infusion [17]. The frequency of dosing
is an additional consideration, as administration of
drug on alternate days reduces the incidence of neph-
rotoxicity [18, 19]. Additional risk factors include older
age [14, 20] and diuretic use. A case-control study re-
vealed that higher daily doses, concomitant diuretic
use, and abnormal baseline renal function were each
significant, independent, risk factors for AmB nephro-
toxicity [21].

In a recent multivariate risk factor assessment,
Luber et al. [22] demonstrated that the AmB nephro-
toxicity incidence varied with the definition used for
renal impairment. Among 178 patients a change in crea-
tinine of >46 µmol/L over baseline occurred in 50%; a
doubling of creatinine over baseline in 49%; a change
in creatinine of >92 µmol/L in 29%; a doubling and/
or a change in creatinine of >92 µmol/L in 49%; and
an increase in creatinine to >230 µmol/L in 8%. In this
study, nephrotoxicity was associated with a greater
cumulative dose of AmB and concomitant nephrotoxic
drugs for all definitions. In those patients who experi-
enced severe nephrotoxicity (creatinine increased to
>230 µmol/L), concomitant cyclosporine therapy was
the most significant risk factor (odds ratio 18.8, P=
0.022).
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Figure 2. Estimated proportion of patients retaining
normal renal function during therapy with amphotericin
B. Patients received amphotericin B with (dotted line,
n=17) or without (solid line, n=21) parenteral salt
supplementation due to co-administration of ticarcillin.
(Used with permission from [15])
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Urinary concentration defects

Many studies have shown that AmB can induce a
loss of concentrating ability of the kidney [11, 23, 24].
This abnormality is almost invariably present and oc-
curs early (1-2 weeks) in the course of therapy. The
impairment in concentrating ability probably reflects
direct tubular toxicity since it occurs in the absence of
a decrease in GFR, and is temporally unrelated to
azotemia. Barbour et al. [25] reported a study of 3 pa-
tients whose inability to concentrate the urine was as-
sociated with a defect in free water reabsorption even
under maximal stimuli, and concluded that a tubular
functional abnormality was induced because of the fail-
ure of the vasopressin response in the medullary col-
lecting tubule.

Electrolyte disturbances

Electrolyte disorders secondary to renal wasting of
potassium and magnesium are commonly encountered
adverse effects in patients receiving AmB [10, 21]. Al-
though hypokalemia has been emphasized in prior
studies, its impact on patient management and on the
course of other manifestation of AmB nephrotoxicity
has not been well examined. In addition to its known
systemic effects (muscle weakness, fatigue, cramps,
rhabdomyolysis and myoglobinuria), potassium deple-
tion may alter renal function causing further impair-
ment of concentrating ability, urinary acidification, re-
nal insufficiency and abnormal sodium reabsorption
[26]. It is conceivable that these effects may influence
or contribute to the nephrotoxicity of AmB.

Approximately 75% of patients develop hypokale-
mia during the course of treatment with AmB [27].
However, if potassium supplementation, sufficient to
maintain a normal plasma level of potassium, is re-
garded as an objective parameter of a potassium los-
ing diathesis, the incidence is as high as 90% or more
[13, 28]. The maintenance of normokalemia require up
to 300 mEq of potassium chloride replacement a day.
These patients are often severely ill and unable to tol-
erate oral supplementation, so prolonged (6-7 hours)
of administration of large intravenous doses of potas-
sium chloride with appropriate and careful monitor-
ing may be necessary. The logistics of such continuous
intravenous maintenance infusions can create problems
in timely administration [13].

Some investigators consider hypokalemia a dose-
dependent response, the mechanisms of urinary po-
tassium wasting is unclear. A recent study has shown
that AmB affects sodium flux in both the distal and
transverse human colon, suggesting a change in so-
dium/potassium exchange to result in potassium loss
[29]. Selective distal tubular epithelial toxicity seems
to be, at least in part, responsible for the profound po-
tassium wasting. The magnitude of urinary potassium
loss increases in the presence of a high sodium chlo-
ride intake. Thus the potassium depletion and hy-
pokalemia associated with AmB treatment can enhance
the tubular toxicity due to AmB [30] and contribute to
overall changes in renal function.

Magnesium wasting has also been reported as a
consequence of AmB administration [31, 32]. A nega-
tive magnesium balance probably occurs in all patients,
but clinically relevant magnesium depletion only oc-
curs when the urinary loss is high and not replaced. In
the study by Barton et al [31] the lowest serum level
and the largest fractional excretion of magnesium were
observed by the fourth week of AmB therapy, after a
cumulative dose of approximately 500 mg. This abnor-
mality was fully reversible, evidenced by the normal
serum and urinary magnesium levels measured 1 year
after discontinuation of therapy. As in the case of po-
tassium depletion, if magnesium depletion is evalu-
ated by measurement of magnesium balance rather
than by the serum level, the incidence of magnesium
depletion is high. In a recent study, a marked change
in the urinary excretion of magnesium occurred after
a cumulative AmB dose of only 150 mg, suggesting
some degree of magnesium depletion, although serum
magnesium levels remained in the low normal range
[28].

The mechanisms for the observed AmB induced re-
nal magnesium wasting remain unclear. Increased uri-
nary excretion of magnesium, despite a reduced fil-
tered load, suggests a tubular defect in magnesium re-
absorption [31]. When magnesium and potassium
wasting occur concomitantly, potassium replacement
may not be successful unless magnesium deficiency is
corrected first.

Renal tubular acidosis

Chronic features of renal tubular acidosis can be
anticipated in patients receiving total doses of AmB of
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0.5-1 g or more, and are generally reversible after
therapy is discontinued [5]. In our experience this is
one of the earlier manifestations of tubular toxicity,
since all patients developed an acidification defect in
response to an acid load after 2 weeks of therapy and a
cumulative dose of 300 mg of AmB [28]. This defect
appears to be a specific tubular effect of AmB, since
impaired in acid secretion has been demonstrated in
the isolated turtle bladder and attributed to increased
passive permeability of the luminal membrane to hy-
drogen ions [33, 34], plus the impaired excretion of ti-
tratable acids is greater than can be accounted for by
depression of GFR [35, 36]. It is also thought that distal
renal tubular acidosis is a contributing pathogenic
mechanism for urinary losses of potassium and mag-
nesium [27, 35, 36].

Pathological findings

Despite the almost universal changes in renal func-
tion, histological changes associated with AmB therapy
are minimal and occur in both glomerulus and renal
tubule. Tubular damage primarily involves the distal
convoluted tubule and the ascending limb of the loop
of Henle [31]. Morphologic changes include fragmen-
tation and thickening of basement mem-
branes, necrosis and vacuolization of dis-
tal tubular epithelium and nephrocalci-
nosis [11, 23, 36, 37]. Glomerular changes
include calcific foci, along with hyper-
cellularity and vacuolization of smooth-
muscle cells in small arteries and arteri-
oles [24, 36]. In studies conducted in rats,
cortical changes associated with AmB
were restricted to the medullary ray, an
area that is vulnerable to hypoxia, and
consisted of focal rupture and calcifica-
tion of the thick ascending limbs [38].
Calcification was also detected in the
macula densa, an area rich in oxygen.
Administration of AmB to salt depleted
rats resulted in an extension of these
changes to the area rich in vascular tis-
sue between the medullary rays and to
atrophic changes in the thick ascending
limb in the inner stripe [38a] (Figure 3).

Mechanisms of nephrotoxicity

Before mechanisms can be proposed to account for
renal cell injury, the possible sites of nephron involve-
ment should be identified based upon structural and
functional changes [39]. AmB is known to cause acute
renal vasoconstriction and to preferentially damage the
distal tubular epithelium, but the exact mechanisms
mediating its nephrotoxicity have not been clearly de-
fined. The initial event is thought to involve binding
of AmB to membrane sterols in the renal vasculature
and epithelial cells causing alter membrane permeabil-
ity. This interaction may then trigger other cellular
events that result in activation of second messenger
systems, release of mediators or activation of renal
homeostatic mechanisms. It is, therefore, possible that
the membrane effect per se is not the sole factor that
determines the extent of change in renal function.

Effects on cell membranes

It is generally accepted that AmB-induced injury
to cells is due to its binding to sterols in the cell mem-
brane: ergosterol in the case of fungal cells and choles-
terol in mammalian cells [7]. This binding is more avid

Figure 3. Distal tubulus of rat kidney after 14 days of AmB administra-
tion. Electron microscopy shows intratubular casts and debris, loss of
brush border, tubular cell vacuolization, and protrusion of cells into the
tubulus lumen. Magnification 3600x. With permission from [38a].
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inhibition of growth and permeability changes [42, 47,
48]. This increased permeability has been documented
in both artificial and natural membranes [49]. It has
been proposed that AmB, acting as a pseudophospho-
lipid, interacts with sterol molecules to cause forma-
tion of aqueous pores, which consist of an annulus of
polyene and sterol, in which the hydrophilic region of
the drug molecule faces the interior of the pore (Fig-
ure 4) [49-51]. Among the documented effects of AmB
on living tissues are increased permeability of the toad
urinary bladder to urea, potassium and chloride ions
[52-54], of erythrocytes and liposomes to potassium
ions [55, 56], and of erythrocytes to sodium and chlo-
ride ions [57, 58]. It also alters the permeability of the
turtle bladder and of purified renal brush border mem-
brane vesicles to sodium and hydrogen ions [33, 59-
61].

Considering the renal tubular effects of AmB ob-
served in clinical practice, it is reasonable to suggest
that part or all of these effects may be explained by a
direct effect on tubular cell membranes. In support of
this suggestion is the in vivo finding that while AmB
binds to sterols in most tissues, the highest level docu-
mented is in the kidney [62]. Furthermore, binding of
AmB to the cell membrane appears to be necessary for
its toxic effect, since inhibition of sterol synthesis by
ketoconazole reduces the binding of AmB as well as
the permeability changes induced by AmB in a paral-
lel fashion [60, 63]. In agreement with these sugges-
tions is the finding of increased tubular permeability
to inulin in vivo in rats following acute or chronic ad-
ministration of AmB, resulting in back-leak of inulin
[64].

Further evidence to support a direct toxic effect of
AmB on renal cells is the demonstration of increased
apoptosis in proximal tubular and medullary intersti-
tial cell lines [65]. The occurrence of apoptosis has also
been confirmed in an in-vivo model in rats in which
AmB administration also caused hypokalemia, loss of
concentrating ability and dehydration. Interestingly,
prevention of apoptosis by recombinant human insu-
lin growth factor-1 (rhIGF-1) ameliorated the tubular
toxicity indicating the importance of apoptosis in AmB-
induced renal tubular toxicity process. A possible
mechanism for this action is suggested by a recent
study that has demonstrated that AmB exposure in-
creases cellular ceramide as well as sphingomyelin lev-
els in proximal tubular cells [66]. It is noteworthy that
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Figure 4. Proposed partial model for the AmB-induced
pore in the cell membrane. The drug acts as a counterfeit
phospholipid, with the C15 hydroxyl, C16 carboxyl, and C19

mycosamine groups situated at the membrane-water
interface, and the C1 to C14 and C20 to C33 chains aligned in
parallel within the membrane. The heptaene chain will
seek a hydrophobic environment while the hydroxyl
groups will seek a hydrophilic environment. Thus, a
cylindrical pore will be formed, the inner wall of which
consists of the hydroxyl-substituted carbon chains of the
AmB molecules, and outer wall of which is formed by the
heptaene chains of the molecules and by sterol nuclei.
(Used with permission from [49]).

to ergosterol than to cholesterol, which explains AmB’s
relatively selective toxicity to fungal cells [40, 41].

In the early 1960s, studies showed that polyene an-
tibiotics induced changes in cellular permeability that
resulted in the leakage of important cellular constitu-
ents, followed by lysis and death [42-46]. It was also
discovered that the toxic effect of the drugs on cells
was dependent on the presence of sterols in the cell
membranes, and that addition of sterols to the growth
media of certain fungi prevented the polyene-induced
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ceramide has been postulated to play a role in induc-
ing apoptosis in several cell types [67]. Although the
role of these changes in nephrotoxicity is still uncer-
tain, these findings suggest that the interaction of AmB
with cell membranes is not limited to a physicochemi-
cal interaction with sterols leading to pore formation
and changes in permeability, but may also involve
other complex effects that lead to alteration in produc-
tion or function of membrane associated signaling
molecules.

An alternative postulated mechanism of AmB in-
duced cell damage involves oxidative stress with the
formation of free radical intermediates [68, 69, 70]. Evi-
dence against this hypothesis has been provided by
recent studies that evaluated the anti- or pro-oxidant
effects of AmB by examining its effects on phospho-
lipid pattern in aortic smooth muscle cells [71] as well
as on lipid-peroxidation of cis-Parinaric acid in lipo-
somes [72]. These studies provided evidence for an an-
tioxidant role for AmB rather than a pro-oxidant role
and suggesting that oxidative stress is not involved in
AmB-induced toxicity.

In addition, alternative factors may modulate the
direct cellular toxicity of AmB. For example, maintain-
ing kidney epithelial cells in an acidic environment en-
hances the permeability changes induced by AmB in
an irreversible fashion [73]. This suggests that the low
pH characteristic of the distal tubule makes those cells
more vulnerable to the toxic effects of AmB, and may
explain the protective effect of alkalinizing agents [35].

Effects on physiological parameters: Whole
animal studies

Acute studies (Single dose)
Infusions of AmB, intravenously or into the renal

artery, induce short-term reduction in renal blood flow
(RBF) and GFR, and an increase in renal vascular re-
sistance, in both rats and dogs [74-76]. The effects of
short term infusions of AmB on the renal microcircu-
lation in rats revealed that the single nephron GFR was
decreased by 2 mechanisms (Table 1): 1) a decrease in
single nephron plasma flow, due to vasoconstriction
of the afferent and efferent arterioles, and 2) a reduc-
tion in the glomerular capillary ultrafiltration coeffi-
cient (Kf), an effect probably mediated by mesangial
cell contraction [77]. Previous micropuncture studies
demonstrated a similar vasoconstriction of the affer-
ent arteriole but also an increased permeability of the
tubular epithelium to inulin [64]. Thus, the reduction
in GFR after acute AmB infusions can be attributed to
contraction of afferent smooth muscle cells, efferent
smooth muscle cells and glomerular mesangial cells,
as well as increased tubular permeability with back-
leak into the interstitial space.

The mechanisms responsible for the contractile re-
sponses to AmB have not been identified. Theoretically,
the drug can act either directly on the vascular smooth
muscle or through release of secondary mediators. A
large number of studies have examined putative indi-
rect mechanisms of action. Those studies have revealed
that neither renal denervation nor angiotensin II re-
ceptor blockade prevent the renal vasoconstriction or

Table 1. Effect of amphotericin B infusions (0.05 mg/kg/min i.a.) on systemic glomerular hemodynamic parameters.

Before After p-value

Mean arterial pressure (mmHg) 114 ± 5 117 ± 4 NS

Renal plasma flow (ml/min) 4.69 ± 0.35 2.82 ± 049 < 0.025

Glomerular filtration rate (ml/min) 1.03 ± 0.65 0.70 ± 0.09 < 0.005

Single nephron glomerular filtration rate (ml/min) 35.5 ± 2.2 22.8 ± 2.8 < 0.0005

Plasma flow (ml/min) 142 ± 12 89 ± 14 < 0.005

Single nephron filtration fraction 0.26 ± 0.03 0.27 ± 0.04 NS

Afferent arteriolar resistance (1010 dyn.sec.cm-5) 1.91 ± 0.17 3.95 ± 0.38 < 0.01

Efferent arteriolar resistance (1010 dyn.sec.cm-5) 1.30 ± 0.10 2.08 ± 0.12 < 0.01

Glomerular capillary ultrafiltration coefficient [n/(sec.mmHg)] 0.043 ± 0.008 0.032 ± 0.009 < 0.005
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thromboxane A2 has also been suggested based upon
partial inhibition of the AmB-induced vasoconstriction
and reduction in GFR by pretreatment with ibuprofen
or a thromboxane receptor antagonist [95].

The results obtained in isolated vessels are consis-
tent with findings in cultured glomerular mesangial
cells where AmB caused a concentration-dependent
increase in intracellular calcium levels ([Ca++]i), an ef-
fect almost completely inhibited when either Ca++ or
Na+ ions were omitted from the cell medium (Figure
5) [96]. Diltiazem (20 µM) also suppressed the AmB-

Figure 5. Concentration dependent increase in intracellu-
lar calcium levels in cultured glomerular mesangial cells
(A) and its inhibition by removal of Ca++ and Na+ ions
from the medium (-Ca and -Na, respectively), and by
addition of 20 µM diltiazem (Dilt) (B). (Used with permis-
sion from [96]).
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the reduction in GFR [78, 79]. Although Cutaia et al
[80] demonstrated a toxic effect of AmB on endothe-
lial cells, endothelin does not appear to be involved in
the acute responses to AmB [79, 81] and reduced nitric
oxide synthesis, consequent to endothelial injury is not
involved in modulation of AmB-induced renal vaso-
constriction [79].

It has also been suggested that activation of tubulo-
glomerular feedback (TGF) may play a role in the acute
renal effects of this compound. That hypothesis sug-
gested that the tubular toxicity of AmB resulted in
impaired reabsorption of sodium and chloride ions by
the proximal tubule, which increased distal tubular
delivery of these ions, thus activating TGF [82]. Indi-
rect evidence in support of a role for TGF was derived
from studies which demonstrated inhibition of the
acute renal effects of AmB by physiological and phar-
macological interventions that also blocked TGF,
namely, salt loading, and administration of furosemide,
theophylline or calcium channel blockers. [75-78, 83-
90]. Finally, some studies suggested a protective effect
of pentoxiphylline, a vascular decongestant and an-
tagonist of tumor necrosis factor-alpha (TNF) and in-
terleukin-1alpha, against AmB-induced acute and
chronic nephrotoxicity, suggesting a role for these fac-
tors in the renal effects of the drug [91, 92].

More recent studies provided evidence against a
role for TGF in acute AmB nephrotoxicity. In contrast
to its inhibition of TGF activity, theophylline prevented
the acute renal responses to AmB by a mechanism un-
related to adenosine receptor antagonism [93]. Further-
more, micropuncture studies revealed that the AmB-
induced reduction in single nephron GFR was the same
irrespective of whether TGF was active or interrupted
(by measuring GFR from distal and proximal tubular
collections, respectively) [94]. The latter study also
showed that distal tubular chloride ion concentrations
were not increased by AmB, which indicated that the
signal for TGF was unchanged.

A direct effect of AmB on cell function was sug-
gested by in vitro experiments, which demonstrated a
vasoconstrictor action of AmB in perfused afferent ar-
terioles and isometrically contracting rings of rabbit
aorta or renal artery, effects which were prevented in
Ca++-free medium and by Ca++ channel blockers or
theophylline [94]. Thus, AmB-induced reductions in
RBF or GFR are not secondary to activation of TGF,
but due to its direct vasoconstrictor effect. A role for
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induced rise in [Ca2+]i. These results indicated that the
reduction in Kf observed in vivo was most likely due to
contraction of mesangial cells. Thus, the contractile ef-
fects of AmB in the nephron is probably due to a direct
interaction with cell membranes, leading to formation
of pores. One possibility is that these pores allow en-
try of Na+ ions into the cells along the electrochemical
gradient leading to depolarization-induced opening of
voltage-dependent calcium channels and contraction.

Chronic studies (Multidose)
Animal models of chronic nephrotoxicity have also

shown that certain interventions can modify the neph-
rotoxicity of AmB. Rats co-treated with sodium bicar-
bonate sustain smaller reductions in GFR compared
with rats treated with AmB alone for 3 weeks [35]. Oral
NaCl supplementation also attenuates the decrease in
GFR and the elevation in renovascular resistance in-
duced by daily administration of AmB over 3 weeks
[87, 89]. In addition, renal impairment following a 7-
day course of AmB in rats was less severe when theo-
phylline was co-administered [90]. These interventions
also attenuate the acute renal responses to AmB, sug-
gesting that similar mechanisms contribute to its
chronic nephrotoxicity. Similar logic would suggest
that salt supplementation and theophylline are protect-
ing the kidney by a mechanism unrelated to TGF. It is,
however, possible that the latter does contribute to
AmB nephrotoxicity but only at later stages of therapy,
when severe damage to the tubules may have taken
place. Interestingly, the protection by salt loading is
associated with lower concentrations of drug in the
kidney despite similar concentrations in plasma and
liver tissue [87]. This raises an alternative possible
mechanism of protection by salt loading involving a
pharmacokinetic interaction with AmB, which limits
its uptake into the kidney.

Studies on the effects of chronic administration of
calcium channel blockers on chronic AmB induced
nephrotoxicity have been discordant. Nifedipine does
not offer a significant protective effect [97], but dilt-
iazem blunts the increase in serum creatinine and the
decreases in GFR and RPF [88]. It is possible that these
differences relate to the heterogeneity of calcium chan-
nels and the differential activity of calcium channel
blockers on them. However, no specific studies have
addressed this question.

The co-administration of 5-flucytosine with AmB,

which is commonly used clinically to obtain a syner-
gistic antifungal effect, protects against acute and
chronic nephrotoxicity [98]. The mechanisms by which
flucytosine influences the renal response to AmB are
not clear but may relate to (i) its administration in 0.9%
NaCl, which itself is protective, (ii) a renal vasodilator
effect of flucytosine that antagonizes AmB-induced
vasoconstriction, and (iii) reduction in renal uptake of
AmB [98].

Cell death induced by AmB in the medullary thick
ascending limb is prevented by ouabain [99]. A rea-
sonable explanation for this observation is that oua-
bain, by inhibiting transport, decreases the oxygen
demand of an area of the nephron that already has a
limited oxygen supply. This is consistent with the ob-
servation that AmB exhibits preferential damage to the
medullary ray, an area that is vulnerable to hypoxic
injury [38]. It is also conceivable that AmB-induced
renal vasoconstriction and ischemia to this section of
the nephron enhances cell death produced by a direct
toxic action. Thus, any maneuver that improves renal
perfusion, or decreases oxygen demand, would be ex-
pected to be protective. This may explain the salutary
effect of salt loading, theophylline, calcium channel
blockers, pentoxiphylline, dopamine or dopamine pro-
drugs such as fenoldopam on AmB nephrotoxicity [100,
101, 102). All these interventions can be expected to
improve renal perfusion. Furosemide protection could
be explained on a basis that it not only inhibits solute
transport in the thick ascending limb to reduce oxy-
gen demand, but also enhances renal perfusion to in-
crease oxygen supply.

Measures to reduce nephrotoxicity

Despite being considered one of the most toxic an-
timicrobial drugs in use today [103], AmB remains the
drug of choice for otherwise uniformly fatal systemic
fungal infections [4, 5]. Consequently, it will remain in
use despite the predictable occurrence of severe sys-
temic and renal toxicity. Therefore, therapeutic inter-
ventions that decrease AmB toxicity assume critical
importance. Among the early interventions that were
examined was the administration of mannitol. Studies
suggested a protective effect of mannitol in dogs and
renal transplant recipients [104-106]. Unfortunately,
these were either case-reports or poorly controlled since
later reports failed to detect any protective effect of
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mannitol in dogs, and ascribed the protective findings
to the lower doses of AmB used [107]. In addition, a
small controlled trial of mannitol co-administration in
humans failed to document any beneficial effect [24].

Theoretically, any of the protective interventions
mentioned in the previous section may be applicable
to a clinical setting, but few have actually been stud-
ied. In some instances because there are practical limi-
tations to their use. For example, the duration of pro-
tection conferred by furosemide is brief, being confined
to the time furosemide is present in the renal tubule.
Furosemide would exacerbate electrolyte imbalance by
causing sodium and potassium depletion, which, if not
adequately monitored and replaced, would be expected
to potentiate AmB-induced nephrotoxicity. Further-
more, none of the advocated drug interventions are
innocuous. Of all the alternatives, manipulation of so-
dium status offers a simple intervention that can be
readily and usually safely be introduced into clinical
practice [82]. An alternative approach is to use a lipo-
somal formulation of amphotericin B.

Salt supplementation

The demonstration of a renal protective effect of
salt loading on AmB-induced nephrotoxicity in animal
models has provided a rational basis to evaluate this
simple intervention in patients. Clinical evidence sup-
porting the ability of sodium loading to attenuate AmB-
induced nephrotoxicity is derived from three sources:
case reports, retrospective studies and prospective
studies.

One of the earliest case reports was by Butler and
colleagues who reported a patient in whom a low so-
dium diet (9 mEq/d) exacerbated renal dysfunction,
increased urinary sodium loss, and caused postural
hypotension [11]. Administration of supplemental oral
sodium chloride promptly reversed the defect within
12 hours. These abnormalities were confirmed on re-
challenge during treatment, but were absent 13 months
after completion of AmB therapy.

In a subsequent study, 5 patients were receiving
AmB in clinical situations where salt-conserving states
could be identified. These included dietary salt restric-
tion, vomiting, diuretic therapy, Addison’s disease and
cirrhosis with ascites. In each patient sustained in-
creases in BUN and serum creatinine levels were ob-
served within 6 to 12 days after starting AmB [108].

Four to 12 days after liberalization of dietary sodium
intake, administering intravenous saline, and/or dis-
continuation of diuretic therapy, renal function im-
proved in all patients. Improvement was sustained and
the full course of AmB was successfully completed af-
ter a brief interruption (range: 1 to 5 days), without
permanent renal impairment.

A retrospective study revealed that only two of 17
patients (12%) receiving ticarcillin (with its obligatory
sodium load of 150 mEq/day) had a nephrotoxic re-
sponse to AmB, compared with 14 of 21 patients (67%)
not receiving ticarcillin (Figure 2) [15]. Anecdotally,
withdrawal of ticarcillin in patients continuing to re-
ceive AmB led to deterioration of renal function over a
one-week period. In a companion study, the benefit of
routine intravenous saline (1 L of 0.9% saline) was as-

Figure 6. Serum K levels (A) and K supplements given to
maintain serum K levels at or above 3 mmol/l (B) in
patients receiving AmB with either 1 liter of 0.9% NaCl
(solid line) or 1 liter of 5% dextrose in water (dotted line).
Notice the difficulty in maintaining serum K levels despite
significantly higher amounts of supplements in the former
group. *: P<0.05 compared with baseline. (Used with
permission from [28]).
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sessed prospectively in leukemic patients receiving a
28-day course of AmB for persistent fever of unknown
origin. Only two of 20 patients (10%) developed mild
renal dysfunction, which, however, did not necessitate
interruption of therapy. The full course of high-dose
AmB was successfully completed in all patients, includ-
ing four with mild pretreatment renal impairment.

The question of the influence of salt supplementa-
tion was addressed using a prospective, randomized,
placebo controlled trial of the influence of salt supple-
mentation on the course of renal function during
therapy with AmB [28]. AmB administration was pre-
ceded by 1 liter of either 0.9% saline or 5% dextrose in
water administered i.v. over 4 hours. While the mean
serum creatinine increased over time in the dextrose
group, it remained unchanged in the saline group.
Similarly, creatinine clearance decreased in the dex-
trose group, but remained unchanged in the saline
group. The beneficial effect of salt loading however
occurred at the expense of greater hypokalemia, since
the saline group required significantly higher amounts
of potassium supplementation to maintain a normal
serum K level (Figure 6). Therefore, based upon these
studies, it is reasonable to recommend routine salt
supplementation with administration of AmB, with
special attention being paid to maintaining potassium
balance.

More recently, Mayer and coworkers [109] have ex-
panded the notion that early introduction of potassium
and magnesium supplements in equal amounts to that
lost through the kidneys results in decreased incidence
of AmB infusion-related side effects and decreased fre-
quency of an increase in serum creatinine. This study
provided further evidence to support that sufficient
hydration and timely supplementation of sodium, po-
tassium and magnesium reduces the renal toxicity of
AmB.

Despite not being strictly a liposomal formulation,
the preparation of Fungizone in Intralipid 20% instead
of in glucose, was associated with a reduction in renal
toxicity [110]. HIV positive patients with oral candidi-
asis were considered for treatment. The 22 subjects had
comparable characteristics regarding HIV status infec-
tion and candidiasis, renal function and concomitant
use of other nephrotoxic drugs. They were random-
ized to receive Fungizone prepared either in Intralipid
20% or in glucose. Four of 11 AmB-glucose treatments
were discontinued due to renal abnormalities or intol-

erable acute effects, whereas all the 11 AmB-Intralipid
20% were treated without serious problems. Four of
the 7 patients that completed AmB-glucose regimen
had at least one serum creatinine exceeding 1.5 mg/dl
versus one of 11 patients that completed AmB-In-
tralipid 20%. Clinical side effects were noted in 36/38
infusions with AmB-glucose but only in 10/44 with
AmB-Intralipid 20%. All patients responded to therapy
with AmB as assessed by an oral candidiasis score.
Thus, this formulation was effective and induced less
adverse reactions than the conventional formulation.

Other formulations: Liposomal formulations

The narrow therapeutic index of conventional AmB
led to the development of new formulations of the drug
that utilize either liposomes or complex phospholip-
ids as drug carriers to decrease untoward effects, en-
hance activity and to provide site specific delivery of
doses of this drug [111, 112].

Liposomes are microscopic vesicles consisting of
one or more phospholipid membranes surrounding a
discrete water compartment. The lipid layer is com-
posed of amphipathic phospholipids whose hydropho-
bic tails associate, while the polar hydrophilic heads
align toward the bulk of the water phase. A variety of
liposomes with unique physical and chemical struc-
ture can be manufactured by altering non-polar and
polar groups. Excellent reviews have been recently
published [112-114].

Different mixtures using several lipoproteins and
combined in different ratios have appeared during the
last decade. At least 5 formulations have been tested
in man. They include dimyristoyl phosphatidylcholine
(DMPC) / phosphatidylglycerol (DMPG) liposomes,
amphotericin B in lipid complex (ABLC; Abelcet, The
Liposome Company, Princeton, NJ), intralipid AmB,
AmB colloidal dispersion (ABCD; Amphotec, Alza Cor-
poration, Palo Alto, CA), and amphotericin B liposome
(L-Amph; AmBisome, Fujisawa Healthcare, Deerfield,
IL) (Table 2). In the last decade, these preparations have
been extensively examined in vitro, whole animal and
clinical studies [111, 115-140]. When conventional AmB
is used as a frame of reference, it is clear that there are
substantial differences in the pharmacokinetic dispo-
sition between these formulations. However, for
equally effective doses, the toxicity profile is disap-
pointingly similar (Table 2). ABLC was the first agent
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approved by the FDA. ABLC consist of two phospho-
lipids in a 1:1 drug-to-lipid molar ratio. Electron mi-
croscopy reveals ribbon-like, macromolecular struc-
tures, ranging from 2 to 5 microns in diameter. L-Amph
is a unilamellar liposomal preparation, consisting of
phosphatidylcholine, cholesterol, distearoylphosphati-
dylglycerol and AmB in a 2:1:0.8:0.4 molar ratio; with
an average diameter of 60 to 70 nm. Amphotec is cre-
ated by complexing amphotericin B with cholesteryl
sulfate in a 1:1 molar ratio to form a colloidal suspen-
sion in aqueous solution. The two components form a
bilayer in a disk shape, with amphotericin B forming a
shield at the disk edges. The disk size is uniform (about
115 nm in diameter and 4 nm thick) and very stable,
with the lyophilized form retaining stability for months
to years.

To evaluate whether incorporation of AmB into li-
posomes reduces nephrotoxicity, any comparison of
conventional AmB with a new formulation of the drug

should address the following questions: 1) do the dif-
ferent formulations have the same or different actions?
2) if they have the same action, what is the dose ratio
between antifungal and toxic effects, especially neph-
rotoxicity? and 3) is there a selective advantage in the
dose ratios indicating a wider therapeutic margin, i.e.,
is the dose ratio of liposomal formulation of AmB/AmB
lower for the antifungal effect compared to the neph-
rotoxic effect?

Collective evidence in the literature suggests that
L-AmB and conventional AmB have a similar action
on fungal and mammalian cells. Very few studies, how-
ever, have established a dose ratio for antifungal and
nephrotoxic effects. In most, only one aspect of the ac-
tivity or only one formulation was studied. Thus, com-
parisons between studies are difficult, and inferences
should be made with caution. There is evidence that
the fungicidal activity of liposomal formulations of
AmB is influenced by several properties of the lipo-
somes including lipid composition, physical size, the
molar ratio of lipids, and the presence or absence of
sterols [117-119]. Furthermore, the tests used to assess
in vivo toxicity have rarely examined renal function
adequately. The testing of new formulations by obtain-
ing the acute LD50 of the drug, does not necessarily
relate to the nephrotoxic potential of chronic therapy
[118, 120-122]. Finally, Phase II-III studies in man are
complicated by difficulties in the diagnosis of fungal
infection, the underlying clinical condition of the pa-
tients, and frequent concomitant use of other nephro-
toxic agents.

Cell studies
The binding of AmB to various compounds or for-

mulations may result in reduced bioavailability of free
AmB with a consequent reduction in toxicity to mam-
malian and /or fungal cells. Thus, the different formu-
lations may act as a reservoir for free AmB. Since it is
recognized that AmB has a higher affinity for ergos-
terol (the main sterol in fungal cell membranes) than
for cholesterol (that is found in human cells) it is pos-
sible that the reduced amounts of free AmB is suffi-
cient to be toxic to fungal cells and not to mammalian
cells. A selective rate of transfer may be related not
only to changes in the sterol components of cell mem-
branes but also to different level of expression of lipo-
protein receptors in the target cells.

Much has been learned from in vitro studies focused

Table 2(a). Comparative pharmacokinetics of Amphot-
ericin B and liposomal formulations.

Agent AmB L-AmB ABLC ABCD

Distribution compared to AmB:
in liver: higher higher higher
in lungs: similar higher similar
in kidney: similar similar similar

Cmax 2.9 mcg/ml higher lower lower

Vd 4 L/kg ml/min.kg lower similar higher

Cl 0.43 mcg.h/ml lower higher similar

AUC 8.6 mcg.h/ml higher lower lower

2(b). Adverse events - percentage of population with
response.

AmB L-AmB ABLC ABCD
mg/kg/day: 1.5-6 5 4-6 0.8-1

Chills 53 48 18 77

Hypokalemia 20 43 5 17

Nausea 6 40 9 8

Vomiting 6 32 8 9

Dyspnea 4 23 7 8

Creatinine increase 28 22 11 20

Hyperbilirubinemia 17 18 4 16

Hypotension 6 14 8 12

Hypertension 6 8 5 6
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to address the relationship between either free AmB
or liposomal formulations of AmB with both high- and
low-density lipoproteins (HDLs, LDLs). In a series of
elegant studies by Lopez-Berenstein and coworkers, it
was shown that AmB predominantly associates with
HDL and that this effect is enhanced when it is incor-
porated into positively and negatively charged lipo-
somes [141, 142]. These investigators have evaluated
the influence of HDLs and LDLs on the toxicity of AmB
to fungal and renal cells and observed a selective pro-
tective effect of HDL associated AmB for mammalian
cells. The minimum inhibitory concentration of AmB
and DMPC:DMPG liposome on Candida albicans fun-
gal cells was not modified whether or not HDLs or
LDLs were added to the incubation plates. However,
HDL-associated AmB was less toxic than free AmB to
LLC-PK1 cells, while LDL-associated AmB was as toxic
as free AmB. In addition, DMPC:DMPG liposomes and
both HDL- and LDL-associated DMPC:DMPG lipo-
somes were less toxic to LLC-PK1 cells than was AmB
[142]. Examination of HDL and LDL receptors in the
LLC-PK1 cells revealed a high-affinity and low-affin-
ity LDL receptors but only a low-affinity HDL recep-
tor. After trypsinization of the LLC-PK1 renal cells to
reduce the LDL receptor, LDL associated AmB was also
less toxic than free AmB. Thus, the reduced level of
toxicity of HDL-associated AmB and of DMPC:DMPG
may be explained by the low level of expression of HDL
receptors in LLC-PK1 [142]. Taking this information
into account, it appears that AmB in liposomal formu-
lations may exist in a complex system that includes
free drug, lipoprotein-bound drug and liposomal
bound drug (Figure 7). Since the dynamic of the equi-
librium is not known, it is difficult to conclude whether
doses of AmB in liposomal formulations result in com-
parable free drug concentration as the conventional

preparation. These results also support the notion that
the relative distribution of AmB among the serum li-
poproteins is a major factor influencing the therapeu-
tic index of AmB incorporated into liposomes.

Ralph et al. demonstrated that DMPC:DMPG is
generally less active than AmB on yeast cells, and has
a slower onset of action [123]. The authors suggest that
this liposomal formulation of AmB acts as a reservoir
for free AmB, which is the active moiety. Others found
either an equivalent or 3-4 fold less efficacy for a lipid-
complexed form of AmB [118, 121, 124]. These differ-
ences may be attributed to the different preparations
used and/or to the different strains of fungi examined.

An in vitro evaluation of a therapeutic ratio between
mammalian and fungal cells serves as a basis of com-
parison to a ratio of dose required to induce in vivo
renal toxicity to determine if nephrotoxicity is selec-
tively diminished by the incorporation of AmB into li-
posomes. One study has calculated a concentration
ratio for the actions of liposomal formulation of AmB
and conventional AmB on mammalian and fungal cells.
Juliano et al. compared the in-vitro toxicity of AmB and
L-AmB to Candida albicans and mammalian erythro-
cytes [119]. While the two formulations were equipo-
tent in their effects on ion fluxes in yeast cells (indicat-
ing formation of membrane pores), only AmB induced
such an effect in erythrocytes, despite achieving con-
centrations of L-AmB that were 10 to 20-fold higher
than those of AmB. The time required to achieve this
effect in fungi was the same for the two formulations,
which suggested that L-AmB did not constitute a slow-
release form of the drug. The reason for the reduced
toxicity of L-AmB in mammalian cells was proposed
to be preferential transfer of AmB from liposomes to
fungal cells compared with its transfer to mammalian
cells.

Other studies have also directly compared the an-
tifungal and toxic effects of the two formulations to
confirm a wider therapeutic index. A greater toxicity
to kidney epithelial cell structures of AmB was appar-
ent when compared with AmB in DMPC:DMPG lipo-
somes. LLC-PK1 renal cells, exposed to short exposure
times (2 hours), with different formulations of
DMPC:DMPG liposomes, exhibited different EC50’s,
the most potent having an EC50 13 times that of AmB
[125]. Taken in concert with previous studies [133], this
indicates that the renal epithelial cell toxic concentra-
tion ratio of DMPC:DMPG liposomes/AmB (13-20:1)

Lipoprotein bound Liposomal-bound

Free drug

Activity

Figure 7. Relationships between free and bound forms of
amphotericin B to activity.
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is higher than its antifungal concentration ratio (1:1).
Further confirmation of differential toxicity was pro-
vided by the acute administration of liposomal AmB
to primary cultures of rabbit proximal tubule cells and
to LLC-PK1 cells (a kidney epithelial cell line) [125].
Joly et al. suggested that higher concentrations of AmB
combined to liposomes did not induce the changes elic-
ited by smaller concentrations of conventional AmB.
Evidence used to support this was increased K+ efflux
and LDH release with AmB but not L-AmB despite
achieving 4 to 8 fold higher concentrations of the latter
[115]. Unfortunately, antifungal activity was not as-
sessed in this study and no dose ratio can be calcu-
lated.

Acute studies require cautious interpretation as
chronic exposure of LLC-PK1 cells to L-AmB (1-2 days),
which is more representative of events that occur clini-
cally, resulted in profound toxic effects at concentra-
tions similar to those of AmB (L-AmB/AmB =1:1),
manifested by changes in cellular transport processes
and in morphology [125]. This finding raises questions
as to the applicability and relevance of results derived
from short-term in-vitro experiments to whole animal
or clinical situations.

Whole animal studies
Animal studies suggest that liposomal formulations

of AmB are effective in the treatment of fungal infec-
tions, but usually require higher doses than AmB [117,
120, 121, 128, 129, 137, 138]. The lack of concomitant
assessment of renal function in many of these studies
makes it impossible to determine a dose ratio, although
most reports confirm that the drug was well-tolerated.
As mentioned previously, AmB can be distributed in
the tissue and serum as free drug, protein-bound drug
and liposome-bound drug (Figure 7). However, most
studies have not discriminated between these compo-
nents, so interpretation of serum and tissue concentra-
tions of the drug remains uncertain. This is further com-
plicated by the fact that in ex vivo blood samples, a sig-
nificant proportion of the total AmB concentration in
blood settles as a sediment during the centrifugation
process [113]. Thus, it is difficult to interpret the mea-
sured free AmB fraction in serum, which may differ
between formulations due to physicochemical charac-
teristics of the mixture or to artifactual processes in-
volved after blood sampling.

Detailed pharmacokinetic studies confirm the tis-

sue distribution and pharmacokinetics of L-AmB dif-
fer from the conventional drug formulation [113, 122,
143] (Table 2a). In general, a greater volume of distri-
bution and greater systemic clearance is apparent when
AmB is incorporated into liposomes, suggesting sub-
stantial penetration into many organs. After parenteral
administration, the total concentration in liver and
spleen were higher for the liposomal formulations than
with conventional AmB due to accumulation in the tis-
sues of the reticuloendothelial system [144]. In contrast,
concentrations of AmB in the kidney are lower at
equivalent doses. For both AmBisome and ABLC, the
results of the biodistribution multidose studies are con-
sistent with reduced kidney toxicity of these formula-
tions [122, 143]. Higher doses of AmBisome (5 mg/kg)
and ABLC (10 mg/kg), are required to result in com-
parable kidney concentrations of AmB to that obtained
after 1 mg/kg of conventional AmB.

The acute nephrotoxicity of the two formulations
has been examined in rabbits, where AmB induced a
fall in GFR and a rise in urinary sodium and potas-
sium excretion rates, while L-AmB, at 2.5 times the
dose, did not affect these parameters [126]. Here again,
antifungal activity was not assessed. Unexpectedly,
however, and in contrast to AmB, L-AmB increased
the excretion of N-acetylglucosaminidase in these ani-
mals indicating renal tubular toxicity. The authors sug-
gested that increased delivery of AmB to renal tubular
cells by the liposomes led to an interaction with lysos-
omes and provided an additional mechanism of injury.
In support of this conclusion is the finding that the tu-
bular toxicity induced by repeated administration of
AmB and L-AmB over 5 days was similar when a high
enough dose of L-AmB (2.4 times that of AmB) was
used [127].

A clear reduction in the single dose toxicity for
AmBisome and ABLC has been described. The LD50 of
AmBisome in mice was found to be greater than 175
mg/kg compared to 2.3 mg/kg for the conventional
preparation. In rats the LD50 was more than 30 fold
greater than the value of 1.6 mg/kg for Fungizone [122].
Similarly ABLC could be successfully administered up
to 10 mg/kg whereas the maximum non-lethal dose
that could be administered to normal mice was 1 mg/
kg of Fungizone.

Human studies
Similar findings have been reported in patients,
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with several studies showing that in patients who failed
to respond to conventional AmB, or develop nephro-
toxicity, had either a complete or partial responders to
liposomal formulation of AmB, without associated de-
terioration in renal function [111, 130-136, 138]. How-
ever, subsequent studies have questioned the renopro-
tective effect for therapeutic equivalent doses.

All of the three lipid formulations of amphotericin
B available in North America and Western Europe, in
controlled trials, have demonstrated significantly lower
nephrotoxicity than amphotericin B [145]. Differences
in biochemical, pharmacokinetic and pharmacody-
namic properties among the lipid products have been
documented (Table 2). The clinical significance, how-
ever, of pharmacokinetic differences between the li-
posomal preparations is unknown because of the lack
of comparative trials.

The clinical experience with these products has been
mainly in patients with intolerance to conventional
AmB. To date, there is no convincing evidence that any
of the lipid-based formulations confers superior effi-
cacy when prospectively compared with AmB in the
treatment of documented fungal infections. Adminis-
tration of liposomal formulations of AmB are associ-
ated with fewer adverse effects, and are generally well-
tolerated. Comparative rates of toxicity are lacking be-
cause of different patient populations, different meth-
ods of measured infusion related toxic effects, and dif-
ferent dose scheduling. When used prophylactically
for the empiric treatment of febrile neutropenia, Am-
bisome did significantly reduce the incidence of proven
emergent fungal infections but did not improve short-
term survival rates, as compared to conventional AmB.
Carriagan [145] in a recent commentary, suggested that
if ABLC therapy is administered at higher doses than
recommended by the Food and Drug Administration
(5 mg/kg/day) then a similar degree of nephrotoxic-
ity to conventional AmB can be anticipated.

Despite early enthusiasm, more recent studies have
yielded more equivocal information. In a randomized,
double blind study, Wingard et al [146] have compared
the safety of two lipid formulations of amphotericin B
in febrile neutropenic patients. Subjects were random-
ized to receive amphotericin B lipid complex (ABLC)
at a dose of 5 mg/kg/d (n=78), liposomal amphoteri-
cin B (L-Amph) at a dose of 3 mg/kg/d (n=85), or L-
Amph at a dose of 5 mg/kg/d (n=81). They found that
the incidence of nephrotoxicity (doubling of the base-

line serum creatinine concentration) was 42% in the
group of patients that received ABLC, 15% in the group
that received L-Amph at a dosage of 3 mg/kg/d, and
14% in the group that received L-Amph at a dose of 5
mg/kg/d. Thus, even though L-Amph presented a
superior safety profile in comparison with ABLC, along
with better tolerance (fewer infusion-related reactions
and lower nephrotoxicity), each L-AmB did have a
clinically relevant adverse profile.

A further multicenter, randomized study compar-
ing amphotericin B lipid complex with conventional
amphotericin B (AmB) as empiric therapy for febrile
neutropenic patients, found a similar incidence of neph-
rotoxicity (defined as a doubling of the baseline serum
creatinine concentration) and infusion-related reactions
(fever and chills) in both treatment arms [147].

More recently, the National Institute of Allergy and
Infectious Diseases Mycoses Study Group reported
their head to head comparison of L-Amph against con-
ventional AmB in a randomized, double-blind multi-
center study in 344 patients with persistent fever and
neutropenia as empiric therapy for occult invasive fun-
gal infections [148]. As in previous trials, efficacy was
similar with respect to survival (93% vs. 90%, respec-
tively) and resolution of fever during neutropenia (58%
vs. 58%, respectively). Discontinuation of therapy due
to drug related side effects was also similar (14% vs
19%, respectively). However, the liposomal prepara-
tion had a lower rate of increase serum creatinine by
two times upper limit of normal (19% vs. 34%, respec-
tively and infusion related fever (17% vs 44%, respec-
tively). In this study, the authors noted a significantly
lower frequency of breakthrough fungal infections (3%
vs. 8%, respectively p<0.009). This same multicenter
research team also undertook a subsequent compari-
son of L-Amph in comparison to voriconazole in 837
patients with the same entry criteria [149]. In that study,
voriconazole proved equally effective to L-Amph, but
less toxic with respect to nephrotoxicity and fever.
However, it had a higher CNS toxicity causing visual
disturbances and hallucinations. The ability to admin-
ister voriconazole both parenterally and orally did con-
fer an advantage in allowing somewhat earlier patient
discharge. Interestingly, this study suggested a lower
documented breakthrough with voriconazole having
a breakthrough rate of 2% while L-Amph had a break-
through rate of 5% (p=0.02). This latter rate is higher
than in the first study and not very different from con-
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ventional AmB, thus the relatively small numbers in
each study with breakthrough are too small to provide
confidence in our ability to discriminate differences.

Experience of using L-Amph in pyrexia of unknown
origin has been extended to children and to consider-
ing the dose of L-Amph required in a further random-
ized study of 134 adults and 204 children from the
Royal Free Hospital in London [150]. In this study, a
low dose L-Amph arm (1 mg/kg/day) was compared
to the same dose used in prior studies (3 mg/kg/day).
In this study, efficacy was observed in 49% with con-
ventional AmB, 58% with low-dose L-Amph and 64%
with high dose L-Amph. A difference was also ob-
served for adverse events, for example doubling of
serum creatinine occurred in 24% on conventional AmB
versus a 10% and 12% in the two L-Amph arms. A high
frequency of fever and rigors with conventional AmB
was not observed with L-Amph, but rare cases of CNS
toxicity (encephalopathy and seizures) only occurred
in L-Amph group. These authors concluded the L-
Amph does offer a therapeutic advantage over con-
ventional amphotericin, and that the reduced toxicity
profile is particularly valuable in children.

Given the relative rather than absolute differences
in nephrotoxic potential between formulations that
have equal efficacy, it becomes relevant to weigh the
benefits of decreased nephrotoxicity against the cost
of therapy. At our institution, using 2001 drug acqui-
sition costs, a full course of 29 days of therapy in a 70
kg patient with AmB currently costs approximately
$360 to reach a total dose of 2 grams [151].  In contrast,
a full course of ABLC for 14 days for a total of 5 grams
costs approximately $6,500. This differential raises the
question of the relative value between the alternative
therapies. This issue has been explored by Cagnoni et
al [152] in a randomized, double-blind, comparative,
multicenter trial in persistently febrile neutropenic
patients treated as first-line empirical therapy with ei-
ther liposomal versus conventional AmB. By using
itemized hospital billing data on 414 patients, hospital
costs from the time of first dose to discharge were sig-
nificantly higher for all patients who received liposo-
mal AmB ($48,962 vs. $43,183; p=0.022) without any
difference in clinical outcome assessed by major clini-
cal events [152a].

In the opinion of these authors, until superior effi-
cacy is clearly shown (for proved infections) or phar-
macoeconomic analyses document the value of these

drugs, current use of such expensive agents should be
restricted to patients with preexisting renal dysfunc-
tion, patients who do not respond clinically to AmB,
or in patients who have a significant decrease in their
renal function while receiving conventional formula-
tions AmB.

Clinical use

General underlying condition of the patient

The indication for AmB is the presence of proved
or suspected systemic fungal disease. As previously
mentioned, patients who receive AmB are usually im-
munocompromised and severely ill, with some degree
of malnutrition, multiple organ failure and life threat-
ening infections. The clinical condition of these patients
may, therefore, confer an increased risk of nephrotox-
icity. Once the decision to implement AmB has been
made, an algorithm can be used to optimize therapy
(Figure 8) [82]. The first step is to assess renal function,
the sodium status of the patient, and to correct overt
sodium depletion. It is important to realize that milder
sodium depleted states which are not clinically appar-
ent can substantially enhance the nephrotoxic poten-
tial of AmB. It is, therefore, important to assess whether
the patient can tolerate sodium supplementation in
addition to a normal salt intake. Otherwise healthy sub-
jects usually tolerate a supplement of 150 mEq/d over
and above the normal sodium intake of 150 to 200
mEq/d without difficulty. Increased sodium intake,
however, may exacerbate cardiac failure, cirrhosis with
ascites, or renal failure.

Another factor to consider is whether the patient
will receive sodium supplementation as a consequence
of concomitant antibiotic therapy (e.g., ticarcillin).
When the opportunity to choose among several anti-
biotics arises, the alternative with the highest obliga-
tory sodium load should be selected whenever pos-
sible.

Finally, it is prudent to check for the presence of
potassium and magnesium deficits prior to therapy
since AmB will invariably cause loss of these electro-
lytes during therapy. Correction of these abnormali-
ties, before or concomitantly with the start of therapy,
should delay or avoid the early development of elec-
trolyte disturbances and possible additional toxicity
(e.g., arrhythmia, rhabdomyolysis) that sometimes
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Clinical evaluation:

Is patient salt depleted?

Will salt loading exacerbate underlying disease?

Does patient require concomitant antibiotics?

Is patient K or Mg depleted?

Begin amphotericin B with sodium suppl. 150 mEq/d

Routine monitoring:

Clinical evaluation (cardiovascular/respiratory status; body weight; fluid intake and excretion)

Laboratory tests (renal function; serum electrolyte levels; 24 hours urinary electrolytes excretion)

Clinical evaluation: Is patient vomiting?

Laboratory evaluation:

Is serum creatinine >3 mg/dl
or is renal deterioration rapid?

Is K level <3.5 mEq/L or Mg level <1.6 mEq/L?

Continue amphotericin B therapy and routine monitoring

Close follow-up of serum electrolytes

Correction:

Correct salt depletion
Avoid diuretics
Liberalize dietary sodium

Weigh risk/benefit ratio
Seek alternatives

Select drug with high salt content

Correct abnormalities

Begin amphotericin B therapy

Increase salt load

Correction:

Interrupt amphotericin B therapy
Resume on improvement

Consider use of liposomal formulation
Use oral or i.v. supplementation

YES

YES

YES

YES

NO

YES

NO

YES

YES

NO

INDICATION FOR AMPHOTERICIN B THERAPY

necessitate the early discontinuation of therapy.
In our opinion, the elective use of L-AmB at the

outset should be restricted to only those patients who
have impaired renal function, who have clinical con-
traindications to salt supplementation or who are chil-
dren. Otherwise, the use of AmB is generally advo-
cated.

Amphotericin B administration

AmB therapy should be started with a low dose,
gradually escalating to a full therapeutic dose accord-
ing to patient tolerance. Traditionally AmB has been

administered as an IV infusion over 4-6 hours as rec-
ommended in the insert package. However, continu-
ous infusion over 24 hours provides a reasonable al-
ternative as it induces fewer side effects and signifi-
cantly decreases nephrotoxicity [17].

If a 4-hour infusion is to be used in conjunction with
ticarcillin, we advocate administration between doses
of ticarcillin. If ticarcillin is not indicated, we advocate
that AmB should be given between two 30-min infu-
sions of 0.5 L normal saline, intravenously. This amount
of supplementation is based on empiric observation,
and further studies are needed to ascertain whether
lower amounts confer an equivalent degree of protec-

Figure 8. Proposed approach for management of amphotericin B therapy
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tion. If vomiting occurs, sodium supplementation
should be increased.

Concomitant use of nephrotoxic drugs

If AmB is to be used in conjunction with another
nephrotoxic agent, several measures can be taken in
order to minimize the potential synergistic toxicity of
amphotericin B. For example, if an aminoglycoside or
cyclosporine is to be used, monitoring of their serum
concentrations will help avoid toxic levels. It is also
imperative to evaluate electrolyte losses closely and be
aggressive in their replacement, since cyclosporine A
nephrotoxicity may be exacerbated by dehydration
[153], and to follow magnesium levels closely since both
drugs cause hypomagnesemia.

Potassium and magnesium supplementation

Urinary potassium and magnesium losses are an-
ticipated consequences of AmB therapy. Some of the
losses can be compensated for with increased dietary
intake, while others will require oral or intravenous
replacement. It should be recognized that the serum
levels of these ions do not necessarily correlate with
the total deficit, as the plasma levels tend to be con-
served while cellular stores are becoming depleted. In
general, potassium and magnesium supplements
should be given to all patients and the amounts in-
creased if the potassium level falls below 3.5 mEq/l or
the magnesium level falls below 1.6 mEq/l, with ei-
ther dietary or pharmacological supplementation. Ami-
loride, in low doses, is an alternative therapy in pa-
tients who need high dose intravenous potassium re-
placement [154, 155]. Frequent monitoring of serum
electrolytes (potassium and magnesium) with adequate
hydration and ion supplementation corresponding to
amounts lost by kidneys concomitant to AmB therapy
provides an effective intervention for prophylaxis of
AmB-induced renal toxicity [109].

Follow-up

In patients with mild renal dysfunction prior to
AmB therapy, sodium supplementation has proved to
be safe and effective. In patients not receiving sodium
supplementation who develop renal impairment dur-
ing AmB therapy, initiation of sodium supplementa-
tion may permit continued therapy with AmB. How-
ever if renal function continues to deteriorate, or if the
rate of deterioration is rapid, temporary discontinua-
tion of AmB therapy may be required. Therapy can be
resumed in rehydrated patients when serum creatinine
concentrations begin to return toward baseline values
or L-AmB can be used in place of AmB.

Conclusion

AmB remains the most effective antifungal agent.
Nephrotoxicity is a well-recognized dose-limiting com-
plication, leading to interruption or discontinuation of
the therapy. It is commonly expressed as azotemia and
decreased GFR, however tubular abnormalities are also
important. The underlying mechanisms include direct
vasoconstrictor effects and direct cytotoxicity, as a re-
flection of its action on cell membranes leading to al-
teration of cell permeability. These effects are amenable
to modulation. In the clinical setting, the use of salt
supplementation lowers incidence and severity of
nephrotoxicity; however, requires careful attention to
potassium and magnesium replacement. The informa-
tion accumulated to this date support the notion that
liposomal formulations of AmB are at least as effective
as AmB. Early reports suggested that liposomal for-
mulations are less nephrotoxic. However, recent re-
ports suggest that they could have similar rates of neph-
rotoxicity for therapeutic equivalent doses.
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Introduction

Anumber of drugs of miscellaneous class are ca-
pable of producing various degrees of renal dam-

age and will be reviewed in this Chapter.  Some have
been used extensively in the past for the treatment of
general infections (sulfonamides), others have had spe-
cific indications (pentamidine, dapsone), and others
such as quinolones are of more recent application.
Many of these, however,are of  current interest because
of their use in treating the complications occurring in
patients with acquired immunodeficiency syndrome
(AIDS).

Sulfonamides

These compounds were extensively used in the 40’s
through the 60’s to treat pulmonary and other systemic
infections. Reports of acute renal failure, most second-
ary to crystalluria were common [1-3]. Rarely, the sul-
fonamides can cause acute interstitial nephritis, necro-
tizing arteritis or hemoglobinuric acute renal failure
due to massive acute hemolytic anemia [4, 6].

Data from the decade of 1940-1950 reviewed by
Simon et al [7] in 1990 indicate an incidence of crystal-
luria of 0.4 to 49%, hematuria (with or without flank
pain) of 1 to 32%, oliguria, anuria, or azotemia of 0.4 to
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29%, and renal stones of 0.4 to 20%, for an overall inci-
dence of renal toxicity (excluding crystals) between 1
and 32%. For a number of reasons detailed elsewhere
[7], these early data are difficult to assess. However,
even with the use of preventive measures such as urine
alkalinization, renal toxicity was 2% [7], and the inci-
dence of gross hematuria and microscopic hematuria
despite high fluid intake were 2-3% and 24%, respec-
tively [8]. A major limiting factor in the use of the sul-
fonamides was their limited solubility and the need of
relatively large dosage, both favoring crystallization.
This complication of sulfonamide therapy was well
known at the time. In the ensuing decades more soluble
sulfa compounds became available and the appearance
of effective antibiotics resulted, with few exceptions,
(i.e., sulfadiazine), in the replacement of the older sulfas
as chemotherapeutic agents. Thus, the notion of the
possibility of sulfonamide-induced nephrotoxicity was
somewhat lost or became a rarity. The emerging use
over the last 15 years of two sulfa compounds, sulfadi-
azine and trimethoprim-sulfamethoxazole, in the treat-
ment of opportunistic infections of AIDS, has again
brought to the attention of nephrologists and physi-
cians the “old and perhaps forgotten” problem of sulfa
nephrotoxicity. The review of the potential nephrotox-
icity of sulfasalazine (5-aminosalicylic acid and sulfapy-
ridine), a drug extensively used in patients with in-
flammatory bowel disease can be found in Chapter 13.
Aside from the renal failure associated with sulfasala-
zine attributed initially to the intratubular precipita-
tion of sulfapyridine crystals [9], currently sulfasala-
zine toxicity is considered secondary to its 5-aminosali-
cylic moiety.

Sulfadiazine

A large bibliography exists from the 1940’s related
to crystalluria and acute renal failure associated with
the use of sulfadiazine [1, 10, 11]. More recently, the
number of reports has increased substantially because
of the use of sulfadiazine and pyrimethamine, as the
treatment of choice for cerebral toxoplasmosis associ-
ated with AIDS, other immunosuppressive states or
specific infections [7, 12-34].

It is apparent that most recent cases of sulfadiaz-
ine-induced nephrotoxicity are not reported, thus the
current incidence of sulfadiazine nephrotoxicity is un-
known. In 1987, a study of 57 patients with AIDS

treated for toxoplasma encephalitis indicated a renal
toxicity of 6% [26]. A more recent international biblio-
graphic search (1987 to 1995) reported 35 patients with
AIDS and toxoplasma encephalitis with sulfadiazine
nephrotoxicity [27]. These patients were compared to
those who received sulfadiazine in the 1940’s and
1950’s. The prevalence of sulfadiazine nephrotoxicity
was 1.9 to 7.5% in the AIDS group and 1 to 4% in the
non-AIDS patients. On average, renal dysfunction was
evident after three weeks of treatment in the AIDS
patients who received the larger cumulative dose of
sulfadiazine (84 g) compared to  the control group (40
g). Renal densities or stones were found by ultrasonog-
raphy in 77% of the AIDS patients. The majority of the
patients recovered rapidly (median of 6 days) with ap-
propriate treatment.

Sulfadiazine is a short-acting sulfonamide deriva-
tive that undergoes acetylation in the liver to a vari-
able degree (10-40%). The acetylation product has no
antibacterial activity but retains its toxic potential. In-
deed, the acetylated forms of older sulfas are less
soluble and thus, more prone to crystalluria. About 30
to 55% of the drug is protein bound, and the binding
decreases in renal failure. The kidney is the major route
of excretion. Both, the free (60-85%) and acetylated (15-
40%) forms are rapidly excreted in the urine in high
concentration. Alkalinization increases the excretion of
both forms by diminishing their tubular reabsorption.
Because of the rapid excretion, large doses are required
for the treatment of toxoplasmosis: 1 to 1.5 g every 6
hours if renal function is normal; reduction in dosage
is necessary if renal function is impaired [25].

Sulfadiazine, like other sulfas, has a low urinary
solubility, particularly in acid urine. When the urine is
alkalinized and pH rises above 7.15, the drug ionizes
and forms a soluble salt that is excreted avoiding crys-
tallization. It has been estimated that at a pH of 5.5
about 16 liters of urine will be needed to insure that
the sulfadiazine is soluble when excreted following a
dose of 4 g per day [5]. Indeed, the urinary solubility
of sulfadiazine and its major metabolite, acetylsulfadi-
azine, are many times higher at a pH of 7.5 than at a
pH of 6.5 (sulfadiazine 200 and 28 mg/dl, acetylsulfa-
diazine 512 and 75 mg/dl, respectively) [29]. The crys-
tals of sulfadiazine and acetylsulfadiazine can be rec-
ognized by examining the urine sediment, where they
resemble characteristic “sheaves of wheat” [3]. As the
crystals transit through the tubular lumen they cause
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local abrasion and chemical irritation of the collecting
duct epithelium and the lining of the urinary tract.
There is peritubular hemorrhage, infiltration by white
cells, necrosis, and calcium deposition. The crystals can
form local concretions or small calculi leading to ob-
struction at any level from the collecting ducts to the
bladder. This explains the clinical manifestations of the
crystalluria and its associated renal pathology: asymp-
tomatic crystalluria, microhematuria, gross hematuria,
renal colic, oliguria, acute urinary tract obstruction, and
acute renal failure. An example of reversible sulfadi-
azine nephrotoxicity in a patient with AIDS and toxo-
plasma encephalitis is illustrated in Figure 1.

The risk factors for sulfadiazine nephrotoxicity in
patients with AIDS include: (a) more prolonged courses
of therapy as compared to those for community-ac-
quired infections in normal hosts; (b) difficulty in main-
taining high oral fluid intake in patients with toxo-
plasma encephalitis because of chronic illness, anor-
exia, and altered mental status; (c) concurrent fluid
loses due to diarrhea; (d) levels of plasma creatinine
within the range of “normal” despite impaired renal
function due to AIDS-associated muscle wasting, thus
masking renal insufficiency; (e) the presence of hypoal-
buminemia and competition for the albumin binding

sites of other antibiotics concomitantly administered,
increasing the concentration of free-drug and the risk
of crystalluria; and (f) the possibility of preexisting
AIDS or non AIDS-related renal disease. It should be
remembered that in patients with severe renal failure
the serum half-life of sulfadiazine is prolonged from a
normal value of 8 to 17 hours to 22 to 34 hours result-
ing in a marked decrease in the active form of the drug
[35]. Dosing recommendations for patients with renal
failure can be found in recent reviews [36, 37].

The appearance of microhematuria or gross hema-
turia in a patient receiving sulfadiazine should raise
the suspicion of crystalluria. The recognition of classi-
cal sulfadiazine crystals in the urine sediment does not
confirm renal toxicity; but this finding should increase
concern regarding its impending appearance. Unfor-
tunately urinalyses are not done regularly in these pa-
tients; therefore, the possibility of missing early
microhematuria associated with sulfa crystals is real.
Sulfadiazine stones are radiolucent and nicely demon-
strated by ultrasonography [11, 15-17, 27, 28, 31-33].
The renal ultrasound findings include hyperechoic foci
in the renal parenchyma, echogenic material in dilated
and non-dilated calyces as well as dilatation of calyces
and pelvis [28, 28a]. Obstruction is usually accompa-

Figure 1. Sulfadiazine nephrotoxicity (crystalluria and acute renal failure). 35 year old man with AIDS and cerebral
toxoplasmosis treated for 33 days with 4-6 g/day of sulfadiazine.The patient received oral hydration and possibly had
an episode of transient renal impairment during days 8-13.  By day 29 of treatment, crystalluria, hematuria, flank pain,
renal calculi, and acute renal failure developed. Urine was alkalinized late in the course.
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nied by little or no hydronephrosis. Acute renal fail-
ure secondary to sulfadiazine crystalluria has been also
reported in a renal transplant patient [38].

Prevention of sulfadiazine nephrotoxicity is cen-
tered in minimizing crystalluria. This can be accom-
plished with a high fluid intake (up to 3 liters per day).
This may increase solubility of the crystals up to three-
fold. Nonetheless, continued alkalinization of the urine
with sodium bicarbonate (6 to 12 g/day), assuring that
the urine pH is 7.5 or higher, can increase solubility
several fold and is very effective. As always, aware-
ness of the possibility of this complication is the best
form of prevention.

Treatment consists in stopping sulfadiazine or de-
creasing its dosage. The acute renal failure, however,
may resolve despite continuation of the treatment [39].
Hydration and especially alkalinization are the basis
for the treatment. Urinary tract obstruction may require
placement of ureteral stents [13], or nephrostomy [32].
This complication is essentially reversible and dialysis
is rarely needed [27].

Acute interstitial nephritis has been rarely reported
in association with sulfadiazine therapy [40].

With increasing frequency, clindamycin in combi-
nation with pyrimethamine is been used as the replace-
ment drug for sulfadiazine in the treatment of cerebral
toxoplasmosis. Perhaps this new combination again
may send sulfadiazine nephrotoxicity into “oblivion”.
Nevertheless, until this possibility occurs, primary care
physicians should be aware that sulfadiazine can cause
renal toxicity and that effective preventive measures
are available.

Trimethoprim-sulfamethoxazole
(cotrimoxazole)

The synergistic combination of trimethoprim
(TMP), and sulfamethoxazole (SMZ), both folic acid
antagonist antibacterial agents, was introduced over
25 years ago for its effect against a variety of infective
organisms, including Pneumocystis carinii (PC). Prior
to the AIDS era, TMP-SMZ, also referred to as
cotrimoxazole, was used predominantly for the treat-
ment of respiratory and urinary tract infections, includ-
ing PC pneumonia (PCP) [40-45].

The fixed 1:5 TMP-SMZ ratio used in both the oral
and intravenous preparations was chosen because it
provides peak serum levels of about 1:20, which are

optimally synergistic in vitro against susceptible patho-
gens [35]. TMP is 45% protein bound, whereas SMZ is
60% bound. In patients with normal renal function, the
half-lifes are similar for both compounds- about 8 to
12 hours [45]. At least 50%  of TMP is excreted as an
unchanged form in the urine, while only 20% of SMZ
is active in the urine. Both drugs undergo predomi-
nant hepatic metabolism. This compound penetrates
body fluids and tissues well.

The kidney handles the two components of TMP-
SMZ differently: TMP (a weak base with pKa of 7.3) is
transported across the tubules by nonionic diffusion
and is secreted into the urine [46], whereas SMZ un-
dergoes glomerular filtration and tubular reabsorption
[47]. Trimethoprim dissociation increases as pH falls.
The unchanged base is more lipid-soluble and crosses
cell membranes more readily than cations. Accordingly,
TMP base diffuses passively from the peritubular fluid
(pH 7.4) into the acidic urine via the tubular epithe-
lium, and, thus, is excreted [46]. Their renal tubular
accumulation is also different: In the rat [47], TMP,
given alone [47, 48] or in combination with SMZ [47]
achieves concentrations that are several folds greater
in the renal cortex than in the serum or medium [49].
In contrast, the renal tissue concentration of SMZ is
much less; SMZ concentration, when the agent is ad-
ministered either alone or in combination with TMP is
lower in the cortex, medulla and papilla than in the
serum. Similar results were obtained in rhesus mon-
keys [50]. Trottier et al [47] have suggested that the
“trapping” of TMP, in the acid tubular fluid environ-
ment, contributes to the high renal tissue accumula-
tion of TMP. In contrast, SMZ, a weak acid with a pKa
of 5.6 undergoes tubular reabsorption. Furthermore,
the tissue concentrations and interactions of TMP and
SMZ cannot be ascertained from their respective se-
rum and urine levels [47]. Sulfamethoxazole is more
soluble than older sulfonamides, and used at a lower
dosage, resulting in a likelihood of crystalluria that is
much smaller than with sulfadiazine and older sulfas.

It has been suggested by Berglund et al [51] that
TMP interferes with the tubular secretion of creatinine
resulting in mild increases in its serum concentration
and decreases in the Ccr, whereas the glomerular fil-
tration rate simultaneously measured with I131 iothal-
amate remains unchanged. This view was challenged
by Shouval et al [52] who using the true creatinine
method (Hare and Hare) for measuring Ccr found mild
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decreases in Ccr in normal subjects. Nevertheless, there
is convincing evidence to support the contention that
the mild increase (about 15-20%) in serum creatinine
(and the corresponding decrease in Ccr) reported in
patients with normal renal function receiving TMP-
SMZ is due to TMP interference with the tubular se-
cretion of creatinine, as shown by simultaneous mea-
surements of GFR by Ccr and independent methods
(inulin, I131 iothalamate, and 51Cr-EDTA) [51, 53-55].
Berglund et al [41] also suggested that the effects of
TMP resulted from organic base inhibition of creati-
nine secretion. There was no evidence that SMZ affects
creatinine transport [41]. Furthermore, in vitro studies
in the rat strengthened the hypothesis that TMP inhib-
its creatinine secretion via the organic cation transport
system [56]. The effect of TMP on serum creatinine is
more pronounced in patients with decreased renal
function [57, 58].

The dosage of TMP-SMZ should be reduced in pa-
tients with renal failure because the half-life of TMP
becomes prolonged when GFR decreases below 30 ml/
min [59], and in addition, there may be accumulation
of the metabolite N-acetyl-SMZ [59, 60]. The latter may
be associated with rare hypersensitivity reactions [61]
or crystallization [62]. Dosing recommendations for
patients with impaired renal function can be found in
recent reviews [36, 37]. Because of effective removal of
TMP-SMZ in patients with end-stage renal disease dur-
ing hemodialysis, 50% of its maintenance dose should
be supplemented after each dialysis [63]. Overall, it
appears that TMP-SMZ can be given safely to patients
with reduced renal function provided that the dosage
is carefully reduced. Most problems arise when TMP-
SMZ is given at its usual or larger dosage to patients
with decreased function (serum creatinine above 2 mg/
dl [57]), due to preexisting renal disease, presence of
severe dehydration, or in association with other neph-
rotoxins [51, 64].

The clinical evaluation of the nephrotoxic effects of
TMP-SMZ, notably much less frequent than other side-
effects of the drug (skin, gastrointestinal) and very
rarely of a serious nature (hematological, dermatologi-
cal), requires keeping in mind the already described
effects of TMP on serum creatinine. In practical terms,
an increase in serum creatinine concentration not ac-
companied by increases in blood urea nitrogen con-
centration or other data supporting a decrease in GFR,
does not indicate renal dysfunction.

In view of the extensive use of this compound
around the world for the treatment of urinary tract in-
fections, renal adverse reactions are extremely rare. In-
deed, in 1982 the Boston Collaborative Drug Surveil-
lance Program reporting on data obtained from 1966
through 1980 on 1121 hospitalized patients receiving
TMP-SMZ described an overall incidence of adverse
effects of 8% [65]. The most common were gastrointes-
tinal (3.9%), and dermatological (3.3%). Four patients
with elevations of serum creatinine (0.4%), and one
patient with transient renal tubular acidosis were re-
ported. Unfortunately, given the nature of this study
(many hospitals, many physicians reporting) the exact
causal role, rarely could be established with certainty.
Nevertheless, this report emphasizes the extreme rar-
ity of the association of renal toxicity with TMP-SMZ
therapy.

The risk of developing serious renal toxicity in
people receiving TMP-SMZ, TMP alone, or cephalexin
was recently estimated in a large British population,
and found to be extremely low [66]. Only five cases of
acute parenchymal renal disease occurred in the almost
700,000 subjects evaluated, suggesting that none was
likely to be caused by the study drugs. Nonetheless,
since in these patients TMP-SMZ manifests consider-
able extrarenal toxicity, reduction of dosage according
to measured blood levels should be considered in pa-
tients with impaired renal function.

In accordance with the better urinary solubility of
SMZ, in comparison to older sulfas or sulfadiazine, re-
ports of renal dysfunction secondary to crystalluria are
extremely rare [67-69]. Even this theoretical risk inher-
ited from the experience with older sulfas and sulfadi-
azine, can be avoided by providing adequate hydra-
tion.

When the drug is given intravenously a potential
problem due to fluid volume load may arise. Because
TMP-SMZ is relatively unstable in solution, it is the
recommendation of the manufacturers that each am-
pule of TMP-SMZ (80 mg of TMP and 400 mg of SMZ)
be dissolved in 75 to 125 ml of 5% dextrose in water.
This relatively large water load may lead to hyponatre-
mia, particularly in predisposed patients, such as those
with impaired renal function, borderline cardiorespi-
ratory status, or AIDS with increased AVP levels [69,
70]. The use of a smaller volume (50 ml) of isotonic
sodium chloride solution as diluent for TMP-SMZ
should mitigate this potential problem [71].
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Non-oliguric acute tubular necrosis associated with
interstitial edema and cellular infiltration was de-
scribed in two patients treated with TMP-SMZ reported
by Kalowski et al [57]. The same group [72] reported
four patients with underlying renal disease and a hy-
persensitivity rash who developed acute renal failure
when treated with TMP-SMZ. Two patients died, and
in two, the renal biopsy showed acute interstitial ne-
phritis with prominent eosinophilic infiltrates. Recur-
rent acute renal failure secondary to acute interstitial
nephritis with mononuclear cell and eosinophilic in-
filtrates was described in a patient treated with TMP-
SMZ but also receiving penicillin-type drugs and gen-
tamicin [64]. Other cases of acute interstitial nephritis
have been reported, including those presenting in chil-
dren [73-76] and in renal transplant recipients [77]. It
should be noted, that many of the patients described
with renal impairment were elderly [57], had preexist-
ing renal dysfunction, were receiving other drugs with
nephrotoxic potential or received large doses, or doses
inappropriate for the level of renal function. As noted,
before the AIDS era, TMP-SMZ was considered a safe
drug, even when administered for prolonged periods
[42], or in patients with renal impairment if the daily
dose is appropriately adjusted [43, 78, 79].

Rare life-threatening multisystemic reactions to
TMP-SMZ with severe skin lesions and progressive
renal, hepatic, and cardiac damage appearing imme-
diately or weeks after the drug was discontinued have
been described [80, 81]. In these patients the renal le-
sion was interstitial nephritis, and thus, the clinical
picture may represent an extension of the more lim-
ited forms of hypersensitivity reactions. These severe
lesions have been tentatively attributed to an inherent
defect in mechanisms normally responsible for inacti-
vating or detoxifying sulfonamide metabolites (i.e., hy-
droxylamine metabolite of SMZ), resulting in both di-
rect cytotoxicity and an immune hypersensitivity re-
action [82].

There are two groups of patients that currently are
of particular interest to the nephrologists with respect
to potential TMP-SMZ nephrotoxicity: transplant re-
cipients and patients with AIDS. In these two groups,
TMP-SMZ is usually used either for the treatment of
infections or for the long-term prophylaxis against op-
portunistic infections.

As noted before, renal biopsy documented acute
interstitial nephritis has been described in few trans-

plant patients treated with TMP-SMZ prior to the cy-
closporine era, usually for urinary tract infection or PC
pneumonia [40, 57, 77]. Reports of synergistic renal
toxicity between TMP-SMZ and cyclosporine also ap-
peared [83-85, 85a]. Thompson and co-workers [83] re-
ported that six transplant recipients receiving cyclo-
sporine developed a marked impairment in renal func-
tion when treated with TMP or TMP-SMZ, the major-
ity for asymptomatic bacteremia. Renal dysfunction re-
versed with discontinuation of the sulfa compound. A
graft renal biopsy was performed in one patient, and
revealed mild focal mononuclear cell infiltration in the
interstitium. Five patients received TMP alone, includ-
ing the one who was biopsied. In another case series,
Josephson and co-workers reported five renal trans-
plant recipients with acute renal allograft dysfunction
or delayed allograft function in whom the renal biop-
sies showed histopathologic features of drug-induced
interstitial nephritis without evidence of acute rejec-
tion, calcineurin inhibitor nephrotoxicity, or both. All
the patients were receiving TMP-SMZ and other drugs
associated with acute interstitial nephritis [86]. The
renal biopsy findings in these patients revealed focal
interstitial infiltrates of primarily mononuclear inflam-
matory cells with prominent involvement at the corti-
comedullary junction and clusters of eosinophils within
the infiltrates, typical features of drug-induced acute
interstitial nephritis [87].

A prospective randomized-double-blind study of
prophylaxis of infections with oral TMP-SMZ in renal
transplant recipients concluded that long-term prophy-
laxis (average 8.9 months) conferred significant pro-
tection against infection after transplantation [88]. The
sulfa compound was very well tolerated by the 66 pa-
tients randomized to receive the drug, and no patient
developed hypersensitivity reactions, perhaps due to
the concomitant immunosuppressive therapy. Serum
creatinine levels were 15% higher in the patients re-
ceiving TMP-SMZ, whereas no such increase was ob-
served in the control group. Nevertheless, GFR, mea-
sured with 99mTc-DTPA showed no change in a cross-
over study performed in 17 of the patients studied with
TMP-SMZ. Furthermore, the authors demonstrated
that the differences in serum creatinine were not due
to interference of TMP-SMZ, cyclosporine or both with
the method used for the measurement of creatinine
(automated Jaffe reaction). Moreover, TMP-SMZ did
not influence the pharmacokinetics of cyclosporine or
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result in decreased immunosuppression or increased
incidence of rejection. Sulfamethoxazole may interfere
with the measurement of cyclosporine by high-pres-
sure liquid chromatography but not by radioimmu-
noassay [88] resulting in higher levels [89]. On the ba-
sis of their experience, the authors cautioned about the
reports of putative toxicity in renal transplant patients
receiving oral TMP-SMZ therapy simultaneously with
cyclosporine. The prophylactic treatment was effective,
safe, and cost-effective [88]. The effect of larger intra-
venous dosage has not been studied.

The evaluation of the possible renal toxicity of TMP-
SMZ or other drugs in patients with AIDS is com-
pounded by the many factors that can cause renal dys-
function in these patients. These include preexisting
renal disease, including AIDS-related nephropathy [90-
93], frequent dehydration or marked hypoalbuminemia
resulting in severe volume contraction, and the con-
comitant or sequential use of drugs with known neph-
rotoxic potential. On the other hand, severe muscular
wasting, by decreasing the body pool of creatinine,
results in lower serum creatinine levels, thereby mask-
ing the presence of renal impairment. Of interest is the
observation that the incidence of hypersensitivity re-
actions to drugs might be less in AIDS patients due to
their immunodeficient state [88].

Prior to the recognition of AIDS as a major health
problem, immunosuppressed patients with PCP (chil-
dren with immune deficiency disorders or patients re-
ceiving cytotoxic or immunosuppressive drugs for lym-
phoreticular malignancies or organ transplantation)
were treated with TMP-SMZ and/or pentamidine with
varied success, depending in great measure on the
underlying condition [94, 95]. Currently, in most pa-
tients with AIDS, TMP-SMZ represents the treatment
of choice for PCP.  Although, an increase in the inci-
dence of side-effects attributable to TMP-SMZ —par-
ticularly dermatologic, hematologic, and hepatic tox-
icities —has been recognized in patients with AIDS
when compared to patients without AIDS, no increase
in nephrotoxicity was reported [96, 97].

When compared to pentamidine, TMP-SMZ has
been associated with a lesser degree of renal impair-
ment in the treatment of opportunistic infections in
AIDS. In a prospective, randomized study of patients
with AIDS, Wharton et al [98] reported major adverse
renal reactions characterized by an increase in serum
creatinine of ≥ 3.0 mg/dl in 1 of 32 patients treated

with intravenous TMP-SMZ in comparison to 2 of 32
patients receiving pentamidine. Lesser increases in se-
rum creatinine (levels between 1.5 to 3.0 mg/dl) oc-
curred in 11 of 32 (34%) and 19 of 32 (59%), respec-
tively. Others, however, found a greater degree of re-
nal impairment with pentamidine than with TMP-
SMZ. Sattler et al [99] in a prospective, randomized non-
crossover study found elevations of serum creatinine
in 21 of 34 (64%) patients receiving intravenous penta-
midine for about 16 days. The average increase in crea-
tinine above baseline (1.0±0.1 mg/dl) was 1.6±1.1 mg/
dl; in four patients the peak serum creatinine ranged
from 4.1 to 6.6 mg/dl. By contrast, in the 36 patients
receiving TMP-SMZ, creatinine concentration in-
creased only in five (14%), a value significantly differ-
ent from that of the pentamidine group (p <0.0001).
The known effect of TMP on the tubular secretion of
creatinine may have been in part responsible for the
latter changes. Gordin et al [100] in a retrospective study
reported no renal abnormalities with TMP/SMZ in 37
patients, whereas elevations in serum creatinine oc-
curred in 6 of 30 patients treated with pentamidine.
Overall, however, the incidence of non-renal side ef-
fects was higher with TMP-SMZ.

We retrospectively evaluated renal function in 38
patients (mean age 38±2 years) [101] with AIDS and
PCP who were treated with intravenous TMP-SMZ for
5 to 24 days (average of 10±1 days). The dose of TMP
was 19±2 (SE) and that of SMZ 95±5 mg/kg day. Risk
factors for nephrotoxicity were identified: volume
depletion (47%), preexisting renal dysfunction (11%),
sepsis (13%), and concomitant use of known nephro-
toxic agents (18%). Nephrotoxicity was defined as an
increase in serum creatinine concentration of at least
0.5 mg/dl above baseline. In only three patients did
serum creatinine increase above baseline. In two of
these, other risk factors for nephrotoxicity were present
(volume depletion, gentamicin, and amphotericin B).
Thus, in only one of 38 patients (2.6%) was the renal
dysfunction attributable to TMP-SMZ. Estimated crea-
tinine clearance in 22 patients (Cockcroft and Gault
formula) remained stable: at baseline, 107±10 ml/min;
at peak change, 106±11 ml/min, and at end of treat-
ment 101±9 ml/min. In four patients who have elevated
serum creatinine levels at baseline, the values declined
toward normal despite continuing TMP-SMZ admin-
istration (Figure 2). There was no relationship between
the duration of treatment and the change in serum crea-
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tinine. From these data we concluded that TMP-SMZ
is a safe drug for the treatment of PCP in patients with
AIDS. Even in the presence of compounding risk fac-
tors for nephrotoxicity, the risk was very low.

These findings are in accordance with our studies
in the volume depleted female Sprague-Dawley rat
[102]. Rats were injected intramuscularly with five
times the human dose of TMP-SMZ (100/500 mg/kg/
day) for nine days. Prior to treatment, the animals were
placed in a low sodium diet for seven days and salt
depleted by means of administration of furosemide (2
mg/kg/day) for the first three days. At baseline, ex-
perimental and control (glucose given instead of TMP-
SMZ) groups have similar GFR, serum creatinine, and
hematocrit and were conserving sodium maximally.
Nine days of TMP-SMZ did not affect GFR, serum crea-
tinine or electrolyte levels. Loss of body weight and
anemia only developed in the rats treated with TMP-
SMZ. In this study performed in female rats, known to
have a lower tubular secretion of creatinine [103, 104],
TMP did not appear to decrease the tubular secretion
of creatinine.

In HIV-infected patients, nephrotoxicity from oral
TMP-SMZ in long-term prophylaxis against opportu-
nistic infections is not seen or is notably much less fre-
quent than other side effects of the drug (dermatologi-
cal, gastrointestinal, and hematological). Bozzette et al
[105] in a randomized trial reported no renal abnor-
malities with TMP-SMZ in 276 patients with a total 690
person-years of follow-up. Similarly, in another recent
randomized trial of TMP-SMZ used as primary pro-
phylaxis for PCP, Para et al [106] did not report renal
abnormalities, however, 33% of study subjects discon-
tinued TMP-SMZ due to non-renal-limiting adverse ef-
fects. Most of these treatment-limiting reactions oc-
curred within the first four weeks of beginning therapy,
and the gradual initiation of TMP-SMZ was associated
with significantly fewer adverse drug reactions.

The use of TMP-SMZ has been recently associated
with the appearance of hyperkalemia. The patients ei-
ther had AIDS and were receiving large doses of TMP-
SMZ for the treatment of PCP [107-109] or were eld-
erly subjects without either AIDS or PCP treated for
respiratory or urinary tract infections with standard
doses [110, 110a, 111]. The hyperkalemia is mild (rarely
exceeding 6.5 mEq/L) and reversible on discontinua-
tion of the drug. It appears that in patients without
AIDS, hyperkalemia must be very rare since no case of

hyperkalemia was reported in 649 patients treated with
standard doses of TMP-SMZ [112]. Indeed in our ex-
perimental study no changes in serum potassium oc-
curred in rats treated with TMP-SMZ for nine days
[102]: baseline, 5.24±0.06 mEq/L; day 5, 5.14±0.13
mEq/L; day 9, 5.23±0.12 mEq/L; n=7). Initially, in the
patients with AIDS, the hyperkalemia was attributed
to adrenal insufficiency or the syndrome of hyporenin-
emic hypoaldosteronism [113-115], although some pa-
tients were receiving high doses of TMP-SMZ [113,
114]. Velazquez and co-workers [116] reported 30 con-
secutive hospitalized patients with PCP during treat-
ment with high dose TMP-SMZ or TMP-dapsone and
noted that 27 of the 30 patients exhibited a rise in se-
rum potassium. Fifteen of these patients developed a
peak serum potassium concentration greater than 5
mEq/L, while two reached a potassium concentration
more than 6 mEq/L. Seven patients were studied in
detail. Among these patients, urinary potassium con-
centrations averaged 11.3±5.8 mEq/L, urinary sodium
averaged 103±65 mEq/L, and the average transtubu-
lar potassium concentration gradient was 1.9±1.1. Three
patients restudied after discontinuation of TMP-SMZ

Figure 2. Effect of intravenousTMP-SMZ in four patients
with AIDS and PCP and prior impaired renal function.
Patients received 20 mg of SMZ per Kg body weight per
day for 9 to 11 days given intravenously. Data from
Zúñiga et al [101].
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showed normalization of their transtubular potassium
concentration gradients. Their renal function was
within normal limits and serum cortisol, plasma renin
activity and plasma aldosterone concentrations were
also normal or high during hyperkalemia. It has been
suggested, however, that TMP, even at lower dosage,
has an effect similar to amiloride, inhibiting apical so-
dium channels in the distal nephron and effectively
reducing the transepithelial voltage that favors potas-
sium secretion in a dose-dependent fashion [109, 116,
117]. A patient with renal tubular acidosis associated
with TMP administration has been described [118].

In summary, taken as a whole, the clinical and ex-
perimental data indicated that TMP-SMZ when used
intravenously for the treatment of infections or orally
for long-term prophylaxis against opportunistic infec-
tions is safe, and it is accompanied by very low inci-
dence of nephrotoxicity. The risk factors associated
with nephrotoxicity are preexisting renal dysfunction,
concomitant use of other drugs potentially nephrotoxic,
advanced age, volume depletion, dose inappropriately
adjusted for the level of renal function, and sepsis.
TMP-SMZ pathways of nephrotoxicity are tubulo-ob-
structive, tubulotoxic, and immunologic.

Pentamidine

Pentamidine is a diamidine compound developed
more than five decades ago [119]. Initially, it was only
used for its antiprotozoal properties against African
trypanosomiasis [120], and visceral leishmaniasis [121].
Subsequently, its use was extended to the treatment of
PCP in immunosuppressed patients [122-124]. The use
of pentamidine, which was rare in countries without
tropical diseases, increased notably because of the high
incidence of PCP observed in patients with AIDS [93,
97, 125-127]. Until 1984, pentamidine distribution in
the USA was restricted; indeed it was only available
through the Center for Disease Control. Although TMP-
SMZ is regarded as the preferred treatment for PCP
[98, 99], pentamidine or less frequently used combina-
tions (trimetrexate/leucovorin, clindamycin/pri-
maquine [128]) are reasonable alternatives when TMP-
SMZ is not tolerated or is without effect [129].

Prior to the AIDS epidemic, the incidence of acute
renal failure associated with intravenous pentamidine
administration for the treatment of PCP was between
19 to 23% [123, 125]. During the 1980’s the number of
reported cases increased (Table 1). The average inci-
dence of nephrotoxicity, the most frequent systemic
adverse effect, was 41%, ranging from 20 to 94% as

Table 1. Clinical studies reporting on adverse effects of pentamidine in patients with AIDS (1984-1997).

Authors (Reference) Nº of patients Nº and (%) of patients Nº and (%) of patients
with any adverse effecta with nephrotoxicityb

Gordin et al [100] 30 13 (43%) 6 (20%)

Andersen et al [130] 24 20 (83%) 6 (25%)

Wharton et al [98] 32 32 (100%) 21 (65%)

Waskin et al [131] 164 94 (57%) 38 (23%)

Lachaal et al [132] 16 15 (94%)  5 (94%)

Sattler et al [99] 33 NA 21 (64%)

Chua et al [133] 33 NA 11 (33%)

Briceland et al [134] 37 NA 27 (73%)

O’Brien et al [128] 106 76 (72%) 48 (45%)c

Total 475 250 (67%) 193 (41%)
a These include immediate reactions (hypotension, nausea/vomiting, arrythmias, etc.), local reactions (pain at injection site, phebitis, urticaria, etc.), and
systemic adverse effects (hematologic, fever, liver, renal dysfunction, and electrolyte abnormalities).
b Nephrotoxicity defined as increase in serum creatinine concentration: >30% above baseline [100]; increase of 0.5 mg/dL or 50% above baseline [99,
128, 132-134], or not specified [98,130]. c In 54% of these patents nephrotoxicity was associated with the concurrent use of other nephrotoxic agents.

NA = not available
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reported in 475 patients [98, 99, 128, 130-134]. If other
risk factors for renal impairment are not present the
majority of the cases reported are mild (see below). The
acute renal failure is usually of the nonoliguric vari-
ety. There is mild proteinuria, glycosuria, pyuria, and
granular casts. Gross hematuria can occur [135], as well
as myoglobinuria [136]. Renal failure usually appears
within the second week of treatment, and the recovery
begins within few days after discontinuation of penta-
midine. Nevertheless, it may take several weeks be-
fore renal function returns to baseline. Dialysis sup-
port is rarely necessary [36]. Nephrotoxicity can occur
after repeated treatment courses with pentamidine
[129].

From October 1988 to January 1989 we undertook
a retrospective analyses of 33 consecutive patients with
AIDS who received intravenous pentamidine isethio-
nate for at least seven days for the treatment of PCP
[133]. Nephrotoxicity was defined as a rise in serum
creatinine greater than 0.5 mg/dl above baseline. Neph-
rotoxicity developed in 33%; it was mild and revers-
ible in the majority of patients. Only one patient de-
veloped severe acute renal failure. Comparison of pa-
tients who developed nephrotoxicity (n=11) with those
without renal impairment (n=22) revealed similar age,
body weight, initial serum creatinine concentration,
and total dose of pentamidine received. Particular at-
tention was given to the presence of other risk factors
for the development of nephrotoxicity, such as: vol-
ume depletion, sepsis, preexisting renal dysfunction,
and recent or concomitant use of other nephrotoxic
agents (aminoglycosides, radiocontrast, and non-ste-
roidal anti-inflammatory agents). The risk of nephro-
toxicity during pentamidine treatment was directly re-
lated to the number of risk factors present (r=0.93;
p=0.02). Ten of 11 patients with pentamidine nephro-
toxicity (91%) had additional risk factors. In contrast,
13 of 22 patients without nephrotoxicity (59%) had no
risk factors (X2; p <0.02). The clinical data as well as
our experimental results in rats [137] suggest that pen-
tamidine has a relatively low toxicity index, and that
concomitant risk factors, particularly, volume deple-
tion are of importance in determining the appearance
of nephrotoxicity in patients with AIDS. This is sup-
ported by the suggestion that patients receiving pen-
tamidine as outpatients may have a greater risk of
nephrotoxicity than those treated under inpatient con-
ditions, perhaps because the intravenous fluid therapy

that they receive is less aggressive [138]. In a recent
retrospective review [128] the most significant risk fac-
tor for adverse pentamidine reactions was an increased
number of concomitant medications, nonwhite ethnic-
ity, concomitant use of nephrotoxic drugs, and daily
cumulative dose of pentamidine.

Four cases of reversible acute renal failure in pa-
tient with AIDS who received both intravenous penta-
midine (for PCP) and amphotericin B (for systemic
mycoses) have been recently reported [139]. Of note,
nephrotoxicity did not develop in three AIDS’ patients
treated with both TMP-SMZ and amphotericin B or in
two patients who concomitantly received inhaled pen-
tamidine and amphotericin B [139]. Reports of renal
damage in patients receiving parenteral pentamidine
for the treatment of non-HIV diseases continue. Re-
versible acute renal failure and nephrotic syndrome
were documented in a young child given pentamidine
mesylate and an antimonial salt for the treatment of
visceral leishmaniasis [140]. In Africa (Kenya) patients
with visceral leishmaniasis have developed renal tox-
icity during prolonged treatment (1 to 10 months) with
pentamidine [141].

Currently, pentamidine in the form of aerosol is
used for the prophylaxis of PCP with apparent success
[142-144]. Initially no renal side effects were described
with its use; two reports, however, now raise this pos-
sibility, which suggests that systemic absorption of pen-
tamidine occurs [145, 146]. One of the patients, how-
ever, received a previous large dose of TMP-SMZ and
only exhibited a mild elevation of serum creatinine,
and the other appears to have had concomitant vol-
ume depletion caused by severe diarrhea. We have
been unable to find additional reports of renal toxicity
associated with aerosol pentamidine administration
[147]. Likewise, no renal side effects were reported with
the use of aerosolized pentamidine for the prophylaxis
of PCP in patients who received bone marrow trans-
plants [144].

Early experimental studies of pentamidine renal
toxicity in animals were limited to few sheep [148],
goats [148], and rabbits [149] given rather large doses
of pentamidine (up to 40 mg/kg). The results of these
studies, although indicating some degree of renal tox-
icity, are difficult to interpret because of the small num-
ber of animals employed, the large doses of pentami-
dine used, and the absence of controls or detailed re-
nal function studies.
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The exact mechanism of pentamidine renal toxic-
ity is unknown. It has been suggested, however, that
renal toxicity may result from the ability of pentami-
dine to react with and form insoluble precipitates with
nucleotides [150].

A recent study evaluated the potential for penta-
midine nephrotoxicity in the rat and explored some
possible pathogenetic mechanisms [151]. The authors
measured the urinary loss of tubular cells, malate de-
hydrogenase activity, and creatinine clearance after five
daily injections of pentamidine. The tubular toxicity
of pentamidine was dose-related (1, 10, or 20 mg/day/
5 days) and reversible. Unfortunately, creatinine clear-
ance was only measured once at the end of the study.
As expected, tobramycin, amphotericin B, and cyclo-
sporine increased pentamidine nephrotoxicity. On the
other hand, fosfomycin and D-glucoro-1, 5-lactam (an
inhibitor of lysosomal β-glucuronidase) ameliorated
the renal dysfunction, and both verapamil and enala-
pril increased creatinine clearance reversing the effect
of pentamidine. The authors suggested that pentami-
dine may share some of the mechanisms of tubular
toxicity attributed to the aminoglycosides. Further-
more, they proposed that drugs that stabilize lysoso-
mal membranes or inhibit lysosomal enzymes’ activ-
ity or change renal hemodynamics may decrease pen-
tamidine nephrotoxicity.

We investigated the effects of volume depletion and
blockade of prostaglandin synthesis on pentamidine
nephrotoxicity in the female Sprague-Dawley rat
treated for a prolonged period, similar to that used in
clinical protocols [137]. First, intact animals were in-
jected for 14 days with subcutaneous pentamidine
given at daily doses of 4, 10, or 20 mg/kg. With this
protocol no changes in serum creatinine were observed.
To mimic the state of volume depletion commonly seen
in patients with AIDS, we sequentially studied groups
of rats placed in a low sodium diet one week prior to
injections. All groups received daily injections of in-
domethacin while receiving pentamidine (20 mg/kg/
day) for 14 days. The creatinine clearance decreased
35% (p<0.03) only in the group treated with salt re-
striction plus indomethacin and pentamidine, and this
difference appeared after the first week of pentami-
dine administration. The changes in the other three
groups (normal salt intake + indomethacin and penta-
midine; normal salt + indomethacin; and low salt +
indomethacin) were minimal or not statistically signifi-

cant. From this study we concluded that at least in the
intact female Sprague-Dawley rat, pentamidine at a
large dose appears to have minimal nephrotoxic effect.
A state of sodium/volume depletion and of inhibition
of prostaglandin synthesis may be necessary to reduce
renal function in the rat [137].

Whereas the pharmacological properties of penta-
midine have been studied for decades [152], only the
recent development of high-performance liquid chro-
matographic and biological assays has permitted stud-
ies of the distribution and pharmacokinetics of this
medication [153]. Only recently, experiments utilizing
clinically relevant multiple dosing regimens of penta-
midine (10 mg/kg for 14 days) in the rat have become
available [154]. Following the initial injection, penta-
midine appears in the urine in small amounts; how-
ever, with each subsequent injection, there is a pro-
gressive increase in the urinary excretion of pentami-
dine, whereas fecal excretion did not increase in a simi-
lar manner. Plasma levels of pentamidine were very
low, whereas the drug accumulated in several tissues,
with the kidney achieving the highest concentration,
followed by the lungs, spleen, pancreas, stomach, and
lesser levels in the liver, heart, and other organs [154].
Similar results have been found in the dog [155]. In the
rat, fat and muscle did not contain much pentamidine
raising the possibility, contrary to common belief, that
metabolism of pentamidine may occur in vivo [156].

The pharmacokinetics of intravenous pentamidine
during multiple dosing has been studied with modern
technology [157] in patients with AIDS with normal
renal function and in those receiving hemodialysis
[158]. For a number of reasons detailed elsewhere [158],
the true half-life of pentamidine is difficult to measure
in humans. The true-elimination (slowest) half-life
ranges from 29 hours (3 mg/kg dose) for the patients
with normal renal function to 73 to 118 hours for the
patients on maintenance hemodialysis (3 or 4 mg/kg
dose, respectively), although these differences are not
significant [157]. Little pentamidine is excreted via the
kidneys [157]. Conte [158] estimated that renal clear-
ance accounts for about two% of the plasma clearance
in patients with normal renal function, and renal ex-
cretion increases only marginally with repeated dos-
ing. Furthermore, the plasma and tissue concentrations
of pentamidine associated with toxicity in man remain
unknown. Tissue levels of pentamidine obtained in au-
topsy specimens from AIDS patients revealed that tis-
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sue accumulation was usually greater in liver, kidneys,
adrenal glands, and spleen than in the lung. Never-
theless, there is no correlation between tissue levels and
renal dysfunction, as measured by serum creatinine
levels [159]. Detectable levels of pentamidine are
present in some tissues as late as one year after the last
dose. Pentamidine slowly accumulates in and is slowly
excreted from the major human organs [159]. As might
be expected from the low renal clearance to plasma
clearance ratio (2.1%), the complete absence of renal
function resulted in only a marginal effect on drug dis-
position or ultimate total-body pentamidine burden
[158].

It has been recommended that the dosing interval
of pentamidine be extended to 48 hours for patients
with a GFR less than 10 ml/min [160]. The recent re-
port of Conte [158], however, suggests that dose re-
duction of pentamidine for renal impairment is unnec-
essary. The author noted, however, that his patients
had mild to moderate PCP, and that it remains un-
known whether the pharmacokinetics of pentamidine
might be altered in more severely ill patients. It has
been shown that there is minimal transfer of pentami-
dine to the human fetus and significant concentration
of the drug in placental tissue [161]. The last mentioned
finding raises an important question about placental
toxicity.

Perturbations in insulin regulation both resulting
in hypoglycemia and diabetes mellitus have been shown
in patients treated with pentamidine [162-166]. This is
not surprising considering that pentamidine accumu-
lates in the pancreas [159], and that in 1948 the drug
was considered for use as an antihypoglycemic agent
[119]. The overall incidence of hypoglycemia with
AIDS is several folds higher (27 to 40%) [164, 165] than
previously reported for patients with other immuno-
compromising diseases treated with pentamidine [94].
The incidence of nephrotoxicity in patients who de-
veloped hypoglycemia was 100% [165]. The hypogly-
cemia, which appears early (within a week) after com-
mencing pentamidine therapy, is associated with in-
appropriately high levels of insulin in the postabsorp-
tive state [162]. The appearance of diabetes mellitus is
usually delayed by several weeks. It has been suggested
that pentamidine can induce hypoglycemia because of
an early cytolytic release of insulin, and then diabetes
mellitus because of β cell destruction and insulin defi-
ciency [132].

Perturbations in mono- and divalent cation renal
handling have been reported in association with pen-
tamidine administration. Several reports of hyperkale-
mia in association with pentamidine therapy have been
recently published [132, 134, 136, 137, 167, 168]. Lachaal
and Venuto [132] in a retrospective review reported a
very high incidence of hyperkalemia (5.1 to 8.7 mEq/
L) in 19 of 20 patients (95%). This incidence was greater
than the 5% reported earlier [123], or the 24% reported
subsequently [134] in 37 patients with AIDS, and was
challenged as a possible overestimation [169]. The hy-
perkalemia usually correlates with the presence of de-
creased GFR [132, 134]. In our clinical study [133] the
mean serum potassium concentration tended to be
higher in the AIDS patients that developed pentami-
dine nephrotoxicity than in those that did not (5.0±0.3
vs 4.3±0.2, respectively, p <0.055). No patient, however,
had a serum potassium concentration higher than 6.0
mEq/L. Hyperkalemia induced-arrhythmias occur
[170], and rarely may include cardiac arrest [171]. The
hyperkalemia usually reversed on discontinuation of
pentamidine, and although most patients required only
conservative measures, occasionally dialysis was nec-
essary [132].

The exact mechanism of the pentamidine-induced
hyperkalemia has not yet been defined. Many differ-
ent mechanisms can impair the renal handling of po-
tassium and thus favor hyperkalemia in patients with
AIDS. These include: decreased renal function second-
ary to volume depletion, presence of underlying renal
disease, including tubular dysfunction with the possi-
bility of hyporeninemic hypoaldosteronism, hypoa-
drenalism, and the administration of drugs with po-
tential for impairing renal potassium excretion (non-
steroidal anti-inflammatory agents, ACE inhibitors, po-
tassium-sparing diuretics, β-blockers, TMP-SMZ). In
our studies regarding pentamidine nephrotoxicity in
the rat, however, there were no statistically significant
differences observed between any of the groups [137],
suggesting the possibility that extrarenal mechanisms
or a more severe degree of renal dysfunction may be
necessary to induce hyperkalemia. Recent in vivo ex-
periments [172], however, have shown that the ap-
plication of pentamidine to amphibian or mammalian
distal nephron cells results in inhibition of amiloride-
sensitive sodium channels and sodium reabsorption,
and decrease in the electrochemical gradient that drives
secretion of distal potassium into the urine. This renal
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tubular effect of pentamidine may be the mechanisms
for the induced hyperkalemia.

Symptomatic hypocalcemia and hypomagnesemia with
renal magnesium wasting associated with pentamidine
therapy was described recently in a patient with AIDS
[173]. Three other cases have been reported [174-176].
Another previous report [177] described severe hypoc-
alcemia with tetany in patients with AIDS concomi-
tantly receiving pentamidine and foscarnet. The hy-
pocalcemia, however, was attributed to the adminis-
tration of foscarnet. Despite magnesium replacement,
magnesium wasting may persist up to two months af-
ter the discontinuation of pentamidine, suggesting that
anatomic renal tubular injury may be responsible [173,
175]. Both abnormalities developed within 6 to 10 days
of pentamidine administration. Because life-threaten-
ing arrhythmias can develop, especially at serum mag-
nesium levels less than 1.6 mg/dl, early replacement
therapy is clinically warranted.

In summary, parenteral pentamidine administra-
tion for the treatment of PCP is associated with the de-
velopment of usually mild, reversible acute renal fail-
ure in about one-third of patients with AIDS. Com-
pounding risk factors, of which volume depletion is
the most important, are found in the majority of cases
of pentamidine nephrotoxicity. There is no convincing
evidence that the aerosol route of pentamidine admin-
istration for PCP prophylaxis results in nephrotoxic-
ity. Hypocalcemia and hypomagnesemia with renal
magnesium wasting, and particularly, hyperkalemia
are seen occasionally with pentamidine therapy. Tak-
ing into consideration other commonly associated risk
factors in AIDS patients, TMP-SMZ induces less renal
impairment than does pentamidine. TMP itself mildly
increases the serum creatinine level by interfering with
its tubular secretory mechanism. Hyperkalemia can
also be induced by TMP. Considering the extensive
worldwide use of TMP-SMZ, however, this combina-
tion should be considered as a safe drug.

Pyrimethamine

Pyrimethamine is a folic acid antagonist that for
many years has been used as an antimalarial drug [178-
180]. Due to its synergistic activity, pyrimethamine in
combination with sulfadiazine or dapsone has been re-
cently used for the treatment or prophylaxis of cere-
bral toxoplasmosis or PCP in patients with AIDS [181].

Pyrimethamine does not belong to the group of known
nephrotoxic agents [36]. Because pyrimethamine and
trimethoprim have a similar 2, 4-diaminopyrimidine
molecular structure, Opravil et al [182] have recently
evaluated its effects on renal function, with particular
emphasis on the tubular secretion of creatinine. In six
healthy volunteers and nine patients with AIDS, py-
rimethamine caused a reversibly, small, similar, but sta-
tistically significant increase (26%) in serum creatinine
concentration with a concomitant decrease in creati-
nine clearance. Of importance, these changes occurred
without a decrease in the simultaneously measured
inulin clearance. The authors concluded that py-
rimethamine – like trimethoprim and other compounds
(cimetidine, probenecid), reversibly and mildly (at least
in patients with normal renal function) inhibits renal
tubular secretion of creatinine without affecting the
glomerular filtration rate. Thus, physicians using this
medication should be aware of the possibility of py-
rimethamine elevating serum creatinine concentration.
Prospective studies on the effect of pyrimethamine on
patients with impaired renal function would be wel-
comed.

Pyrimethamine has a long half-life (83±14 hours)
[182] with only a small fraction been excreted during
the first days of administration, but drug and metabo-
lites will appear slowly in the urine for one to two
months [36]. Dosage adjustment is usually not recom-
mended for patients with renal failure. It is not known,
however, if metabolite accumulation with potential
hematologic toxicity may occur with the prolonged use
of pyrimethamine in patients with cerebral toxoplas-
mosis at doses higher than dose employed for prophy-
laxis of malaria [36]. It appears that dialytic removal
of pyrimethamine must be small because of its high
protein binding (85-90%) and large volume of distri-
bution [179, 180].

Dapsone

Dapsone, a sulfone with chemical similarities to sul-
fapyridine, has been used for over 50 years for the treat-
ment of susceptible forms of leprosy, as well as for qui-
nine-resistant Plasmodium falciparum malaria. Dapsone
is currently used for the primary treatment of derma-
titis herpetiform, and can be replaced by sulfapyridine
in patients with intolerance to the sulfone [183]. Dap-
sone in combination with trimethoprim it is also used
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for the treatment of mild to moderate first episodes of
PCP, or alone for PCP prophylaxis [107, 183]. Dose-
related hemolysis is the most common adverse effect
in patients with or without G6PD deficiency.

Dapsone is well reabsorbed when given by the oral
route, is extensively protein and tissue bound, and is
metabolized by N-oxidation and acetylation. The se-
rum half-life averages 24 to 28 hours, and about 65%
of an oral dose appears in the urine after few days,
mostly as metabolites. No specific guidelines for dos-
age modifications in patients with renal failure are
available [36, 184]. When dapsone and trimethoprim
(with SMZ) are used together, higher plasma levels of
both drugs are achieved, than when either drug is used
alone [185].

Very rarely, renal adverse effects attributable to
dapsone have been reported [186-188]. A single case
of nephrotic syndrome following a three-week course
of treatment with dapsone at 100 mg daily for a pru-
ritic rash was reported [186]. Although a causative ef-
fect for dapsone seemed plausible, no renal histology
or long-term follow-up was available. Bilateral renal
cortical necrosis developed in a patient treated for der-
matitis herpetiform for several years with large doses
of dapsone [187]. He had hemolytic anemia and nor-
mal G6PD levels. Two fatal cases of acute renal failure
associated with intravascular hemolysis secondary to
G6PD deficiency were described in Indian patients
treated with dapsone [188]. Acute renal failure associ-
ated with massive dapsone overdose also was reported
[189]. In a recent bibliographic review, we could not
find other reports of renal dysfunction associated with
dapsone. Furthermore, in the recent study of Opravil
et al [182], administration of dapsone alone to healthy
volunteers or to patients with AIDS did not result in
changes in renal function. Likewise, dapsone alone did
not cause hyperkalemia in patients with AIDS treated
for PCP [107]. Thus, it appears that dapsone is a safe
drug when used in standard dosage. Perhaps, in pa-
tients with G6PD deficiency, hemolytic complications
including renal involvement should be watched for
when administering dapsone [188].

Quinolones

The newer quinolones are a class of antibacterial
agents with broad-spectrum activities against both
gram-negative and gram-positive bacteria. They have

proved to be effective against infections in the urinary
tract, respiratory tree, gastrointestinal tract, as well as
skin, soft tissue and bone, and for sexually transmit-
ted bacterial diseases [190]. Nalidixic acid introduced
in 1962, was the first in this series of agents [191]. Sub-
sequently, many 4-fluoroquinolones have been intro-
duced into clinical practice including ciprofloxacin, of-
loxacin, lomefloxacin, norfloxacin, enoxacin, gatifloxa-
cin, moxifloxacin, trovafloxacin, sparfloxacin, and gre-
pafloxacin. However, many others are already in use
or undergoing trials [190]. We will consider ciprofloxa-
cin as the prototypical agent for the new 4-fluoroqui-
nolones.

Nalidixic acid

Nalidixic acid is a highly protein bound oral qui-
nolone (>90%), that undergoes major hepatic metabo-
lism (80%) to active (hydroxynalidixic acid) and inac-
tive metabolites [192]. The parent drug and its metabo-
lites are rapidly excreted in the urine [193]. Most of the
antibacterial effect is due to the biologically active hy-
droxynalidixic acid, which is 16 times more active than
the parent compound [190]. Nalidixic acid has a ter-
minal half-life of about two hours. The drug does not
accumulate in tissues even after prolonged adminis-
tration; the kidney is the only organ in which this may
occur. Furthermore, nalidixic acid does not diffuse into
prostatic fluid [190].

This drug is essentially devoid of renal toxicity. Al-
though increased toxicity has not been reported in pa-
tients with renal failure given the usual dosage, nalid-
ixic acid, preferably, should not be used in patients with
a decreased GFR (less than 50 ml/min) or in patients
with liver disease, because of the risk of enhancing gas-
trointestinal or dermatological adverse-effects [160].
Overdosage with nalidixic acid induces metabolic aci-
dosis [194]. In the past the use of this drug was limited
to treatment of urinary tract infections. Currently, other
newer quinolones, as well as other chemotherapeutic
agents, have replaced nalidixic acid.

Ciprofloxacin

Ciprofloxacin, probably the most powerful and un-
doubtedly the most thoroughly studied of the newer
oral quinolones, is rapidly absorbed from the gas-
trointestinal tract. A parenteral preparation is also
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available. Protein binding is low, about 35%, and the
serum half-life is 3-4.5 hours. About 30-60% of the ac-
tive drug and 10% of its metabolites are excreted in
the urine during 24 hours; 15% appears in the feces,
and less than 1% in the bile [195, 196]. Table 2 illus-
trates that the newer quinolones exhibit differences –
sometimes important – in their pharmacokinetics,
which might affect their individual behavior. The qui-
nolones undergo hepatic metabolism and renal excre-
tion. Hepatic metabolism includes conjugation with
glucuronic acid as well as carboxylation, hydroxyla-
tion, and demethylation.

Tissue penetration, particularly in the kidneys and
prostate, is excellent (Table 2). Those quinolones with
longer half-life have smaller penetration ratios [196].
Available studies suggest that penetration of the newer
quinolones into all extravascular sites (large-volume
spaces [i.e., ascites, pleural fluid, etc.], secretory fluids
[urine, prostatic secretions, sputum, etc.], barrier flu-
ids [CSFL], and whole tissues) is high relative to the
penetration reported for most other categories of anti-
microbial agents, particularly, the penicillins, cepha-
losporins, and aminoglycosides [197]. Renal elimina-
tion is by glomerular filtration and active tubular se-
cretion, which can be blocked by probenecid. As noted
in Table 2, urinary recovery of the quinolones is vari-
able. The antibacterial activity of these compounds is
reduced at low urinary pH [190].

The bioavailability of oral or parenterally adminis-
tered ciprofloxacin was not affected in patients and rats
with renal insufficiency [198]. The renal clearance of

the quinolone, however, was reduced resulting in a
prolonged half-life [199-201]. Thus, a reduction of 50%
in the dose of ciprofloxacin has been recommended
when the creatinine clearance is between 10 and 30 ml/
min/1.73 m2 [200]. Of interest, it has been suggested
that there may be a compensatory transintestinal elimi-
nation of ciprofloxacin in patients and rats with re-
duced renal function [200, 201].

A study of the pharmacokinetics of orally adminis-
tered ciprofloxacin in elderly (63-76 years) and young
volunteers (22-34 years) without renal impairment, re-
vealed in the elderly group a decreased renal clear-
ance of the quinolone with no differences detected in
the terminal half-life (3.5 hours). This was accompa-
nied, however, by a surprising increase in the absolute
availability of the drug [202]. The authors cautioned
about the need for a reduction of oral dosage of cipro-
floxacin in the elderly population.

The newer fluoroquinolones (ciprofloxacin, nor-
floxacin, enoxacin, pefloxacin, gatifloxacin and moxi-
floxacin) have similar toxicities and incidence of ad-
verse effects. In general, compared to other antibiot-
ics, these are relatively safe agents [190]. Gastrointesti-
nal side-effects are the most common (0.8 to 6.8% of
patients), followed by central nervous system mani-
festations (0.9 to 1.8%), and skin reactions (0.6 to 2.4%).
Rare cases of increased serum creatinine levels have
been reported [203]. Indeed, in a study of 133 febrile
episodes in neutropenic patients comparing the effec-
tiveness and safety of high-dose oral ciprofloxacin ver-
sus azlocillin and netilmicin, there were no renal ad-

Table 2. Pharmacokinetics of selected newer quinolones after single oral dosage*.

Drug Half-life (h) Urinary Excretion (%) Tissue Penetration** Removal by Dialysis
NRF ESRD Unchanged Metabolites Kidney Prostate HD (%) PD (%)

Ciprofloxacin 3-4.5 6-9 30-60 10 5+ 3+ <10 <10

Enoxacin 4-6 NA 50-55 15 4+ 2+ <5 NA

Fleroxacin 9-13 21-28 70 NA NA NA NA NA

Lomefloxacin 8 44 70 10 NA NA <10 NA

Norfloxacin 3-4.5 8 20-40 20 5+ 2+ <10 NA

Ofloxacin 5-6 28-37 70-90 5-10 5+ 4+ 10-30 2-10

Pefloxacin 10-11 12-15 5-15 55 NA NA NA NA

Sparfloxacin 15-20 38.5 10 NA NA NA NA NA

*  Adapted from references [184, 190 and 192].
** Scale of 1+ to 5+.
NRF= normal renal function; ESRD= end-stage renal disease; NA = not available; HD = Hemodialysis; PD = Peritoneal dialysis.
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verse effects reported in the quinolone group, whereas
nephrotoxicity developed in 3% of the patients treated
with the combination azlocillin/netilmicin [204]. Ball
[205] described only one case of acute renal failure in
his review of almost 6,000 patients worldwide. In an-
other review of 2,829 patients, minor increases in se-
rum creatinine and blood urea nitrogen were reported,
but only one patient each with acute renal failure and
interstitial nephritis were described [206]. Thus, initially
it was thought that ciprofloxacin was almost devoid of
renal toxicity. Nevertheless, since 1987 at least 49 pa-
tients with acute renal failure and a clinical presenta-
tion compatible with acute interstitial nephritis have
been reported [207-235, 235a]. The diagnosis has been
confirmed by renal biopsy in 15 patients [208, 214, 217,
218, 222, 224-235], and by postmortem examination in
one [212]. The age of the patients ranged from 11 to 88
(data on 25 patients) with an average of 59 years. There
was a predominance of elderly patients (48% were 65
or older), and, of note, 58% were women (ages 21 to
88).

The nonoliguric variety of acute renal failure was
common (76%), but oliguria (23%) or anuria were also
observed. The average duration of quinolone therapy
prior to the recognition of nephrotoxicity was seven
days. In the 20 patients reviewed by La et al [223], skin
rashes were uncommon, five patients had eosinophil-
uria, six had eosinophilia, abnormal urinary sediment
was not always present, and the duration of therapy
with the quinolone prior to the diagnoses of renal fail-
ure ranged from 3 to 18 days. In only six of the 20 pa-
tients (30%) was ciprofloxacin the only drug given with
the potential for causing renal dysfunction. The ma-
jority of the patients received a variety of other medi-
cations with nephrotoxic potential: aminoglycosides in
six, penicillins-cephalosporins in five, amphotericin B,
cisplatin and non-steroidal anti-inflammatory agents
in two each, and others. Thus, although the chrono-
logical sequence of events and the observed improve-
ment after stopping the quinolone strongly favors a
causative role for ciprofloxacin, it is not possible to be
absolute certain about the cause of the nephrotoxicity.
Renal function improved in 14 patients after discon-
tinuation of ciprofloxacin therapy. It is not possible to
evaluate the beneficial effect of prednisone, which was
given to only 4 of 21 patients. Only one patient required
dialytic support [223].

Although the pathogenesis of ciprofloxacin-in-

duced acute interstitial nephritis is not clear, it has been
attributed to an inflammatory interstitial response sec-
ondary to the crystalluria associated with the quinolone
(foreign body response) [208, 214, 224]. Crystalluria and
the presence of crystals of ciprofloxacin in the renal
tissue has been shown in animal experiments. The spe-
cies studied (rats, monkeys, dogs), however, have al-
kaline urine, and because the quinolone solubility is
poor at a neutral or alkaline pH, crystallization may
occur under those circumstances, with ciprofloxacin
precipitating in the tubular lumen with magnesium and
protein but only in an alkaline urine. Indeed, at an acid
pH crystallization does not occur [236]. It has been ar-
gued, however, that only uncommonly and intermit-
tently, is the human urine highly alkaline [237]. By
supplementing the diet of normal volunteers with so-
dium bicarbonate it was possible to demonstrate crys-
tals of ciprofloxacin in the urine of individuals who
received large doses of the quinolone; nevertheless, no
adverse renal effects developed [238]. Because the ma-
jority of the patients with acute interstitial nephritis
secondary to ciprofloxacin are assumed to or have acid
urine, it has been suggested that an idiosyncratic reac-
tion rather than intratubular crystallization, might be
involved in the pathogenesis of acute interstitial neph-
ropathy [214]. Of importance, a report on four cases of
acute interstitial nephritis and two cases of hepatitis
induced by quinolone [235a], revealed by
immunoblotting analysis that all sera from these pa-
tients contained autoantibodies that recognize a 65-kDa
protein expressed in normal human kidney and liver
microsomes. Only 6% of sera from healthy individu-
als who did not ingest quinolone recognized the same
protein. These findings sugest that a modification of
microsomal proteins by quinolone itself or by a me-
tabolite could generate an autoimmune response, and
that the presence of autoantibodies could be used as a
sensitive marker.

Patients who received bone marrow [239] and heart
transplants [240] did not show any evi-dence of neph-
rotoxicity when receiving ciprofloxacin. Contrary to
previous preliminary findings [241, 242], more recent
data suggest lack of relevant pharmacokinetic interac-
tion of ciproflox-acin with cyclosporine [240]. Similar
preliminary claims of norfloxacin- [243], ofloxacin-
[244], and pefloxacin-cyclosporine [245] interactions
have been made.
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Other quinolones

Early reports of acute interstitial nephritis [246] and
of acute tubular necrosis [247] associated with the use
of piromidic acid (a non-fluorinated quinolone available
in Europe) have been published. At large dosage, crys-
tals of norfloxacin can be occasionally seen in freshly
voided urine, this, however, does not occur when low
doses are used [196]. One patient treated with norfloxa-
cin developed acute renal failure compatible with al-
lergic interstitial nephritis [248]. No crystalluria or crys-
tal formation was reported in acute toxicity studies with
temafloxacin in mice, rats, or dogs. Furthermore, no
nephrotoxicity was observed in rats, or dogs, when
temafloxacin was administered orally for six months
[249]. Finally, pre-marketing data obtained in 5,300 pa-
tients revealed no crystalluria or clinically important
nephrotoxicity with the use of temafloxacin [250]. How-
ever, prior to its withdrawal from the world market,
temafloxacin was associated with a syndrome of im-
mune hemolytic anemia and renal failure based on 95
spontaneous reports of hemolysis sent to the Food and
Drug Administration. New- onset renal dysfunction
was noted in 54 cases (57 %), and dialysis was required
in 34 cases (63%) [235]. Pre-marketing animal and clini-
cal studies with ofloxacin revealed the absence of renal

toxicity [251]. Likewise, no adverse renal effects were
reported in a comparative study of lomefloxacin with
TMP-SMZ [252]. The renal handling of flexoracin, a
trifluorinated quinolone, in humans occurs by glom-
erular filtration, and both renal tubular secretion and
reabsorption [253]. Animal studies indicated that the
tubular transport processes of some of the quinolones
have a considerable species dependency [253].

It is reasonable to conclude that in general, quino-
lones are safe drugs from the renal point of view.  It is
often difficult, however, to ascertain the exact causative
role of these agents in the appearance of nephrotoxic-
ity. Judging by the recent accumulated experience with
ciprofloxacin, physicians using quinolones should be
alert for the development of acute interstitial nephritis
leading to renal failure. This concern should be ex-
tended to the other newer fluoroquinolones despite the
paucity of reports dealing with nephrotoxicity.
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Introduction

The number of available antiviral agents has in-
creased dramatically over the last five years, es-

pecially with the introduction of many new agents used
primarily to treat human immunodeficiency virus
(HIV) infection. Fortunately, most antiviral agents do
not cause acute or chronic renal failure, glomerular dis-
ease, or other renal toxicity. Acute renal failure is, how-
ever, an important and potentially therapy-limiting
toxicity of some antiviral agents, which are the main
focus of this chapter. In this chapter, we have adopted

a rather broad definition of “nephrotoxicity”, and re-
view fluid and electrolyte complications seen with
these drugs as well as direct toxic effects on the kid-
neys. For information regarding clinical pharmacoki-
netics of antiviral agents and dosing guidelines for their
use in patients with renal failure, which are not dis-
cussed here, the reader is referred to several recent re-
views [1-3, 3a]. This discussion is limited to antiviral
agents that are administered orally or parentally only;
topical and intraocular applications are not addressed.
The nephrotoxicity of interferon alpha is discussed in
Chapter 22.
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Acyclovir

Acyclovir is a cyclic analogue of deoxyguanosine,
with activity against herpes viruses. Acyclovir diffuses
freely into cells, where its subsequent activation and
accumulation is dependent upon a herpes virus-spe-
cific thymidine kinase. In vitro, acyclovir has its great-
est action against herpes simplex viruses 1 and 2, com-
pared to varicella-zoster virus, Epstein-Barr virus, and
cytomegalovirus, which are less sensitive. Intravenous
acyclovir is the drug of choice for treating serious in-
fection caused by herpes simplex virus or varicella-
zoster virus, especially in immunocompromised hosts.
Oral acyclovir is used to treat less serious herpes sim-
plex infections and for suppression of herpes simplex
virus recurrences.

Evidence for significant nephrotoxicity of acyclo-
vir was apparent from preclinical toxicological stud-
ies, in which large parenteral doses resulted in the
deposition of acyclovir crystals in distal renal tubules
and collecting ducts of animals, causing acute renal
dysfunction due to tubular obstruction [4]. Numerous
reports have documented acyclovir nephrotoxicity in
humans [5-15]. In a review by Brigden et al., of 354
immunocompromised patients with life-threatening
herpes infections treated with intravenous acyclovir,
58 developed acute renal insufficiency [5]. Keeney and
colleagues, in reviewing the early British experience
with intravenous bolus acyclovir, reported that 10.3%
of adults and 11.5% of children developed azotemia
[7]. In another study, up to 48% of outpatients receiv-
ing high-dose intravenous therapy developed eleva-
tions in the serum creatinine concentration [8].

Renal functional deterioration usually occurs within
the first few days of therapy, and may be detected af-
ter only a few doses or, more rarely, later in the course
of treatment [5-15]. Patients may be asymptomatic, but
nausea, vomiting, and abdominal, back, or flank pain
are common. Oliguria is uncommon. The rise in the
serum creatinine concentration is usually modest, and
dialysis has only rarely been necessary. Most patients
recover renal function within 3 to 14 days of stopping
acyclovir therapy, reducing the dose, or increasing hy-
dration [5, 6, 8-15]. Urinalysis usually shows mild pro-
teinuria, microscopic hematuria, and variable degrees
of pyuria. Birefringent needle-shaped crystals may be
seen either free or within white blood cells in the urine
sediment [10]. It should be noted, however, that acy-

clovir crystalluria has also been found in patients with-
out acute renal failure [16]. Renal tissue from one au-
topsy specimen demonstrated crystal deposits in dis-
tal tubules [5]. In other cases, however, kidney biop-
sies from patients with acute renal failure attributed to
acyclovir failed to detect such crystals [10, 12]. Instead,
tubulointerstitial injury with necrosis and mitotic fig-
ures, proteinaceous tubular casts, interstitial infiltra-
tion by lymphocytes, plasma cells, and eosinophils, and
occasional granulomata were seen.

In an in vivo animal study, at doses not causing crys-
talluria or tissue crystal deposition, short term expo-
sure to acyclovir caused increased renal vasoconstric-
tion and an associated fall in renal blood flow and single
nephron plasma flow [17]. Longer-term treatment re-
sulted in a fall in glomerular ultrafiltration coefficient.
Thus, it is not clear whether the pathogenesis of acy-
clovir-induced acute renal failure in humans reflects
an obstructive nephropathy from intratubular precipi-
tation of acyclovir, a hemodynamic response, or a toxic,
immunologic, or hypersensitivity reaction. It is possible
that more than one process may be involved.

The most important risk factors for acyclovir neph-
rotoxicity are intravascular volume contraction, pre-
existing renal insufficiency, and high-dose, rapid bo-
lus intravenous infusion [5-15]. Nephrotoxicity with
oral acyclovir has been reported rarely [13].

The main non-renal toxicities of acyclovir are gas-
trointestinal and neurologic side effects. These toxici-
ties tend to develop in patients on high-dose intrave-
nous acyclovir, but since acyclovir is primarily cleared
by the kidneys, lower intravenous doses and even oral
administration can lead to neurotoxicity in patients
with underlying chronic renal insufficiency or acute
renal failure [13, 18, 19].

Valacyclovir

Valacyclovir is the L-valyl ester of acyclovir, with
oral bioavailability three to five times that of oral acy-
clovir. Following ingestion, it is rapidly converted by
intestinal and hepatic hydrolases to acyclovir. Valacy-
clovir has gastrointestinal and neurological side effects
as seen with acyclovir. To date, significant nephrotox-
icity and crystalluria as seen with acyclovir have not
been reported with valacyclovir, perhaps because of
more conscientious dose adjustments in high-risk pa-
tients and avoidance of the very high peak blood lev-
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els seen with intravenous acyclovir.
A thrombotic microangiopathic anemia (TMA) syn-

drome with renal involvement and other clinical fea-
tures similar to thrombotic thrombocytopenic purpura
(TTP) has been reported among patients with HIV in-
fection enrolled in a clinical trial of CMV prophylaxis
and in one additional case report [20, 21]. A similar
syndrome, with a microangiopathic hemolytic anemia
and features of TTP or hemolytic uremic syndrome
(HUS) has also been well described in HIV-infected
patients not receiving valacyclovir [22, 23]. In the ran-
domized trial, which compared high-dose valacyclo-
vir and two doses of acyclovir, the risk of developing
TTP was much greater among valacyclovir-treated
patients (14 of 523) than acyclovir-treated patients (4
of 704) [20]. Many of the patients had anemia and
thrombocytopenia for several weeks to months prior
to the onset of renal disease. Renal failure, which var-
ied from mild to severe, was present at the time of di-
agnosis or developed shortly thereafter in all but one
of the patients. Renal biopsies showed evidence of a
TMA in four of five patients. A more gradual onset
than is seen with idiopathic or HIV-related TTP, a gen-
erally poor response to therapy, including plasmapher-
esis, and a poor prognosis was described. Death was
attributed to HUS, TTP, or renal failure in half the pa-
tients. In more than half of the cases, the diagnosis of
TTP was not made until valacyclovir had already been
discontinued, and on some of the patients, it was felt
that other infectious processes could have accounted
for the hematologic and renal manifestations [20]. The
precise role of valacyclovir and the relative risk of de-
veloping TTP with lower doses of valacyclovir remain
to be more clearly defined.

Ganciclovir

Ganciclovir is an acyclic nucleoside analogue of
guanine that is structurally similar to acyclovir, but is
more effective in the treatment and prophylaxis of se-
vere cytomegalovirus infection in immunocompro-
mised hosts. Ganciclovir is myelotoxic, but has no sig-
nificant nephrotoxicity.

Famciclovir & Penciclovir

Penciclovir is an acyclic guanine analogue similar
to ganciclovir, with in vitro activity against the herpes

viruses and hepatitis B virus. Poor oral availability lim-
its it use to topical applications. Famciclovir is an ana-
logue of penciclovir with a similar spectrum of antivi-
ral activity that is well absorbed following oral admin-
istration. As a pro-drug, famciclovir is rapidly metabo-
lized to penciclovir. There have not been reported cases
of significant renal toxicity with famciclovir.

Cidofovir

Cidofovir is an acyclic nucleotide analogue of the
monophosphate of cytosine. When phosphorylated by
host cellular enzymes, the active compound cidofovir
diphosphate has broad activity against the herpes vi-
ruses, including CMV, herpes simplex viruses 1 and 2,
varicella zoster virus and Epstein-Barr virus. Cidofovir
is used primarily in treatment of CMV retinitis in pa-
tients who have failed treatment with ganciclovir or
foscarnet and in acyclovir-resistant herpes simplex in-
fections.

Nephrotoxicity was found in preclinical studies to
be the major toxicity of cidofovir, associated with his-
tologic evidence of damage to proximal tubule epithe-
lial cells [24]. Dose- and schedule-dependent nephro-
toxicity is also the treatment limiting toxicity of cido-
fovir in humans [25-28]. Cidofovir is thought to be con-
centrated by a basolateral membrane organic anion
transporter in proximal tubule epithelial cells [29].
Probenecid, an inhibitor of organic anion transport,
ameliorates renal toxicity of cidofovir by reducing cel-
lular uptake [24, 30, 31]. In vitro, toxicity of cidofovir
has been conveyed into mammalian cells by transfec-
tion with a gene for a human renal organic anion trans-
porter, and correlates with concomitant intracellular
accumulation of the drugs [32]. Renal clearance of ci-
dofovir exceeds creatinine clearance, suggesting that
active tubular secretion contributes to renal clearance
[25, 30]. At cidofovir doses of 3 mg/kg, probenecid does
not appear to affect cidofovir pharmacokinetics, while
at higher doses, tubular secretion and renal clearance
of cidofovir are reduced [30].

Experience from clinical trials suggest that twenty
five percent or more of patients receiving intravenous
doses of cidofovir of 3 mg/kg or more develop ARF,
often associated with a Fanconi syndrome with tubu-
lar proteinuria and evidence of proximal tubular dys-
function with glucosuria, hypophosphatemia, and uri-
nary bicarbonate wasting, with evidence of proximal
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tubular injury on renal biopsy [25-28, 33]. Volume ex-
pansion with isotonic saline and administration of
probenecid substantially reduces this risk. Probenecid
is routinely given along with each administration of
cidofovir. Preexisting renal insufficiency, recent use of
other nephrotoxic agents, and the development while
on therapy of proteinuria or other tubular abnormali-
ties predispose patients to risk of severe ARF with ci-
dofovir, which should be avoided or discontinued in
these settings. Renal failure due to cidofovir nephro-
toxicity may result in the need for dialysis. Both the
renal failure and proximal tubule dysfunction associ-
ated with cidofovir may be only partially reversible or
irreversible [34, 35, 35a], despite discontinuation of
therapy and pretreatment with intravenous saline and
probenecid. Nephrogenic diabetes insipidus has also
been described during therapy with cidofovir [36]. A
case of ARF attributed to topical cidofovir has also been
recently reported [36a].

Foscarnet

Foscarnet (trisodium phosphonoformate) is an in-
organic pyrophosphate analog, which inhibits many
DNA polymerases, retroviral reverse transcriptase, and
some RNA polymerases, and has antiviral activity
against all of the herpes viruses and HIV. Foscarnet
has been used primarily for the treatment of serious
cytomegalovirus infection.

Foscarnet competitively inhibits Na+-Pi cotransport
in rat, mouse, dog, rabbit, and human renal proximal
tubule brush border membrane vesicles, reversibly in-
hibiting sodium-dependent phosphate transport [37,
38]. Renal cortical Na-K-ATPase and alkaline phos-
phatase activity are not inhibited by foscarnet, nor is
proline, glucose, succinate, or Na+ transport [37, 38].
Foscarnet induces isolated phosphaturia without hy-
pophosphatemia in thyroparathyroidectomized rats
maintained on a low phosphorus diet, without affect-
ing glomerular filtration rate, urinary adenosine 3’5'-
cyclic monophosphate (cAMP) activity, or urinary cal-
cium, sodium or potassium excretion [37, 39]. Sodium-
Pi cotransport in brush border membrane vesicles from
human renal cortex was reported to be even more sen-
sitive to inhibition by foscarnet than in rat renal brush
border membrane vesicles [38].

Acute renal failure has been reported to occur in as
many as two-thirds of patients treated with foscarnet

and has been the major dose-limiting toxicity in 10-
20% of cases [40-45]. Despite dose reduction or discon-
tinuation of foscarnet, azotemia typically progresses
for at least a few days before resolving. It may be pos-
sible to continue foscarnet at reduced doses in some
patients with mild azotemia. Foscarnet-induced ARF
is usually reversible, although temporary dialysis may
be required [46]. Recovery may be slow, particularly
in patients with preexisting renal insufficiency. El-
evated serum creatinine concentrations may persist for
several months after discontinuation of foscarnet. Fos-
carnet nephrotoxicity may be associated with mild pro-
teinuria. Volume expansion with 1.5 to 2.5 liters of iso-
tonic saline was effective in reducing the incidence of
foscarnet nephrotoxicity to 13%, compared to 66% in
non-hydrated historical controls, and allowed patients
with prior renal insufficiency to receive foscarnet with-
out further reduction of renal function [43, 47]. Inter-
mittent, rather than continuous, infusion of foscarnet
may also reduce the incidence of nephrotoxicity [41].

Acute tubular necrosis, tubulointerstitial nephritis,
and glomerulonephritis have been described in patients
with foscarnet-induced ARF [43, 48-51]. Kidney biopsy
specimens from patients who had received foscarnet
have, in several reports, shown the presence of crys-
tals within glomerular capillaries and tubules [48, 50-
54]. These crystals have had an appearance similar to
that of crystalline foscarnet. In addition to trisodium
foscarnet, crystals have also been identified as being
mixed sodium-calcium and rarely pure calcium salts
of foscarnet [52, 53]. The pathophysiologic role of these
crystals is uncertain, as they are not seen in all patients
with foscarnet-induced ARF. Disruption of glomeru-
lar basement membrane by these crystals has been sug-
gested as a cause of non-immune glomerulonephritis
seen in some foscarnet-treated patients [50, 51, 53]. In-
terestingly, crystalluria has not been seen in patients
receiving foscarnet [54].

Nephrogenic diabetes insipidus has been described
in patients receiving foscarnet [55, 56]. In fact, a recent
review cited foscarnet as the second most common re-
ported cause of drug-induced diabetes insipidus, sec-
ond only to lithium [57]. In experiments using toad uri-
nary bladders [58], serosal application of foscarnet en-
hanced water flow in the presence of submaximal ADH
concentrations, but did not affect water transport in
the absence of ADH or when maximal concentrations
of ADH were used. Mucosal foscarnet did not affect
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water transport. Further studies are needed to clarify
the mechanisms for altered water handling by the kid-
neys with foscarnet.

Hypo- and hypercalcemia, hypo- and hyperphos-
phatemia, and hypomagnesemia have all been de-
scribed in patients receiving foscarnet [44, 59-61]. Hy-
pocalcemia is the most common and serious of these
electrolyte disturbances. Severe symptomatic hypoc-
alcemia with paresthesias, accompanied by Chvostek’s
and Trousseau’s signs and fatal hypocalcemia have oc-
curred with foscarnet [59]. Jacobson et al. systemati-
cally evaluated changes in the serum calcium and phos-
phate concentrations occurring during single and re-
peated doses of foscarnet [60]. Ionized calcium levels
fell below the lower limit of normal in all patients re-
ceiving an infusion of 120 mg/kg and 66% of those
who received 90 mg/kg. No changes in total calcium
or phosphate concentrations were found. Despite nor-
mal total serum calcium concentrations, symptoms
compatible with hypocalcemia occurred in two pa-
tients. No significant changes in serum phosphate,
magnesium, ionized or total calcium, parathyroid hor-
mone, or 1, 25-(OH)2 vitamin D levels were found af-
ter a 14 day course of therapy, although increases in
parathyroid hormone and vitamin D levels have been
reported [41]. Likewise, urinary calcium, phosphorus,
magnesium, and potassium excretion were unchanged
during 14 days of foscarnet. In vitro studies showed an
inverse relationship between serum or plasma foscar-
net concentrations and ionized calcium concentration,
but not with total calcium or phosphate concentrations
[60].

Foscarnet is a phosphate analog, and can chelate
calcium, as well as other metal ions [62] Since the stud-
ies of Jacobson et al. [60] cited above suggested that
foscarnet did not increase calcium binding to plasma
proteins, the authors concluded that ionized hypocal-
cemia was primarily a result of foscarnet complexing
with ionized calcium. In another recent study, total cal-
cium concentrations declined during and after foscar-
net infusion, with ionized calcium concentrations fall-
ing to an even greater extent than total calcium [61].
Total magnesium levels also declined, with ionized
magnesium concentrations falling to a greater extent.
These data also suggest that foscarnet lowers calcium
and magnesium levels primarily by binding to calcium
and magnesium ions, respectively. Intravenous mag-
nesium ameliorates the fall in ionized magnesium lev-

els with foscarnet, but not the fall in calcium levels [63].
An experimental liposome-encapsulated foscarnet
preparation did not reduce plasma calcium levels in
animals [64].

Antiretroviral agents

Nucleoside reverse transcriptase inhibitors

Nucleoside analogue reverse transcriptase inhibi-
tors (NRTIs) were the first drugs developed for treat-
ment of HIV infection. They are structural analogues
of nucleic acids. When phosphorylated intracellularly
to their triphosphate forms, they are competitive in-
hibitors of viral reverse transcriptase. Drugs in this class
include abacavir, adefovir, didanosine, lamivudine, sta-
vudine, tenofovir, zalcitabine, and zidovudine.

Despite their widespread clinical use, no direct
nephrotoxicity has been reported with zidovudine,
didanosine or zalcitabine. Hypokalemia was reported
in patients receiving didanosine, which may have been
caused by HIV- or didanosine-related diarrhea in some
patients, but was apparently not associated with diar-
rhea in others [65]. Symptomatic hypocalcemia, with-
out changes in serum magnesium, phosphorus, par-
athyroid hormone, and vitamin D levels (or findings
of pancreatitis, a known adverse effect of didanosine)
has also been seen with didanosine [66]. Asymptom-
atic hyperuricemia is common in patients receiving
didanosine, particularly at higher doses, because of
metabolism of this purine analogue to hypoxanthine
and then uric acid [67-69]. Reduction of the dose of
didanosine and increased hydration usually correct the
hyperuricemia, which has not been associated with the
development of gout. Hyperuricemia is not a compli-
cation of treatment with zidovudine or zalcitabine,
which are pyrimidine analogues.

Lamivudine, a weak inhibitor of organic cation
transport by renal tubule epithelial cells [70], has also
not been associated with significant nephrotoxicity.
Acute renal failure with eosinophilic interstitial nephri-
tis was attributed to abacavir in one patient with HIV
infection who also had what appeared to be “classic”
FSGS on renal biopsy [71]. The serum creatinine re-
turned to baseline levels after treatment with pred-
nisone and discontinuation of abacavir.

Adefovir is an acyclic analogue of the monophos-
phate of deoxyadenine. When phosphorylated by host
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enzymes, it is a potent inhibitor of DNA polymerases,
including reverse transcriptase. Adefovir is active
against HIV-1 and hepatitis B virus. Poor oral absorp-
tion necessitates intravenous administration. Intrave-
nous adefovir is not currently marketed or under ac-
tive development; an oral prodrug adefovir dipivoxil
is under development for treatment of hepatitis B in-
fection. As seen also with cidofovir, in vitro toxicity of
adefovir is conveyed into mammalian cells by trans-
fection with a gene for a human renal organic anion
transporter, and correlates with concomitant intracel-
lular accumulation of the drugs [32]. Probenecid as well
as nonsteroidal anti-inflammatory drugs reduce the
cellular uptake and in vitro cytotoxicity of adefovir [72].
Clinical experience with adefovir is more limited than
with cidofovir, so that its true nephrotoxic potential
may not yet be clear. Proximal tubule dysfunction and
renal failure, which may take many weeks to resolve
after drug discontinuation, are common, however, in
patients treated with adefovir [73, 74]. A role for deple-
tion of proximal tubule cell mitochondrial DNA has
been suggested as a possible cause of adefovir-related
ARF [74a]. Adefovir has similar pharmacokinetic prop-
erties as cidofovir, suggesting that the renal toxicity of
these drugs may be similar.

Reports of a myopathy developing in patients with
AIDS being treated with zidovudine led to the obser-
vation that this drug could cause mitochondrial toxic-
ity related to effects on mitochondrial DNA [75-78].
Myopathies and other neuromuscular and systemic
manifestations occur in a variety of circumstances as a
consequence of mutations in mitochondrial nuclear
DNA. Mitochondria have their own extrachromosomal
DNA that is distinct from nuclear DNA. Human mito-
chondrial DNA is a double-stranded, circular molecule
with genes that encode proteins for four of the five com-
plexes involved in oxidative phosphorylation and for
structural and transfer RNA’s required for mitochon-
drial translation of the protein-encoding genes. Muta-
tions occur more frequently in mitochondrial DNA
than nuclear DNA, and have been found in each of the
mitochondrial DNA genes. Phenotypically, these mu-
tations are associated most commonly with neuromus-
cular syndromes, but virtually any organ system can
be affected [79-81]. Renal manifestations include Fan-
coni syndrome most commonly, but nephrotic syn-
drome (usually with focal and segmental glomerular
sclerosis), chronic renal insufficiency with interstitial

fibrosis and tubular atrophy and lactic acidosis have
also been described [91]. Other significant toxicities
include peripheral neuropathy, pancreatitis and he-
patic steatosis with liver failure.

Subsequent reports described a syndrome of type
B lactic acidosis in patients treated with zidovudine
and other nucleoside reverse transcriptase inhibitors,
including stavudine, lamivudine, zalcitabine, and
didanosine which has also been attribute to mitochon-
drial DNA toxicity [82-93]. There are five types of DNA
polymerase in human cells that catalyze the synthesis
of new complementary DNA from the original DNA
template (HIV encodes a reverse transcriptase DNA
polymerase which uses RNA as the template). The ac-
tive triphosphate metabolites of zidovudine,
didanosine, zalcitabine, and stavudine inhibit DNA
polymerase gamma in mitochondria, block the elon-
gation of mitochondrial DNA, and deplete mitochon-
drial DNA [78-80, 87, 92-94, 94a]. The link between
NRTI effects on mitochondrial DNA and lactic acido-
sis is not entirely clear but is most likely related to dis-
turbances of oxidative phosphorylation and impaired
pyruvate metabolism leading to lactate accumulation.

Perhaps one of the most dramatic examples of he-
patic failure and lactic acidosis associated with nucleo-
side analogues was that which occurred during the
course of early clinical trials with an investigational
nucleoside analogue fialuridine for treatment of chronic
hepatitis B [95]. Seven of fifteen study patients devel-
oped progressive liver failure and lactic acidosis. Five
of the patients died with severe lactic acidosis; two pa-
tients underwent emergency liver transplantation and
survived. Severe mitochondrial toxicity was proposed
as the mechanism for this injury, based in part on the
similarity of this presentation to that seen in individu-
als with inherited disorders of mitochondrial DNA and
the presence of histopathological evidence of mitochon-
drial injury [94, 95].

The lactic acidosis seen with these drugs has ranged
from mild and chronic to acute, severe, and fatal [82-
93]. The acidosis generally develops after several
months of therapy. Patients with NRTI-associated lac-
tic acidosis present with symptoms of nausea, vomit-
ing and abdominal pain. Other features often include
elevated liver enzymes, hepatic steatosis, pancreatitis
and elevated creatinine kinase with evidence of a my-
opathy, and liver failure. The lactic acidosis may per-
sist for many weeks despite discontinuation of the
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NRTI [82-93]. NRTI-related mitochondrial toxicity may
also present with rhabdomyolysis and acute renal fail-
ure [96]. Mortality related to NRTI-induced acute lac-
tic acidosis is high, in the range of 50% to 100%, de-
spite drug discontinuation.

In addition to discontinuation of the NRTI, L-car-
nitine, riboflavin, and thiamine have been used in iso-
lated reports but with unclear therapeutic role [93, 97-
99]. In addition to often high-dose intravenous sodium
bicarbonate, hemodialysis [100] and continuous veno-
venous hemodiafiltration [85] have been used to re-
duce the lactic acidosis, even in the absence of signifi-
cant renal failure. Lactic acidosis transiently and mod-
estly improved after administration of dichloroacetate
in one report [85]. The benefit of any of these therapies
is not clear.

Crowther et al. reported a patient with AIDS who
was found to have proteinuria, hypokalemia, hyper-
chloremic metabolic acidosis, hypophosphatemia, hy-
pouricemia, and antidiuretic hormone-resistant poly-
uria while receiving didanosine (and other medica-
tions) [101]. The authors suggested that these distur-
bances were due to renal tubular toxicities of
didanosine, resulting in a Fanconi syndrome with
nephrogenic diabetes insipidus. A Fanconi-like syn-
drome with hypokalemia, metabolic acidosis, hypo-
phosphatemia and aminoaciduria but without gluco-
suria has also been reported in a patient treated with
stavudine and lamivudine [102]. The metabolic acido-
sis in this case was partly due to lactic acidosis, per-
haps related to mitochondrial dysfunction. Abacavir
was recently implicated as a cause of biopsy-proven
interstitial nephritis in a patient with ARF [102a].
Tenofovir has also been associated with the develop-
ment of ARF, Fanconi syndrome, and nephrogenic dia-
betes insipidus [102b-c].

Non-nucleoside reverse transcriptase inhibitors

Drugs in this class include delavirdine, efavirenz,
and nevirapine. These drugs bind to viral reverse tran-
scriptase and block DNA polymerase activity. Unlike
the NRTIs, these drugs do not require intracellular
phosphorylation and are not incorporated into viral
DNA. None of these drugs has been associated with
any clinically significant renal toxicities or specific
fluid-electrolyte complications, and they do not appear
to affect mitochondrial DNA polymerases. There is a

species dependent renal toxicity of efavirenz [103, 104].
In rats, this drug produces renal tubular epithelial cell
necrosis, an effect not observed in humans. A unique
glutathione adduct produced as a metabolite of
efavirenz in rats but not humans appears to account
for this toxicity [103, 104].

Protease inhibitors

Drugs in this class, which inhibit HIV protease lead-
ing to impaired maturation of noninfectious HIV viri-
ons, include amprenavir, indinavir, lopinavir, nelfi-
navir, ritonavir, and saquinavir. There are no published
reports of ARF or other direct renal toxicity due to am-
prenavir, nelfinavir, and lopinavir.

Indinavir has been associated with development of
crystalluria and nephrolithiasis, which was recognized
during initial clinical trials with this drug [105]. Daudon
and colleagues first identified and characterized indi-
navir urinary stones [106]. Up to 20% of a dose of indi-
navir is excreted into the urine; the solubility of indi-
navir in urine is pH dependent, with greater solubility
at lower pH [107]. Ten to twenty percent of individu-
als receiving indinavir may develop indinavir crystal-
luria, even in the absence of any symptoms [108-114].
In one large series, about 8% of indinavir-treated pa-
tients had symptoms related to crystal or stone forma-
tion; about two-thirds had crystalluria associated with
dysuria, urinary urgency, and/or back or flank pain
and about one-third had nephrolithiasis [108]. In an-
other retrospective series, 12.4% of patients receiving
indinavir developed nephrolithiasis [109]. A prospec-
tive study recently evaluated the incidence of urinary
abnormalities during the first year of indinavir treat-
ment in a cohort of 54 HIV infected individuals, all of
whom were specifically directed to maintain a high
fluid intake, evaluated with monthly urinalyses [110].
Crystals first began to appear in urine samples after 1
to 2 weeks of indinavir, beyond which time about 25%
of urine specimens contained crystals. Crystals were
seen in at least one urine sample from two-thirds of
patients. Hypovolemia, a concentrated urine and per-
haps a high urine pH appear to be risk factors for indi-
navir crystalluria and nephrolithiasis [110, 111].

Patients with indinavir crystalluria may be asymp-
tomatic or develop clinical features of renal colic, flank
or back pain, dysuria, urinary urgency, fever, nausea
and vomiting. Pyuria and microscopic or, less com-
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monly, gross hematuria may be seen [106, 108-110, 112-
114, 114a]. Indinavir crystals (Figure 1) are variable in
their appearance by microscopy, usually with needle-
shaped, plate-like, fan-shaped, or starburst-like appear-
ances [108, 110]. Renal ultrasonography may be more
diagnostically helpful than abdominal radiographs, in-
travenous urography or CT [115]. Hydronephrosis and
sludge in the renal collecting system may be seen.
Fewer than 30% of the stones are radiopaque [115].
Renal parenchymal defects may be seen on contrast
enhanced CT scans of the kidneys [108]. The crystals
are composed of indinavir [106, 108], although calcium
oxalate and calcium phosphate have also been identi-
fied, which may coexist with or serve as a nidus for
indinavir crystals [106, 116]. Urologic intervention may
be required for removal of stone or relief of urinary
tract obstruction and associated acute renal failure [108,
109, 115-117]. After temporary discontinuation of in-
dinavir and volume repletion, many patients are able
to resume treatment with indinavir, although neph-

rolithiasis and crystalluria may recur. Patients receiv-
ing indinavir should be instructed to maintain a high
fluid intake. Renal calculi have been reported in one
patient treated with saquinavir [118] and in one treated
with nelfinavir, in whom the stone was shown to be
composed of 99% nelfinavir [118a].

Interstitial nephritis has been described from renal
biopsies in patients treated with indinavir [119-124],
in some cases with eosinophiluria and crystals (as-
sumed to be indinavir) associated with histiocytes and
giant cells in the renal tubules. Some of these patients
were asymptomatic, while other had urinary symp-
toms as described above and crystalluria. Renal atro-
phy associated with long-term use of indinavir was
described in two patients with hematuria, pyuria, and
reversible renal insufficiency [125].

Several patients have also been reported with acute
renal failure attributed to ritonavir [126-129]. Most of
these patients were on other potentially nephrotoxic
medications, and some had volume depletion or pre-
existing kidney disease. In several patients, ARF re-
curred upon rechallenge with ritonavir. None of the
patients had renal biopsies performed, so there is no
information on the histopathologic correlates and eti-
ology of the renal failure.

Amantadine hydrochloride and
Rimatadine

Amantadine and rimatadine are tricyclic aliphatic
primary amines, active only against influenza A virus,
and recommended for prophylaxis in high-risk patients
during community or institutional outbreaks of influ-
enza A. In the late 1960’s, amantadine was also acci-
dentally observed to ameliorate the symptoms of
Parkinson’s disease. No nephrotoxicity has been re-
ported with amantadine, although prolonged use of
the drug occasionally has been associated with orthos-
tatic hypotension. Acute overdose with amantadine has
been associated with an anti-cholinergic syndrome,
which may include urinary retention. Severe neuro-
logic reactions to amantadine have been reported in
patients with renal failure, including elderly patients
with mild renal insufficiency [130, 131].

Rimatadine is structurally similar to amantadine,
and has a similar spectrum of antiviral activity. No
nephrotoxicity has been described with rimatadine.

Figure 1. Photomicrograph of unstained urine sediment
showing indinavir crystals (orig. magn. x50). Reproduced
with permission from [110].
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Ribavirin

Ribavirin is a synthetic guanosine analogue, with
in vitro activity against a broad spectrum of DNA and
RNA viruses, and retroviruses, including HIV. Ribavi-
rin has been used for treatment of a variety of viral
infections, including respiratory syncytial virus bron-
chiolitis and pneumonia, measles, influenza types A
and B, Lassa fever, hemorrhagic fever with renal syn-
drome (Hantaviruses), hepatitis C, and HIV infection.
It is used commonly now along with interferon alpha
for treatment of hepatitis C infection. There is no known
direct nephrotoxicity of ribavirin.

Vidarabine

Vidarabine is a purine nucleoside analogue active
against herpes viruses, influenza viruses, and some
RNA viruses. Use of vidarabine for treatment of her-
pes simplex and varicella-zoster infections has largely
been supplanted by acyclovir because of the superior
efficacy, fewer adverse effects, and easier administra-
tion of the latter agent. Vidarabine has been associated
with significant gastrointestinal, neurologic, and
hematopoietic toxicities. Patients with renal insuffi-

ciency may be particularly susceptible to severe neu-
rologic side effects [132]. No nephrotoxicity with
vidarabine has been noted. Because of its poor solubil-
ity, vidarabine must be administered in large volumes
of fluid. A syndrome of inappropriate antidiuretic hor-
mone has been reported in a patient with disseminated
herpes zoster who was being treated with intravenous
vidarabine [133].

Conclusion

Fortunately, many antiviral agents do not pose a
significant risk of serious nephrotoxicity. However,
some of these agents have been associated with the de-
velopment of acute renal failure, other renal disorders,
or fluid and electrolyte disturbances. In some instances,
sporadic case reports, a paucity of histological infor-
mation, and undefined roles of other underlying dis-
eases and concomitant medications make it difficult to
establish a definite cause-and-effect relationship with
a particular antiviral agent. Careful attention to the
potential for toxic renal reactions to antiviral drugs,
and in the case of patients being treated for HIV infec-
tion, combinations of drugs, is essential to more clearly
define the prevalence, pathophysiology, and pathologic
correlates of these toxicities.
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Introduction

Classic analgesic nephropathy is a slowly progres-
sive disease resulting from the daily use for many

years of analgesic mixtures containing at least two an-
tipyretics, anilides and salicylates, and usually caffeine
or codeine (or both). The nephropathy is characterized
by renal papillary necrosis/calcifications and chronic
interstitial nephritis, with an insidious progression to
renal failure, sometimes in association with transi-
tional-cell carcinoma of the uroepithelium [1-10]. This
type of nephropathy has never been described after
the intake of single analgesic substances. Analgesic
nephropathy is a facultative part of a broad spectrum
of clinical findings that is summarized as ‘analgesic
syndrome’ (see below). Historically, these analgesic
mixtures most frequently contained phenacetin in com-

bination with a further analgesic and a centrally act-
ing agent such as caffeine or codeine, which may lead
to psychological dependence [11-15].

In addition to the classical picture of analgesic neph-
ropathy, excessive exposure to analgesics and NSAIDs
may contribute to the progression of a chronic renal
disease of whatever etiology towards end-stage renal
failure [16-21]. In all those epidemiological studies,
however, it is impossible to rule out bias caused by the
consumption of these analgesics for symptoms of the
conditions that predisposed patients to renal failure.

Renal failure induced by abuse of analgesic mix-
tures, was identified as a serious problem in several
countries in the second part of the 20th century. The
initial reports [1, 22-24], observing that phenacetin was
present in most abused analgesics, held this substance
solely responsible for the development of what was

 2003 Kluwer Academic Publishers. Printed in The Netherlands.©



264

ELSEVIERS, SCHWARZ & DE BROE

called “phenacetin nephritis”. In the late 1970’s, it be-
came apparent that the abuse of different kinds of an-
algesic mixtures may induce renal damage, whether
they contained phenacetin or not. Consequently, the
disease was more appropriately named ‘analgesic
nephropathy’.

Apart from classic analgesic nephropathy, this
chapter will also handle the possible nephrotoxic role
of 5-aminosalicylic acid (5-ASA) used in patients with
chronic inflammatory bowel disease (IBD). During the
last decade, 5-ASA replaced sulfasalazine as first-line
therapy for mildly to moderately active IBD. For de-
cades, sulphasalazine, an azo-compound derived from
sulphapyridine and 5-aminosalicylic acid (5-ASA), has
been the only valuable non-corticosteroid drug in the
treatment of inflammatory bowel disease. Azad Kahn
et al. [25] showed that the pharmacologically active
moiety in sulphasalazine for the treatment of these dis-
eases was 5-ASA. Consequently, this resulted in a num-
ber of new 5-ASA formulations (mesalazine, olsalazine,
balsalazine) for topical and oral use. Since the metabo-
lite sulphapyridine was largely responsible for the side
effects of sulfasalazine, the primary advantage of the
newer 5-ASA agents is their improved adverse effect
profile.

In recent years, however, several case reports have
been published, suggesting an association between the
use of 5-ASA and the development of a particular type
of chronic tubulo-interstitial nephritis, characterized by
an important cellular infiltration of the interstitium [26,
27]. In some cases, it was shown that this cellular infil-
tration was not disappearing upon arrest of the drug,
even after a period of more than one year [28]. Although
acute renal failure under non-steroidal anti-inflamma-
tory drugs (NSAID) is well documented, the risk for
developing chronic lesions remains controversial.

Chronic renal effects associated to the use of non-
steroidal anti-inflammatory drugs (NSAID) is dis-
cussed in chapter 14.

Analgesics

Epidemiological observations

Association between analgesic abuse and analgesic
nephropathy

Clinical evidence linking the abuse of analgesic mix-
tures with the development of renal failure was well

documented from the 1960’s on. There are numerous
reports demonstrating a high incidence of heavy anal-
gesic consumption in patients with renal failure or pap-
illary necrosis [14]. Also the observed deterioration of
renal function in patients with analgesic nephropathy
who continued their abuse, and in contrast the stabili-
zation of renal function after discontinuation of the
abuse, is in favor of this association [29-32].

Epidemiological evidence of the association be-
tween analgesic abuse and the development of renal
impairment is documented in several case-control stud-
ies published in the 1980’s. The studies were conducted
in Australia [33], the United States [16, 20, 34], Ger-
many [35, 36] and Spain [18]. Methodological details
are summarized in Table 1. In all studies, the matched
controls were randomly selected except in McCredie’s
study. A history of analgesic consumption was ob-
tained by direct interview of the subjects, except in the
studies of Sandler and Perneger where telephone in-
terviews were used. Moreover, in the study of Sandler
the interviews were conducted using proxies for 55%
of the cases and 10% of the controls.

It is clear that these case control studies are not able
to establish cause and effect. Moreover, one needs to
take into account that flaws in the study design, inac-
curate renal diagnosis and confounding by indication
have to be considered when interpreting the results
[39, 40]. In table 1, results shown are odds ratios esti-
mating the relative risk for developing the disease un-
der study when particular types of analgesics were
taken in the minimum dose defined. The studies by
Sandler [16], Pommer [36] and Morlans [18] resulted
in comparable odds ratios showing a two-threefold in-
creased risk for developing chronic renal failure after
analgesic abuse. McCredie’s study [33] showed a con-
siderable higher ratio by defining the more specific le-
sion of renal papillary necrosis as disease. The nega-
tive results obtained in Murray’s study [34] can possi-
bly be attributed to the low prevalence of analgesic
nephropathy in the area investigated and the low
amount of analgesic use in the definition of analgesic
abuse employed.

The most firmly based evidence of association is
provided by the prospective studies reported. Dubach
[37] followed a cohort of 623 working women aged 30-
49 years with objective evidence of the intake of phen-
acetin-containing analgesics and 621 age-matched con-
trols during a 10 years follow-up period. Urine speci-
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Table 2.1. Epidemiological studies demonstrating the nephrotoxicity of different kind of analgesics.

STUDY DESIGN

Case-control studies Cases Controls Definition of minimal abuse

McCredie et al, Australia, 1982 80 women with RPN 80 healthy women 3 units/week for one year

Murray et al, USA, 1983 527 p. with ESRD 1047 hospitalized p. almost daily for 30 days

Sandler et al, USA, 1989 554 p. with newly 516 population based daily for one year
diagnosed CRF

Pommer et al, West Berlin, 1989 517 p. with ESRD 517 outpatient clinic p. 15 units/month for one year

Morlans et al, Barcelona,1990 340 p. with ESRD 673 hospitalized p. 15 units/month for 30 days

Perneger et al, USA,1994 716 p. with ESRD 361 population based daily for one year

Prospective studies Cases Controls Definition of minimal abuse

Dubach et al, Switzerland, 1983 623 healthy women 621 healthy women NAPAP in urine positive
followed during 10 years

Elseviers & De Broe, Belgium, 1995 200 healthy subjects 200 population based daily for one year
followed during 7 years overall at least 1000 units

RESULTS

Any Single analgesics (3) Analgesic mixtures
analgesic Any Aspirin Acetaminophen Any Phenacetin Acetaminophen

Case-control studies (1)

McCredie et al 17.2 - - - - 18.1 ns

Murray et al ns - - - - - -

Sandler et al 2.79 - ns 3.21 - 7.59 6.9

Pommer et al 2.44 ns - - 2.69 4.76 4.06

Morlans et al 2.89 - 2.54 - - 19.05 -

Perneger et al - - ns (4) - - - 2.1 (4)

Prospective studies (2)

Dubach et al - - - - - 8.10 -

Elseviers & De Broe - - - 6.10 - -

(1) Results are odds' ratios showing significant differences between cases and controls.
(2) Results are relative risks for the development of renal failure during the study period.
(3) Results are obtained after adjustment for the use of other analgesics.
(4) Analgesic component either or not taken in mixture.
Abbreviations: NAPAP= N-acetyl-p-aminophenol (the main metabolite of phenacetin); ns= not significant.

mens of the women under study were analyzed for
the presence of N-acetyl-p-aminophenol (NAPAP), the
main metabolite of phenacetin. Subjects with a posi-
tive result for NAPAP in their urine (2 x 3 samples) at
least twice were considered as analgesic abusers. Com-
pared to the controls, abusers showed a more frequent
raised serum creatinine (6.7% vs. 0.9%) and a low spe-
cific gravity of urine (23 vs. 7%). The two groups did
not differ in development of bacteriuria, hematuria or
proteinuria [37]. Based on Dubach’s data, the relative
risk for developing renal failure after regular analge-

sic consumption of phenacetin-containing products in
young women could be estimated to be 8.1 (95% CI:
2.8-23.2) [41].

A second prospective study, investigating a cohort
of 200 active analgesic abusers and 200 matched con-
trols during seven years, extended the results of
Dubach, including abusers of different sex and age
categories, abusing different kinds of analgesic mix-
tures all or not containing phenacetin. A relative risk
of 6.1 (95% CI: 1.4-25.9) was observed for the develop-
ment of a decreased renal function. Moreover, the re-
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nal impairment was found to be compatible with the
diagnosis of analgesic nephropathy in most of the cases,
in the absence of other forms of renal disease [38].

Nephrotoxicity of different kinds of analgesics
In the majority of the early analgesic nephropathy

reports, phenacetin was singled out as the nephrotoxic
culprit on the basis of association and circumstantial
evidence. Nearly all patients initially reported had
taken large amounts of analgesic mixtures containing
phenacetin. Prescott [14], was the first to evaluate the
nephrotoxic role of phenacetin and other analgesics.
He stated that in the past insufficient attention had been
given to the possible nephrotoxicity of the other anal-
gesics invariably taken with phenacetin, and that the
common belief that phenacetin is the primary cause of
analgesic nephropathy can be challenged on many
counts. He argued that numerous chronic toxicity stud-
ies in animals with phenacetin have failed to produce
renal papillary necrosis, that the removal of phenace-
tin in some countries has not been followed by the ex-
pected fall in mortality from analgesic nephropathy and
that analgesic nephropathy has a poor prognosis if
phenacetin is discontinued but other analgesics are
abused further.

The withdrawal of phenacetin from analgesic mix-
tures in Western Europe and the United States, how-
ever, gives rise to question the nephrotoxic potency of
the different kinds of products without phenacetin,
currently on the market [10]. Although in the 1980’s
new case series of analgesic nephropathy were reported
from all over the world, evidence of the nephrotoxic
effect of these newer drugs remained mainly limited
to local observations, with or without controlling for
the previous intake of phenacetin containing products.
However, the nephrotoxic potency of this type of an-
algesic mixtures could be demonstrated using differ-
ent kinds of epidemiological observations [42].

First, the case-control studies of the 1980’s could
confirm the nephrotoxic potency of analgesic mixtures
and the different substances worked-up in these mix-
tures (table 1). Interpretation of the presented odds ra-
tios per substance however, remains difficult since they
were seriously influenced by the additional effect of
other substances invariably taken with it. The nephro-
toxic effect of single analgesics could only be docu-
mented in the studies of Sandler et al. [16] and Morlans
et al. [18]. Their observations remain however debat-

able since a rigorous control for additional consump-
tion of other analgesics was lacking in these studies
[16, 18, 43, 44].

Moreover, a cohort of 226 patients with a clear di-
agnosis of analgesic nephropathy was investigated re-
garding their analgesic consumption. Patients were re-
cruited within the framework of diagnostic criteria
studies in Belgium (n=130) and eleven other European
countries (n=96) [45, 46]. In all patients, analgesic neph-
ropathy was diagnosed using the same validated re-
nal imaging criteria with high diagnostic performance
[47, 48]. In all included patients, the history of abuse
was documented by the same methodology using the
same structured questionnaire accompanied by a color
picture book showing the analgesics with a high sales
volume in each particular country. Results clearly
showed that analgesic nephropathy was associated
with the abuse of different kind of analgesic mixtures
mostly containing phenacetin. However, 46 out of the
226 patients never consumed phenacetin-containing
analgesics. Their documented analgesic nephropathy
was associated with the abuse of the following combi-
nations: aspirin and acetaminophen, aspirin and a pyra-
zolone, acetaminophen and a pyrazolone, and two
pyrazolones all of which were combined with caffeine,
codeine or both. Additionally, the minimal analgesic
consumption for developing analgesic nephropathy
could be defined as a daily consumption for at least
five years. None of the subjects with a daily use of an-
algesic mixtures for less than 5 years (n=16) or those
with a weekly but not a daily consumption for more
than 5 years (n=19) met the renal imaging criteria of
analgesic nephropathy [49].

Furtheron, a broad range of other clinical and epi-
demiological observations is in support with the pre-
vious results. For single analgesics, abuse is only poorly
documented and the nephrotoxic potency of single an-
algesics can be considered as minimal. Even in patients
with rheumatoid arthritis in which high dose salicy-
late therapy was the mainstay of treatment, analgesic
nephropathy seldom developed [14]. For single anal-
gesics combined with caffeine/codeine, the example
of Sweden is of particular interest. Although, Sweden
has a high sales volume of this type of analgesics (40%
of the total volume), prevalence of analgesic nephropa-
thy remained at the low level of 1-2% during the last
decade [50]. Moreover, it is of interest to note that in
countries with a low prevalence of analgesic nephr-
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opathy such as Sweden and France, analgesic mixtures
containing two analgesic substances combined with
caffeine/codeine are not available (Sweden) or not sold
(France), despite the fact that in both countries the to-
tal volume of analgesics sold is higher than in Belgium
(Figure 1).

Quantification of the problem
Detailed information concerning the extent of the

problem in analgesic nephropathy is limited, particu-
larly for recent years. National annual data are collected
in Australia/New Zealand by the Australian and New
Zealand Dialysis and Transplant Registry (ANZDATA)
[51] and in the United States by the United States Re-
nal Data System (USRDS) [52]. In Europe, the registra-
tion system of the European Dialysis and Transplant
Association (EDTA) [53] published regularly incidence
and prevalence data of analgesic nephropathy for all
European countries in the past.

Australian incidence rates showed a significant
decline after the restriction of over-the-counter anal-
gesic sales in 1979. During the 1970’s, Australia had
the highest incidence rate in the world (up to 22%).
The incidence declined to 15% in 1985 and to 11% in
1990 [54, 55]. In recent years the incidence remained at
a level of 5-6% with a peak incidence of 10% for
Queensland [51]. In Flanders, a region with well-docu-
mented high incidence of analgesic nephr-
opathy in end stage renal failure patients,
the incidence fell from 17% in the mid eight-
ies to 5.4% in 2000 and 2001.

In the United States the national preva-
lence of analgesic nephropathy is not well
documented. In the 1980’s, local studies
showed incidences, ranging from 1.7 in
Philadelphia and 2.8% in Washington D.C.
to 10% in Northwest North Carolina [34, 56,
57]. According the USRDS annual data re-
port, current incidence of analgesic nephr-
opathy is 0.2% for all patients starting re-
nal replacement therapy in the period 1994-
1998 (USRDS 2000) [52]. In Canada 2.5% of
dialysis patients had analgesic nephropa-
thy in 1976. The recent prevalence can be
expected to be lower [58]. In South Africa
in the early eighties, 33% of the white pa-
tients starting chronic renal replacement
therapy in Durban were diagnosed with

analgesic nephropathy [59]. In Kuala Lumpur, Malay-
sia, 8% of the 180 dialysis patients had consumed ex-
cessive quantities of analgesics and in 4% signs of re-
nal papillary necrosis were observed [60]. More re-
cently high analgesic abuse of 7-10% in rural areas was
reported [61]. Incidence of analgesic nephropathy in
ESRD population of Thailand is however unknown.

On the other hand, Central and Eastern European
countries are confronted nowadays with an increasing
incidence of the disease partly due to the increasing
number of older patients accepted for renal replace-
ment therapy in recent years. Moreover, in these coun-
tries analgesic mixtures containing two analgesic sub-
stances combined with caffeine/codeine are still avail-
able and have an important market share. In 1992,
Matousovic et al. [62] measured an incidence rate of
9.1% of analgesic nephropathy in the Czech and Slo-
vak Republics using renal imaging criteria [63]. The
same methodology was used in Hungary where an
incidence up to 13% was noted in 1996 [64]. In con-
trast, in the southwest region of Poland not any case of
analgesic nephropathy could be identified in the pe-
riod 1991-1992. The investigators concluded, however,
that a reassessment of the incidence after 5-10 years
should be mandatory because in the early 1990’s only
40% of (younger) ESRD patients received dialysis treat-
ment [65].

Figure 1. For each country, the delivery status in 1970,
1980 and 1990 is presented for all single ingredients. To
know the status of analgesic mixtures, it is the status of
the component whoese availability is the most stringent
that applies. Exceptions are indicated [50].



268

ELSEVIERS, SCHWARZ & DE BROE

Pathophysiology

The exact pathophysiological mechanism(s) of an-
algesic nephropathy is unknown. The disease is char-
acterized by capillary sclerosis of the vessels of the re-
nal pelvis and ureteral mucosa, renal papillary necro-
sis and calcification, interstitial infiltration fibrosis, pro-
gressive cortical atrophy next to zones with hypertro-
phy of the remaining nephrons, aspecific glomerular
changes. The main pathological lesion strongly indi-
cates the more distal parts of the nephron as the predi-
lected target for analgesic toxicity (Figure 2).

The potentiating effect of aspirin with both phen-
acetin and acetaminophen may be related to two fac-
tors:
• Acetaminophen undergoes oxidative metabolism

by prostaglandin H synthase to reactive quinon-
eimine that is conjugated to glutathione. If acetami-
nophen is present alone, there is sufficient glu-
tathione generated in the papillae to detoxify the
reactive intermediate. However, if acetaminophen
is ingested with aspirin, the aspirin is converted to
salicylate, which becomes highly concentrated and
depletes glutathione in both the cortex and papil-
lae of the kidney. With the cellular glu-
tathione depleted, the reactive metabolite
of acetaminophen then produces lipid per-
oxides and arylation of tissue proteins, ul-
timately resulting in necrosis of the papil-
lae [9, 66].

• Aspirin and NSAID suppress prostaglan-
din production by inhibiting cyclooxyge-
nase enzymes. Renal blood flow, particu-
larly within the renal medulla, is highly
dependent upon systemic and local pro-
duction of vasodilatory prostaglandins.
Thus, this region, in the setting of com-
bined aspirin and NSAID use, is more
prone to ischemic damage. Loss of proteo-
glycans and glycosaminoglycans, essential
constituents of medullary matrix may oc-
cur.

Clinical aspects

Clinically, analgesic nephropathy is char-
acterized by its slow and stealthy progression.
Most analgesic nephropathy patients only at-

tended the outpatient nephrology clinic when renal
failure reached a chronic and advanced stage. End-
stage renal failure due to analgesic abuse was observed
after consumption for approximately 20 years and most
patients with analgesic nephropathy entered renal re-
placement therapy in their fifth-sixth decade.

An increased occurrence of anemia and an in-
creased risk of developing vascular diseases and is-
chemic heart disease are mentioned in patients with
analgesic nephropathy [67]. Gastrointestinal manifes-
tations occur in more than half of analgesic abusers
and particularly gastric ulcerations are frequently re-
ported [68, 69]. Psychological and psychiatric manifes-
tations are common in analgesic abusers and this is
reflected in the frequency of associated addictive hab-
its such as smoking, alcoholism and the excessive use
of psychotropic drugs. Also the prematurely aged ap-
pearance of these patients has been emphasized. These
observations pointed to the fact that analgesic nephr-
opathy is part of a much wider syndrome called “the
analgesic syndrome” [30, 70, 71].

Moreover, in 1965 a first publication from Sweden
drew attention to the increasing incidence of tumoral
degeneration of the kidney and the urinary tract ob-

Figure 2. Analgesic nephropathy is caused by abuse of an-
algesic mixtures plus caffeine/codeine. Left: the potentiat-
ing effect of aspirin with both phenacetin and acetami-
nophen (see text). Adapted from [5, 9], with permission.
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served in analgesic abusers [72-74]. Additional case re-
ports were published in Switzerland, Australia, and
Belgium [75-77]. Although, the risk for developing tu-
mors of the urinary tract after the abuse of different
kinds of analgesics is not clearly established, the abuse
of phenacetin containing products showed a four-to
tenfold increased risk [76]. The tumors generally be-
come apparent after 15 to 25 years of analgesic abuse
[78], usually but not always in patients with clinically
evident analgesic nephropathy [79]. Most patients are
still taking the drug at the time of diagnosis, but clini-
cally evident disease can first become apparent sev-
eral years after cessation of analgesic intake and even
after renal transplantation has been performed [78]. It
is presumed that the induction of malignancy results
from the intrarenal accumulation of N-hydroxylated
phenacetin metabolites that have potent alkylating ac-
tion [79]. Because of urinary concentration, the high-
est concentration of these metabolites will be in the
renal medulla, ureters, and bladder, possibly explain-
ing the predisposition to carcinogenesis at these sites.
The major presenting symptom of urinary tract malig-
nancy in analgesic nephropathy is microscopic or gross
hematuria. Thus, continued monitoring is essential, and
new hematuria should be evaluated with urinary cy-
tology, and, if indicated, cystoscopy with retrograde
pyelography [78]. It may also be prudent to obtain
yearly urine cytology for the first several years if anal-
gesics are discontinued or indefinitely if drug intake
persists. The incidence of urothelial carcinoma after re-
nal transplantation in patients with analgesic nephr-
opathy is comparable to the general incidence of up to
10% of urothelial carcinomas in end-stage renal fail-
ure patients with analgesic nephropathy. Removal of
the native kidneys prior to renal transplantation has
also been suggested, but the efficacy of this regimen
has not been proven [78].

Diagnosis

Until recently, the diagnosis of analgesic nephropa-
thy was difficult to obtain. The disease is associated
with a large number of mainly aspecific clinical symp-
toms [80]. Renal papillary necrosis, considered as the
hallmark of analgesic nephropathy, can only be directly
demonstrated by autopsy, after nephrectomy or in the
exceptional case of a patient eliminating a papilla [81].
In a large part of cases, the diagnosis was mainly based

on a documented history of abuse after a process of
exclusion of other causes of renal failure. Since, fur-
thermore, several authors [82, 83] have noted that a
clear history of abuse is difficult to obtain, the need for
diagnostic criteria with a well-defined performance be-
came mandatory.

In Belgium, a prospective controlled multicentre
study started in 1988, aiming to select diagnostic crite-
ria for analgesic nephropathy with well-defined per-
formance in patients with end-stage renal failure. In a
cohort of 60 analgesic abusers and 188 controls, all start-
ing renal replacement therapy, a large number of clini-
cal, laboratory and radiological signs reported to be
associated with analgesic nephropathy were tested. It
was found that renal imaging investigations (sonogra-
phy and tomography) demonstrating a decrease in
length of both kidneys combined with either bumpy
contours or signs of renal papillary necrosis were the
only ones which showed a high sensitivity and speci-
ficity for diagnosing the disease. Other signs frequently
mentioned such as hypertension, anemia, sterile pyuria
and bacteriuria showed low sensitivity and/or speci-
ficity [47].

In a separate study, the diagnostic value of CT scan
without contrast media was compared to the previ-
ously used renal imaging techniques (sonography and
tomography) (Figure 3). A cohort of 40 analgesic abus-
ers (= daily use of mixtures during at least 5 years)
and 40 controls, all end-stage renal failure patients
without a clear renal diagnosis were investigated with
sonography, tomography and CT scan without con-
trast, searching for the renal imaging signs of analge-
sic nephropathy. Using CT scan the renal size and con-
tour could be evaluated with comparable results while
this technique scored better for the detection of papil-
lary calcifications (Figure 3) [46, 63].

In an additional controlled study, the diagnostic
performance of CT scan in patients with incipient/
moderate renal failure was studied. In a cohort of 53
analgesic abusers with a serum creatinine between 1.5
and 4 mg/dl and in the absence of a clear renal diag-
nosis, a CT scan was performed. It was found that the
renal image of analgesic nephropathy on CT scan in
an early stage of renal failure is comparable with the
observations made in end-stage renal failure patients
(Figure 3). Especially the demonstration of bilateral
papillary calcifications showed a high sensitivity of 92%
with a specificity of 100% for the early diagnosis of
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analgesic nephropathy (Figure 3) [63].

Prevention

Analgesic nephropathy is one of the few renal dis-
eases currently suitable for primary prevention.

Informative campaigns focused on the population
at risk did not solve the problem of analgesic nephr-
opathy. In Belgium, it was clearly demonstrated that
in most abusers, sustained analgesic consumption was
no longer related to a physical complaint but analge-
sics were mainly taken for their mood-altering capaci-
ties. Most analgesic abusers admitted to having been
informed of the health risks related to long-standing
analgesic abuse and even if renal impairment occurred,
only a part of the cases stopped their analgesic abuse
[84].

Also the withdrawal of phenacetin from analgesic
mixtures did not solve the problem. When phenacetin
was withdrawn from most analgesic mixtures in Aus-
tralia (1970’s), no decline in the occurrence of analge-
sic nephropathy could be observed [80, 85]. A declin-
ing incidence rate was only observed after restriction
of the over-the-counter sales of all analgesic mixtures
in 1979-1980 [55, 51, 86]. Some countries in Europe, par-
ticularly Sweden, have succeeded in controlling the
disease after legislative measures were taken. As early
as the sixties, Sweden elaborated legislation that only
a few years later became very effective.

The legislation was simple and clear: all analgesic
containing, even the slightest dose of phenacetin be-
came prescription limited. This resulted in a prescrip-
tion status of almost all combined analgesics, hence a
dramatic drop in their sale. In spite of the substantial
total increase of consumption of single analgesics be-
tween 1980-1990, analgesic nephropathy belongs
nowadays to the history of medicine-nephrology (< 1%
of Swedish dialysis population) [50].

In contrast, in many other European countries, no
effective legislative measurements were taken. In Bel-
gium, Germany and Switzerland, the pharmaceutical
industry spontaneously removed phenacetin from their
products. Phenacetin was replaced by another analge-
sic substance such as pyrazolone maintaining a high
volume of analgesic mixtures still containing two or
more analgesic substances. In Belgium, the Ministry
of Health decided in 1988 that when obtaining analge-
sic mixtures in the pharmacy users had to sign a re-

quest and received an information sheet warning for
possible renal consequences of extensive analgesic con-
sumption. This resulted obviously in a fall of the sale/
consumption of analgesic mixtures. Although these
measures were only effective during one year, their
indirect effect was more important. After 1988, several
pharmaceutical companies modified their analgesic
products, resulting in a reduction of the mixtures from
two analgesic components to one analgesic plus caf-
feine and/or codeine.

Analgesic nephropathy gained recognition in recent
years in several Central and Eastern European coun-
tries. Abuse of analgesic mixtures is also reported in
several third world countries without any knowledge
about the extent of the problem of analgesic nephropa-
thy. Moreover, in many countries there are no legisla-
tive limitations to introduce analgesic mixtures con-
taining two analgesic substances combined with caf-
feine/codeine onto the market.

In view of prevention, it would be advisable to ob-
tain legislative measures worldwide in order to limit
the over-the-counter availability of all analgesics con-
taining two analgesic components plus caffeine/co-
deine. This is formally asked in Europe [49] as well as
in the United States [7] by a large group of investiga-
tors active in the field.

5-Aminosalicylic acid (5-ASA)

Epidemiological observations

Case reports
The association between the use of 5-ASA and the

development of chronic tubulointerstitial nephritis in
patients with inflammatory bowel disease (IBD) gained
recognition in recent years by the publication of sev-
eral case reports [26, 28, 87-94] (Figure 4). Reported
cases are summarized in Table 2. The disease was more
prevalent in males with a male/female ratio of 16:3.
The age of reported cases ranged from 14 to 45 years.
In contrast with analgesic nephropathy where renal
lesions were only observed after several years of anal-
gesic abuse, interstitial nephritis associated to 5-ASA
was already observed during the first year of treatment
in 8 out of 19 reported cases. Most cases started 5-ASA
therapy with a documented normal renal function.
Complete recovery upon arrest of the drug however,
was only observed in 6 out of 19 published cases and
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A B C

D

Figure 3. Renal imaging criteria of analgesic nephropathy as
observed in CT scan without contrast material, including a de-
creased renal size, bumpy contours, and papillary calcifications.
A. Normal kidney. B. Moderate renal failure (patient with Scr
2.3 mg/dl). C. End-stage renal failure. D. Post-mortem kidney of an analgesic nephropathy patient with moderate renal
failure. Irregular contours of the kidney, fibrotic-necrotic foci of papillae. RA= renal artery; RV= renal vein; SP= spine.

B C

A

Figure 4. Case report of nephrotoxic-
ity of 5-aminosalicylic acid (5-ASA) in
inflammatory bowel disease.
A. Evolution of renal failure.
B. First renal biopsy.
C. Second renal biopsy.
Note the important cellular infiltration
in both biopsies. Normal aspect of
glomeruli.
B-C: H&E staining, orig. magn. x350.

D
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dependent on the degree of renal damage at diagno-
sis.

Retrospective study
A retrospective study was performed aiming to ob-

tain more insight in the frequency of this disease [27].
Nephrologists of Belgium, France and the Netherlands
were asked to report all cases of inflammatory bowel
disease (IBD) showing signs of renal impairment asso-
ciated or not with 5-ASA therapy. Questionnaires were
completed and returned by 71 nephrologists. Among
them, 44 reported that they had no such cases. The re-
maining 27 nephrologists sent detailed information on
40 cases of IBD with renal failure. Among 40 reported
cases 26 used 5-ASA including 15 with biopsy proven
interstitial nephritis (Figure 4). It is worthwhile to no-
tice that on the one hand a few cases with chronic tu-
bulointerstitial nephritis never used 5-ASA and on the
other hand some cases with 5-ASA therapy showed
renal failure diagnosed as glomerulonephritis or amy-
loidosis.

Prospective studies
Until now, the risk ratio of 5-ASA associated renal

failure in patients with inflammatory bowel disease is
not known. It will be rather difficult to obtain more
insight in this risk. Drug usage in these patients is ir-
regular and acute episodes of inflammation result in
either increasing drug regimen and/or increasing num-
ber of drugs prescribed, including some with known
nephrotoxic potential. Furthermore, the kidney is an
extra-intestinal target of the disease as shown in Table
2.

In recent years several attempts were made to mea-
sure early signs of renal impairment in patients with
IBD treated with 5-ASA. Schreiber et al. [95] investi-
gated 223 IBD patients using sensitive markers of glom-
erular and tubular dysfunction. Patients receiving high
amounts of 5-ASA showed an increased prevalence of
tubular proteinuria. He concluded that the possibility
exists that high doses of 5-ASA may be associated with
proximal tubular proteinuria but that his study design
was not able to dissect the possible impact of chronic
inflammation on the development of renal impairment.
In contrast, K.R. Herlinger et al. [96] performed an in-
vestigation on 95 IBD patients carefully assessing dis-
ease activity. He concluded that tubular proteinuria
occurred in the majority of IBD patients and was re-

Table 2. Published case reports of interstitial nephritis in patients with inflammatory bowel disease using 5-ASA.

Reference Sex Age 5-ASA use du- Creatinine Clearance Follow-up upon arrest Recovery?
ration (months) onset therapy lowest level 5-ASA (months)

von Mühlendal [87] m 14 5 ? 31* 1 complete

Henning [88] m 31 42 normal 17 4 partial

Ruf-Ballauf [89] m 45 7 80* 33 12 complete

Mehta [90] m 29 5 normal 38 2 complete

Masson [91] m 26 18 normal 55* 3 complete

Thulavath [92] m 28 26 normal 45 3 no
m 24 36 121* 47 >12 no

Smilde [93] m 42 20 90 18 54 partial
f 37 5 51 25 ? complete
m 25 26 78 14 12 partial
m 30 5 116 54 36 no
m 34 8 73 13 5 no

World [94] m 31 42 ? 33 2 no
m 43 28 ? 25 12 no
m 24 22 ? 17 27 no
f 30 3 ? <10* 44 no

Stolear [28] m 24 23 104* 11* 27 partial

*:calculated creatinine clearance
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lated to disease activity rather than to 5-ASA treatment.
Recently, a European prospective study aiming to

register all IBD patients with renal impairment and to
control for a possible association with 5-ASA therapy
was performed [97]. During a one-year observation
period, gastroenterologists of Belgium, France, Italy,
Republic of Macedonia and Yugoslavia registered 1529
patients with IBD seen at their outpatient clinic. At the
start of the study a questionnaire was filled in focused
on medical and drug history. Additional data were
collected at baseline, after 6 months and after 12
months, including activity of IBD, actual medication
and results of the serum creatinine determination. Only
34 patients (2.2%) showed at least once a decreased
creatinine clearance. Consecutive decreased creatinine
clearances were observed in 13 patients (0.9%). Dehy-
dration due to low body mass combined with active
IBD was the main reason for an intermittent decrease
in renal function in most of these patients. Particularly,
the observation of 5-ASA therapy in 5 patients with
renal impairment of unknown origin is suggestive for
a possible etiological role of 5-ASA. Comparing patients
with and without renal impairment, the presence of a
stoma revealed the highest increased risk.

The number of renal impairment cases observed in
this prospective study is highly comparable with the
estimations made by World et al. 5 years ago. They
stated that the available evidence suggested that renal
impairment of any severity may occur in up to one in
100 patients, but clinically significant interstitial nephri-
tis occurs in less than one in 500 patients [26].

Pathophysiology

This particular form of chronic tubulo-interstitial
nephritis is characterized by an important cellular in-
filtration of the interstitium with macrophages, T-cells
but also B-cells. Furthermore, after arrest of the drug,
there is improvement of the renal function in some
cases [26, 93]. In those in which there is a delayed di-
agnosis of renal damage, recovery of renal function
does not occur. Instead, several of those patients needed
one or another form of renal replacement therapy. An
important aspect of this type of toxic nephropathy is
the documented persistence of the inflammation of the
renal interstitium even several months after arrest of
drug intake [28].

The molecular structure of 5-ASA is very close of

that of salicylic acid, phenacetin and aminophenol,
drugs with a well-documented nephrotoxic potential
(Figure 5). In rats, it is demonstrated that after a single
intravenous injection of 5-ASA, at doses of 1.4, 2.8, 5.7
mM per kg body weight (high pharmacological doses),
necrosis of the proximal convoluted tubules and pap-
illary necrosis developed [98].

The mechanism of renal damage caused by 5-ASA
may be analogue to that of salicylates by inducing hy-
poxia of renal tissues either by uncoupling oxidative
phosphorylation in renal mitochondria, by inhibiting
the synthesis of renal prostaglandins, or by rendering
the kidney susceptible to oxidative damage by a re-
ducing renal glutathione concentration after inhibition
of the pentose phosphate shunt.

5-ASA is taken up by the gastrointestinal tract, par-
ticularly in the acetylated form and eliminated as such
in the urine. The colon is the predilected place for this
acetylation since in the small bowel there is a lack of
the responsible bacterial flora. Hence, there is a lim-
ited readily absorption of 5-ASA as such in the small
bowel. How far this may form a rationale for a pos-
sible difference in nephrotoxicity for the different
preparations remains to be determined. Indeed, experi-
mental evidence has shown that free 5-ASA is more
nephrotoxic than the acetylated form [99, 100].

Clinical aspects

A typical case report is shown in Figure 4 (p. 271).
An association between the use of 5-ASA in patients

with chronic inflammatory bowel disease and the de-
velopment of a particular type of chronic tubulo-
interstitial nephritis is difficult to interpret since renal
involvement in chronic inflammatory bowel disease

Figure 5. Molecular structure of 5-aminosalicylic acid,
salicylic acid, phenacetin and p-aminophenol.
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may be an extra-intestinal manifestation of the under-
lying disease [101]. Extra-intestinal manifestations of
chronic inflammatory bowel disease are well recog-
nized. The most frequent renal complications are ox-
alate stones and their consequences such as pyelone-
phritis, hydronephrosis and on the long-term amyloi-
dosis [102, 103]. As for many drugs, reversible acute
interstitial nephritis has been described [90].

Glomerulonephritis may be associated with chronic
inflammatory bowel disease and has a heterogeneous
expression [104]. Minimal change glomerulonephritis,
membranous, membranoproliferative, focal glomeru-
losclerosis, and proliferative crescentic glomerulone-
phritis have been described and a summary of these
case reports is available in the paper of Wilcox et al.
[105]. In almost half of these cases, there was no rela-
tionship with drug intake such as sulphasalazine or 5-
ASA.

That 5-ASA seems to be implicated in the genera-
tion/development/maintenance of this particular re-
action at the level of the kidney however, is supported
by a large number of case reports appearing in recent
literature of patients with IBD using 5-ASA as the only
medication, the improvement at least partial of the im-
paired renal function arrest of the drug and a worsen-
ing after resuming 5-ASA use [87].

Prevention

The efficacy of 5-ASA as first-line treatment for IBD
is clearly documented and generally accepted [106,
107]. Preventive measures need to be taken into con-
sideration however, in order to avoid nephrotoxic ad-
verse effects. Although the incidence and risk ratio’s
of 5-ASA associated chronic tubulo-interstitial nephri-
tis are not well known, the link established by case re-
ports and the demonstration that recovery of renal
function was observed only in patients with limited
renal damage necessitates preventive measures [26].

Patients receiving 5-ASA should be screened regu-
larly in order to detect signs of renal impairment. It is
suggested that serum creatinine concentration should
be measured each month for the first 3 months of treat-
ment, three monthly for the remainder of the first year
and annually thereafter [26]. The use of concurrent im-
munosuppressive therapy may necessitate extension
to the period of intensive monitoring. Moreover, it is
shown that IBD patients with a stoma and patients with
extreme dehydration are more susceptible to develop
renal impairment (Table 3).

Table 3. Risk factors for renal impairment in inflamma-
tory bowel disease patients.

Risk ratio (95% CI)

Stoma 6.2 (1.8-20.9)

Male sex 3.1 (1.1-8.6)

Duration of IBD symptoms (weeks) 1.06 (1.01-1.12)
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Introduction

To assign a precise, reliable numerical frequency to
the renal functional disorders induced by non-ste-

roidal anti-inflammatory drugs (NSAID) is next to im-
possible. This is due, in part, to the heterogeneity of
the individuals who consume these agents and the
variability in social customs that strongly influence the
per capita ingestion of analgesic-anti-inflammatory
drugs. Nonetheless, in most unselected populations in
developed countries who seek care from their family
physicians, approximately 1-3% of persons ingesting
a NSAID will manifest one of a variety of renal func-
tional abnormalities typically requiring physician
intervention [1-5]. Although this percentage is rela-
tively low, the number of “at risk” individuals are very
high because of the current use profile of NSAIDs and
their availability either by prescription or as over-the-
counter medications. In view of the enormous number
of patients consuming these compounds, the frequency
with which patients expected to develop some variety
of renal functional abnormality is substantial

Over 30 billion tablets of non-steroidal anti-inflam-
matory drugs (NSAID) were dispensed in the United
States in 2000; approximately 16% represent prescrip-
tions for NSAIDs [1]. One in seven inhabitants of the
North American (~ 50 million) is likely to be treated
with an NSAID for a rheumatologic disorder in any
given year [3]. These compounds enjoy a remarkable
benefit/risk ratio when used in the treatment of acute
self-limited pain syndromes. Unfortunately, when
taken for prolonged periods of time, either by the eld-
erly or individuals with certain co-morbid conditions,
the frequency of adverse reactions rises dramatically.

The NSAID-induced abnormalities of renal func-
tion, in descending order of clinical frequency, are (i)
fluid and electrolyte disturbances; (ii) destabilization
of controlled hypertension (iii) decompensated conges-
tive heart failure; (iv) acute deterioration of renal func-
tion; (v) nephrotic syndrome with interstitial nephri-
tis; and (vi) chronic renal failure/papillary necrosis [1,
3-5, 7].

Most of the renal abnormalities that are clinically
encountered as a result of NSAIDs can be attributed to
the inhibitory action of these compounds upon pros-
taglandin production within the kidney. Hence, a brief
overview of the influence of prostaglandins on renal
function will be presented, followed by an analysis of

the pathophysiologic mechanisms in the production
of renal disturbances, the clinical manifestations of
these abnormalities, the patient risk factors involved
and the preventive approaches to NSAID related re-
nal syndromes.

Prostaglandins and renal function

The prostaglandin pathway

Renal prostaglandins serve a critical role in regu-
lating both glomerular hemodynamics and tubular
function [8,9]. For this process to occur, an intact arachi-
donic acid cascade is crucial. Prostaglandins are de-
rived from deacylated arachidonic acid derived from
cell membranes (Figure 1). The cellular release of
arachidonic acid is controlled by a variety of vasoac-
tive hormones including: norepinephrine, angiotensin,
bradykinin and vasopressin [10, 11]. Once released,
cyclooxygenase [COX-1 and -2] facilitates the addition
of molecular oxygen to arachidonic acid creating en-
doperoxide PGG2. The key role that COX’s occupies in
the cascade revolves around the regulation of the rate
and amount of prostaglandin precursors that is con-
verted to prostacyclin, prostaglandin and thrombox-
ane (Figure 1).

Prostaglandins are ubiquitous substances that in-
fluence renal function along with the function of other
body systems [8, 9, 11]. Prostaglandins are local hor-
mones or ‘autocoids’ because they act in a paracrine or
autocrine fashion. Biologic activity is characteristically
limited to their site of production and interaction with
the associated prostanoid receptors (Figure 1), the lat-
ter being responsible for activating the cellular response
mechanisms. Because of the short circulatory half-life
of prostaglandins, they are without significant systemic
effect. In addition, prostaglandins are not stored in tis-
sue but, rather, are synthesized on demand.

Arachidonic acid can also be metabolized to a vari-
ety of mediators, depending on the cell type. For ex-
ample, lipoxygenase catalyzes the production of
leukotrienes, and mixed-function oxygenases catalyze
the production of epoxyeicosatrienoic acids. Collec-
tively, these oxygenated metabolites may play a criti-
cal role in NSAID-induced nephrotic syndrome by
shunting arachidonic acid metabolism from prostag-
landins to lipoxygenase products, a shift that favors
production of eicosanoid, an endogenous product that
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increase capillary permeability [12]. Prostaglandins act
as autocoids at either cortical and medullary sites of
renal production [13]. Prostaglandins produced in the
renal cortex modulate vascular resistance [RVR] and
renin secretion, while those produced in the medulla
have a major influence on salt and water balance. The
major prostaglandins with renal action include: PGE2,
PGI2 and TxA2. PGE2, produced in the greatest
amounts, is found in both tubular and interstitial cells.
Prostaglandins undergo rapid local metabolized to in-
active products by a 15-prostaglandin dehydrogenase
[10].

Renal prostanoid receptors

Four EP receptor sub-types have been identified
(table 1) [14]. Since prostaglandins are autocoids with
a short half-life, interaction with specific EP receptors
within the nephron activates the biologic effect of PGE2.
Three of the four E-prostanoid receptors, EP2, EP3, and

EP4, exert their biologic effect by the coupling of G
proteins to cAMP, whereas, EP1 receptor action is
coupled by increasing intracellular calcium. The exist-
ence of EP2 receptor in the kidney remains to be con-
firmed. Breyer et al. [14] has recently reviewed the dis-
tribution of the EP receptors known to exist in the kid-
ney. EP4, IP, and possible EP2 are located in the glom-

Figure 1. Arachidonic acid is cleaved from membrane phospholipids by the action of phospholipase A2. The liberated
arachidonic acid is then acted upon by prostaglandin G/H synthase to produce the unstable intermediate PGH2. PGH2 is
converted to the multiple prostanoids shown by tissue specific isomerases. The resulting prostanoids then activate cell-
membrane receptor which couple G proteins leading to the terminal effect designated in each of the boxes (with permis-
sion from [11]).

Tissue-specific isomerases

Arachidonic acid

Phospholipase A2

Membrane phospholipids
Diverse physical,
chemical, inflammatory
and mitogenic stimuli

Prostaglandin G/H synthase 1
(cyclooxygenase-1)

Prostaglandin G/H synthase 2
(cyclooxygenase-2)

Prostaglandin G2 Prostaglandin G2

Prostaglandin H2 Prostaglandin H2

COX

HOX

Prostacyclin Thromoboxane A2 Prostaglandin D2 Prostaglandin E2 Prostaglandin F2�

IP TP , TP� � FP , FP� �DP , DP1 2 EP , EP1 2, EP , EP3 4

Endothelium,
kidney,

platelets, brain

Platelets,
vascular smooth-

muscle cells,
macrophages,

kidney

Mast cells,
brain,

airways

Brain, kidney,
vascular smooth-

muscle cells,
platelets

Uterus, airways,
vascular smooth-

muscle cells,
eye

Prostanoids:

Receptors:

Table 1. E-prostanoid (EP) receptor characteristics.

E-receptor Function Signal mRNA

EP1 Contracts IP3/DAG/PKC CD/musc.
Mucosa

EP2 Relaxes ↑ cAMP Utreus
Arteries

EP3 Contracts ↓ cAMP CD/cTal
Stomach

EP4 Dilates ↑ cAMP Kidney
Bladder

Adapted from Breyer et al. [14]
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erular area. IP and EP4 probably mediate afferent ar-
teriolar dilatation, while EP4 is involved with renin
release. EP3 in the mTAL is thought to modify intense
active Cl transport and reduce NaCl reabsorption. EP1,
EP3, EP4 coexist in the both the cortical collecting duct
(CCD) and medullary collecting duct (MCD). EP3 in-
hibits basolateral water reabsorption, while EP1 inhib-
its basolateral Na reabsorption. EP4, which is located
at both the luminal and basolateral cell surfaces, stimu-
lates water reabsorption. The relative expression of
each of the receptors at the various intrarenal sites will
determine the extent of the biologic modulation in-
duced by local prostaglandin production.

Cyclooxygenase isoforms

Factors regulating isoform expression

Two isoforms of human cyclooxygenase (COX-1
and -2), possessing similar molecular weights (70-kDa)
have been cloned, sequenced, and identified as being
expressed in various human cells and tissues but pos-
sessing different mechanisms of regulation [9, 15].
COX-1 has been referred to as a constitutive enzyme,
responsible for maintenance of normal cellular pro-
cesses such as platelet function, protection of the gas-
trointestinal mucosa, and renal function under condi-
tions of hemodynamic stress or decreased renal perfu-
sion [16]. COX-2 was initially thought to be solely an
inducible enzyme, activated to mediate the inflamma-
tory response and pain perception [17]. It is now rec-
ognized that COX-2 also plays a constitutive role within
the kidney [18, 19] although its specific functions have
yet to be fully characterized. Nonetheless, COX-2 ap-
pears to play an important role in regulating renal salt
and water homeostasis and renal hemodynamics and
is induced during the inflammatory response thus con-
tributing to the development of interstitial fibrosis [20-
22]. In general, inhibition of COX-2 probably accounts
for many of the desired therapeutic abilities of a NSAID
while inhibition of COX-1 explains many of the unde-
sirable gastrointestinal side effects of a NSAID.

The relative proportion of COX-1/COX-2 inhibition
exhibited by both non-selective and selective NSAID
has become an important clinical issue since the selec-
tive inhibition of the COX-2 isoforms offers the oppor-
tunity for a drug that possesses exclusive anti-arthritic
therapeutic benefit without the drawback of gastric and

renal side effects. Recently, FitzGerald and Patrono [11]
have summarized the in vitro COX-1/COX-2 IC-50 in-
hibitory actions of a variety of NSAIDs. While the
whole-blood assay for COX inhibitory action has im-
proved the predictability of a similar result in human
applications, the ultimate test remains the clinical trial.
In this regard several large efficacy and safety trials
have been conducted using the COX-2 inhibitors, cele-
coxib, rofecoxib and valdecoxib, and these are reviewed
in detail later in this chapter.

The results of whole-blood assays identify in-
domethacin as the most potent inhibitor of cyclooxy-
genase-1, being 60 times more potent against this
isoform than against cyclooxygenase-2 [23]. Aspirin
was 166 times more active against cyclooxygenase-1
than cyclooxygenase-2, but was less potent than in-
domethacin on each of the isoforms. Acetaminophen
was only a weak inhibitor of both isoforms. Some of
the NSAIDs were virtually equally potent in their ef-
fects upon cyclooxygenase-1 and cyclooxygenase-2
(ibuprofen and naproxen). Of the currently available
COX-2 inhibitors, rofecoxib and valdecoxib are the
most potent inhibitor of cyclooxygenase-2 and also
demonstrated the greatest selectivity for
cyclooxygenase-2 inhibition [23a].

Distribution within the kidney

Distribution of the COX-2 isoform in the adult hu-
man kidney is based upon in-situ hybridization and
immunolocation studies [14]. COX-2 has been detected
in both the macula densa and medullary interstitial cells
in patients with Bartter’s syndrome and Congestive
Heart Failure [24] as well as in elderly patients. COX-
1, in addition to being expressed in the glomerulus, is
constitutively expressed in both the cortical and med-
ullary collecting ducts [18, 19] (Figure 2). The exact role
of the duel expression of both COX isoforms in the med-
ullary collecting duct remains to be elucidated.

Mechanism of action of NSAIDs

All NSAIDs act by inhibiting COX and thereby pre-
venting prostaglandin synthesis [25]. The interaction
between aspirin and cyclooxygenase (acetylation) is
irreversible, whereas with other NSAIDs this binding
is reversible. Traditional NSAIDs are non-selective
blockers of both the COX-1 and COX-2 isoforms,
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whereas celecoxib, rofecoxib and valdecoxib are spe-
cific inhibitors of COX-2 [23a].

The kidney is a frequent target of adverse effects
from NSAIDs use [1-5, 12]. Much of this relates to the
pharmacological action of NSAIDs in the presence of a
stimulated endogenous prostaglandin system. NSAIDs
therapeutic action derives from the 70-95% inhibition
of the key regulatory enzyme COX. This inhibition has
a profound effect on renal function since it eliminates
the possible production of compensatory prostaglan-
dins. This is especially true for the hemodynamically
stressed individual where compensatory prostaglan-
din production acts to preserve renal function in the
face of a systemic reduction in blood flow. Renal blood
flow [RBF] is regulated by changes in RVR, which ulti-
mately is determined by the balance between the
amount of vasodilatory PGE2 and PGI2 and vasocon-
strictive vasopeptides, e.g. TxA2, angiotensin II, endot-
helin [4, 5]. Glomerular filtration rate (GFR) also re-
sponds to these prostaglandins, increasing with PGE2
and PGI2 and declining with TxA2. Because of the re-
duction in RVR, which follows vasodilatation, pros-
taglandins can directly influence renin secretion, with
PGI2, PGE2 increasing it, and TxA2 either without ef-
fect or decreasing it. Medullary salt and water regula-
tion are strongly influenced by PGE2, which has both
a natriuretic and diuretic action, while PGI2 action is
limited to natriuresis [26].

Renal prostaglandin production is minimal during
non-stress conditions, and thus do not play a signifi-

cant role in the maintenance of renal function under
normal conditions. However, their production and re-
lease are substantially increased during hemodynamic
instability being called forth to preserve both glom-
erular perfusion and tubular function [1]. A reduction
in effective blood volume initiates secretion of the vari-
ous vasoconstrictive peptides, which can initiate arachi-
donic acid release from the membrane (Figure 1). If,
during such a stimulated state, NSAIDs are adminis-
tered a marked reduction in production of vasodilatory
prostaglandins PGE2 and PGI2 will result in a predict-
able imbalance causing a decreased renal perfusion and
an increased tubular sodium reabsorption. Interrup-
tion of PG’s production by NSAIDs is manifested by a
variety of renal syndromes [1-5, 27, 28].

Renal syndromes associated with NSAIDs

Several renal syndromes can complicate NSAID use
[1-5, 27, 28]. Generally, individuals who have normal
renal function and are properly hydrated, are not at
risk for developing adverse renal effects [1]. NSAID-
induced deterioration in renal function depends on the
specific drug, the dose and duration of pharmacologic
effect and the state of health of the recipient [29]. Pa-
tients who have prostaglandin-dependent states asso-
ciated with co-morbid diseases, such as high renin
states or chronic renal insufficiency, are especially sus-
ceptible to NSAID-induced renal toxicities. Renal pros-
taglandins, by initiating counterregulatory vasodila-

COX-1 COX-2

Renal medulla Glomerulus Vasa recta

Figure 2. Localization of COX-1 and COX-2 immunoreactive protein in adult and fetal human kidney (reproduced with
permission from [18].
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tion, are crucial in maintaining perfusion in 1) indi-
viduals with parenchymal renal disease and renal im-
pairment, and 2) when circulating volume is decreased,
such as in dehydrated patients or in individuals with
a decrease in their “effective” circulating volume such
as CHF or significant liver disease associated with as-
cites [1, 27]. The renal syndromes associated with
NSAIDs can be predicted based upon inhibition of
COX, which modifies the compensatory actions of
prostaglandins. These modifications lead to a fall in
both RBF and GFR with concomitant abnormal water
and electrolyte excretion [28]. In addition, nephrotic
syndrome, papillary necrosis and chronic tubulo-in-
terstitial disease can complicate NSAIDs use [2]. These
syndromes are summarized on Table 2.

Acute deterioration of renal function

NSAID-induced acute renal deterioration occurs in
the setting of severe vasoconstrictive renal ischemia
and can be attributed to interruption of the delicate
balance between hormonally mediated pressor mecha-
nisms and prostaglandin-associated vasodilatory ef-
fects (Figure 3). During NSAID inhibition of renal pros-

taglandin synthesis, unopposed vasoconstriction oc-
curs by eliminating crucial counter-regulatory vasodi-
lation [4, 5]. Similar to traditional NSAIDs, both
celecoxib, rofecoxib and valdecoxib have been shown
to reduce renal prostaglandin synthesis [22, 31, 32, 32a].
High-risk individuals (Table 3) can develop ARF within
days of starting traditional NSAID therapy. Fortu-
nately, the incidence of such an event is low, ranging
from 0.5% to 1.0% of patients [27].

There is an apparent association between the rela-
tively rapid onset of ARF and ingestion of NSAIDs with
short half-lives (e.g. ibuprofen) [33]. In a crossover
study, involving 11 days of active treatment, renal dec-
ompensation appeared within a few days of initiation
of ibuprofen therapy, whereas no evidence of ARF was
reported from NSAIDs with prolonged half-lives (e.g.
sulindac and piroxicam) [33]. Although NSAIDs do not
reduce glomerular filtration in normal individuals [34,
35], they are capable of induce acute renal decompen-
sation in “at risk” patients with various renal and ex-
trarenal clinical conditions that cause a decrease in
blood perfusion to the kidney (Table 3). Renal pros-
taglandins play an important role in the maintenance
of homeostasis in these patients, so disruption of

Table 2. Effects of NSAIDs on the kidney (adapted from Whelton [30]).

Syndrome

Sodium retention
and edema

Hyperkalemia

Acute renal
failure

Proteinuria/
Interstitial
nephritis*

Renal papillary
necrosis*

Mechanism

↓ PG, ↓ RBF, ↓ GFR,
↑ chloride absorption

↓ PG, ↓ RAA axis activity,
↓ K+ delivery to renal tubule

↓ PG, ↓ RBF, ↓ GFR
Hemodynamic disruption

↑ recruitment and activation of
lymphocytes, likely through leuko-
triene formation, affecting glomeru-
lar and peritubular permeability

Direct toxicity
↓ PG

Risk factors

NSAID use, hepatic disease, renal
disease, HTN, DM, diuretic use,
circulatory compromise, dehydra-
tion, advanced age

Renal disease, CHF, type 2 DM,
multiple myeloma, use of K+
supplements, K+ sparing diuretics,
ACE inhibitors

CHF, renal disease, hepatic disease,
diuretic use, advanced age, dehy-
dration, SLE, shock, sepsis, hyper-
reninemia, hyperaldosteronemia

Fenoprofen use, possibly female
gender, advanced age

Massive NSAID ingestion
Dehydration

Treatment

Discontinue NSAID

Discontinue NSAID,
avoid indomethacin in
patients at risk

Discontinue NSAID,
support with dialysis
and steroids, if needed

Discontinue NSAID,
support with dialysis
and steroids, if needed

Discontinue NSAID
Rehydrate

Abbreviations: NSAID = nonsteroidal anti-inflammatory drugs, PG = prostaglandin, RBF = renal blood flow, GFR = glomerular filtration rate, HTN =
hypertension, DM = diabetes mellitus, K+ = potassium, RAA = renin-angiotensin- aldosterone, CHF = congestive heart failure, ACE = angiotensin-
converting enzyme, SLE = systemic lupus erythematosis.

*: distinctly unusual
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that equaled the risk associated with other known
nephrotoxins, e.g. aminoglycosides, contrast media.
The risk of ARF was especially high during the first
month of NSAID therapy and a direct dose relation-
ship was observed. While the incidence of ARF is low
as compared to other clinical settings, the outcome is
serious since nearly half the patients died.

Evans et al. [37] conducted a case-control study in-
volving a population base of 420,600 individuals
searching for any relationship between ARF and
NSAID ingestions. ARF was confirmed by analysis of
individual hospital charts. These authors found that
the risk of ARF was doubled for patients who ingested
NSAIDs within 90 days of hospitalization for ARF and
also for patients taking therapeutic doses of Aspirin.
Interestingly, they could not identify any interaction
between NSAID use in patients with chronic renal fail-
ure and subsequent hospitalization for ARF.

Griffin et al. [38] reported a nested, case-control
study involving 1799 ARF cases compared to 9899 con-
trols. Chart survey was used to confirm both the diag-
nosis of ARF and the use of NSAIDs. 18.1% of the ARF
patients were NSAID-users compared to only 11.3%
of the controls (OR 1.58; 1.34-1.86). They estimated that
NSAID-use was associated with 25 excess hospitaliza-
tions/10,000 years of use. The NSAIDs with odds ra-
tio that were significantly correlated with ARF included
ibuprofen, piroxicam, fenoprofen, and indomethacin.
Based on these finding and the results of three other
case-control studies, they concluded that the odds ra-
tio significantly favored a direct relationship between
NSAID ingestion and ARF, especially in the elderly.

To summarize, the risk characteristics, based upon
these epidemiological studies include: 1) Patients tak-
ing NSAIDs develop ARF 2 to 4 times more frequently
than non-users; 2) ARF is more common within the

Table 3. “At risk” patients for NSAID-induced acute
renal failure.

Severe heart disease (congestive heart failure)

Severe liver disease (cirrhosis)

Nephrotic syndrome (low oncotic pressure)

Chronic renal disease

Elderly population (age 80 or >)

Dehydration (protracted - several days)

Figure 3. Mechanism by which NSAIDs disrupt the
compensatory vasodilation response of renal prostaglan-
dins to vasoconstrictor hormones in patients with
prerenal conditions.

Compensatory vasodilation induced by
renal prostaglandin synthesis

Inhibition
by NSAID

� Renin-angiotensin axis

� Angiotensin II

� Adrenergic nervous system

� Catecholamines

Renal vasoconstriction

� Renal function

"Normalized" renal function

At-risk patients for NSAID-induced acute renal failure

counter-regulatory mechanisms can produce clinically
important and even severe deterioration in renal func-
tion [4, 5]. Typically, the addition of a NSAID increases
the risk of hemodynamically mediated ischemic dam-
age to the kidney by removing the protective effects of
vasodilatory prostaglandins and allowing unopposed
vasoconstriction. In the hemodynamically stressed
patient a reduction in effective arterial blood volume
initiates a neuroendocrine cascade, which has both re-
nal and extrarenal consequences that require intact
prostaglandin production [7].

Fortunately, the ARF usually reverses once the
NSAID is stopped but in the high risk patient, can oc-
cur with any COX inhibitor.

Epidemiology and Incidence
Recently, Perez Gutthann et al. [36] evaluated the

incidence of NSAID-induced ARF from a population-
based, case control study using data from Canada. Over
200,000 health plan members were included because
they had filled at least 1 prescription for NSAIDs dur-
ing the 5-year interval. The crude incidence for ARF
requiring hospitalization was 1.7/100,000 persons.
Current NSAID use increased risk of ARF 4 fold, a risk
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first month of starting NSAIDs; 3) Elderly patients and
patients taking ibuprofen, piroxicam, fenoprofen, and
indomethacin are at greater risk of developing ARF.
However, these case control studies have methodologi-
cal limitations. Limitations include: confounding by
indication for the drug use, the bias introduced by dif-
ficulty in establishing the time-order of exposure, and,
in some cases, the bias introduced by recall. The fail-
ure of Evans and co-workers [37] to demonstrate an
increased risk of NSAID-induced ARF in patients with
pre-existing renal impairment should prompt a more
focused study of this selected risk category.

Clinical features of NSAID-induced acute renal failure
At onset, NSAID-induced renal impairment is of

moderate severity and is characterized by increasing
blood urea nitrogen, serum creatinine, serum potas-
sium, and weight with variable decrease in urinary
output. With early detection and drug discontinuation,
this form of NSAID-induced acute renal failure is usu-
ally reversible over 2-7 days. Indomethacin-induced
acute renal failure may take longer to reverse follow-
ing drug discontinuation, but reversal is the rule [33].
If NSAID-induced renal failure is not recognized early,
severe morbid consequences occur. Continued NSAID
therapy in the setting of deteriorating renal function
may advance rapidly to the point wherein dialysis sup-
port is needed [39]. While this profound level of renal
failure is often designated as “acute tubular necrosis”,
it often is only the extreme end of the spectrum of a
hemodynamic insult and probably does not deserve
identification as a separate clinical entity. Fortunately,
even this profound level of renal functional impairment
will nonetheless recover several days to weeks after
discontinuation of the NSAID.

A possible relationship between the parenteral ad-
ministration of the NSAID, ketorolac, and ARF has
been evaluated in a multi-center study by Feldman et
al. [40]. These authors found no difference in the fre-
quency of ARF for patients receiving either ketorolac
or morphine sulfate during the first 5 post-operative
days; however, a significant, preferential increase in
ARF frequency occurred when ketorolac treatment was
extended beyond 5 days.

Clinical risk factors for acute renal failure
A tabulation of patients at risk for NSAID induced

ARF is presented on Table 3. Thus, conditions associ-

ated with reduced RBF, e.g. CHF, cirrhosis, shock, and
volume contraction, triggers pressor responses via adr-
energic and renin-angiotensin pathways that is referred
to as the neuro-endocrine cascade. The risk of NSAID-
induced acute renal deterioration is greatest in patients
with liver disease, pre-existing renal impairment in-
cluding the nephrotic syndrome, cardiac failure, vol-
ume contraction due to protracted intercurrent dehy-
dration or diuretic therapy, and old age. For example,
NSAID-induced renal decompensation has been well
documented in patients with cirrhosis, particularly
when ascites is present [10]. This sensitivity can be
traced to increased urinary excretion of prostaglandin
E2, prostacyclin metabolites, and thromboxane A2 in
these patients [41, 42]. An analogous prostaglandin
dependent renal function exists in patients with un-
derlying congestive heart failure [43], nephrotic syn-
drome [44, 45], or lupus nephritis [46, 47]. A drug-drug
interaction to be aware of is that combining NSAIDs
with triameterene which significantly increases the risk
of ARF [48].

Patients with chronic renal impairment because of
diminished renal prostaglandin production may also
be at increased risk of NSAID-induced renal failure.
NSAID-induced acute renal failure has been docu-
mented in patients with asymptomatic, but mild
chronic renal failure, defined as a recruitment serum
creatinine between 133 µmol/L and 265 µmol/L (1.5
and 3.0 mg/dl) [49]. Baseline excretion of urinary pros-
taglandin E2 and 6-keto-prostaglandin F1α was quan-
titatively lower in the individuals who developed
NSAID-induced renal decompensation than in those
who did not. Upon initiation of ibuprofen, urinary pros-
taglandin excretion fell in all patients, but trough con-
centrations were quantitatively lower in the subset of
patients who experienced acute renal failure.

Volume contraction due to diuretic therapy or an
intercurrent disease represents another important risk
factor for the development of NSAID-induced acute
deterioration of renal function [1, 3, 37]. Elderly pa-
tients are also at increased risk. It is estimated that, in
the absence of other disease entities, the age of 80 years
or greater is an independent risk factor since 50% of
the population at age 80 have a 50% loss of glomerular
function primarily as a result of the progression of
arteriolonephrosclerosis [50].

To summarize patient a risk of NSAID-induced
ARF. Frequency will be greater in patient populations
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with restricted renal blood flow, e.g. CHF, cirrhosis,
nephrotic syndrome, shock. However, for absolute
numbers, the elderly are probably most at risk since
they are the primary group who take NSAIDs for re-
lieve rheumatic complaints [3].

Hyperkalemia/Hyporenin-Hypoaldosteronism
sydrome

Hyperkalemia is an unusual complication of
NSAID ingestion, presumably because of the multiplic-
ity of factors that are capable of maintaining potassium
homeostasis, even in the absence of prostaglandins.
However, NSAID-induced hyperkalemia can occurs in
up to 46% of high-risk individuals, but is reversible
upon cessation of therapy [51] Patients at risk to de-
velop hyperkalemia include those with: pre-existing
renal impairment [52, 53], cardiac failure [54], diabe-
tes [54], multiple myeloma [55], concomitant potassium
supplementation [56], potassium-sparing diuretic
therapy [57] or taking an angiotensin converting en-
zyme inhibitor [27]. The interaction of NSAIDs with
ACE inhibitors is an important and common form of
drug-drug interaction. In particular, this interaction
must be recognized when an arthritic patient, who is
receiving long term NSAID treatment, develops hy-
pertension that requiring drug therapy. If, in addition,
the patient has mild renal impairment, our experience
suggests that a baseline serum creatinine value of 180
µmol/L or greater (2.0 mg/dl or >) at least doubles
their risk for NSAID related acute deterioration of re-
nal function. In this clinical situation the angiotensin
converting enzyme (ACE) inhibitor-NSAID drug com-
bination should be avoided because of the potential
for the development of both hyperkalemia and acute
renal failure [27, 49]. The general interaction of NSAIDs
with antihypertensive drugs will be addressed later in
this chapter.

Indomethacin appears to be the NSAID most fre-
quently associated with the development of hyperka-
lemia, including patients without apparent risk factors
[58]. In addition to the known effects of NSAIDs on
potassium delivery to the distal tubule and their inhi-
bition of the renin-angiotensin and aldosterone path-
ways, indomethacin may have a direct effect to limit
cellular uptake of potassium [59].

As noted above, hyperkalemia often complicates
the NSAID-induced acute renal deterioration. How-
ever, the severity of hyperkalemia can be dispropor-

tionate to the degree of renal impairment. Tan et al.
[60] have reported a patient who had a serum potas-
sium of 6.2 mEq/L in spite of only mildly abnormal
renal function. In this patient, plasma renin and aldos-
terone levels were suppressed and failed to respond
to furosemide or postural changes. Urinary prostaglan-
din E2 was also suppressed. Discontinuation of in-
domethacin resulted in normalization of potassium,
prostaglandin E2, and a rebound of renin and aldos-
terone.

The COX-2 inhibitor, Celecoxib, appears to have
little effect on serum potassium, even in patients re-
ceiving diuretic therapy [61-63] and similarly, there
does not appear to be any significant effect of rofecoxib
on serum potassium [64].

In conclusion, hyperkalemia associated with the use
of traditional NSAIDs or the coxibs becomes a clinical
risk in individuals with significantly decreased renal
function and/or in those with the combination of de-
creased renal function and use of an ACE inhibitor.

Pharmacodynamic and pharmacokinetic relationships
in NSAID-induced acute renal failure

NSAID-induced acute renal decompensation is a
pharmacologically predictable phenomenon that pos-
sesses a dose-dependent component. In a triple-cross-
over study of 12 females with mild renal failure,
ibuprofen (800 mg three times daily) was discontin-
ued in 3 patients after 8 days because of worsening
renal function (≥ 133 µmol/L - ≥ 1.5 mg/dl increase in
serum creatinine) or hyperkalemia (potassium ≥ 6
mmol/ml). When these 3 patients were rechallenged
at a 50% lower dose of ibuprofen, two developed evi-
dence of acute renal deterioration [49].

An additional important finding from this study
was the time of onset of acute renal decompensation.
Ibuprofen-induced renal failure occurred rapidly
(within 8 days), but piroxicam and sulindac were not
associated with any deterioration of renal function
during the 11-day treatment period [43]. A pharmaco-
kinetic analysis of the drugs used in these patients sug-
gested the following: Ibuprofen, which has a short
elimination half-life, reached maximum serum concen-
trations quickly; in contrast, piroxicam and sulindac
have longer half-lives and continued to accumulate
throughout the treatment period. These findings are
consistent with basic pharmacologic principles and
suggest that NSAIDs having short elimination half-
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lives will reach steady-state and exert maximum phar-
macologic effects before this occurs with NSAIDs hav-
ing longer half-lives.

Salt and water retention

Electrolyte abnormalities
NSAID, by inhibiting both cortical and medullary

prostaglandin production, cause a variety of electro-
lyte abnormalities include sodium, potassium and wa-
ter retention [28, 65, 66]. While sodium retention is usu-
ally transient with escape after several days, occasion-
ally a patient will develop significant edema [67]. Wa-
ter retention secondary to NSAIDs is manifest as hy-
ponatremia [68] and occurs when the basal prostag-
landin antagonism of antidiuretic hormone is removed,
allowing unmodified water reabsorption in the collect-
ing duct of the kidney. When this action is coupled
with the NSAID-induced enhanced sodium chloride
reabsorption in the thick ascending limb of Henle, free
water clearance is virtually eliminated causing even
more profound hyponatremia.

Edema Formation
Edema due to NSAIDs induced sodium and fluid

retention usually occurs in susceptible individuals
within the first week of therapy. Furthermore, these
effects are reversible when the drug is discontinued.
Clinically evident peripheral edema occurs in up to 5%
of patients [27], likely as a result of decreased renal
blood flow, possible redistribution of intrarenal blood
flow, and increased reabsorption of sodium chloride
in the thick ascending loop of Henle. In elderly patients
this increased sodium chloride reabsorption coupled
with increased water reabsorption is more likely to re-
sult in the edema.

Diuretics and NSAIDs
The renal saluretic response to loop diuretics is par-

tially dependent on intact intrarenal prostaglandin pro-
duction in the thick ascending loop of Henle. The de-
crease in the response to loop diuretics is mediated both
by removing the inhibition of sodium chloride reab-
sorption and an increase in renal medullary blood flow
causing a reduction in renal concentrating capacity. The
net result is that the concurrent use of a NSAID may
blunt the diuresis induced by loop diuretics.

For the practicing physician, this interaction is not

of major clinical importance since either increasing the
diuretic dose or, if possible, discontinuation of the
NSAID will permit reinstitution of the desired diuretic
response. In patients who are well controlled on a stable
regimen of chronic loop diuretics use, the intercurrent
need for long term use of an NSAID will typically lead
to increasing the dosage of the loop agent, or the addi-
tion of a diuretic that acts in the distal nephron.

Thiazide diuretics do not stimulate or require pros-
taglandins to produce their desired effect and they do
not directly interact with NSAIDs. The magnitude of
increased risk of NSAID-induced ARF with concomi-
tant triamterene can not be estimated based on spo-
radic case reports [48].

Antihypertensive drugs and NSAIDs
Three recent reports have provided insight regard-

ing the interaction between antihypertensive therapy
and NSAIDs. The first is a case control study by
Gurwitz et al. [69] involving 9411 medicare patients
and examined the frequency with which antihyperten-
sive therapy was required following initiation of
NSAID therapy. Based on odds ratio, NSAID users
were nearly 70% more likely to require antihyperten-
sive drugs and this requirement correlated with the
NSAID dose. The need for antihypertensive treatment
was evident within the first 3 months of NSAID ad-
ministration. The other two study of interest are both
meta-analysis of NSAIDs effect on blood pressure. Pope
et al. [70] included 54 short-term studies encompass-
ing 1324 patients, 92% being hypertensive. The adverse
influence of NSAIDs on blood pressure (3.5 mm Hg –
6.2 mm Hg increase) was limited to hypertensive pa-
tient taking indomethacin, naproxen or piroxicam.
These authors could not eliminate the confounding
effect of dietary sodium. The meta-analysis reported
by Johnson et al. [71] included 50 clinical trials encom-
passing 771 patients only 80% of who were hyperten-
sive. NSAID administration resulted in a mean increase
in blood pressure of 5 mmHg in the hypertensive pa-
tients, but no significant increase in the normotensive
patients. While NSAIDs antagonized the antihyperten-
sive action of β-blockers =ace-inhibitors > vasodilators
> diuretics = calcium channel blockers, significant al-
teration of body weight, daily urinary sodium excre-
tion, creatinine clearance, plasma renin activity, or the
urinary excretion of either PGE2 or 6-keto-PGF1α were
absent. Thus, in hypertensive patients, especially the
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elderly, NSAIDs will interfere with antihypertensive
treatment especially if β-blockers, ACE inhibitors or
angiotensin receptor blockers [71a] are the principle
drugs used. The interaction between NSAIDs and an-
tihypertensive medications is likely due to the fact that
certain antihypertensive medications exert a substan-
tial part of their therapeutic effect via prostaglandin-
mediated mechanisms [72]. Calcium channel blockers
are not dependent on the prostaglandin pathway [73],
however, β-blockers, vasodilators, and ACE inhibitors
seem to be particularly affected by NSAID therapy [4].
The lack of an interaction between chronic NSAID-
treatment and the anti-hypertensive action of CCB’s
has been confirmed by a large prospective study [73a].

Proposed mechanism of blood pressure
destabilization

Prostaglandins, in concert with nitric oxide, act as
a renal vasodilator-natriuretic system [74] whose ac-
tion is to offset the vasoconstrictive-sodium retaining
effects of the renin-angiotensin system. Because of these
interactions, significant destabilization of blood pres-
sure control can occur during systemic administration
of NSAIDs. PGE2 and PGI2 possess both prohyperten-
sive and antihypertensive actions on blood pressure
[72]. The prohypertensive actions involve increasing
renin release and raising cardiac output. The antihy-
pertensive action includes vasodilatation, reversing
vasopeptide-induced vasoconstriction and inducing a
negative sodium balance. Recent evidence has identi-
fied a decline in nitric oxide availability in both eld-
erly [75] and hypertensive patients [76]. In addition,
the plasma nitric oxide response to alterations in di-
etary sodium intake is distinctly abnormal in elderly
salt-sensitive hypertensive patients [77]. When these
observations are combined with the recent studies of
Perinotto et al. [78] which confirmed that endogenous
prostaglandin will counteract the renal actions of en-
dogenous angiotensin II in the face of NO inhibition, a
mechanistic explanation for NSAIDs-induced hyper-
tension can be formulated. The speculation involves
the following: The decline in NO production in eld-
erly, hypertensive patients puts additional requirement
on the endogenous renal PG to counteract the intrinsic
action of the RAS. When NSAIDs are given, the va-
sodilator-natriuretic action of PG is removed and thus
the RAS is unopposed leading to destabilization of BP
control.

The interaction between sodium intake, blood pres-
sure and NSAIDs has been studied by Mulkerrin et al.
[79]. These authors measured the change in blood pres-
sure and sodium excretion in five young normoten-
sive females and five elderly females to an intravenous
saline load before and after 1800 mg of ibuprofen was
given for 3 days. Saline loading induced a consistent
25mmHg rise in systolic pressure with or without
ibuprofen in the elderly patients, while ibuprofen alone
caused a 14mmHg rise from baseline in the elderly
patients before saline. The naturiesis associated with
saline loading in both groups was significantly blunted
in the elderly after treatment with ibuprofen. They con-
cluded that aging increases the susceptibility to salt
retention and hypertension from NSAIDs. This may
well be due to unmasking the diminished activity of
nitrous oxide synthetase, which characterizes elderly
patients who are salt sensitive.

Alam et al. [80] used chronic salt loading to exam-
ine the interaction between blood pressure, salt and
NSAIDs. Thirty-one healthy individuals, age 60 or
more, were enrolled in a randomized, placebo-con-
trolled, crossover study. Patients were stratified as to
normotensive or isolated systolic hypertension based
on their blood pressure response after 6 weeks of a
controlled 150 mEq/d sodium diet. Crossover involved
a two-week interval receiving either low sodium (90
mEq/d) diet or high sodium diet (240 mEq/d) diet and
placebo or indomethacin 75 mg/d. For all patients, high
salt diet was associated with a 6mmHg rise in systolic
pressure and 3 mmHg in diastolic pressure. Indometha-
cin administration increased systolic but not diastolic
pressure. High salt diet and indomethacin had an ad-
ditive effect on blood pressure, but failed to demon-
strate any interaction. Indomethacin significantly el-
evated the blood pressure in normotensive individu-
als but did not in patients classified as salt-sensitive.
They concluded that salt-sensitive patients with iso-
lated systolic hypertension were resistant to the pres-
sor effect of indomethacin but normotensive elderly
patients were not.

The duration and magnitude of salt loading be-
tween these two studies may account for the different
conclusion reached by each set of authors.

The concept of “renal sparing” NSAIDs

While all NSAIDs have the potential for inducing
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renal failure, there has been speculation of quantita-
tive differences among the individual NSAIDs.
Sulindac was thought to be renal sparing, possibly be-
cause of its unusual metabolic pathway [33, 81-83]. The
parent compound, sulindac sulphoxide, is an inactive
prodrug, which undergoes hepatic metabolism to
sulindac sulphide, the metabolite responsible for its
anti-inflammatory activity. Sulindac sulphoxide is also
metabolized to a much lesser extent to an inactive me-
tabolite, sulindac sulphone. It was hypothesized that,
within the human kidney, sulindac sulphide was re-
versibly oxidized to the inactive parent compound,
sulindac sulphoxide, with the result that renal prosta-
glandin production was not perturbed [33, 82].

In clinical studies, urinary prostaglandin levels and
renal effects were unchanged in patients with normal
renal function [33, 34] and patients with proteinuria
[83]. However, the duration of sulindac exposure in
these studies may not have been sufficient to allow the
full pharmacologic effect of sulindac. Also, NSAID-in-
duced changes may not have been detectable because
of the presence of only very mild renal impairment or
the absence of co-existing renal failure in this study
[84]. Longer courses of sulindac in patients with slightly
more severe renal impairment have been associated
with statistically significant reductions in urinary pros-
taglandins [49, 84] and GFR [85].

The ability of sulindac to inhibit prostaglandin syn-
thesis and impair renal function has been confirmed
in a different high-risk group, namely patients with
hepatic cirrhosis and ascites [86]. We have also identi-
fied the development of profound acute renal failure
in risk prone patients who received sulindac for sev-
eral days to weeks. Collectively, these studies suggest
caution in accepting any NSAID as being “renal spar-
ing”.

Nephrotic syndrome with interstitial nephritis

This rare complication of NSAID use may develop
at any time during treatment, but typically occurs
months to years after therapy has been initiated, and
generally resolves upon discontinuation of therapy [1,
87].

Fenoprofen, on a per capita use basis, has been as-
sociated with interstitial nephritis more frequently than
other traditional NSAIDs [87, 88]. To date, there have
been three reports of coxib-induced acute interstitial

nephritis [88a-c]. All were biopsy proven and cleared
after stopping the coxib.

Clinical presentation
 The features of this NSAID-induced renal syn-

drome are somewhat variable. The patient may expe-
rience edema, oliguria, and clinical signs indicative of
significant proteinuria [89, 90]. Systemic signs of aller-
gic interstitial nephritis such as fever, drug rash, pe-
ripheral eosinophilia, and eosinophiluria are typically
absent. The urine sediment contains microscopic he-
maturia and cellular elements reported as pyuria [12,
90]. In a recent discussion of NSAID-induced acute
interstitial nephritis, Rossert [87] confirmed that pro-
teinuria, usually in the nephrotic range, occurs in 70%
of cases [88]. The occurrence of acute renal failure par-
allels the nephrotic syndrome. For patients without the
nephritic syndrome the functional extent of renal de-
terioration can range from minimal to requiring he-
modialysis. The onset of NSAID-induced nephrotic
syndrome is usually delayed, having a mean time of
onset of 5.4 months after initiation of NSAID therapy
and ranging from 2 weeks to 18 months [12, 89].
NSAID-induced nephrotic syndrome is usually revers-
ible between 1 month and 1 year after discontinuation
of NSAID therapy. During the recovery period, some
20% of patients require dialysis. Steroids have been
used empirically, but it is not certain that they hasten
recovery. If proteinuria is not significantly reduced
within two weeks of discontinuation of the putative
NSAID, we recommend a standard 2-month trial of
corticosteroids as would be employed in an adult pa-
tient with idiopathic minimal change glomerulonephri-
tis. While pyuria and eosinophiluria develop in ≈40%
of patients who present with nephrotic syndrome,
gross hematuria occurs in less than 10% of patients [87].

Histologic features of NSAID-induced nephrotic
syndrome

NSAID-induced acute interstitial nephritis is a rec-
ognized cause of ARF [20], the frequency of which
appears to be increasing [91]. In a recent series reported
by Schwarz [91] of 64 biopsy-proven cases of acute in-
terstitial nephritis, 85% were drug induced. The respon-
sible drugs included: antibiotics, analgesics, NSAIDs
and diuretics. Characteristically, the histology of this
form of NSAID-induced nephrotic syndrome consists
of minimal change glomerulonephritis with tubulo-
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interstitial nephritis. This is an unusual combination
of findings and, when noted in the clinical setting of
protracted NSAID use, is virtually pathognomic of
NSAID-related nephrotic syndrome. Nephrotic syn-
drome without apparent interstitial disease has been
reported in a handful of patients taking fenoprofen,
sulindac, or diclofenac. Conversely, interstitial disease
without nephrosis has been reported in a few patients,
but this may, possibly, represent allergic interstitial
nephritis [90].

In spite of the nephrotic range proteinuria, the most
impressive histopathologic findings in NSAID-induced
nephrotic syndrome involve the interstitium and tu-
bules [92]. A focally, diffuse inflammatory infiltrate can
be found around the proximal and distal tubules. While
this infiltrate consists primarily of cytotoxic T lympho-
cytes, it also contains other T cells, some B cells, and
plasma cells [93]. Changes in the glomeruli in these
patients were minimal and resembled those of classic
minimal change glomerulonephritis with marked epi-
thelial-foot process fusion. These findings are consis-
tent with reports by other investigators [11, 39, 40, 94].

Of the 14 cases of biopsy proven drug-induced al-
lergic nephritis reported by Shibasaki et al. [95], 4 were
ascribed to NSAIDs; while in the series reported by
Schwarz et al. [91], 16 of 68 biopsies were ascribed to
NSAIDs. While 3 of the patients had taken the offend-
ing agent for less than 1 week, the forth had received
aspirin for 3 months. All presented with oliguric renal
failure without systemic signs of rash or fever. Posi-
tive 67Ga scintigrams were obtained in both patients
in whom it was performed. In 3 of the 4 patients se-
rum creatinine returned to normal range at follow-up.
The authors conclude that 67Ga scintigram combined
with a lymphocyte stimulation test can confirm a di-
agnosis of suspect drug-induced allergic nephritis with-
out resorting to a renal biopsy.

NSAID induced nephrotic syndrome is suspected
of being immunologically mediated and idiosyncratic.
It has a distinct presentation when compared to that
ascribed to acute interstitial nephritis. The nephrotic
syndrome is not associated with hemodynamically
stressed patients. Recently Radford et al. [96] published
a retrospective study of NSAIDs induced membranous
nephropathy using the Mayo Clinic biopsy registry.
They reported that >10% of biopsy proven membra-
nous glomerulonephritis [stage I/II] was attributable
to NSAIDs. They summarized the clinical features of

NSAID-induced nephrotic syndrome as having no con-
sistent clinical predisposition, with a median duration
of 43 weeks of drug ingestion, and nephrotic range
proteinuria that was present for <8 weeks but reversed
with discontinuation of the drug. The clinical features,
absence of risk factors, and pathophysiology distin-
guish this from other NSAID-induced renal syndromes
and from classic drug-induced allergic interstitial ne-
phritis.

Risk factors for NSAID-induced nephrotic syndrome
The risk factors associated with NSAID-related

nephrotic syndrome are not well identified. Underly-
ing renal impairment does not appear to be a risk fac-
tor. Old age has been identified as a risk factor [37,89],
but this may also be a reflection of the usual candidate
for chronic NSAID therapy. The syndrome has been
more frequently reported with fenoprofen, so the ac-
tual NSAID itself may be critical. However, the syn-
drome has been attributed to virtually all NSAIDs, in-
cluding those from structurally distinct classes [11, 39,
89, 90, 93].

Mechanism of NSAID-induced nephrotic syndrome
The mechanism of NSAID-induced nephrotic syn-

drome has not been fully characterized, but some likely
contributing mechanisms are under evaluation. While
the mechanism of toxicity is unknown, it is theorized
to be the result of leukotrienes, which are formed from
arachidonic acid via the lipooxygenase pathway when
the cyclooxygenase pathway is blocked [93]. Leuko-
trienes increase glomerular and peritubular permeabil-
ity, which may lead to the induction of interstitial ne-
phritis and proteinuria. The association of this syn-
drome with structurally distinct NSAIDs suggests a
common pathophysiologic denominator [92]. It is con-
ceivable that T lymphocytes function as immune me-
diators instead of the humoral factors that are respon-
sible for classic drug-induced allergic interstitial ne-
phritis. In keeping with this hypothesis, NSAID-in-
duced prostaglandin inhibition may play an indirect
role. By inhibiting cyclooxygenase, NSAIDs may pro-
mote metabolism of arachidonic acid to non-prostag-
landin eicosanoids. Indeed, leukotrienes, the products
of the interaction between lipoxygenase and arachi-
donic acid, are known to recruit T lymphocytes and
promote the inflammatory process. As noted above,
leukotrienes may contribute to proteinuria by increas-
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ing vascular permeability [11, 89, 90].

Chronic renal failure/papillary necrosis

Epidemiology
There is limited information regarding any link

between long-term NSAIDs ingestion and develop-
ment of chronic renal failure. In the case control study
reported by Perneger et al. [97], individuals judged to
be taking an average annual dose of NSAID were not
at additional risk of developing ESRD (adjusted RR 1.0,
95% CI 0.5 to 2.0). However, the relative risk of ESRD
was concluded to be 8.8 for individuals who took in
excess of 5000 doses of NSAID. On the other hand, in a
multicenter case control study conducted by Sandler
et al. [98], the relative risk of chronic renal failure was
found to be 2.1 (95% CI 1.1 to 4.1) with one year’s use
of daily NSAIDs. Fields et al. [99] enrolled 4099 pa-
tients 70 years or older in a cross-sectional analysis.
The serum creatinines were separated into quartiles
and chronic NSAIDs users were significantly more
prevalent in the highest quartile (Scr ≥ 1.4mg/dl or 124
mmol/L), OR 1.7 (95% CI 1.3 to 2.3). More recently,
Sturmer et al. [100] conducted a cross-sectional study
of 802 patients regarding the association between
NSAIDs and impaired renal function. Detailed ques-
tionnaires were used to define NSAID use and renal
function measurements included serum creatinine and
calculated creatinine clearance. Overall, while impaired
renal function was slightly more common in NSAID
users than non-users (16% vs. 14%), the difference was
not significant. However, individuals who used longer
half-life NSAIDs (> 4 hours) had a significantly greater
prevalence of impaired renal function. Interestingly,
diuretics were associated with a significant incidence
of renal impairment, OR 3.5 (95% CI 1.6 to 7.6), but no
additional interaction with NSAIDs could be identi-
fied [101]. No significant interaction between ACE in-
hibitors and NSAIDs was evident from their data. The
authors concluded that elderly patients taking long
half-life NSAIDs are at increased risk for impaired re-
nal function. While the information to date is sugges-
tive of an association between high dose and/or long
duration NSAID use and ESRD, additional epidemio-
logical studies are needed [100].

Calvo-Alen et al. [102] evaluated creatinine clear-
ance, osmolar clearance, free water clearance, sodium
excretion and urinalysis in 104 arthritic patients whose

treatment with NSAIDs exceeded 2 years compared
to 123 health controls. The major abnormal finding was
restrict to impaired renal concentrating capacity in the
arthritic patients as manifested by a decreased osmo-
lar clearance, increased free water clearance and a de-
creased urinary density. Compared to controls, no sig-
nificant differences in either sodium excretion or crea-
tinine clearance were recorded. However, Murray et
al. [29] determined the incidence and risk factors for
ibuprofen-associated renal impairment by analyzing
1908 computerized patient records. Multivariable
analysis of the 343 patient records with renal impair-
ment identified: age, prior renal insufficiency, coronary
artery disease, male gender, elevated systolic blood
pressure and diuretic use as risk factors. Only two sub-
sets of at risk patients, age > 65 and coronary artery
disease, were at greater risk to develop renal insuffi-
ciency when compared to acetaminophen.

The observation by Schwarz et al. [91] are germane
to the influence of NSAID-induced ARF on the devel-
opment of chronic renal failure. While NSAIDs ac-
counted for only 20% of the cases of acute interstitial
nephritis [91], nearly 2 out of every 3 patients from the
NSAID subgroup was found to have permanent renal
impairment at follow-up which represented the great-
est frequency of any of the drug-induced acute inter-
stitial nephritis.

Papillary necrosis
In a prospective study by Segasothy et al. [103] con-

ducted over 11 years, IVP confirmed NSAID-induced
papillary necrosis was reported to occur in 27% of
heavy analgesic users. In over half of the cases (55%),
the offending analgesic was excess NSAIDs consump-
tion more often a single type rather than multiple
agents. In over 80% of the cases the NSAID was pre-
scribed for an arthritic condition, with males:female
ratio of 1.9:1. Coexisting additive behavior was rare in
the patients include in this study. Because of the wide
differences in relative risk noted in these limited stud-
ies, plus questions that have been raised as to their
validity [12], a precise risk can not be stated. Papillary
necrosis is the least common type of NSAID-induced
renal toxicity, but unlike the other types, it is irrevers-
ible. Volume depleted patients who ingest large quan-
tities of NSAIDs may be at higher risk for developing
papillary necrosis and parenchymal damage is perma-
nent [104-107]. Its cause is likely a combination of de-
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creased renal papillary perfusion and excessive papil-
lary parenchymal NSAID and NSAID-metabolite con-
centrations [107].

Definition and differentiation of acute versus chronic
papillary necrosis lesion

By definition, papillary necrosis represents the de-
velopment of irreversible damage within the paren-
chyma of the renal papillae. The papillae of the kidney
contain the tip portions of the long loops of Henle, to-
gether with the terminal portions of the collecting duct
complexes, which open in to the minor calyces. The
minor calyces of the kidneys representing the first lo-
cation in the upper renal outflow tract into which urine
is collected before it travels into the renal pelvis and
into the urinary bladder via the ureters.

The mechanism of NSAID-induced acute papillary
necrosis is often not clear and the causative role of the
NSAID in question may be difficult to delineate be-
cause of the presence of confounding factors such as
underlying disease, urinary tract infection, and/or con-
comitant medications. Selected NSAIDs may exert a
direct toxic effect on renal papillae and may become
highly concentrated in the medullary-papillary region
of the kidney. Aspirin depletes cellular glutathione,
which would otherwise neutralize the acetaminophen
metabolite, N-acetyl-benzo-quinoneimine. Without
glutathione, this highly reactive metabolite could lead
to cell death [108]. Prostaglandin inhibition may also
play a role [12]. Medullary ischemia, a possible pre-
cipitating factor in development of papillary necrosis,
results from NSAID-induced reduction of blood into
the renal medulla in experimental models [109, 110].

The development of acute papillary necrosis, as a
consequence of the use of a single NSAID, at recom-
mended dosing levels, is an extremely rare event. In
preclinical studies, nearly all of the NSAIDs produced
papillary necrosis in experimental animal models. Al-
though, as already identified, clinical toxicity is exceed-
ingly rare it has been reported for ibuprofen [111], phe-
nylbutazone [112, 113], fenoprofen [114], and mefe-
namic acid [115] and, according to prescribing infor-
mation, several other NSAIDs.

The chronic progression of events that lead to
NSAID/analgesic related papillary necrosis are well
known since the days of the first descriptions of chronic
combined analgesics abuse nephropathy and the sub-
sequent extensive investigations which defined the con-

sequences of chronic (5-20 years) exposure of the kid-
ney to high doses of analgesic combinations such as
salicylate and acetaminophen (the metabolite of phen-
acetin) often with the addition of caffeine [108]. Fortu-
nately, the incidence of this form of chronic analgesic
abuse nephropathy has diminished because of a better
understanding of the drugs involved, patient educa-
tion, and in some countries thanks to efficient regula-
tory measures. The topic of chronic papillary necrosis
related to analgesic-NSAID mixtures is reviewed in
detail elsewhere in the text and will not be further dis-
cussed here.

The clinical circumstances that lead to chronic “an-
algesic abuse” nephropathy [116] are quite distinct to
the rare occurrence of acute papillary necrosis associ-
ated with exposure of the patient to a single NSAID
and often with only a short period of drug exposure.
In these acute circumstances, the patient will typically
present clinically with gross hematuria and may have
flank pain suggestive of ureteric obstruction conse-
quent to the passage of a sloughed papilla.

Other NSAID-induced renal syndromes

Phenylbutazone, suprofen, and benoxaprofen pro-
duce unique renal syndromes that are of historic inter-
est. Fortunately, the use of phenylbutazone use has
diminished because of the availability of safer drugs,
and suprofen and benoxaprofen have been voluntar-
ily removed from the market.

Two mechanisms responsible for phenylbutazone-
induced acute oligo-anuric renal failure include: 1) in-
hibition of uric acid reabsorption, leading to hyperuri-
cosuria and, ultimately, bilateral ureteral obstruction
due to uric acid stones [117]; 2) an idiosyncratic reac-
tion has been reported that results in acute tubular in-
jury without uric acid precipitation [118].

Suprofen-induced ARF is characterized by acute
flank and/or abdominal pain. In series of 16 patients,
Hart et al. [119] described that the mean peak serum
creatinine was 3.6 mg/dl (range: 2 to 8 mg/dl), which
returned to normal limits at follow-up. Suprofen is
know to have uricosuric activity leading Hart and col-
leagues [119] to suggest that this renal syndrome may
have resulted from ureteral or tubular precipitation of
uric acid.

Benoxaprofen, an NSAID with a very long half-life,
was removed from the market in the early 1980s be-
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cause of severe hepatic toxicity that occasionally re-
sulted in death; however, renal failure was a contrib-
uting factor. Risk factors for benoxaprofen-induced
toxicity were old age, concomitant diuretic therapy,
and likely excessive drug administration.

Renal Effects of COX-2 inhibitors

Vane published the seminal work on the mecha-
nism of action of aspirin-like drugs in the early 1970’s
[120]. Since that time, the goal in NSAID research has
been to formulate agents with increased potency and
limited toxicity. The elderly comprise the majority of
patients who use high doses of NSAIDs for their anal-
gesic and anti-inflammatory effects. However, the gas-
trointestinal toxic effects of the traditional NSAIDs and
underlying disease states, such as hypertension and
congestive heart failure (CHF), may preclude their use.
Hence, these agents must be used cautiously in this
population.

The most recent advance in NSAID pharmacology
are agents that specifically block the cyclooxygenase-2
(COX-2) isoform while sparing the effect of COX-1 re-
lated activities [121] (Figure 4). These drugs have been
designated by the WHO as a new pharmacologic cat-
egory of NSAIDs, namely the ‘coxibs’ [122]. By block-
ing COX-2, the intent is to spare toxicity in organs such
as the gut and kidney, thereby increase their utility,
especially in elderly patients. All of the currently avail-
able COX-2 specific inhibitors, i.e. celecoxib, rofecoxib

and valdecoxib, have established their safety advan-
tage with respect to clinically important reductions in
gastrointestinal toxicity and platelet-sparing character-
istics [32a, 121-128]. Bleeding complications as seen
with aspirin and traditional NSAIDs have essentially
been eliminated. However, the clinical impact of the
coxibs upon renal and cardiovascular function is an
area of evolving information, especially now that it is
known that the COX-2 isoenzyme is expressed within
the human kidney [18, 20, 129]. The nephrotoxic ef-
fects of traditional NSAIDs are well recognized and
have been the subject of extensive reviews [4, 30].

Effects on renal function: GFR/urinary sodium
excretion

The effect of COX-2 specific inhibitors on renal func-
tion, including sodium excretion, has been assessed in
prostaglandin dependent patients. Catella-Lawson et
al. [31] enrolled 36 healthy elderly patients for her
study, which evaluated not only sodium excretion and
glomerular filtration rates, but also changes in body
weight, blood pressure and the urinary metabolites of
thromboxane. Patients were randomized to either ro-
fecoxib, indomethacin or placebo while receiving a iso-
caloric diet containing 200 mEq of sodium. Both
NSAIDs induced a significant, but transient, decrease
in sodium excretion during the first 72 hours of inges-
tion. Following this sodium excretion returned to pre-
treatment levels despite continued administration of
the NSAIDs. Only indomethacin caused a significant
reduction in GFR after 14 days of treatment. Body
weight and blood pressure did not change significantly
for any of the treatment groups. Inhibition of platelet
thromboxane synthesis was limited to indomethacin
treated patients, while both rofecoxib and indometha-
cin were associated with a significant reduction in uri-
nary excretion of the prostacyclin metabolite, 2,3-dinor-
6-keto prostaglandin F1α. Because of the later finding,
the possibility of a prothrombotic state resulting from
the administration of coxibs was suggested by these
authors. The basis for the speculation is as follows:
Activation of platelet aggregation is thromboxane de-
pendent and under the control of the COX-1 isoform.
Production of prostacyclin by vascular endothelium is
a COX-2 dependent step. By inhibiting the production
of prostacyclin, a anti-platelet aggregation factor, this
would leave thromboxane mediated platelet aggrega-
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Figure 4. Different functions of COX-1 and COX-2 in
prostaglandin synthesis.
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tion unopposed and could result in a prothrombotic
state. However, the anti-platelet aggregation action of
endothelin would be unaffected during COX-2 inhibi-
tion [11].

Rossat et al. [130] conducted their renal assessment
of COX-2 inhibition using health male volunteers ren-
dered prostaglandin-dependent by a combination of
low salt diet and administration of a loop diuretic. Their
trial consisted of a parallel, randomized study involv-
ing giving either celecoxib, 200 mg bid or 400 mg bid,
naproxen 500 mg bid or placebo for seven days. Blood
pressure, renal hemodynamics, urinary salt and water
excretion were measured before and 3 hours after in-
gestion of the test drug. The urinary excretion of so-
dium, potassium, lithium, and water were significantly
decreased on both day one and day seven at the sec-
ond and third hour after administration of either
celecoxib or naproxen. Accumulative sodium excretion
was significantly reduced during the first 3 days of
NSAID dosing, but then subjects escaped from the ef-
fect. Glomerular filtration rates were transiently de-
creased following the 800 mg dose of celecoxib on day
one, and the naproxen dose on day seven. These same
author confirmed that lack of an effect of celecoxib on
platelet thromboxine synthesis. They concluded that
COX-2 inhibition in salt-depleted subjected induced re-
tention of sodium and potassium.

Whelton et al. [22] enrolled 29 healthy elderly indi-
viduals in a single blind, randomized, cross-over study
to determine the effects of celecoxib on prostaglandin
dependent renal function. Either celecoxib or naproxen
was given for 10 days followed by a 7 day washout
period and then 10 days of the alternate drug. During
the first 5 days, celecoxib 200 mg bid was given, then
the dose was increased to 400 mg bid for the final 5
days of the trial. Naproxen dose as 500 mg bid through-
out the 10 days. Only the –7.5 ml/min/1.73 m2 decrease
in GFR on day 6 of naproxen proved to be significant.
Transient sodium retention was noted with both
celecoxib and naproxen treatments, returning to base-
line within the first 3 days. Both NSAIDs caused a sig-
nificant reduction in urinary PGE2 and 6-keto-PGF-1α
throughout the 10 days of administration. The authors
concluded that, like conventional NSAIDs, celecoxib
effects the urinary excretion of both sodium and pros-
taglandin E2. However, in elderly patients, unlike con-
ventional NSAIDs, celecoxib spares renal hemodynam-
ics.

Swan et al. [131] conducted a multi-center that in-
volved both a randomized, single-dose crossover study
and a randomized, parallel group, multidose study
involving elderly, salt-depleted subjects. The single
dose study involved 15 subjects who where crossed
over between rofecoxib 250 mg or indomethicin 75 mg.
For the multidose trial 60 subjects received either rofe-
coxib 12.5 or 25 mg/d, indomethacin 150 mg/d, or pla-
cebo for 6 days, with measurement performed during
the last 6 hours of study day 6. Peak GFR, measured
by either inulin or iothalamate clearance, fell by nearly
40% following acute administration of either rofecoxib
or indomethacin. For the multidose trial, the reduction
in GFR, while still significant, was less than 10%. While
sodium excretion was reduced by both drug follow-
ing acute administration, only 12.5 mg rofecoxib was
associated with significant sodium retention after 6
days of drug. These author concluded that the effects
of rofecoxib on renal function resembled nonselective
NSAIDs and that COX-2 plays an important role in
human renal function.

Collectively, these studies suggest that COX-2 plays
a dominate role in the regulation of salt and water ex-
cretion in prostaglandin dependent patient, while the
role of COX-1 seems to involve the regulation of renal
hemodynamics, including GFR. The Swan et al. [131]
study suggests that COX-2 may also play a role in regu-
lating GFR; however, the combination of elderly pa-
tients who are salt depleted may have provided a more
severe hemodynamic stress than was present in the
other three studies.

Incidence of adverse cardio-renal events

Serum Electrolytes and Creatinine
In the recent 8000-patient celecoxib long-term ar-

thritis safety study [123], significantly more patients
receiving traditional NSAIDs (ibuprofen or diclofenac)
experienced clinically significant elevations in serum
creatinine and/or serum urea nitrogen levels when
compared to celecoxib. In an equally large gastrointes-
tinal safety trial with rofecoxib, the incidence of ad-
verse effects related to renal function for rofecoxib was
similar to naproxen (1.2% versus 0.9%, respectively)
[124]. When rofecoxib and celecoxib were directly
evaluated in elderly hypertensive OA patients who
manifested “normal” serum creatinine at the time of
study recruitment, the overall incidence of clinically
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significant increases in serum creatinine, blood urea
nitrogen, and serum potassium was 1.5% for both
agents [132]. In post-marketing surveillance, ARF has
been reported for both coxib compounds. Uniformly,
this complication has been reported in patients with
significant pre-existing renal impairment (serum crea-
tinine ≥ 3.0 mg/dl [250 mmol/L] prior to coxib treat-
ment). Details of 4 cases of ARF associated with COX-
2 specific inhibitor use have been reported in the lit-
erature [141, 142]. In each of these cases, creatinine
clearances returned to baseline after cessation of COX-
2 specific inhibitor therapy. Ahmad et al [142a], re-
ported 264 cases of renal failure due to either celecoxib
or rofecoxib based on voluntary reported submitted to
the FDA AER system. 122 cases occurred with cele-
coxib and 142 with rofecoxib. Hypertension, diabetes,
congestive heart failure and renal insufficiency were
shared risk factors for both drugs. However, concomi-
tant use of diuretics, ACE inhibitors and other NSAID's
occurred more frequently in patients with renal fail-
ure attributed to rofecoxib. No correlation with dose
was evident. In of the 122 cases of celecoxib associated
renal failure initial renal function was normal, while
in 12 of 142 cases of rofecoxib initial renal function was
reported to be normal. Zhao et al [142b] compared the
renal-related adverse drug reactions between rofecoxib
and celecoxib as reported to WHO Safety Monitoring
Center. The center uses a statistical parameter, e.g. in-
formation component (IC), from a Bayesian confidence
propagation neural network method to calculate each
drug-ADR combination. When the IC values for rofe-
coxib were compared to celecoxib, an statistically sig-
nificant adverse renal impact of rofecoxib was present
for: water retention (R 1.97 vs. C 1.18, p<0.01), abnor-
mal renal function (R 2.38 vs. C 0.70, p<0.01), renal fail-
ure (R 2.22 vs. C 1.09, p<0.01), cardiac failure (R 2.39
vs. 0.48, p<0.01), hypertension (R 2.15 vs. C 1.33,
p<0.01). As with the report of Ahmad et al [142a], in-
formation as to dosage is missing.

Peripheral edema
In a post-hoc analysis of over 9500 patients with

osteoarthritis (OA) or rheumatoid arthritis (RA) en-
rolled in 12 well-controlled trials, the incidence of
celecoxib-induced edema was similar to that observed
with the traditional NSAIDs (2.1%) and significantly
different from placebo (1.1%) [61]. No correlation was
evident between weight gain or blood pressure increase

and peripheral edema. There was also no evidence of
a dose-related increase in the frequency of edema with
celecoxib. No clinically important differences in periph-
eral edema incidence were found between OA and RA
patients who received celecoxib 100-400 mg twice daily
(BID) [61]. Unlike celecoxib, the incidence of lower ex-
tremity edema with rofecoxib appears to be dose-re-
lated. In OA clinical trials to determine the general
safety of rofecoxib 50 mg once daily (QD), the incidence
of lower extremity edema was 6.3% compared to 3.7%
at the recommended OA doses of 12.5 mg and 25 mg
QD [64]. In a six-weeks study of 810 older, stable hy-
pertensive patients with OA, those treated with rofe-
coxib 25 mg QD had significantly more edema than
patients treated with celecoxib 200 mg QD (9.5% ver-
sus 4.9%; p = 0.014) [132]. Similar results were observed
in a recent study of the same design in over 1100 pa-
tients [133].

Hypertension
Traditional NSAIDs are well known to cause pe-

ripheral edema and increases in blood pressure [70,
71, 80]. Two large metaanalyses found increases in
mean arterial pressure of 3.5 mm Hg to 6.2 mm Hg
[70, 71]. However, the same metaanalyses have con-
cluded that NSAID-induced changes in blood pressure
are almost exclusively limited to patients with pre-ex-
isting hypertension. This concept may have to change
following the report of Dedier et al. [133a]. These au-
thors accumulated 381,078 patient years over an 8 year
follow-up to determine if non-narcotic analgesic use
was associated with the development of hypertension.
Over 10,000 incident cases of hypertension were iden-
tified. Analgesic use was determined by questionnaire.
After adjusting for potential confounders, significantly
high frequency of hypertension occurred in women
taking aspirin 1.21 (95% CI, 1.13 to 1.30); acetami-
nophen 1.20 (95% CI 1.08 to 1.33); and NSAID's 1.35
(95% CI, 1.25 to 1.46). In addition they identified an
increased risk of hypertension with increasing fre-
quency of analgesic use (p<0.001). A prolonged in-
crease in diastolic blood pressure of 5-6 mm Hg has
been associated with a 67% increased risk of stroke and
a 15% increased risk of coronary heart disease [134].
Less well established are the cardiovascular effects on
the COX-2 specific inhibitors (celecoxib and rofecoxib),
and how they may differ from each other and from
traditional NSAIDs. Recent data suggest, however, that
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there may be differences.
In two clinical studies directly compared celecoxib

and rofecoxib in large (> 800 patients), well-controlled
trials in older hypertensive subjects with OA increases
in blood pressure were observed in 17% of rofecoxib
and 11% of celecoxib treated individuals [132]. Similar
increases in blood pressure, i.e. Rofecoxib > celecoxib
were observed in a recent study of the same design
including over 1100 patients [133].

No significant change in blood pressure was noted
in a study of 36 healthy normotensive older adults on
a fixed-sodium diet when rofecoxib was compared with
indomethacin and placebo [72]. Similarly, no effect on
systolic or diastolic blood pressure was observed in
another study (n=67) of healthy normotensive elderly
volunteers that compared in-house administration of
celecoxib 400 mg QD, rofecoxib 25 mg QD, and
naproxen 500 mg BID for 14 days under a strict weight-
maintaining isocaloric diet [73]. Finally, two studies
compared the COX-2 specific inhibitors with traditional
NSAIDs, one in hypertensive subjects [62] and one in
normal subjects [73]. In summary, rofecoxib, unlike
celecoxib, is associated with dose-related increases in
blood pressure (12.5-25 mg incidence rate = 3.5 %; 50
mg incidence rate = 8.2%) [61, 64]. This differential ef-
fect of rofecoxib on blood pressure may be traced to
elimination of the diurnal dip. Reitblat et al. [134b] com-
pared the effect of rofecoxib and nabumetone on diur-
nal blood pressure patterns in OA patients with stable
hypertension. Nabumetone induced a moderate in-
crease in both day and night blood pressure without
changing the biological diurnal variation. Rofecoxib,
on the other hand, had no effect on daytime blood pres-
sure but raised nighttime systolic BP +15.7 and dias-
tolic BP +8.5, thus eliminating the biologic diurnal
variation.

As noted above, it is suggested from the results of
the two large comparator studies in higher risk indi-
viduals, that patients who receive celecoxib 200 mg QD
will experience significantly less edema and less de-
stabilization of SBP than patients receiving rofecoxib
25 mg QD [132, 133]. The design of these studies mim-
icked real life conditions (i.e. involving doses com-
monly prescribed for the management of OA, blood
pressure was measured by standard cuff methodology,
and there was no control of diet or sodium intake other
than that recommended by the treating physician). In
contrast, a placebo-controlled study in 67 healthy eld-

erly, normotensive volunteers that compared in-house
administration of celecoxib 400 mg QD, rofecoxib 25
mg QD, and naproxen 500 mg BID for 14 days under a
strict weight-maintaining isocaloric diet, found no dif-
ference among groups in systolic or diastolic blood
pressure changes, and reported no incidences of edema
[73]. Recently, Dilger et al [134a] compared the effects
of celecoxib vs. diclofenac on blood pressure and renal
function in young and elderly normotensive patients.
Using standard arthritic doses of each, they were un-
able to demonstrate any adverse effect of either drug
on blood pressure or renal function on either age group
during the 15 days of treatment.

Two studies that compared the interaction of
celecoxib with ACE inhibitors found no difference in
blood pressure effects compared to placebo [62, 63]. In
one study (n=359), the blood pressure (systolic and
diastolic) effects of celecoxib 200 mg BID and
nabumetone 1 g BID were found to be similar to pla-
cebo, but significantly different from ibuprofen 800 mg
TID [62]. In the second study (n=178), the effects of
celecoxib 400 mg daily and placebo on 24-hour blood
pressure in hypertensive patients controlled on
lisinopril 10-40 mg daily was evaluated [63]. No dif-
ference between groups was observed in 24-hour am-
bulatory SBP. The difference between groups in 24-
hour diastolic BP was only 1.4 mm Hg. The change
from baseline in 24-hour blood pressure (1.8 mm Hg/
1.4mm Hg) is less than what has been the effect of
NSAIDs on the SBP (defined as an increase >20 mm
Hg with an absolute value of >140 mm Hg) reported
for traditional NSAIDs in ACE inhibitor-treated pa-
tients. On the other hand, co-administration of rofe-
coxib 25 mg daily with benazepril 10-40 mg for 4 weeks
in patients with mild to moderate hypertension was
associated with a 3 mm Hg increase in mean arterial
pressure [64].

These changes take on significance since one out of
every 4 adults has hypertension, and only 27% of this
group is on anti-hypertensive medication and have
well-controlled blood pressure [135]. The remaining
73% of patients are either unaware of their hyperten-
sion, are not taking medication, or are uncontrolled on
their current medication [135]. Nearly 50% of people
who have a first heart attack and 66% of those who
have a first stroke have blood pressures > 160/95 mm
Hg [135].

Elevated SBP has been shown to be associated with
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an increased risk of stroke, CHF, myocardial infarc-
tion and death [136, 137]. The authors of the ALLHAT
study suggested that a 3 mm Hg increase in SBP could
explain a 10% to 20% increase in the incidence of CHF
[138]. In a meta-analysis of 15,693 older patients with
isolated systolic hypertension from 8 trials, a 10 mmHg
higher initial SBP was associated with relative hazard
rates of 1.26 (p=0.001) for total mortality, 1.22 (p=0.007)
for cardiovascular mortality, and 1.22 (p=0.02) for
stroke [139].

It has been estimated that approximately 20 mil-
lion Americans are currently taking concomitant
NSAIDs and anti-hypertensive medications [140].
Thus, the potential for destabilization of controlled
hypertension or worsening hypertension in those al-
ready uncontrolled is of great public health concern.

Congestive Heart Failure
When the NSAID induced decrease of therapeutic

efficacy of diuretics is combined with NSAID-induced
retention of salt and water, the development of CHF is
promoted. Patients with a history of CHF are particu-
larly prone to worsening heart failure when taking tra-
ditional NSAIDs. Hospitalizations due to CHF were
increased 2-fold in elderly patients who reported con-
comitant use of diuretics and NSAIDs when compared
to those taking diuretics alone [143]. A second study
also found a 2-fold increased risk of hospitalization for
CHF among elderly patients reporting use of tradi-
tional NSAIDs within the week prior to admission
[144]. Thus, in susceptible patients, high doses of tra-
ditional NSAIDs with prolonged half-lives were asso-
ciated with increased risk of developing CHF. How-
ever, both reports [143,144] have been criticized for not
excluding pre-existing ventricular dysfunction as a risk
factor. Feenstra et al. [144a], using the Rotterdam popu-
lation based cohort, conducted a prospective 6½ year
study of both 1) the association of NSAID treatment
and initial hospitalization for heart failure and 2) the
risk of subsequent cardiac decompensation and hos-
pitalization when NSAID are used. These authors could
not confirm NSAID-induced heart failure in patients
without co-existing ventricular dysfunction. However,
in patients with prevalent heart failure, the use of
NSAIDs was associated with a significant risk of re-
lapse, adjusted relative risk 9.9 (95% CI, 1.7-57.0). While
NSAIDs were not associated with increased heart fail-
ure incidence, in heart failure patients, NSAIDs sub-

stantially increased the risk of relapse.
In the 6-week comparative study of rofecoxib and

celecoxib in elderly hypertensive patients with OA, 4
patients (1.0%) in the rofecoxib group and none in the
celecoxib group developed CHF during the study [132].

Concurrent use of an oral synthetic
prostaglandin analog with a NSAID

The synthetic prostaglandin E1 analogue,
misoprostal, has been used in combination with
NSAIDs to prevent the NSAID-induced complication
of gastric ulcers. It is well tolerated in patients with
rheumatologic conditions and does not interfere with
NSAID anti-inflammatory activity [145].

Misoprostol appears to exert renal vasodilatory ef-
fects in experiment models and in humans. In experi-
mental models, exogenously administered prostaglan-
din E1 has renal effects comparable to those of pros-
taglandin E2, a potent vasodilatory prostaglandin [146-
149]. In rats, misoprostol has mitigated cyclosporine-
induced acute nephrotoxicity [150], which is thought
to be mediated partly by prostaglandins. Misoprostol
minimized NSAID-induced reductions in GFR in a
double-blind, crossover study [151]. Six of 12 females
with normal renal function experienced at least a 10%
decrease in GFR following a 3-day course of in-
domethacin (25 mg four times daily) (p<0.05). When
misoprostol was added, four of these six NSAID-sen-
sitive patients experienced no change in GFR.
Misoprostol also blunted indomethacin-induced de-
creases in creatinine clearance and natriuresis in an-
other at-risk group, patients with alcoholic cirrhosis
and ascites [152].

In contrast to the above results, Boers and colleagues
[153] failed to detect any beneficial effects of
misoprostol in a double-blind, crossover study of
diclofenac-treated patients with renal insufficiency
(creatinine clearance < 80 ml/min/1.73 m2). Renal pros-
taglandin production was not measured in this study,
which precludes any conclusions regarding the inter-
actions between misoprostol and NSAID on prostag-
landins. It is conceivable that the dose of misoprostol
(200 µg three times daily) used was inadequate to pre-
vent NSAIDs from suppressing renal prostaglandin
production. Alternatively, the dose (50 mg three times
daily) and duration (14 to 21 days) of diclofenac may
not have been sufficient to suppress urinary prostag-
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landins or renal function. Furthermore, as noted by the
authors of this study, NSAID therapy was not with-
drawn, so the effect of diclofenac on renal function is
unclear.

Two prospective, crossover, placebo controlled,
double-blind evaluations of the nephroprotective role
of misoprostol in patients with mild stable chronic re-
nal failure, taking either ibuprofen or indomethacin
have been reported [154]. The mean baseline GFR of
the patients at the time of entry into the study was 53
ml/min (misoprostol)/55 ml/min (placebo), and 57
ml/min (misoprostol)/57 ml/min (placebo) in Study
I (ibuprofen) and Study II (indomethacin) respectively.
At this level of renal functional impairment, the use of
the non-selective NSAIDs did not produce additional
significant impairment of renal function, hence a renal
protective role for misoprostol could not be demon-
strated. The findings from study I indicate that a nu-
merically small, but significant, improvement in serum
creatinine took place during the first week of the study
when misoprostol treatment was compared with pla-
cebo. A similar trend was noted for the GFR and effec-
tive RPF results, but it was not significant.

Wiegmann and colleagues have reported that
misoprostol does have a potential nephroprotective
effect in patients undergoing radiocontrast procedures
[155].

In the setting of chronic renal failure in which
NSAIDs are being intercurrently used, we conclude
that the nephroprotective role of misoprostol has not
yet been satisfactorily resolved and additional con-
trolled trial of misoprostol-NSAID effect in patients
with more pronounced chronic renal failure could re-
solve this quandary.

Conclusions and future challenges

The NSAIDs are correctly considered as safe and
effective therapeutic agents for the management of a
variety of acute and chronic conditions. The risk of in-
ducing acute deterioration renal function after the ini-
tiation of any given NSAID is low, nonetheless, the
number of at-risk patients is high because of the wide-
spread use of these drugs. Similarly, the risk of induc-
ing other renal syndromes, such as the nephrotic syn-
drome, is rare, but in view of the massive number of
individuals who consume NSAIDs the associated must
always be considered in the evaluation of new onset

nephrotic range proteinuria.
When selecting a NSAID, it is prudent to consider

the potential effect of seemingly minor elevations in
SBP. In the one study of elderly treated hypertensive
patients with OA, a 3.1 mm Hg increase in mean SBP
was measured after 6 weeks of therapy in a rofecoxib-
treated group compared to a celecoxib-treated group
[132]. Russell et al. estimated the impact of this increase
in mean SBP on the occurrence and associated costs of
coronary heart disease (CHD) and stroke over a 4-year
period [156]. They estimated that a 3.07 mm Hg in-
crease in mean SBP might be associated with 21,800
additional CHD events and 22,100 additional stroke
events. Treating patients with these events was esti-
mated to cost US$650 million.

By understanding the pathophysiology involved in
NSAID-related renal disorders, preventive clinical
measures can be put into operation. Risk factors have
been identified for most NSAID-induced renal syn-
dromes (Table 3). It is prudent to avoid high-dose,
chronic NSAID therapy in patients with underlying
renal impairment (Scr > 1.5 mg/dl), congestive heart
failure, cirrhosis, volume contraction due to aggressive
diuretic therapy or prolonged dehydration associated
with intercurrent illnesses. Unfortunately, this is not
always possible. If NSAIDs are necessary in these high-
risk groups or in elderly patients, the patient serum
creatinine and potassium should be monitored closely
and receive appropriate counseling. Monitoring should
begin within a week after initiation of a short-acting
NSAID such as ibuprofen and continue indefinitely for
signs of syndromes having a more delayed onset, such
as the nephrotic syndrome with interstitial nephritis.

In the event of NSAID-induced renal failure, the
NSAID should be discontinued promptly. The patient
should receive supportive care, including temporary
dialysis if needed. Beware that after stabilization of
renal function, rechallenge with the same or even a
structurally different NSAID is likely to reproduce the
undesirable side effect. Hence, if anti-inflammatory
therapy is essential, underlying risk factors should be
identified and eliminated. If this is not possible, as in
the case of old age or chronic kidney or liver failure,
the patient may require alternative therapy using cor-
ticosteroids or other supportive drugs, such as acetami-
nophen and/or opioids.

The future development and clinical testing of se-
lective COX-2 inhibitors will undoubtedly have far
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reaching therapeutic consequences. It appears likely
that other isoforms of cyclooxygenase may be identi-
fied in the future and could possibly explain differen-
tial effects of NSAIDs upon various organ systems,
such as intracranial/hypothalamic effects that modu-
late temperature regulation.

In summary, it is clear that massive amounts of tra-
ditional NSAIDs and COX-2 specific inhibitors will con-
tinue to be consumed worldwide. Because these agents
inhibit renal prostaglandin synthesis, they affect salt
and water homeostasis and renal hemodynamics. This
inhibition will have little clinical effect in the majority
of patients who are well-hydrated, have good renal
function, and no concomitant disease states. However,
both traditional NSAIDs and COX-2 specific inhibitors
must be used judiciously in patients with compromised
renal blood flow. In general, the COX-2 specific inhibi-
tors are well tolerated by the kidney and it is only in
the clinical setting of significant pre-existing renal im-

pairment that these agents should be avoided or at least
used with very careful monitoring of renal function.
With respect to destabilization of blood pressure in
treated hypertensive patients or the development of
edema in susceptible older individuals, it appears that
there is a safety gradient in the progression of these
adverse effects - the least being seen with celecoxib and
the most with high-dose rofecoxib while the traditional
NSAIDs are bracketed by the two coxibs. Seemingly
minor elevations in SBP caused by these agents can
potentially have catastrophic cardiovascular compli-
cations. Prior to initiation of therapy, each patient
should be carefully assessed, weighing the benefit of
using these agents against their risks. Thereafter, pa-
tients should be closely followed so that appropriate
preventive clinical therapeutic strategies can be insti-
tuted. Future studies will need to clarify the inherent
mechanistic differences that seem to account for the
differentiation of cardiorenal safety profiles of the cur-
rently available COX-2 specific inhibitors.
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Gold nephropathy

Introduction

Gold salts have been used in the treatment of pa-
tients with rheumatoid arthritis since 1927 [1].

After a controlled study, the Empire Rheumatism
Council [2], confirmed the effectiveness of gold salts

for the treatment of rheumatoid arthritis. Even today,
chrysotherapy has remained one of the major thera-
peutic modalities in the second line treatment of pro-
gressive rheumatoid arthritis. Gold salts are also used
in the treatment of pemphigus vulgaris [3] and bron-
chial asthma [4]. Before the introduction of an orally
administered gold compound, auranofin (triethylphos-
phine gold tetra-acetyl glycopyranoside), to clinical use
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[5-7], parenterally administered gold salts, such as so-
dium aurothiomalate and gold thioglucose comprised
chrysotherapy. The frequency and severity of the side
effects for patients treated with parenteral gold versus
those given oral gold preparations are significantly dif-
ferent [8-10]. The nephrotoxicity of parenteral gold
preparation will be reviewed followed by a discussion
of oral gold compound.

Parenterally administered gold

Despite the efficiency of injectable gold salts in the
treatment of rheumatoid arthritis, they are associated
with a variety of adverse effects, such as skin rashes
[11-13], thrombocytopenia [14, 15], granulocytopenia
[11, 16], aplastic anemia [17, 18], interstitial pneumoni-
tis [19, 20], gastrointestinal side effects [11, 21],
chrysiasis of cornea and lens [12], and proteinuria and
nephrotic syndrome [11, 22, 23]. One or more of these
adverse reactions have been reported in approximately
one-third of patients treated with gold salts [12]. Pro-
teinuria, including nephrotic syndrome, is the com-
monest manifestation of gold-induced nephropathy,
occurring in 2% to 10% in patients receiving chryso-
therapy [10, 22-24]. However, the decreased frequency
of proteinuria has paralleled the reduction in dosage
of injectable gold salts, prolonging the interval between
injections and the introduction of the disease modify-
ing agent, methotrexate. The risk of proteinuria is in-
creased at higher doses [26] and in the patients with
HLA DR3 [27-30]. In one-third to half of the patients,
the proteinuria is accompanied by microscopic hema-
turia [31, 32]. The severity of the proteinuria varies
greatly and does not correlate with the duration of
treatment or the total dose of gold received [31, 33].
The peak incidence of proteinuria occurs after four to
six months of treatment [33], but it may develop at any
time from 1 week to 39 months after the start of treat-
ment [33, 34]. Renal function is normal to minimal im-
pairment in these proteinuric patients.

Histopathology of glomerular lesions

Histopathological examinations of the renal biopsy
specimens from patients with proteinuria show pre-
dominantly membranous glomerulopathy [10, 22, 31-
40]. Electron microscopy of renal tissue usually dem-
onstrates subepithelial electron dense deposits (espe-

cially when the disease is of short duration) [22, 32-
40], intramembranous electron dense deposits [32, 34,
40], and fusion and increased density of foot processes
of epithelial cells [22, 32, 35-40]. Light microscopy oc-
casionally discloses varying degrees of uniform thick-
ening of the glomerular basement membrane. Small,
fuchsinophilic deposits with associated spike like ex-
tensions of the basement membrane may be identified
on trichrome-stained sections. Immunofluorescent
study of the renal tissues with subepithelial electron
dense deposits reveals granular deposition of IgG, IgM
and/or complements [10, 33, 34, 37, 39]. In addition to
membranous glomerulonephritis, there are reports of
minimal change glomerulonephritis [32, 41], focal seg-
mental glomerulonephritis [32], and mesangioprolif-
erative glomerulonephritis with immune complex
deposition in mesangial areas [10, 31, 40]. Skrifvars et
al. [42] reported a highly unusual fatal renal complica-
tion induced by sodium aurothiomalate. This compli-
cation was characterized by microhematuria, impaired
renal function and by a granulomatous glomerulone-
phritis.

Histopathology of interstitial lesions

In addition to the glomerular lesions mentioned
above, focal tubular atrophy of variable severity is a
feature of the majority of biopsy specimens of gold in-
duced nephropathy [32, 37, 39, 43]. Interstitial fibrosis
can be recognized in many of the specimens (Figure
1), and the degree of fibrosis tends to parallel the se-
verity and extent of the tubular atrophy. However, in-
terstitial inflammation is not usually prominent [32].
Electron microscopy reveals the existence of charac-
teristic filamentous, electron dense cytoplasmic inclu-
sions in various renal cells at high frequency [22, 37-
39, 44, 45]. These filamentous inclusions may be com-
plexes containing gold and other molecules [52, 50, 53].
The inclusions are concentrated in proximal tubular
epithelial cells, interstitial macrophages, but rarely oc-
cur in mesangial cells and visceral epithelial cells, and
spare the basement membrane or subepithelial space.
They are much more prominent in patients who have
received large doses of gold [22]. There may be a sig-
nificant association between the degree of histological
interstitial changes and the number of gold inclusions.
Cramer et al. [43] reported a patient who suffered from
chronic interstitial nephritis after receiving large quan-
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tities of aurothioglucose for rheumatoid arthritis. Gold
deposition was seen by electron microscopy and con-
firmed by microprobe X-ray analysis within both tu-
bular epithelial cells and interstitial macrophages but
not the interstitium. They hypothesized that the ad-
ministration of massive amounts of gold salts resulted
in these depositions and the subsequent interstitial
nephritis [43]. Lesato et al. [46] reported a high inci-
dence of subtle renal tubular dysfunction in rheuma-
toid arthritis patients receiving gold treatment, dem-
onstrating tubular proteinuria and the urinary excre-
tion of large amounts of renal tubular epithelial anti-
gen, tubular basement membrane (TBM) antigen, and
β2-microglobulin. However, the amounts of these pro-
teins in urine did not correlate with the total dose of
gold [46]. Renal tubular dysfunction has been in-
duced in Hartley guinea pigs by the injection of
sodium aurothiomalate, as manifested by the uri-
nary excretion of tubular basement membrane and
renal tubular epithelial antigens and tubular pro-
teinuria. Excretion of these proteins tended to be
dose dependent [47]. Following the tubular dys-
function, autoimmune tubulointerstitial nephritis
with anti-TBM antibodies developed in the ani-
mals [47].

Pathogenesis

There are mainly two types of gold-induced
nephropathy, one being immune complex type
glomerulonephritis and the other limited to tubu-
lar lesions. The latter may be induced by the di-
rect toxic action of gold, and this toxicity seems to
be dose dependent. The morphological changes
in the tubules usually involve gold inclusions [22,
37, 39, 44-46]. Nagi et al. [48] using large doses of
sodium aurothiomalate (1 mg/week) produced re-
nal tubular necrosis in rats, characterized by de-
generative changes of the cytoplasmic contents of
epithelial cells of proximal convoluted tubules. The
ultracellular structure changes involved swollen

mitochondria that had lost their shape. Eiseman et al.
[49] reported morphofunctional and biochemical
changes in rat kidneys following a single ip injection
of a high dose (75 mg/kg) of gold sodium thiomalate.
This included severe coagulative necrosis of the proxi-
mal tubular epithelium at one day, followed by epi-
thelial regeneration by day 4 and nearly complete reso-
lution by day 8. Alternations in renal heme biosynthe-
sis and drug metabolism paralleled the morphologi-
cal changes [49]. Tubular dysfunction has also been
reported in rheumatoid arthritis patients receiving gold
treatment [46] and in animals being treated with low
doses of gold salts [47, 48].

The pathogenesis of immune complex type glom-
erular lesions associated with chrysotherapy remains

Figure 1. Photomicrographs of the kidney from a
rheumatoid arthritis patient with gold nephropathy,

demonstrating prominent interstitial fibrosis and
tubular cell degeneration (magn. x340).

Above: Masson’s trichrome staining;
below: PAM staining.
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unclear. To clarify the pathogenesis of this nephropa-
thy, it is necessary to confirm the specificity of the an-
tigens and antibodies responsible for the immune com-
plex of the glomerular lesions. Gold salts may act as a
hapten, and specific IgE antibodies against gold salts
have been detected in the sera of rheumatoid arthritis
patients with mucocutaneous and hematologic adverse
reaction to gold salts [50, 51]. A positive lymphocyte
transformation test to gold salts has been reported in
some rheumatoid arthritis patients with hematologic
side effects after chrysotherapy [52]. Derot et al. [53]
reported a rare case of fatal acute tubular necrosis due
to gold induced nephropathy. Allergic reaction to gold
salts might have been responsible for the development
of this nephritis; however, such immunological phe-
nomena are rarely seen in the patients with gold-in-
duced nephropathy [50, 51]. To date, no evidence for
the presence of gold in renal immune deposits has been
reported.

It is difficult to confirm that gold is the causal anti-
gen or hapten in gold-induced immune complex neph-
ropathy. Palosuo et al. [54] demonstrated a circulating
antigen in a patient with gold-induced nephropathy
before and after the development of nephropathy,
which shared immunological determinants with tissue
antigens extracted with deoxycholate from microso-
mal fractions of various organs including human liver,
human kidney, and rat liver. Precipitating antibodies
against this circulating antigen were found in the se-
rum sample pre-dating diagnosis. This serum reacted
with various tissue antigens extracted from human or-
gans, but not with kidney specific antigen [54]. In an
experimental rat model, Nagi et al. [48] reported the
successful induction of slowly progressive immune
complex nephropathy by weekly injections of small
doses of sodium aurothiomalate (0.0025 mg/week),
suggesting the important pathogenetic role of renal tu-
bular antigen released from damaged tubular epithe-
lial cells (Figure 2). Skrifvars [55] also emphasized the
possible role of autoimmunization secondary to re-
leased tubular antigens in the pathogenesis of gold-
induced glomerular lesions. In the guinea pig model,
renal dysfunction was also induced by injections of so-
dium aurothiomalate, as manifested by the urinary ex-
cretion of renal tubular antigens including renal tubu-
lar epithelial and tubular basement membrane anti-
gens. Following the tubular dysfunction, immune com-
plex nephropathy with circulating anti-renal tubular

epithelial antibody, including deposition of renal tu-
bular epithelial antigen in the glomerular immune com-
plexes, developed in the animals [47]. Thus, shed re-
nal tubular antigens from damaged tubular epithelium
may play an important role in the pathogenesis of gold-
induced immune complex nephropathy. There are
many drugs that injure the renal tubular epithelium,
but rarely induce immune complex nephropathy. Thus,
in addition to tubular damage, there must be other fac-
tors that promote the development of gold nephropa-
thy. Other tissue autoantigens released and/or altered
by the effect of gold and heterogeneous antigens may
also participate in the pathogenetic mechanisms.

That gold salts possess immunosuppressive effects
has been demonstrated by both in vivo and in vitro stud-
ies [56-59]. In addition, they also have an immunoen-
hancing effect on the immune response of mice, de-
pending on dosage [60]. BALB/c mice are highly sus-
ceptible to autoimmune interstitial nephritis, while
C57BL/6 mice are genetically resistant to this nephri-
tis when immunized with tubular basement membrane
antigen with adjuvant [61]. When both strains of mice
are following pretreated with appropriate doses of so-
dium aurothiomalate immunization with tubular base-
ment membrane antigen with adjuvant, BALB/c mice
become resistent to the development of nephritis, but
nephritis is induced in the genetically resistant C57BL/
6 mice. Thus, gold salts may depress the activity of all
T cells, and the phenotypical effect of gold salts on the
immune response to some antigens may depend on
the character of the dominant T cells [62]. Selective in
vitro inhibition of T cells has also been shown in pa-
tients receiving chrysotherapy [63]. There must be

Figure 2. An illustration of possible mechanisms in the
pathogenesis of gold nephropathy.
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other, as yet defined factors that are involved in the
development of gold nephropathy.

Therapy and prognosis

Proteinuria is usually slow to resolves after with-
drawal of the drug. In 1970, Vaamonde et al. [31] re-
viewed 19 case reports of nephrotic syndrome associ-
ated with chrysotherapy. In 17 patients whose out-
comes were known, 13 recovered in 3 months to 7 years.
Recently, Hall et al. [33] reported a long-term study of
21 patients with rheumatoid arthritis who developed
proteinuria during treatment with sodium aurothioma-
late. Ten patients developed proteinuria after 6 months’
of treatment, 15 after 12 months, and 18 after 24 months.
When chrysotherapy was stopped the proteinuria had
reached a median peak of 2.1 g/day (range 0.7-30.7 g/
day) at two months (range 1-13 months) before resolv-
ing spontaneously, in 8 patients by 6 months, in 13 by
12 months, and in 18 by 24 months. All patients were
free of proteinuria after 39 months, the median dura-
tion being 11 months after withdrawal. Renal function
did not deteriorate, and no patient died from or needed
treatment for renal failure. HLA-B8 and/or DR3 alloan-
tigens were identified in seven of the patients [33].

Newton et al. [64] studied 27 patients with gold-
induced proteinuria, and provided guidelines as to
when gold should be permanently stopped in these
patients. They demonstrated that proteinuria of up to
2 g/L is compatible with continued gold therapy, since
the low risk of more serious nephropathy developing
was low. They concluded: 1) mild proteinuria (less than
0.4 g/L) is common in rheumatoid arthritis patients
on gold, and such a level may not even be related to
this drug. It usually disappears spontaneously with-
out alteration of therapy, but rarely can proceed to more
serious problems. 2) moderate proteinuria (0.4-2.0 g/
L) should be treated more seriously. Gold injections
should be stopped. If the urine clears within three
months, then further treatment with gold may be given
without precipitating heavy proteinuria. 3) none of
their subjects have sustained permanent renal impair-
ment [66]. The advice of Howard-Lock et al about D-
penicillamine therapy may also be suitable for gold
therapy. They advocate withholding the drug if there
is (1) proteinuria of 2+ on the dipstick, (2) persistent
(longer than 3 weeks) proteinuria of 1+, (3) if there are
red cell casts, white cell casts, or hyaline casts present,

or (4) if red cells >10 per high power field are present.
For patients whose disease has improved but who de-
veloped proteinuria of between 300 to 1,000 mg/day
but without other renal abnormality, they suggest con-
tinuing the drug cautiously at a reduced dose with close
monitoring. If the proteinuria exceeds 2 g/day or the
glomerular filtration rate falls, the drug should be dis-
continued immediately [65]. Manthorpe et al. reported
a successful one year treatment with auranofin (6 mg/
day) in 7 rheumatoid arthritis patients with previous
proteinuria associated with parenterally injected gold
salts [66].

Prediction, prevention and monitoring of
development of gold nephropathy

To predict the adverse effects of gold, the associa-
tion with HLA antigen has been studied [27, 28, 67-
69]. A genetic predisposition to gold toxicity was first
suggested by Panayi et al. [67]. Wooley et al. [68] in-
vestigated the possible relation between HLA antigens
and toxicity of D-penicillamine and sodium aurothi-
omalate in rheumatoid arthritis patients. Nineteen of
24 patients in whom proteinuria developed were posi-
tive for HLA-B8 and DRw3 antigens. Furthermore, all
13 episodes of proteinuria exceeding 2 g/day occurred
in patients with DRw3. Several investigators confirmed
the association between gold-induced proteinuria and
DR3 [27-30] and B8 [30], but others were unable to con-
firm it [70]. Conversely, DR3 patients tended to exhibit
a better therapeutic response to sodium aurothioma-
late than patients with DR4 [28]. DR4 and/or DR2 posi-
tive patients may have some degree of protection
against gold toxicity [28, 29]. Given the uncertainty
about HLA types and toxic reactions, together with the
suggestion that patients with DR3 respond better than
the more numerous DR4, and taking into account the
cost involved, any suggestion of using HLA typing as
a guide to therapy seems premature [71]. While Van
Riel et al. [72] reported the predictive value of serum
IgA for gold toxicity, the study of Ostuni et al., involv-
ing a larger population, concluded that the monitor-
ing of serum IgA was not useful in predicting gold tox-
icity [73]. Recently, Ayesh et al. [74] reported the pre-
dictive efficacy of the prior measurement of
sulphoxidation capacity. A patient with poor
sulphoxidation capacity had a nine-fold greater risk of
developing gold-induced adverse reactions including
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nephropathy. Hopefully this will be confirmed by pro-
spective studies involving various races and a large
population. To date, there is no confirmed method for
predicting gold toxicity including nephropathy, thus
it is essential to monitor patients closely for any ap-
pearance of nephropathy.

The decline in the number of reports of parenter-
ally administered gold-induced nephropathy may in-
dicate that the dose of gold salts used per injection is
decreased and intervals between injections are being
extended to prevent adverse reactions. Furthermore,
introduction of methotrexate therapy for rheumatoid
arthritis has contributed to decreased reliance on gold
salts.

Auranofin nephropathy

Auranofin, a unique gold compound, has been
available for clinical use for 15 years after it proved to
be one of the most potent oral antiarthritic compounds
among alkylphosphine gold coordination complexes
[75]. Initial clinical studies suggested that this com-
pound was therapeutically active when taken by
mouth, with no renal adverse effects in any of the 32
patients studied [5-7]. Subsequently, the therapeutic
benefits and toxicity of auranofin have been evaluated
[24, 76], compared with placebo [9, 77, 78], sodium au-
rothiomalate [8-10, 79], and D-penicillamine [80-82].
The incidence of proteinuria in a world-wide trial was
3% for auranofin [10, 24]. The risk of developing pro-
teinuria with auranofin therapy is significantly less
than with parenteral gold [9, 24], or D-penicillamine
[82]. Histopathological findings in renal biopsy speci-
mens from patients with moderate to heavy proteinuria
are consistent with the membranous nephropathy simi-
lar to injectable gold nephropathy [33, 83, 84]. Heuer
et al. [10] reported a total of 3,475 rheumatoid arthritis
patients receiving auranofin therapy in 27 countries.
Proteinuria developed in 3% of the patients, resulting
in drug withdrawal in 0.9%, compared with 4% pro-
teinuria in patients receiving injectable gold, with 0.8%
being withdrawn. Katz et al. [24] evaluated proteinuria
in 1800 rheumatoid arthritis patients given chryso-
therapy. Three percent (41 cases) of 1283 auranofin-
treated patients had an abnormal 24-hour urine pro-
tein level: 15 had mild (0.15 to 1 g/day), 17 had mod-
erate (1 to 3.5 g/day), and 9 had heavy (>3.5 g/day)
proteinuria. Permanent renal impairment did not oc-

cur in any patient. In 36 patients with long-term fol-
low-up after drug withdrawal, proteinuria cleared in
31 patients within 1 week to 24 months. Seven of 8 pa-
tients who were rechallenged once the proteinuria had
cleared were able to continue treatment without recur-
rent episodes [24].

Pathogenic mechanism of auranofin-induced neph-
ropathy resemble those of parenteral gold-induced
nephropathy. The reason for the reduced risk of pro-
teinuria with auranofin compared to parenteral gold
salts is not known. However, differences in the phar-
macokinetics of the two types of gold preparations may
be important. In rats treated with auranofin or sodium
aurothiomalate for one year, renal gold concentrations
were 33 times higher with the latter formulation [85].
Renal elimination of an orally administered dose of
auranofin in human is less than 15%, compared with
greater than 70% for parenterally administered sodium
aurothiomalate [86].

D-penicillamine

Introduction

D-penicillamine is so named because it was first iso-
lated as an amine, from the degradation products of
penicillin by Abraham et al [87]. Later studies showed
the characteristic chemical behavior of D-penicillamine
which involve three types of reactions, formation of
disulphide links, formation of thiazolidine rings, and
formation of metal complexes and chelates [67]. It was
first used in 1956 in the treatment of Wilson’s disease
[88]. D-penicillamine has since been used in the treat-
ment of many diseases, such as cystinuria [89], rheu-
matoid arthritis [90-92], systemic sclerosis [93], primary
biliary cirrhosis [94], heavy metal poisoning due to lead
[95], cadmium [96], and mercury [97], and hypervis-
cosity syndrome [99]. In rheumatoid arthritis, D-peni-
cillamine has been widely accepted as an effective sec-
ond line treatment. Despite of its effectiveness, it causes
many adverse effects, such as skin rashes [99, 100], taste
abnormalities [100, 101], hepatic dysfunction [102-104],
gastrointestinal toxicity [99, 105], proteinuria [100, 106],
hematuria [107, 108], thrombocytopenia [92, 109],
aplastic anemia [110], lupus-like syndrome [111, 112],
Goodpasture’s-like pulmonary renal syndrome [113-
115], vasculitis [116, 117], myasthenia gravis [118-122],
polymyositis [123, 124], and dermatomyositis [125].
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One or more of these adverse reactions was recorded
in nearly 60% of patients treated with D-penicillamine
[100, 126-129]. Among these adverse reactions, nephr-
opathy developed in patients with proteinuria, hema-
turia, lupus-like syndrome, Goodpasture’s-like pulmo-
nary renal syndrome, and vasculitis.

Proteinuria

Proteinuria, including nephritic syndrome, is the
commonest manifestation of nephropathy, reported as
occurring in between 2 and 32% of patients [100, 101,
109, 124, 126-130]. The risk of proteinuria is increased
at higher doses [100, 131-133], in patients with HLA
B8 and/or DRW3 antigens [68], and in patients with
previous gold toxicity [134, 135]. However, others have
not confirmed the relationship to the drug dosage [136],
duration of therapy [137], or HLA antigens [70]. In the
majority of patients, proteinuria is accompanied by
microscopic hematuria [100, 127]. The peak incidence
of proteinuria occurs in the second six months of treat-
ment, but it may develop at any time from 6 weeks to
74 months [107, 101, 138]. Proteinuria may be persis-
tent or may slowly progress to nephrotic syndrome if
therapy is continued. Up to 1/3 of the patients with
significant proteinuria progress to nephrotic syndrome
if therapy is continued [106]. Renal function is normal
to minimal impairment in patients with isolated pro-
teinuria.

Histopathology

Histopathological examination of renal biopsy
specimens from the patients with isolated proteinuria
due to D-penicillamine shows predominant membra-
nous glomerulopathy [139-141]. Electron microscopy
of renal tissue usually demonstrates subepithelial elec-
tron dense deposits and fusion of epithelial foot pro-
cesses [139-141]. The deposits on the epithelial side of
the glomerular basement membrane appear to be
slowly covered and later incorporated into the base-
ment membrane. With time the deposits become fainter
and move towards the endothelial side of the basement
membrane [142]. Immunofluorescent study may dem-
onstrate granular deposits of IgG and C3 in the capil-
lary wall. These changes in glomerular histology can
persist for at least a year after the withdrawal of the
drug [139]. Sellars et al. [143] reviewed the renal biop-

sies of 30 patients with rheumatoid arthritis and clini-
cal evidence of renal disease. They reported all 9 pa-
tients with membranous glomerulonephritis but only
6 of 13 with mesangial change had received D-penicil-
lamine or gold. Besides membranous glomerulonephri-
tis, there are reports of minimal change glomerulone-
phritis [144, 145], mild mesangioproliferative glomeru-
lonephritis without crescent [110, 142, 146], or IgM
nephropathy [147, 148] associated with D-penicil-
lamine induced proteinuria.

Therapy and Prognosis of Proteinuria

Proteinuria usually resolves slowly after with-
drawal of the drug. Hall et al. [149] reported a long-
term study of 33 patients with rheumatoid arthritis who
developed proteinuria during treatment with D-peni-
cillamine. Of these, fourteen patients developed pro-
teinuria within 6 months after the start of treatment
and 27 within 12 months. When treatment was stopped,
the proteinuria reached a median peak of 4.2 g/day
(range 0.3-15 g/day) at one month (range 0-7 months)
before resolving spontaneously by six months in 12
patients, 12 months in 21, and 21 months in all. In all
their patients whose nephropathy was due to D-peni-
cillamine the proteinuria resolved completely when the
drug was withdrawn; renal function did not deterio-
rate, and corticosteroids were unnecessary [149]. Jaffe
[150] reported that reintroduction of D-penicillamine
in patients with drug induced proteinuria, starting with
a daily dose of 250 mg, was usually followed by a re-
turn of proteinuria at about the same time and at about
the same cumulative dose as on the first occasion. How-
ever, Hill et al. [133] reported successful reintroduc-
tion and continuation for a minimum of 13 months in
5 rheumatoid arthritis patients who developed pro-
teinuria during the first course of the drug. They insti-
tuted the “go slow, go low” method of Jaffe [151], start-
ing with a daily dose of 50 mg and increasing by
monthly increment of 50 mg to a maintenance dose of
150 mg daily. The dose was held at 150 mg/day for 4
months and thereafter increased by 50 mg at 3-months
intervals if disease remained active. Proteinuria did not
recur, and improvement of disease was shown in all 5
patients [133]. Howard-lock et al. [65] advocated with-
holding D-penicillamine if there is (1) proteinuria of
2+ on the dipstick, (2) persistent (longer than 3 weeks)
proteinuria of 1+ (3) if there are red cell casts, white
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cell casts, or hyaline casts present, or (4) if red cells >
10 per high power field are present. For patients whose
disease has improved but who developed proteinuria
between 300 to 1, 000 mg/day, but without other renal
abnormality, they suggest the continued use of the drug
cautiously at a reduced dose with close monitoring. If
proteinuria exceeds 2 g/day or the glomerular filtra-
tion rate falls, the drug should be discontinued imme-
diately.

Goodpasture’s-like syndrome

Besides the benign proteinuria mentioned above,
proliferative glomerulonephritis with fulminant renal
failure has also occurred with D-penicillamine therapy.
One is Goodpasture’s-like syndrome, which is charac-
terized by pulmonary hemorrhage and rapidly pro-
gressive glomerulonephritis. Goodpasture’s -like syn-
drome associated D-penicillamine treatment has been
reported in patients with Wilson’s disease [113], rheu-
matoid arthritis [114, 115, 152, 153], primary biliary cir-
rhosis [154], and progressive systemic sclerosis [155].
D-penicillamine was given for at least 7 months (range:
7-84 months), and at a daily dose higher than 750 mg
(range: 750-2,000 mg) preceding the onset of symptoms.
Pulmonary X-rays showed bilateral extensive infiltrates
in all 10 cases. Lung hemorrhage was the principle
cause of death in 3 cases [113].

The histopathology of renal specimens usually
showed proliferative glomerulonephritis with crescent
formation in 30 to 100% of the glomeruli. Direct im-
munofluorescent study failed to show linear IgG depo-
sition along the glomerular basement membrane, but
granular deposition of IgG and/or C3 were present
along the glomerular capillary walls in 5 of 6 patients.
Subepithelial electron dense deposits were observed
in 3 of 4 patients tested. Circulating anti-glomerular
basement membrane antibody was not detected in any
of the cases tested. In Brown Norway rats, the admin-
istration of D-penicillamine induced antinuclear anti-
bodies and significantly high concentrations of immune
complexes. Iin these animals there was no granular
deposition of IgG, but linear deposition of IgG along
the glomerular basement membrane. IgG eluted from
diseased kidneys bound both in vitro and in vivo to the
kidney basement membrane [156]. HLA-DR2 antigen
was absent in the 2 cases where HLA phenotype was
determined, whereas there is a strong association be-

tween HLA-DR2 and antibody-mediated Good-
pasture’s syndrome [157]. Anti-nuclear antibodies have
been detected both before [115, 156] and after initia-
tion of the drug [152, 115]. Although this syndrome is
potentially life-threatening, aggressive treatment with
plasmapheresis, steroids, immunosuppressive drugs
such as azathioprine and cyclophosphamide, and me-
chanical ventilation with PEEP may be life saving [113,
152-155].

Renal vasculitis

Extracapillary glomerulonephritis with renal vas-
culitis is also been reported as a rare complication of
D-penicillamine therapy [117, 126, 156]. Necrosis of in-
terlobular arteries with glomerular crescent [117] and
necrotic and occluded periglomerular arterioles [156]
have been reported. Aggressive treatment with pulse
steroid, anticoagulants, and antiplatelet agents may be
beneficial. The two patients with renal vasculitis, whose
outcome was known, died from bacterial infection
within ten months after the onset of the disease [117,
156].

SLE Syndrome

A drug-induced systemic lupus erythematosus with
proliferative glomerulonephritis has also been de-
scribed in patients treated with D-penicillamine [111,
157]. Systemic lupus erythematosus syndrome is in-
duced in approximately 2% of patients treated with
D-penicillamine [112, 158]. Unlike other forms of drug-
induced systemic lupus erythematosus, anti-double-
strand DNA antibodies and/or hypocomplementemia
are seen in D-penicillamine-induced systemic lupus
erythematosus syndrome [111, 156]. Nephropathy is
rare in D-penicillamine-induced systemic lupus erythe-
matosus syndrome [111]. Walshe [112] reported that 8
patients developed the serological change of systemic
lupus erythematosus of 120 patients with Wilson’s dis-
ease treated with D-penicillamine, but none of them
showed nephropathy.

Chalmers [111] reported 6 rheumatoid arthritis pa-
tients with D-penicillamine-induced systemic lupus
erythematosus syndrome. All patients had previous
mucocutaneous reactions to chrysotherapy. Manifes-
tations included pleurisy in 5 of 6 patients, rashes in 3,
and nephritis in 2. LE cells were present in 5 patients,
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anti nuclear antibodies in all 6, anti-double-strand DNA
in 3, 3 were Coomb’s test positive, and low C4 comple-
ment in 5 of the 6 [111]. Results of a renal biopsy from
a patient with nephritis showed diffuse endocapillary
proliferative glomerulonephritis with focal crescent for-
mation and vasculitis. Electron microscopy showed
scattered subendothelial deposits, and immunofluores-
cent study revealed granular deposition of IgG, IgM,
C3 complement and C1q. The patient was successfully
treated with prednisolone and azathioprine [112].
Ntoso et al. [156] reported penicillamine-induced rap-
idly progressive glomerulonephritis in two patients
with progressive systemic sclerosis. Anti nuclear anti-
bodies, anti-Sm antibody, and Coomb’s antibodies
were positive in both patients. Renal biopsies from the
two patients demonstrated a diffuse, predominantly
extracapillary, proliferative glomerulonephritis with
crescents and focal necrosis, and by immunofluores-
cence, focal areas of IgG, C3, and fibrinogen were ob-
served in areas of glomerular necrosis. Subendothelial
and mesangial deposits were observed by electron mi-
croscopy. Both patients responded to pulse methyl-
prednisolone and subsequent daily steroids [156].

Pathogenesis of D-penicillamine-induced
nephropathy

Deposition of immune complexes in the glomeru-
lar basement membrane may play an important role
in the pathogenesis of D-penicillamine-induced neph-
ropathy, such as isolated proteinuria, Goodpasture’s-
like syndrome, and nephritis associated with D-peni-
cillamine-induced systemic lupus erythematosus rheu-
matoid arthritis syndrome. Immunofluorescent study
show predominantly granular deposition of IgG and/
or C3, and electron microscopy revealed subepithelial
or subendothelial electron dense deposits. In rheuma-
toid arthritis patients, D-penicillamine alters the circu-
lating immune complexes [159]. D-penicillamine has
the capacity to convert large complexes into small ones
in vitro and there has been speculation that similar
mechanisms in vivo could explain the deposition of
complexes and renal damage [160]. Small immune
complexes deposit in the glomeruli easier than big ones.
In addition to penicillamine nephropathy, other side
effects of the drug may be related to the widespread
deposition of immune complexes (Figure 3). Dense,
granular immunoglobulin deposits have been identi-

fied at the epidermodermal junction in 4 rheumatoid
arthritis patients who developed toxic reactions, such
as severe rashes, thrombocytopenia, aplastic anemia,
and proteinuria. Three of 4 penicillamine-induced sys-
temic lupus erythematosus syndrome patients had
similar findings on skin biopsy [161].

Besides immune complex deposition, autoantibod-
ies against several autoantigens are frequently detected
in patients treated with D-penicillamine, leading to au-
toimmune diseases. The exact mechanism by which this
drug induces autoimmunity remains to be investigated.
It may directly stimulate oligoclonal B cell activity, up-
set the balance between T cell subsets, or alter anti-
gens by hapten formation. D-penicillamine can bind
with various proteins, and may change the antigenic-
ity of these proteins as a hapten. However, to date, no
evidence for the presence of penicillamine in renal im-
mune deposits has been reported. Nagata et al. [162]
reported that D-penicillamine can act as a hapten for
specific T cells when presented on the surface of ap-
propriate stimulator cells, and suggested that the ad-
verse immunological side effects of this drug in pa-
tients may have a pathogenesis similar to graft-versus-
host reaction.

Prediction and monitoring of development of D-
penicillamine nephropathy

To predict D-penicillamine side effects, the asso-

Figure 3. An illustration of the pathogenesis of D-
penicillamine induced nephropathy.
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ciation between side effects and various factors, such
as HLA antigens [68, 70, 128, 130, 163, 164], autoanti-
bodies [165, 166], and previous gold toxicity [101, 138,
167, 168] has been studied. Wooley et al. [68] investi-
gated the possible interaction between HLA antigens
and toxicity of D-penicillamine and sodium aurothi-
omalate in rheumatoid arthritis patients. Nineteen of
24 patients in whom proteinuria developed were posi-
tive for HLA-B8 and DRw3 antigens. Furthermore, all
13 episodes of proteinuria exceeding 2 g/day occurred
in patients with DRw3 [68]. There is also a strong asso-
ciation between idiopathic membrane nephropathy
and HLA-DRw3, B8 and B18 [169]. Other investiga-
tors have confirmed the association between D-peni-
cillamine-induced proteinuria and DR3 [128, 130, 164]
and B8 [70, 128, 130]. However, other investigators
could not confirm a significant association between D-
penicillamine proteinuria and HLA-DR3 [70, 170]. In
addition to HLA antigens, Emery et al. [163] empha-
sized the sulphoxidation status of patients as a new
predictor of outcome of drug toxicity.

Moutsopoulos et al. [165, 166] reported that anti-
Ro (SSA) positive Greek rheumatoid arthritis patients
experienced a significantly high frequency of side ef-
fects from D-penicillamine. Despite their dissimilar
chemical structures, the thiol compounds, sodium au-
rothiomalate and D-penicillamine, have remarkably
similar clinical effects, and this similarity extends to
the incidence and type of adverse effects [138, 167].
Several investigators have noted the association be-
tween prior gold nephropathy and D-penicillamine.
Billingsley and Stevens reported the significant corre-
lation of D-penicillamine-induced proteinuria to a pre-
vious history of gold nephropathy [134]. Patients with
gold-induced proteinuria are at a higher risk for the
development of proteinuria during D-penicillamine
therapy (p<0.001), and this occurs within the first six
months of treatment [138]. All six patients who devel-
oped systemic lupus erythematosus syndrome while
being treated with D-penicillamine had previous mu-
cocutaneous reactions to chrysotherapy [114]. Dood et
al. [165] noted that all patients who took D-penicil-
lamine within six months after an adverse reaction to
gold developed side effects from D-penicillamine, and
recommended an interval exceeding six months be-
tween treatment with gold and treatment with D-peni-
cillamine in patients who have developed adverse re-
actions to gold, to reduce the risk of adverse reactions

to D-penicillamine, Kean et al. [101] analyzed the in-
fluence of previous sodium aurothiomalate therapy on
the toxicity pattern of D-penicillamine, but could not
confirm a synergistic effect of D-penicillamine and so-
dium aurothiomalate leading to increased adverse re-
action in patients with rheumatoid disease [101].

Although there are several predictors of adverse
reactions, the most useful clinical predictor is urinaly-
sis. Patients on D-penicillamine therapy should be
closely monitored, and every visit to the hospital
should include a full urinalysis.

Allopurinol

Introduction

Allopurinol (4-hydroxypyrazolo [3,4-d] pyrimi-
dine) is an inhibitor of xanthine oxidase that was suc-
cessfully introduced in the treatment of primary gout
about 35 years ago [171]. Allopurinol is now accepted
as standard therapy in the treatment of primary and
secondary hyperuricemia. Adverse reactions occur in
about 10% of patients treated with allopurinol and are
relatively mild and self-limited [171, 172]. A mild macu-
lopapular eruption or gastrointestinal disorders are
usually noted, which promptly regress with cessation
of therapy. Isolated instances of allopecia [173], bone
marrow depression [174], ocular lesions [175], acute
cholangitis [176], various types of hepatic injuries [177,
178] temporal arthritis [179], and xanthine stones [180]
have been reported.

In 1970, reports began to appear of systemic, se-
vere, prolonged hypersensitivity reactions occurring
in patients under treatment with allopurinol [182, 182].
These reactions are characterized by fever, chills, mal-
aise, generalized dermatitis, eosinophilia, abnormali-
ties of liver function tests, and rapidly progressive re-
nal failure [181-188]. Allopurinol-induced nephropa-
thy is usually reported as a part of these reactions. In
1979, Gorge et al. [186] reported 3 cases of such reac-
tions and reviewed 38 patients including their 7 pa-
tients. The average dose of the drug in these patients
was 300 mg/day. The average time from initiation of
the therapy to onset of the reaction was 3.8 weeks. The
most common type of dermatitis was a pruritic, dif-
fuse, erythematosus, maculopapular eruption noted in
over 60% of the patients. Toxic epidermal necrosis,
Stevens-Johnson syndrome, and exfoliative dermatitis
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were also noted in some patients. The presence of eosi-
nophilia (4-53%) was noted in all but two patients.
Thirty-one of 32 patients (97%) had documented im-
paired renal function prior to allopurinol therapy. Fol-
lowing the onset of the hypersensitivity reaction, fur-
ther deterioration of renal function occurred in 30 of
32 patients [186]. In 1986, Singer et al. [188] reported 8
additional patients with such reactions and reviewed
an additional 72 patients described in the literature.
Forty of 80 patients (50%) had impaired renal function
prior to allopurinol therapy. Further deterioration of
renal function was found in 48 of 80 patients.

Histopathology

Histopathological examination of renal biopsy or
autopsy specimens revealed renal vasculitis [181], fo-
cal segmental glomerulonephritis [184], and acute in-
terstitial nephritis [185, 187, 189, 190]. Jarzobski et al.
[181] reported a case of the hypersensitivity type of
vasculitis with fibrinoid necrosis and eosinophilic re-
action, involving multiple organs, especially the kid-
ney, resulting in uremia and death. Boyer et al. [191]
also reported 3 cases of the same type including the
efficacy of prednisolone in treating this type of disease.
Kantor et al. [182] reported a case of glomerulonephri-
tis associated with allopurinol-hypersensitivity. Lin-
ear deposition of IgG and complement along the glom-
erular basement membrane were demonstrated, and a
necrotizing, hemorrhagic pneumonitis was also re-
ported. However, no circulating anti-glomerular base-
ment membrane antibody was detected. Acute inter-
stitial nephritis has also been reported associated with
by the administration of allopurinol [185, 187, 189, 190].
Gelbart et al. [185] reported a case of allopurinol-in-
duced interstitial nephritis with extensive infiltration
of lymphocytes, plasma cells and tubular damage. No
immunoglobulins, complement, or fibrin were evident
in the tubular basement membrane. This patient also
had other typical symptoms of hypersensitivity reac-
tions. Grussendrof et al. [187] also reported a case of
acute interstitial nephritis with circulating anti-tubu-
lar basement membrane antibody and granular C3
deposition on the tubular basement membrane. The
interstitium was diffusely widened, edematous and
infiltrated with lymphocytes, plasma cells, histiocytes
and numerous eosinophils. The nephritis was induced
by controlled re-exposure to allopurinol in a patient

who had two successive severe hypersensitivity reac-
tions to this drug.

Pathogenesis

The pathogenesis of nephropathy associated with
allopurinol-induced hypersensitivity reactions is un-
clear. However, pathogenic role of the immune reac-
tions against allopurinol or its metabolites has not been
excluded. Emmerson et al. [192] studied the lympho-
cyte reactivities to allopurinol and its active metabo-
lite, oxypurinol, in 9 patients with previous docu-
mented adverse reactions to allopurinol. They sug-
gested that some adverse reactions to allopurinol rep-
resented delayed type hypersensitivity to oxypurinol,
but not to allopurinol. Allopurinol is oxidized by xan-
thine oxidase to oxypurinol, which is also an inhibitor
of the enzyme (Figure 4). Allopurinol plasma half life
is less than 2 hours due to rapid renal clearance and
oxidation to oxypurinol [193]. Oxypurinol, because of
its reabsorbance by the renal tubules, has a plasma half-
life of 18 to 30 hours. The clearance of oxypurinol is
diminished in renal insufficiency [194]. In addition, thi-
azide diuretics might be expected to cause accumula-
tion of oxypurinol since its renal handling is similar to
that of uric acid [195]. Hypersensitivity syndrome has
been found to occur most frequently when allopurinol
is given with thiazides or in patients with renal insuf-
ficiency [184, 188]. The immune reactions to oxypu-
rinol may play an important role in the pathogenesis
of the syndrome, including being dose dependent. The
serum concentration of oxypurinol has been monitored

Figure 4. Suggestion of reactions leading to allopurinol
nephropathy.
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to prevent adverse reactions [195, 196]. Recommended
plasma oxypurinol concentrations are below 100 µmol/
L [196]. Several authors [195, 196] reported that no ad-
verse reactions have occurred in patients with lower
plasma oxypurinol levels; however, hypersensitivity
syndrome occasionally develops in patients with a
therapeutic plasma oxypurinol concentration [197]. In
addition to plasma oxypurinol concentration, other fac-
tors probably contribute to the development of the syn-
drome.

Human herpes virus 6 (HHV 6) infection is recently
attracted a great deal of attention as a possible cause
of drug-induced hypersensitivity. Suzuki et al reported
a case of allopurinol-induced hypersensitivity syn-
drome with dramatically increased anti-HHV 6 IgG an-
tibodies. They also demonstrated the presence of HHV
6 in the skin of this patient using a polymerase chain
reaction and in situ hybridization [198]. Thus, drug-
induced hypersensitivity syndrome may not be a
simple allergic reaction to drug. Further investigations
regarding the relation of HHV 6 infection and drug-
induced hypersensitivity syndrome may provide in-
sight to the pathogenesis of allopurinol-induced hy-
persensitivity syndrome.

Therapy, prognosis, and prevention

Withdrawal of the drug and the prolonged admin-
istration of systemic steroids are beneficial for the
hypersensitivity syndrome with renal involvement. Ini-
tial dose of steroid should be 1 to 2 mg/kg/day of pred-
nisolone, with careful gradual tapering of steroids re-
quired in the majority of patients. The recovery time
ranged from 1 week to 11 months. Mortality from this

syndrome is high, with twenty-one of 80 patients died
as a result of the syndrome [188]. In fulminant cases,
such as acute renal failure complicating toxic epider-
mal necrosis or Stevens-Johnson syndrome, methyl-
prednisolone ‘pulse’ therapy might be beneficial. Pa-
tients with HHV 6 infection also require prednisolone
therapy.

To prevent unnecessary morbidity and mortality
due to the allopurinol hypersensitivity, Singer et al.
[188] recommended the indications for allopurinol as
follow: 1) tophaceous gout; 2) major uric acid overpro-
duction (urinary excretion of more than 900 mg of uric
acid/day on a diet with rigid purine restriction); 3) fre-
quent gouty attacks unresponsive to prophylactic
colchicines, when uricosuric agents cannot be used due
to intolerance, lack of efficacy, renal insufficiency, or
poor patient compliance; 4) recurrent uric acid renal
calculi; 5) recurrent calcium oxalate renal calculi when
associated with hyperuricosuria; or 6) prevention of
acute urate nephropathy in patients receiving cytotoxic
therapy for malignancies. Furthermore, they said that
asymptomatic hyperuricemia, uncomplicated gout,
and acute gouty attacks are not considered indications
for allopurinol therapy [188]. Kelley [199] advised al-
lopurinol therapy for asymptomatic hyperuricemia, but
only when it is truly severe (serum uric acid level > 13
mg/dl and 24-hour urine excretion > 1,100 mg). The
allopurinol hypersensitivity syndrome occurs most fre-
quently when the drug is given with diuretics or in
patients with renal insufficiency. Patients on allopu-
rinol therapy should be closely monitored especially
within the first several weeks after initiating adminis-
tration of the drug. Furthermore, the patients with high
risk as mentioned above should start the therapy with
lower dose of allopurinol.
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Introduction

Over the last decade, the treatment of hyperten-
sion has changed dramatically from the concept

of stepped care, advocated in the 1970’s, to the more
individualized care preferred nowadays. This phenom-
enon was largely due to the recent development of new
classes of antihypertensives, which made it possible to
adequately lower blood pressure in most patients with
only one or two antihypertensive drugs, thus avoid-
ing the need for a combination of multiple drugs. One
of these new drug classes, the angiotensin I converting
enzyme inhibitors (ACEI), drew a lot of attention since
these were aimed at inhibiting the formation of angio-
tensin II, a hormone thought to be involved in the ori-
gin of systemic hypertension.

However, some major concerns appeared to restrict
the widespread use of these drugs, including both re-
nal histological changes such as a membranous glom-
erulopathy and an acute interstitial nephritis associ-
ated with ACEI, and functional changes such as an
ACEI-induced fall in glomerular filtration rate (GFR)
in some specified risk groups. Interestingly, although
this fall in GFR was initially a reason for concern, after
further studies that increased our understanding of the
causes of this fall, some possible clinical uses of this
phenomenon were recognized. Among these was the
use of ACEI to improve the diagnostic armamentarium
for renovascular hypertension, to treat urinary protein
leakage in patients with the nephrotic syndrome, and
most importantly, to preserve renal function in patients
with progressively declining renal function.

Introduction ___________________________________________________________325

Captopril-associated membranous glomerulopathy ________________________326

Angiotensin I converting enzyme inhibitor-induced acute interstitial nephritis_326

Angiotensin I converting enzyme inhibitor-induced fall in GFR_______________327
Renal artery stenosis 329
Congestive heart failure 330
Renal failure 331
Risk for combined treatment 332

Angiotensin I converting enzyme inhibitor-induced fetal nephrotoxicity ______332

Lessons to be learned from these side effects ______________________________332
Angiotensin I converting enzyme inhibition renography 333
Antiproteinuric effects and renal function preservation 333

Summary ______________________________________________________________334

References _____________________________________________________________335

 2003 Kluwer Academic Publishers. Printed in The Netherlands.©



326

DE JONG

In this chapter we first will discuss the undesirable
aspects of these effects of ACEI and will show how
most of these effects may be prevented by cautious use
of the agents. Since the mechanisms of the ACEI-in-
duced membranous glomerulopathy and interstitial
nephritis are different from those causing the fall in
GFR, we will discuss each separately.

Captopril-associated membranous
glomerulopathy

Proteinuria in association with membranous glom-
erulopathy has been described during the use of cap-
topril [1-3]. Because of the similar pattern of these side
effects to that of other agents containing a sulfhydryl
group, like penicillamine, it was suspected that the sulf-
hydryl moiety of the captopril molecule was involved
in the genesis of these effects, either by a direct toxic
action or by an immunological mechanism [4]. It was
feared that this would seriously limit the use of capto-
pril and future sulfhydryl-containing angiotensin I
converting enzyme inhibitors [5]. However, Lewis et
al. reported that only 1.1% of 4878 patients treated with
captopril exhibited increased proteinuria, with an in-
cidence of nephrotic range proteinuria (more than 3
grams per 24 hours) of 0.8%. Analysis of these cases
revealed that more than half of these patients had pre-
existing renal disease, and many were taking doses in
excess of 450 mg per day [6]. Furthermore, in studies
in which doses of captopril of 37.5 to 150 mg per day
were used, no increased incidence of proteinuria was
detected as compared to placebo [7]. Lewis even ques-
tioned whether the occurrence of proteinuria during
ACEI is related to the sulfhydryl moiety of captopril,
since proteinuria has also been demonstrated during
treatment with the non-sulfhydryl containing enala-
pril [8]. However, no data are available on biopsy-docu-
mented membranous glomerulopathy in relation to
enalapril or other ACEI.

The causal role of captopril in the pathogenesis of
membranous glomerulopathy has been questioned by
the finding of glomerular abnormalities suggestive for
membranous glomerulopathy in biopsies of hyperten-
sive patients that had not received the ACEI. In both
captopril- and non-captopril-treated patients, spheri-
cal dense bodies were found within the glomerular
capillary wall with vascular and mesangial deposits
of immunoglobulins and C3 that in the early reports

were suspected to represent a captopril-induced mem-
branous glomerulopathy [6, 9, 10]. Taken together, data
lead us to conclude that proteinuria due to membra-
nous glomerulopathy during captopril treatment seems
to be restricted to patients with pre-existing renal dis-
ease who use high doses of the drug.

Angiotensin I converting enzyme inhibi-
tor-induced acute interstitial nephritis

Acute interstitial nephritis during treatment with
an ACEI has been observed in very few instances.
Luderer et al. described a patient with skin rash,
Coombs positive hemolytic anemia, eosinophilia, and
acute renal failure with eosinophiluria seven weeks
after the start of captopril (300 mg per day). An aller-
gic interstitial nephritis was suspected, but unfortu-
nately no renal biopsy was performed and the patient
moreover also received furosemide and aspirin [11].
Renal function improved after discontinuation of
captopril. Cahan described two patients, one with a
biopsy-proven acute eosinophilic interstitial nephritis
(together with a membranous glomerulopathy) and the
other with chronic interstitial nephritis during treat-
ment with captopril [12]. Since again, both of these
patients were also receiving furosemide, the develop-
ment of interstitial nephritis could not definitely be
attributed to captopril. In both patients the nephrotic
range proteinuria persisted despite discontinuation of
captopril and treatment with prednisolone [12]. Four
other cases of acute interstitial nephritis with eosino-
phils have been described, mostly after usual doses of
captopril (50-125 mg) given for a few days or weeks
[13-16]. In one patient renal interstitial granulomas
were also found [15]. In these cases renal function im-
proved promptly after discontinuation of the drug.
Another case report described a hypertensive patient
presenting with a generalized maculopapular rash af-
ter three weeks of captopril therapy [17]. Eosinophilia
was present without eosinophiluria. The renal biopsy
showed acute tubular necrosis, however without evi-
dence of allergic interstitial nephritis. Renal function
improved promptly after discontinuation of captopril.
Although a rash and eosinophilia have also been de-
scribed during enalapril treatment, no data are avail-
able on the occurrence of acute interstitial nephritis in
patients on enalapril. Moreover, in one of the above-
mentioned case reports, captopril rechallenge, but not
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enalapril, caused renal functional deterioration [14].
Finally, functional tubular changes have also been

described. Renal glycosuria, either with [18] or with-
out [19] a fall in GFR has been found during treatment
with captopril. In both cases the abnormality disap-
peared after withdrawal of the drug.

Thus far, no reports have been published on mem-
branous glomerulopathy or acute interstitial nephritis
in relation to the use of angiotensin II receptor antago-
nists. Whether this is due to the relatively short expe-
rience with these agents, or the fact that these ACEI-
induced side effects are specific for ACEI and thus not
related to the interference in the renin angiotensin sys-
tem in general, cannot be concluded as yet.

Angiotensin I converting enzyme inhibi-
tor-induced fall in GFR

In order to understand the ACEI-induced fall in
GFR, it is important to begin with a basic understand-
ing of the physiological role of the renin-angiotensin
system in the regulation of renal hemodynamics (Fig-
ure 1). When renal perfusion pressure drops, renin is
released into the plasma and lymph by the juxtaglom-
erular cells of the kidney. This enzyme cleaves
angiotensinogen to form angiotensin I, which is fur-
ther cleaved by converting enzyme to form angiotensin
II, the primary effector molecule in this system. An-

giotensin II participates in GFR regulation in at least
two ways. First, angiotensin II increases arterial pres-
sure, directly and acutely by causing vasoconstriction,
and indirectly and more chronically by increasing body
fluid volumes through stimulation of renal sodium
retention (both indirectly via aldosterone and through
a direct effect on the tubules), as well as by stimulat-
ing thirst. Second, angiotensin II preferentially con-
stricts the efferent arteriole, thus helping to preserve
glomerular capillary hydrostatic pressure and, conse-
quently, GFR. Although the renin-angiotensin system
is now known to be much more complicated than origi-
nally thought, including the likelihood that it serves
paracrine and autocrine functions as well as endocrine
functions, the simplified description above still holds
true. As shown in figure 1, angiotensin I converting
enzyme or kininase II also interferes in the breakdown
of bradykinins, which may contribute to the vasodila-
tion of ACE-inhibitors.

Under conditions in which arterial pressure or body
fluid volumes are sensed as subnormal, the renin-an-
giotensin system will be activated and plasma renin
activity and angiotensin II levels will be elevated. These
conditions include dietary sodium restriction or so-
dium depletion (such as during diuretic therapy), re-
nal artery stenosis, and congestive heart failure. In each
case, fluid and sodium will be retained until the pres-
sure and volume are again sensed as normal. Note that
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Figure 1. Inhibition of the angiotensin converting enzyme, or kininase II.



328

DE JONG

it is possible for the pressure and/or volume to actu-
ally be greater than normal but sensed as normal or
subnormal, as in the case of congestive heart failure or
renovascular hypertension. In conditions in which the
renin-angiotensin system is activated, this system be-
comes especially important in maintenance of GFR, and
the kidney becomes more sensitive to the effects of
blockade with an ACEI or angiotensin II receptor an-
tagonist.

The phenomenon of constant GFR and plasma flow
during changes in renal arterial pressure is known as
autoregulation, which under normal conditions is not
renin angiotensin dependent (Figure 2). In case of re-
nal arterial pressures below a certain value (about 80
mmHg), the renin-angiotensin system becomes in-
volved. Its importance in this response has been
demonstrated by Hall et al., who showed that intrarenal
infusion of an angiotensin II antagonist impaired GFR
autoregulation but not renal blood flow autoregulation,
and that the impairment was more pronounced in so-
dium-depleted dogs [20]. During angiotensin II recep-
tor antagonism, filtration fraction and efferent arteri-
olar resistance progressively fell at all renal arterial
pressures below control. These investigators also
showed that administration of captopril to sodium-
depleted dogs impaired autoregulation of GFR but not
of renal blood flow when renal perfusion pressure was
reduced [21]. Both GFR and renal blood flow were re-
turned to control values when angiotensin II was in-
fused during captopril administration and aortic con-
striction. Calculated afferent and efferent resistances
suggested that an angiotensin-stimulated increase in
efferent resistance is important for efficient autoregula-

tion of GFR when renal arterial pressure is clearly re-
duced. Thus, these investigators have provided strong
evidence that an intact renin-angiotensin system is re-
quired for maintenance of GFR when renal perfusion
pressure falls, and that angiotensin II participates in
this GFR autoregulation by preferentially constricting
the efferent arteriole.

Although generally accepted to be true, it is actu-
ally not known whether the renal hemodynamic ef-
fects of ACEI are necessarily due to blockade of the
renin-angiotensin system. Acute renal failure has not
been seen after administration of other antihyperten-
sive agents that do not interfere with the renin-angio-
tensin system, suggesting that it is blockade of this sys-
tem, which is responsible for the acute renal failure.
However, angiotensin-converting enzyme is identical
to kininase II, the enzyme responsible for degradation
of kinins, so that administration of ACEI causes a
buildup of vasodilator kinins (e.g. bradykinin) as well
as depletion of angiotensin II. Thus, an excess of va-
sodilator kinins could theoretically contribute to the
fall in GFR during ACEI. However, the finding of Hall
et al. that an angiotensin receptor antagonist has simi-
lar effects to captopril or renin depletion on GFR
autoregulation [20], and that the effects of captopril
can be reversed by an infusion of angiotensin II [21],
would suggest that changes in the kinin system play a
minor role, if any, in the effects of ACEI on renal he-
modynamics.

In patients in whom the renin-angiotensin system
is activated, one would expect that efferent arteriolar
resistance is maintained at least in part by circulating
and/or intrarenal angiotensin II. If angiotensin II pref-

Afferent
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Efferent
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Perfusion pressure ���
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Figure 2. Renal hemodynamics in normal and hypoperfusion conditions.
PGE2= prostaglandin E2; VD= vasodilatation; VC= vasoconstriction.
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erentially constricts the efferent vessels, then adminis-
tration of an ACEI should preferentially dilate these
vessels, thus causing a fall in glomerular hydrostatic
pressure and a fall in GFR. This would be expected to
occur even if renal perfusion pressure was unchanged.
Moreover, a captopril-induced fall in systemic arterial
pressure (and therefore renal artery pressure), together
with impairment of GFR autoregulatory capability,
would further contribute to a reduction in GFR.

These predictions from a basic understanding of the
physiology of the renin-angiotensin system are upheld
by clinical findings. Specifically, in some pathophysi-
ological conditions in which maintenance of GFR is
highly dependent on an angiotensin II-mediated effer-
ent vasoconstriction, ACEI may result in an acute and
pronounced fall in GFR. This is true for patients with
bilateral renal artery stenosis or renal artery stenosis
in a solitary kidney, for patients with congestive heart
failure, and for patients with severe renal failure, es-
pecially when they are volume depleted. We will dis-
cuss the effect of ACEI in these three patient groups
separately.

Renal artery stenosis

Shortly after the introduction of ACEI in clinical
practice, attention was given to the acute and severe
fall in GFR that may be encountered with these drugs
in patients with bilateral renal artery stenosis and ar-
tery stenosis of a solitary kidney, the latter for example
in patients with a renal allograft. In the first report to
document such a GFR decline it was suggested to be
due to a direct nephrotoxicity of the ACEI [22]. It soon
became clear, however, that the fall in filtration was
the consequence of renal ischemia, possibly related to
the fall in blood pressure and thus in perfusion pres-
sure in the post-stenotic kidney.

In one of the earliest reports it was shown that not
only captopril but also minoxidil caused GFR to de-
crease in a patient with a transplant renal artery steno-
sis [23], suggesting that it was the fall in blood pres-
sure itself, which caused the reduced GFR. However,
in other studies it was found that GFR decreased only
during treatment with captopril and enalapril [24]
whereas a fall in blood pressure during sodium nitro-
prusside [25] or minoxidil [26, 27], which do not di-
rectly interfere with the renin-angiotensin system, did
not result in a decline in GFR. Furthermore, studies

from Anderson et al. indicated that during infusion of
an ACEI in the renal artery, in doses low enough not
to cause any systemic blood pressure effect, an effer-
ent vasodilation occurs resulting in a lowering of fil-
tration pressure in the post-stenotic kidney [28]. The
same authors showed that the recovery of GFR that is
normally observed after the induction of a renal artery
stenosis in dogs is prevented by enalapril treatment
[29]. Thus it appears that it is not the fall in systemic
blood pressure per se that causes GFR to decrease after
captopril in a renal artery stenosis patient.

Whatever the precise mechanism may be, the fall
in intraglomerular capillary pressure in the post-
stenotic kidney may lead to a severe decrease in GFR,
even up to total loss of filtration. This is reflected by an
acute rise in serum creatinine in patients with bilateral
stenosis or stenosis in a solitary kidney [24, 30]. With
the contralateral kidney intact however, changes in
overall GFR tend to be small and variable, due to com-
pensation by the non-stenotic kidney. Wenting et al.,
in their elegant study [31] showed not only that
captopril greatly reduced the extraction ratio of sodium
iodohippurate and iothalamate in the poststenotic kid-
ney in half of the patients with unilateral renal artery
stenosis, but also that such a fall in GFR could easily
be detected on renal scintigraphy with 99mTc-
diethylenetriaminepenta-acetic acid (DTPA), whereas
DTPA-uptake had not diminished in the kidney of
patients with essential hypertension (Figure 3). Since
in patients with a unilateral renal artery stenosis a fall
in filtration in the poststenotic kidney may not be de-
tected by a rise in serum creatinine, they concluded
that radioisotope renography thus should be per-
formed after beginning captopril treatment in patients
with renal artery stenosis [31]. In case of a fall in tracer
uptake after captopril the drug should be withdrawn
and the physician should aim at a curative approach if
possible.

As predicted by our understanding of the basic
physiology, the fall in filtration after ACEI in a patient
with renal artery stenosis is dependent upon the
prevailing sodium status of the patient [27, 32-34]. The
critical role of sodium balance in this fall in GFR dur-
ing ACEI has been nicely documented in a case report
by Hricik [34], who showed that GFR decreased more
markedly in a patient with a transplant renal artery
stenosis when captopril was given in a sodium de-
pleted as compared to a sodium replete situation (Table
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1). Moreover, Andreucci et al. reported that intrave-
nous infusion of saline could reverse the fall in creati-
nine clearance or rise in serum creatinine during
captopril administration [35].

Since the fall in GFR after ACEI is reversible
immediately after withdrawal of the drug [27, 30-32,
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Figure 3. Effect of long-term captopril 150 mg daily on
blood pressure and single kidney uptake of 99mTc-DTPA
in 14 patients with unilateral renal artery stenosis and 17
patients with essential hypertension. Note that DTPA
uptake diminished impressively in half of the poststenotic
kidneys in patients with renovascular hypertension,
whereas it did not change in another half of the post-
stenotic kidneys and in the kidneys of essential hyperten-
sive patients. Reproduced with permission from [31].

36], some authors concluded that its use in patients
with renal artery stenosis is relatively safe [37, 38].
However, both animal data and human experience sug-
gests that after continued treatment with an ACEI, at-
rophy of the stenosed kidney (Figure 4) [39] or com-
plete obstruction of the artery with ischemia of the
poststenotic kidney may occur [40, 41]. Whether these
effects are directly related to the ACEI or to the natu-
ral history of the disease has yet to be established.
Another argument against using ACEI in patients with
renovascular hypertension, is the fact that in a num-
ber of these patients therapy (either transluminal an-
gioplasty, stenting or operative procedures) that will
directly address the primary problem is frequently
available. The fact that renal function does not worsen
during treatment with an ACEI should be evaluated
against an expected improvement in renal function
after correction of the stenosis.

Congestive heart failure

A fall in GFR may also be encountered if ACEI are
given to patients with congestive heart failure. In a
double blind study, Cleland found GFR to decrease
from 53 to 48 ml/min (although not a statistically sig-
nificant fall) during long-term treatment with captopril
in 14 patients with congestive heart failure [42]. This
fall in renal function, however, is not observed in all
patients [43], and may also be different during the dif-
ferent stages of treatment [44]. Packer et al. showed
that creatinine clearance worsened only in one third of
the patients with severe chronic heart failure during
treatment with captopril or enalapril, whereas creati-
nine clearance remained stable or improved in the other
two thirds of the patients during ACEI [43]. The pa-
tients that demonstrated worsening of renal function

Table 1. The effect of sodium intake on the renal
response to captopril in a patient with a transplant
renal artery stenosis.

Sodium Sodium
deplete replete

Captopril: – + – +

Body weight (kg) 73.6 73.9 75.2 76.8

Blood pressure (mmHg) 150/96 121/71 130/75 131/83

Serum creatinine (mg/dl) 1.5 3.6 1.6 1.6

Inulin clearance (ml/min) 73 37 62 53
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during different stages of treatment to reflect the bal-
ance between the different mechanisms influencing
kidney hemodynamics in heart failure and their alter-
ation by ACEI.

Renal failure

Patients with pre-existing renal failure are also at
risk of developing an acute fall in GFR after ACEI [45-
48]. Such a fall in GFR again appears to occur espe-
cially in situations of a concomitant volume depletion,
such as during strict diuretic treatment, diarrhea, or
during lithium therapy [49]. Since most ACEI are
eliminated via renal excretion it should be emphasized
that the dose of the drug has to be adjusted for renal
function. In patients with renal failure the ACEI should
be started at very low doses and should be titrated only
gradually. Since GFR may return to pretreatment lev-
els after withdrawal of the ACEI, it can be concluded
that the deleterious effect of ACEI on renal function is
the consequence of a functional response, i.e. an effer-
ent renal vasodilation which in the presence of an im-
paired renal perfusion pressure may result in a severe
fall in intraglomerular capillary pressure.

This acute and sometimes severe fall in GFR dur-
ing ACEI-treatment in patients with renal disease
should be considered separately from the expected
beneficial effects of ACEI to prevent the progressive
renal function decline so commonly observed in pa-
tients with renal disease (see later). In this respect the
study of Speirs et al. is of interest [50]. They reported
on a postmarketing surveillance of enalapril. For that
purpose they evaluated the reports of more than 15,
000 patients that had been instituted on enalapril
(mostly in a clinical setting) and of whom a prescrip-
tion event monitoring report had been received. 1098
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Figure 4. Weight of the clipped and nonclipped kidneys
of two-kidney one-clip rats with Goldblatt´s hypertension
after 12 months of no treatment, enalapril, or minoxidil
treatment. *** p<0.001 compared with no treatment
group. Reproduced with permission from [39].

had a lower central venous pressure and used more
diuretics prior to the start of the ACEI. They exhibited
a greater fall in mean arterial pressure and left ven-
tricular filling pressure than the patients in whom re-
nal function remained stable or improved (Table 2).
These authors also showed that the drug-induced
azotemia resolved after a reduction in the dose of the
diuretics, despite unaltered treatment with captopril
or enalapril [43]. When instituting a patient with con-
gestive heart failure on an ACEI, renal function should
be monitored closely, at least during the first one to
two weeks, especially since a decline in renal function
may be transient. Mujais et al. showed GFR to decrease
the first days after start of the angiotensin I converting
enzyme inhibitor, but to improve again during the next
days [44]. They interpreted this difference in response

Table 2. Renal function and hemodynamics during long term angiotensin I converting enzyme inhibition (ACEI) in
severe chronic heart failure. The patients are divided in a group with stable renal function (n=70) and a group
with worsening renal function (n=34) [from ref. 43].

Stable renal function Worsening renal function
ACEI – ACEI + ACEI – ACEI +

Serum creatinine (mg/dl) 1.8 ± 0.1 1.7 ± 0.1 1.6 ± 0.1 2.2 ± 0.2

Creatinine clearance (ml/min) 42.7 ± 3.7 50.9 ± 2.0 49.6 ± 5.1 31.2 ± 2.8

Mean arterial pressure (mmHg) 83.9 ± 1.7 69.9 ± 2.0 83.1 ± 2.6 62.1 ± 2.8

Left ventricular filling pressure (mmHg) 27.1 ± 0.6 18.7 ± 1.0 26.0 ± 0.9 11.4 ± 1.4
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of these patients had died. Reports of these patients
were evaluated for the cause of death and the possible
role of enalapril in the death. It was found that enalapril
appeared to have contributed to a decline in renal func-
tion and subsequent death in 10 of these patients. These
patients shared some characteristics, i.e. old age, the
use of high dose diuretics and/or potassium sparing
diuretics, pre-existing renal disease and concomitant
use of non-steroidal anti-inflammatory drugs [50].

Risk for combined treatment

In the previous paragraphs it has already been
stressed that a decline in GFR during ACEI occurs pre-
dominantly in situations that the ACEI is combined
with a diuretic regimen. As also mentioned before, the
combination of an ACEI with a non-steroidal anti-
inflammatory drug should be avoided, especially in
patients with a pretreatment impaired GFR [50-52]. In
such a situation the combination of afferent vasocon-
striction (due to the prostaglandin synthesis inhibition)
and efferent vasodilation (due to the ACEI) will result
in a further fall in GFR, as has also been shown in pa-
tients with nephrotic range proteinuria [53, 54]. Dur-
ing these combined treatment regimens the patient is
also at greater risk for the development of hyperkale-
mia.

Angiotensin I converting enzyme inhibi-
tor-induced fetal nephrotoxicity

Although it is always difficult to prove that a cer-
tain drug or drug class induces fetal toxicity, the re-
ports on ACEI-induced fetal renal damage are substan-
tial. The most commonly reported fetal side effect of
ACEI is second to third trimester onset of oligohydram-
nios and growth restriction, followed by delivery of
an infant whose neonatal course is complicated by pro-
longed and often profound hypotension and anuria
[55]. Most cases have been described in association with
the use of enalapril, captopril and lisinopril (the earli-
est registered compounds), but there is no reason to
expect that the other ACEI should not have the same
risk [56]. These side effects have not been described
with the use of angiotensin II receptor antagonists. As
these drugs have not been used so long to date, it is to
early to conclude whether the ACEI fetopathy is lim-

ited to the specific characteristics of ACEI or to the in-
terference in the renin angiotensin system in general.

Histological studies of the kidney in ACEI-exposed
fetuses show renal tubular dysgenesis [57-59]. Besides,
delayed development of the calvaria and persistence
of a patent ductus arteriosus has been described [60].
The true incidence of the fetal adverse effects of ACEI
is not to determine, but in a series of 31 pregnancies
exposed to an ACEI two ended with a miscarriage and
three with stillbirth. Preterm delivery occurred in 12,
and 6 out of the 26 liveborn babies were small for ges-
tational age. Two infants with patent ductus arterio-
sus were reported [61]. There is no evidence that the
use of ACEI causes harm in the first trimester of preg-
nancy [60].

The described renal tubular dysgenesis is charac-
terized by dilatation of Bowman’s space and of the tu-
bules, diminished to absent differentiation of proximal
convoluted tubules, and increased cortical and med-
ullary mesenchyme and later fibrosis (Figure 5) [60].
These abnormalities are compatible with ischemic in-
jury, and it has been argued that the mechanism by
which ACEI affect development of the fetal kidney is
through decreased renal blood flow [62, 63]. In fact, a
similar histological pattern of renal tubular dysgenesis
has also been reported in association with exposure to
nonsteroidal anti-inflammatory agents [64-68], argu-
ing that these abnormalities are not specific for ACEI
exposure.

Based upon the available evidence it is advised not
to use ACEI during pregnancy. In the case of an ACEI-
exposed fetus, the pediatrician should be notified of
the potential for neonatal hypotension and anuria.

Lessons to be learned from these side
effects

Interestingly, in contrast to the situation with many
other drugs, the documentation of these severe un-
wanted side effects did not lead to the withdrawal of
these agents from the market. It of course is manda-
tory to constantly be aware of these potential risks.
However, once the possible physiologic mechanisms
of these side effects had been elucidated, it became in-
creasingly clear that these effects could also be used to
extend the diagnostic and therapeutic armamentarium
of today’s medicine.
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Angiotensin I converting enzyme inhibition
renography

Although it is a simple screening method for renal
artery stenosis, until recently renography alone did not
appear to be sufficiently sensitive for this purpose. This
is thought to be at least partly due to the fact that the
stenotic kidney is able to maintain adequate filtration
and blood flow through systemic and local angiotensin
II effects, thus obscuring the typical differences in tracer
handling between the stenotic and non-stenotic side.
The deleterious effects of an ACEI on flow and filtra-
tion in the poststenotic kidney in a patient with a renal
artery stenosis are currently of use to improve the sen-
sitivity of renography techniques in detecting the pres-
ence of a renal artery stenosis. It indeed has been
shown, both in animal [69, 70] and human [71, 72] stud-

Figure 5. Renal tubular dysgenesis in four different cases of ACI-induced fetopathy; note particularly the ductular
ectasia, dilatation of Bowman’s space, and poor to no differentiation of proximal convoluted tubules. Reprinted by
permission of M. Barr [60] and Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.

ies that the uptake and/or excretion of the tracer is
more impaired in the post-stenotic kidney after ACEI
as compared to the situation prior to the administra-
tion of the ACEI. This phenomenon appears to con-
tribute to the alleged improvement of renography sen-
sitivity during ACEI for the detection of renal artery
stenosis. At present however, ACEI-renography is not
so much advocated anymore, due to the high costs of
the test in view of the suboptimal sensitivity.

Antiproteinuric effects and renal function
preservation

The renal hemodynamic effects of ACEI in patients
with renal parenchymal disease and renal function
impairment deserves particular attention. Also in these
patients renal plasma flow generally will increase dur-

C
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ing ACEI [73, 74]. The response of GFR again is de-
pendent upon the prevailing sodium balance and the
dose of the ACEI (Figure 6) [75, 76]. In contrast to the
more acute and severe fall in GFR as discussed before,
the fall in filtration in this patient group generally is
rather small, and mostly not diagnosed as such if only
changes in serum creatinine are used as diagnostic cri-
terium. However, using more accurate measurements
of renal function, such as the clearance of inulin or ra-
dioisotope labeled tracers, a fall in filtration rate gen-
erally can be demonstrated. This fall in filtration re-
flects a fall in intraglomerular capillary pressure. Since
in animal experiments a rise in intraglomerular capil-
lary pressure was found to be associated with a rise in
urinary protein loss [77] and a progressive glomerulo-
sclerosis and renal failure [78], it followed that ACEI
were used in an attempt to lower proteinuria and to
prevent progressive renal function decline. ACEI in-
deed have been found to lower urinary protein excre-
tion in patients with renal disease of various origins.

Both in patients with asymptomatic proteinuria and
in patients with frank nephrotic syndrome a fall in
proteinuria with a rise in serum albumin has been de-
scribed [73-75, 79, 80]. It has been argued that this
improvement in the urinary protein leakage is the con-
sequence of the renal hemodynamic effect of the ACEI,
since blood pressure lowering with other
antihypertensives does not result in a fall in proteinuria
[74, 75]. In addition, the effects of ACEI or angiotensin
II receptor antagonism to block the growth-promoting
capacity of angiotensin-II adds to the beneficial effects
of RAS blockade. In the last years the beneficial effects
of both ACEI and angiotensin II receptor antagonists
to prevent the progressive renal function decline in both
type I [81] and type II [82, 83, 84, 85] diabetic nephr-
opathy as well as in nondiabetic nephropathies [86-
89] has been well documented.

Summary

Soon after the introduction of ACEI much atten-
tion was given to their renal side effects. This initiated
a lot of research, especially because hypertension fre-
quently is present in patients with renal vascular and/
or parenchymal disease and the use of ACEI therefore
was prompted in such patient groups. In the early
eighties nephrotic syndrome due to a membranous
glomerulopathy was described in association with the
use of captopril. Further detailed studies showed this
side effect to be related to the very high doses that at
that time were used in patients with renal disease. More
common is the acute renal functional deterioration that
may occur during ACEI in certain groups, such as in
patients with renovascular hypertension, in patients
with severe heart failure and in patients with severe
renal failure, especially in case of volume depletion.
However, this fall in filtration is reversible after with-
drawal of the drug or after volume repletion. This find-
ing of a renal hemodynamically mediated fall in intra-
glomerular capillary pressure prompted studies that
provided evidence of an antiproteinuric and renopro-
tective effect of this class of drugs. Close monitoring
of side effects of drugs such as ACEI along with a ba-
sic understanding of the role of the renin angiotensin
system in patients with renal diseases opens new per-
spectives for the treatment of such patients.
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Introduction

Diuretics are among the most frequently prescribed
drugs for the treatment of both edematous and

non-edematous states. With respect to the latter cat-
egory, they are most often utilized in the therapy of
hypertension. They may injure the kidney either re-
versibly or irremediably, a distinction which often de-
pends upon whether they have induced functional or
anatomic damage. Ordinarily, the former type of dis-
order reverses more rapidly than the latter. However,
anatomical lesions, for example those that may be as-
sociated with acute renal failure, may also respond to
removal of the offending agent.

Functional abnormalities

Effects on renal hemodynamics

Diuretics may cause reductions in glomerular fil-
tration rate either by a direct effect to constrict the re-
nal arterial supply or secondary to their induction of
extracellular fluid volume contraction. Listed in Table
1 are the renal hemodynamic alterations induced in
the experimental animal or in man by the most com-
monly employed currently available diuretic agents.
Acetazolamide, a proximally active agent and the pro-
totypical carbonic anhydrase inhibitor (Figure 1), con-
sistently reduces renal blood flow by 25 to 37% and
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glomerular filtration rate by 10 to 46% [1]. This phe-
nomenon is thought to result from an effect of the drug
on the “tubulo-glomerular feedback” mechanism. The
latter concept involves the control of glomerular func-
tion by some component of flow from the proximal to
the distal nephron [2, 3]. The control system for this
phenomenon appears to be located in the specialized
cells of the distal convoluted tubule represented by the
macula densa, and the apparent rationale for this feed-
back regulation is the maintenance of a relatively con-
stant tubular flow rate. Thus, if diuretics inhibit sodium
and fluid transport upstream of the distal convolution
leading to increased delivery to the distal nephron, the
glomeruli will respond with reduced function, perhaps
mediated by alterations in local or regional angiotensin
II levels [4]. While the loop of Henle agents such as
furosemide would be expected to have similar effects,
these drugs appear to inhibit the tubulo-glomerular

feedback system, thus preventing a decrease in glom-
erular filtration rate [5-10]. However, in those studies
with loop diuretics in which extracellular fluid volume
was substantially contracted, glomerular filtration rate
(and single nephron filtration rate, SNGFR), fell [8, 9,
11, 12].

In most studies in which it has been investigated,
ethacrynic acid administration results in a marked re-
duction in renal vascular resistance [7, 13-15]. How-
ever, this effect is reversed as in the case of furosemide,
by the development of volume depletion [14-16]. Stud-
ies of bumetanide in the experimental animal have gen-
erally shown no change in glomerular filtration rate
[17, 18] or renal blood/plasma flow [17, 18] except for
generally transient acute increases in the latter which
approximated 27-40%, declining later in the experi-
ments to only modest elevations or to control levels
[19, 21]. In man, bumetanide has been found to cause

Table 1. Renal hemodynamic effects of diuretic agents categorized according to their primary nephron sites of
actiona,b.

Drug model(s) Experimental Effect on RBF or RPF Effect on GFR Mechanism(s) of observed alterations
in hemodynamics

Proximal tubule
Acetazolamide Rat, dog, man RBF↓d~25-37% GFR↓d 10-46% Activation of TGF mechanism.

Benzolamide Rat RBF, RPF not determined GFR↓d~ 18-21% Activation of TGF mechanism because of
but nephron plasma ↓d ↓d nephron plasma flow, probably
by ~35% mediated by angiotensin II.

Loop of Henle
Furosemide Rat, dog, ↑d (by 25 to 30%)c, No changec Inhibits the TGF system preventing a ↓

rabbit, man or no change in SN(GFR) which would otherwise be
expected because of an ↑ in distal delivery
related to inhibition of transport in the loop.

Ethacrynic acid Dog, man ↓d (by 28-47%)c, No changec Does not alter TGF; renal vasodilatory effects
or no change may be reversed by volume depletion.

Bumetanide Dog, man ↓d (by ≤40%), No change or ↑dc Effects of TGF similar to those of furosemide.
or no change

Early distal convoluted tubule
Chlorothiazide Dog, rat, man No change, or ↓d No change or ↓d Decline in SNGFR, when it occurs, may be

related to ↑d proximal intratubular pressure,
volume contraction or afferent arteriolar
vasodilation induced by the drug.

Metolazone Dog, man No change No change

Indapamide Dog, man No change No change

Late distal convoluted tubule and collecting duct
Spironolactone Man No change No change

Triamterene Man No changed No changed

Amiloride Dog, rat, man No change No change
aAdapted from Puschett JB, Winaver J [1], with permission of the editors.
bAbbreviations: RBF, RPF= renal blood, plasma flow; GFR= glomerular filtration rate, SNGFR= single nephron filtration rate; TGF= tubuloglomerular
feedback.
cEffects of the drug on renal blood flow and glomerular filtration rate are related to alterations in extracellular fluid volume induced by the agent.
dLarge doses (300 mg/day) have been reported to reduce effective renal plasma flow and glomerular filtration rate.



341

17. Diuretics

either no change [22, 23] or a 12 to 16% increase in ef-
fective renal plasma flow and glomerular filtration rate
[24].

The thiazides, especially the most extensively stud-
ied of this group of agents, chlorothiazide, have been
determined either to reduce both RBF and glomerular
filtration rate or to cause no change in these param-
eters [1]. When a reduction does occur, it may be the
result of volume contraction [25], as outlined above,
an increase in proximal tubular pressure [26], or a va-
sodilatory effect of the drug on the postglomerular vas-
culature [27]. Effects of the thiazide-like agent, meto-
lazone, and another sulfonamide derivative, indapa-
mide, have been studied in the experimental animal
and in man. In general, these drugs likewise cause no
consistent alterations in either RBF or glomerular fil-
tration rate unless volume contraction occurs [1].

Clinically, volume depletion manifests itself in one
of two patterns related to alterations in serum chemis-

try values: either there is an elevation in the blood urea
nitrogen with no increase in serum creatinine, or both
are elevated but the blood urea nitrogen proportion-
ately more so than the creatinine. This phenomenon,
which has been termed “prerenal azotemia”, results
from reduced flow through the nephron and increased
contact time between the tubular contents and the epi-
thelium of the collecting duct. Urea is a small, non-
charged moiety, which is transported much more eas-
ily than is creatinine (a much larger, usually charged
molecule). Ordinarily, prerenal azotemia and reduc-
tions in glomerular filtration rate can be reversed with
cessation of the diuretic and liberalization of sodium
in the diet. In severe cases, however, the infusion of
saline may be necessary, assuming the patient’s un-
derlying problem permits.

There have been reports of oliguric acute renal fail-
ure with high doses (>200 mg/day) of the osmotic di-
uretic mannitol, which responded to hemodialysis [28-

Figure 1. Chemical structures of
the commonly utilized diuretic
agents grouped according to
drug class.
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36]. The rapid and dramatic improvement of renal func-
tion with hemodialysis suggests functional abnormali-
ties. However, anatomic changes such as vacuolization
and swelling of the renal tubular cells with substantial
reduction of proximal tubule lumen (osmotic nephro-
sis) have been reported with normal renal function [37,
38]. Low dose mannitol has been shown to produce
renal vasodilation whereas high doses appear to in-
duce vasoconstriction [35, 39-41]. It has been proposed
that the large solute loads that are delivered to the
macula densa during high dose mannitol therapy may
increase glomerular tubular feedback causing afferent
arteriole vasoconstriction producing a marked drop in
glomerular filtration rate [30]. Some data also support
a direct vasoconstrictive effect of mannitol on the re-
nal artery [41].

The potassium-sparing agents, spironolactone, tri-
amterene and amiloride appear to cause no consistent
changes in RBF or glomerular filtration rate. However,
when used in large doses, (300 mg per day or more),
triamterene has been reported to reduce both effective
renal plasma flow and glomerular filtration rate. Re-
ductions in glomerular filtration rate have also been
observed with spironolactone, but may have repre-
sented artifact related to chemical interference in the
determination of serum creatinine.

Renal parenchymal lesions

Interstitial nephritis

The development of an acute interstitial inflamma-
tory reaction in the kidney related to the administra-
tion of certain classes of drugs and leading to renal fail-
ure has been recognized for almost a century [42]. An-
tibiotics, in particular the sulfonamides [43] and semi-
synthetic penicillins [44, 45], were recognized as etio-
logically associated in many instances. A retrospective
review of 1068 kidney biopsies from 1968 to 1997 by
Schwarz et al. yielded acute interstitial nephritis in 6.5%
of cases. In the majority of instances (85%) acute inter-
stitial nephritis was drug related. Diuretics were im-
plicated in 7.8 % of these cases [46]. Lyons et al. noted
that four patients with proliferative glomerulonephri-
tis and nephrotic syndrome treated with sulfonamide-
derivative diuretics (furosemide or thiazides) devel-
oped severe renal failure, which reversed when the di-
uretic was withdrawn and prednisone was adminis-

tered [47]. In each case, renal biopsy demonstrated a
diffuse interstitial infiltrate containing many eosino-
phils, in addition to the expected glomerular lesions.
Three of the patients had peripheral eosinophilia and
two had rashes, reminiscent of the symptoms and signs
associated with the antibiotic-induced renal lesions (fe-
ver, eosinophilia, eosinophiluria and rash). Rechallenge
with furosemide (as well as azathioprine) resulted in a
recurrence of fever, anuria and the development of
erythema multiforme in one of these four patients [47].
In a case reported by Fialk et al., eosinophilia and re-
nal failure developed in a patient receiving furosemide,
subsided when the drug was stopped, but recurred
when ethacrynic acid was substituted [48], improving
with the cessation of the latter agent. However, in the
patient reported by Lyons et al. [47], removal of furo-
semide and replacement with ethacrynic acid was suc-
cessful as was the case in a patient reported by Fuller
et al. [49]. Magil and his coworkers noted the develop-
ment of eosinophilia and fever in a total of three pa-
tients receiving a combination of hydrochlorothiazide
and triamterene, as well as oliguric acute renal failure
in one of them [50]. Biopsies of these three patients
demonstrated acute interstitial nephritis. Although the
authors suggested the thiazide as the offending agent
with triamterene possibly playing a potentiating role,
triamterene-induced interstitial lesions have also been
reported [51, 52]. Case reports of the development of
this renal parenchymal lesion have also been described
in association with the administration of chlorthalidone
[53, 54], tienilic acid [55], indapamide [56] and other
thiazides administered alone [57] or simultaneously
with triamterene [58, 59].

It has become clear that interstitial nephritis with
progressive renal insufficiency may present in a more
subacute or chronic form (Figure 2) without the hall-
marks that herald the acute disease process [60]. Fur-
thermore, the renal failure may be nonoliguric [61]. An
interesting feature of the patients reported by
Kleinknecht et al. [44] and Magil and his coworkers
[50, 62] was the presence in the biopsy of noncaseating
interstitial granulomas. Furthermore, Magil et al. have
reported that mononuclear cells in the renal intersti-
tial tissue stained strongly positive for lysozyme, a find-
ing that was not present in the giant cells. They also
obtained evidence of cell-mediated immunity in the
granulomas of two cases.

Finally, vasculitis has been reported with the ad-
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ministration of the thiazides [63-68] and metolazone
[69]. Larsson and his coworkers found high titers of
antibodies against myeloperoxidase and cardiolipin in
a patient treated with a thiazide. When the drug was
stopped, progression of the renal insufficiency also
abated and the antibodies disappeared [63].

Nephrolithiasis, nephrocalcinosis, and obstructive
uropathy

The administration of acetazolamide has been re-
ported to be associated with hematuria and acute re-
nal failure [70-76]. In each of these patients, intratubu-
lar obstruction caused by crystal deposition, stone for-
mation, and the presence of blood clots was either
found or suspected. Relief of the obstruction and dis-
continuation of the drug resulted in the reversal of the
renal failure. Volume expansion and mechanical relief
of obstruction have been advocated in the treatment
of this condition. However, the administration of so-
dium bicarbonate is controversial, since it may predis-
pose to the development of calcium phosphate stones
[77, 78].

Renal calculi have also been reported associated
with acetazolamide use [78-82]. A review of patients
receiving chronic acetazolamide therapy for glaucoma
[83], juvenile myoclonic epilepsy [84], and neuromus-
cular disease [85] shows an incidence of nephrolithi-

asis of 15% with a background incidence of 8% in
groups not receiving the carbonic anhydrase inhibitor.
Acidification of the urine by acetazolamide produces
a marked drop in urinary citrate and an elevation in
urinary calcium excretion increasing the risk of stone
formation [80, 86]. Administration of oral potassium
citrate has been shown in some cases to reduce recur-
rent stone formation possibly by decreasing urinary
calcium excretion in these patients [84, 86].

Renal calculi have also been shown as the result of
the administration of triamterene [87-93]. Review of
the stone analysis from the Stone Research Laboratory
at Boston University by Carr et al. showed an annual
incidence of 1 triamterene-containing stone for 250
analyses (total 15, 000-18, 000 analyses per year) [92].
Triamterene was commonly found in association with
calcium oxalate monohydrate and may act as a source
of secondary nucleation for common lithogenic salts
[92, 93].

Hyperuricemia is a common accompaniment of di-
uretic therapy [94]. It results from three factors: (1) the
thiazides and other diuretics compete for excretion
along a secretory pathway located in the proximal tu-
bule; (2) volume contraction induced by the diuretic
compromises renal blood flow, leading to reduced de-
livery of the diuretic to the secretory site; and (3) as a
result of volume contraction, the proximal tubule, also
a site of urate reabsorption, is stimulated to increase

Figure 2. Sequential renal
biopsies, separated by 10 years,

in a patient with hypokalemia
related to chronic diuretic abuse.
Initial biopsy (on the left) shows
proximal tubular cell vacuoliza-
tion and mild interstitial inflam-

mation. The subsequent examina-
tion (on the right) demonstrates

marked interstitial fibrosis,
tubular atrophy and dropout.

Reproduced from Bennett, WM
[60], with permission.
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its reabsorption of this substance, along with that of
sodium [95, 96]. A dose-dependent increase in serum
uric acid has been documented with the administra-
tion of both bendrofluazide [97] and hydrochlorothi-
azide [98].

Whether the hyperuricemia leads to the develop-
ment of uric acid nephrolithiasis and/or urate nephr-
opathy, or even predisposes to the development of
these lesions, is unknown [99]. The likelihood that pa-
tients with hyperuricemia will undergo silent renal
damage related to the development of gouty nephr-
opathy is considered to be small [99]. Hall et al., re-
porting data from the Framingham study, found that
only 12 of 240 patients with a serum uric acid level
exceeding 7 mg/dl had renal disease. In 5 of the 12,
this was preexistent, and the nature of the renal dis-
ease in the other 7 patients was undetermined [100].
Gutman and Yü found that clearances of inulin, creati-
nine and p-aminohippurate were normal in 13 hype-
ruricemic but asymptomatic relatives of patients with
gout [101]. Fessel et al., could find no statistically sig-
nificant differences in mean serum creatinine levels in
a group of patients before and 4 year after the onset of
hyperuricemia [102]. In a subsequent study, Fessel re-
ported that mild azotemia developed in 1.8% (2/113)
of patients with asymptomatic hyperuricemia followed
for 8 year, but also in 2.1% (4/193) of normouricemic
control subjects [103]. In 168 patients with gout fol-
lowed for 10 year, azotemia was also mild and bore no
relationship to serum uric acid level. The risk of uric
acid nephrolithiasis was also small in this study. They
found one stone episode per 295 patients per year in
asymptomatic hyperuricemics, one per 852 patients per
year in normouricemic controls, and one per 114 pa-
tients per year in patients with gout. They did note,
however, that azotemia of clinical importance did oc-
cur when serum uric acid exceeded 13 mg/dl in men
and 10 mg/dl in women, but suggested that the risk of
the development of uric acid stones was so low that
hyperuricemia should probably not be treated prophy-
lactically until a patient experienced his/her first stone
episode [103]. Furthermore, although the risk of de-
cline in glomerular filtration rate appears to be small
in asymptomatic hyperuricemia, evidence of renal tu-
bular dysfunction in this group of patients exists. Thus,
Klinenberg et al., found that 5 of 19 subjects had ab-
normalities in their capacities to maximally concentrate
the urine [104] and in five of six patients tested, total

acid and titratable acid excretion were reduced by 15-
20%.

A different situation might obtain, however, with
respect to the prevention of further deterioration of re-
nal function in patients with gouty nephropathy, by
treating hyperuricemia [105]. However, as pointed out
by Berger and Yü, long-term follow-up of patients with
primary gout reveals that hyperuricemia does not cause
consistent reductions in renal function [106]. Further-
more, Rosenfeld has demonstrated that normalizing
serum uric acid is ineffective in improving glomerular
filtration rate in normotensive as well as hypertensive
patients both with and without renal dysfunction [107].
Finally, with respect to the production of uric acid
nephrolithiasis by diuretics, Steele and his coworkers
have pointed out that the hyperuricemia associated
with diuretic usage results in a diminution in uric acid
excretion, tending to minimize stone formation [108].

Loop diuretic therapy has been implicated in the
development of renal calcifications in both preterm and
full-term infants [109-115]. According to a study by
Jacinto et al., nephrocalcinosis occurred in 20 out of 31
(64%) premature infants with birth weights less than
1500 g [112]. Of those infants, 65% were receiving fu-
rosemide. Nephrocalcinosis also was found in 14% of
full-term infants with congestive heart failure receiv-
ing long-term furosemide therapy [113]. Furosemide
may induce high urinary calcium excretion rates, low
urinary citrate to creatinine ratios, and an alkaline uri-
nary pH, all of which are considerable risk factors for
renal calcifications [116].

Dose and length of therapy with loop diuretics may
predict the likelihood of developing calcium deposits
in the renal parenchyma. Ten premature infants de-
veloped nephrocalcinosis after receiving at least 2 mg/
kg per day of furosemide for 12 days [111]. In a study
by Saarela and colleagues, infants who developed re-
nal calcifications were receiving higher daily doses of
furosemide than infants who had not developed this
complication (1.9 ± 0.6 vs. 1.3 ± 0.4 mg/kg per day; p
value= 0.01) [113]. Calcifications were diagnosed
within a few months of initiating furosemide.

Spontaneous resolution of nephrocalcinosis usually
occurs within 6 months after discontinuation of loop
diuretics [115]; however, calcifications may persist for
greater than 1 year [109, 113]. The one factor that may
be predictive of resolution is the calcium-to-creatinine
ratio when nephrocalcinosis is first diagnosed [115].
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Premature infants with unresolved nephrocalcinosis
had mean calcium-to-creatinine ratios upon initial di-
agnosis that were approximately five-fold greater than
ratios in infants with resolved nephrocalcinosis (2.23 ±
0.99 vs 0.34 ± 0.18; p<0.005) [115].

Since unresolved nephrocalcinosis may lead to re-
sidual abnormalities in the kidney including micro-
scopic hematuria, hypercalciuria, and impaired tubu-
lar function [109, 113, 114], renal ultrasonography
within a few months of initiating loop diuretics may
be warranted [109, 113]. If long-term diuretic therapy
is needed, a thiazide diuretic alone or in combination
with furosemide may reduce the risk of renal calcifica-
tions by decreasing urinary calcium and oxalate excre-
tion [109, 111, 113, 117, 118]. However, two studies of
premature infants failed to show a reduction in either
urinary oxalate or calcium excretion when thiazides
were added to furosemide therapy [116, 119]. The lack
of beneficial response may have been due to replace-
ment of the infants’ sodium losses with large amounts
of supplemental sodium.

Functional and anatomic lesions

Hypokalemic nephropathy

Diuretics commonly cause hypokalemia [120]. In-
deed, the more effective these drugs are in natriuresis,
the more likely is the development of this side effect
[121]. This is the case for the following reasons: (1) with
the exception of the potassium-sparing agents, diuret-
ics inhibit transport of sodium upstream of the Na+/
K+/H+ exchange sites (site 4, Figure 3). Accordingly,
they cause the presentation of increased amounts of
sodium to these antiporters for exchange with potas-
sium and hydrogen ions [122]. Furthermore, because
of the volume depletion that they induce, the diuretics
cause the activation of the angiotensin-renin-aldoster-
one axis. The latter phenomenon stimulates the distal
nephron exchange just described, resulting in the ex-
cretion of increased amounts of potassium in the urine.
(2) Potassium is virtually completely reabsorbed by the
time the tubular stream reaches the end of the loop of
Henle and enters the distal convoluted tubule [123].

Inner
Medulla

Outer
Medulla

Cortex ADH

site 4: connecting tubule

H O2

Na+

K+

H+

K+

2Cl-
Na+

site 2: loop of Henle

site 3: distal convoluted tubule

H PO -
2 4 ?

Na+

Cl-

H O2

H+

ba
se

m
en

t
m

em
br

an
e

Na+

HCO -
3

H O + CO2 2

Na+ Cl-

H PO -
2 4

site 1: proximal tubule

HPO -
4

2

tubular celllumen

H CO2 3

+ H+ H+ + HCO -
3

CO + H O2 2

H CO2 3

ADH

collecting duct

H O2

Figure 3. Sites of tubular transport of water and electrolytes throughout the nephron.



346

PUSCHETT, DREISBACH & EADES

age result from chronic hypokalemia and severe po-
tassium depletion. The chronic tubulointerstitial
changes seen have been described as developing slowly
over periods of 5 to 10 years [126]. They consist in ini-
tial vacuolization in the proximal convoluted tubular
cells [129], progressing to marked interstitial inflam-
matory infiltrate with mononuclear cells and tubular
atrophy [126, 130]. The most commonly noted func-
tional abnormalities are polyuria and an impairment
in the ability of the patient to concentrate the urine [129,
131]. While the exact mechanism of this functional de-
fect is not known, it appears to relate to vasopressin
unresponsiveness at the collecting duct level due ei-
ther to the release of prostaglandins or some other in-
terference with the generation or action of cyclic ad-
enosine-3',5'-monophosphate [132, 133]. The latter
nucleotide serves as the second message that trans-
duces the action of the hormone into permeability of
the collecting duct epithelium to tubular water [134].
The metabolic alkalosis that is almost routinely seen in
this disturbance, along with the characteristic decre-
ment in ammonium excretion [129], combine to cause
the development of a persistently alkaline urine.

Summary

The diuretics cause several direct as well as indi-
rect functional and anatomic lesions in the kidney
(Table 2). Reduced RBF and/or glomerular filtration
rate associated with the administration of acetazola-
mide, benzolamide and chlorothiazide relate to their

Accordingly, any drug that impairs transport at sites
in the nephron where significant amounts of potassium
ion are reabsorbed (the proximal tubule, site 1 and the
loop of Henle, site 2, Figure 3) has the potential to also
interfere with potassium reabsorption. This results in
flooding of the distal nephron with potassium ions that
have limited opportunities for reabsorption, so that
most of them are excreted in the urine. If potassium
losses in the urine exceed ingested amounts of the ion,
negative potassium develops over time and hypokale-
mia as well as potassium depletion occur. This phe-
nomenon is most frequently seen when aggressive di-
uresis of edematous states has been carried out. On
the other hand, the employment of diuretics for the
treatment of hypertension, the most common use of
these drugs, generally results in only a modest decline
in serum potassium levels, which is usually quickly
diagnosed and treated. It is only in those cases of
chronic potassium depletion that hypokalemic nephr-
opathy occurs. Although there are a few data avail-
able on the incidence of this complication following
diuretic administration, it appears to be rather small,
and seems to require very long-term, marked levels of
depletion [124-126]. This is especially true contempo-
raneously, given the emphasis placed in recent years
on potassium replacement, and because of the more
recent emphasis on the use of lower doses of diuretics
for the treatment of hypertension than were originally
employed [127]. Currently, it is generally seen only in
patients who abuse diuretics and laxatives [125, 128].

Both functional abnormalities and anatomic dam-

Table 2. Patterns of renal damage induced by diuretics.

Renal functional abnormalities Diuretics involved

Reduced renal blood flow and/or glomerular filtration ratea Acetazolamide, Benzolamide, Chlorothiazide,
Mannitol (>200 g/day)

Polyuria and abnormal maximal concentrating ability All diuretics expect potassium/sparing agents
related to chronic hypokalemic nephropathy

Anatomical renal damage

Interstitial nephritis Thiazides, Furosemide, Triamterene, Ethacrynic acid (?)

Hypokalemic nephropathyb All diuretics except potassium/sparing agents

Vasculitisb  Thiazides, Metolazone

Nephrocalcinosis

Acetazolamide, Triamterene, Furosemide (and other loop diuretics)

Hyperuricemiaa; uric acid stonesb

aAny diuretic which causes a major degree of volume contraction, especially rapidly (a few hours to days) can induce a decrement in glomerular filtration
rate, and an increase in serum uric acid. bThis is a rare complication.
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effects on the tubulo-glomerular feedback mechanism,
alterations in afferent or efferent arteriolar tone or the
development of extracellular fluid volume contraction.
Polyuria and failure of the patient to reach maximal
levels of urinary concentration are seen with chronic
hypokalemic nephropathy. The latter lesion can be seen
with any diuretic except for the “potassium-sparing”
agents, spironolactone, amiloride and triamterene,
which cause potassium retention by the kidney.

The diuretics can result in an acute interstitial ne-
phritis, which may have an immunologic basis and can
persist, if undetected, as a chronic lesion leading to re-
nal insufficiency. The acute form may or may not be
associated with other hallmarks of an allergic phenom-
enon such as fever and rash, but eosinophilia and eosi-
nophiluria are often present, if looked for. Thus far,
this lesion has been associated with the administration
of the thiazides and furosemide, but ethacrynic acid
may also be involved. Persistent hypokalemia may also

lead to the development of a chronic interstitial nephri-
tis. Vasculitis is, fortunately, a rare complication of di-
uretic administration having been reported thus far
only with the thiazides and metolazone.

Intratubular obstruction due to crystal formation
with acetazolamide and stone formation with triam-
terene has been reported. In addition, uric acid stones,
although rare, can result from the administration of
those diuretics, which compete with uric acid for se-
cretion, but also from any diuretic that causes severe
volume depletion, thus enhancing urate reabsorption
and compromising excretion.

Fortunately, the nephrotoxic effects of diuretics are
either infrequent or rare.
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Introduction

Nephrotoxicity is intrinsic to the pharmacological
effect of certain anticancer drugs. Because anti-

neoplastic drugs have a narrow therapeutic index, the
amount of drug required to significantly reduce tumor
burden usually induces significant nephrotoxicity. Fur-
thermore, the dosage used in clinical trials often rep-
resents the maximum tolerated doses determined dur-

ing phase I drug evaluation. Philosophically, greater
toxicity is acceptable for curative therapy as opposed
to palliative therapy. However, cancer patients often
have reduced renal function as a component of their
disease. Dosage adjustment, based on the pharmaco-
kinetics and pharmacodynamics of these drugs in can-
cer patient, is required to improve tolerance. Con-
versely,  ESRD patients who receive a kidney trans-
plant are at increased risk for developing malignancy.
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Table 1. Potentially nephrotoxic chemotherapeutic agents and options for prevention.

Type of renal failure Prevention

Alkylating agents

Cisplatin* ATN, dose-related (rare if doses <1600 to 2400 Hydration and vigorous diuresis with saline
  mg/m2), non-oliguric and reversible Daily divided doses for 5 days instead of single infusion
Hypomagnesemia  usually remits when cisplatin is Cumulative dose <120 mg/m2 of body surface area
  discontinued

Carboplatin

Oxazophosphorines

Cyclophos- Hemorrhagic cystitis Aggressive hydration and Mesna® prevents
  phamide   hemorrhagis cystitis induced by both drugs

Ifosfamide Fanconi syndrome
ATN if doses>5 g/m2

Nitrosoureas

Streptozoto- Fanconi syndrome (hypophosphatemia++)
  cin* Glomerular toxicity and renal failure

Carmustine* Late development of renal failure
  (long treatment or over 6 courses with the
  conventional dose 200 mg/m2)

Antimetabolites

Methotrexate* ATN or secondary intrarenal obstructive uropathy Urinary alkalinization and hydration
   (precipitation of methotrexate or methotrexate Enhanced toxicity if previous treatment with cisplatin,
   metabolite in the distal tubules if dose >50 mg/m2)   or NSAIDs
Fall in glomerular filtration rate in a rapid and dose Charcoal hemoperfusion and sequential hemodialysis
   related fashion if dose >1 g/m2   if severe renal toxicity (significant clearance of

  methotrexate can be achieved with high-flux dialyzers)

Antitumor antibiotics

Mitomycin* HUS (risk 2 to 10%), late onset Cumulative dose should be 40 mg/m2

  (6-17 months following the initiation of treatment)

Immunotherapy

Interleukin 2* Reversible syndrome of hypotension, oliguria, Steroids and plasma exchange
  fluid retention, azotemia, and a very low urinary
  excretion of sodium
Capillary leak syndrome
Acute interstitial nephritis

Interferon Proteinuria in up to 5 to 20% patients
Rarely nephrotic syndome or/and acute renal failure
  (acute interstitial nephrotoxicity and minimal
  change nephropathy)

* drugs with asterisk are high-risk drugs, others are low-risk.

Clinical syndromes of renal involvement are both di-
verse and sometimes insidious. This chapter focuses
on the major anticancer drugs and their renal conse-
quences. Despite recent advances in understanding the
physiopathological mechanism of anticancer drug
nephrotoxicity, prevention still relies on adjusting drug
dosage, and active screening for renal abnormalities
as part of the pre-treatment clinical evaluation (Table
1).

Alkylating agents

Cisplatin

Cis-dichlorodiammine platinum (II), or cisplatin,
has emerged as a principal chemotherapeutic agent in
the treatment of drug resistant solid tumors and is cur-
rently on of the most widely used agents in the cancer
chemotherapy [1]. Nephrotoxicity is the primary lim-
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iting factor to achieving greater drug efficacy, and ne-
cessitates active hydration during administration and
using lower dosages. These techniques have yielded
partial success but acute renal failure still occurs, par-
ticularly after repeated administration [2, 3]. Other
means to protect the kidney against cisplatin nephro-
toxicity [4-6] are inconsistent and of uncertain clinical
application [7]. At present, significant prevention of
the renal toxicity of cisplatin will require a more basic
understanding of the mechanism of toxicity.

Pharmacology
The kidney is the principal route of excretion for

cisplatin. In the rat, 50% of injected cisplatin is excreted
in the urine within 24 hours of administration [8] with
the majority appears in the first hour [9]. Platinum is
extensively bound to plasma protein. Unbound cispl-
atin, by virtue of its low molecular weight and neutral
charge, undergoes unrestricted filtration at the glom-
erulus [10]. Rat and human studies suggest that tubu-
lar secretion of cisplatin may occur [11, 12]. Microin-
jection of radiolabeled cisplatin injected into the proxi-
mal tubule is almost completely recovered in the urine
arguing against any significant tubular reabsorption
[13]. Kidney tissue concentrations of platinum are sev-
eral folds higher than plasma levels and exceed the con-
centrations in other organs [8]. Almost all of the plati-
num in the kidney is found in the cortex and is distrib-
uted in all subcellular organelles as well as the cytosol
[9]. The process by which the kidney accumulates cis-
platin is oxygen-dependent [10] and is competitively
inhibited by drugs that are transported by the organic
base system. Conversely, drugs that compete for the
organic anion transport system, such as PAH and
pyrazinoic acid, do not inhibit cisplatin uptake. Col-
lectively, these observations indicate that the renal up-
take of cisplatin involves transport or binding to com-
ponents of the base transport system.

Additional evidence linking the kidney’s vulner-
ability to cisplatin transport is provided by autoradio-
graphic studies that show intense uptake of radiola-
beled cisplatin in the S3 segments of the proximal neph-
ron [13]. Since the S3 segment of the proximal tubule
is the principle site of cisplatin-induced cell toxicity
and contains most of the platinum, these studies pro-
vide further evidence of the unique vulnerability of this
cell type to cisplatin toxicity, depending on its propen-
sity to accumulate and interfere with cisplatin metabo-

lism into toxic cisplatin-conjugates [13a].
Cisplatin is excreted largely unchanged in the urine

[10]. However, when cisplatin enters the renal cell it
undergoes biotransformation. In addition to binding
to cell macromolecules, a large portion [30-50%] of the
intracellular platinum exists in a 500 Dalton form with
a chromatographic behavior that differs from parent
cisplatin. Another characteristic of this platinum me-
tabolite is the absence of mutagenic activity. Whereas
excreted platinum is mutagenic, cell platinum is not
[14]. Mutagenic compounds either react with or can be
converted to compounds that react with DNA to form
DNA adducts. The cisplatin DNA adducts cause er-
rors during DNA replication, which lead to mutations,
especially G → T transversion [15]. Such mutations may
be responsible for second malignancies that arise after
cisplatin therapy [16].

Renal tolerance
The clinical use of cisplatin is limited by nephro-

toxicity, characterized by a decline in glomerular fil-
tration rate that is in proportion to the number of cycles
of cisplatin chemotherapy. Progressive and persistent
reductions in glomerular filtration rate and renal blood
flow may follow each successive treatment cycle [17].
Renal plasma flow, whole kidney glomerular filtration
rate, single nephron glomerular filtration rate, and
stop-flow pressure are reduced compared to controls
[17]. Since intratubular hydrostatic pressure does not
differ significantly from controls in euvolemic and vol-
ume expanded animals,  it is unlikely that intratubu-
lar obstruction plays an important role in early, cispl-
atin-induced acute renal failure. Following withdrawal
of the drug, renal insufficiency stabilizes but remains
indefinitely impaired. The cisplatin-induced hypofil-
tration is usually associated with tubular proteinuria.
Severe salt-wasting with orthostatic hypotension has
been observed after cisplatin administration in a mi-
nority of patients [18].

Polyuria uniformly accompanies cisplatin admin-
istration and occurs in two distinct phases. During the
first 24-48 hours after administration, urine osmolality
falls but glomerular filtration rate remains stable. This
early polyuria usually reverses spontaneously. The sec-
ond phase occurs between 72 and 96 hours after cispl-
atin and is characterized by an increased urine volume
with reduced osmolality. This later phase is accompa-
nied by a persistent reduction in glomerular filtration
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rate.
Hypomagnesemia is a well recognized complica-

tion of cisplatin administration in humans [19] and per-
sistent magnesium wasting in the presence of severe
hypomagnesemia suggests that the hypomagnesemia
is the result of a renal defect in magnesium reabsorp-
tion [20]. Recent studies in the rat suggest that abnor-
mal magnesium excretion may be due to a defect in
magnesium transport in juxtamedullary nephrons or
collecting ducts [21], much like the defect in water
transport described above. This may be accompanied
by secondary hypocalcemia and hypokalemia. By im-
pairing cellular respiration, cisplatin may also induce
an incomplete distal tubular acidosis further interfer-
ing with the tubular handling of hydrogen, magne-
sium, potassium and calcium ions [22].

The mediators responsible for the fall in glomeru-
lar filtration rate and renal blood flow have not been
determined and neither calcium channel blockers [23]
or angiotensin converting enzyme inhibitors [24] have
been unable to reverse cisplatin-induced acute renal
failure. Several suspected targets of pathogenetic im-
portance in cisplatin nephrotoxicity have been identi-
fied, including renal tubule energy production and
DNA synthesis. Mitochondrial dysfunction has been
implicated in the pathogenesis of cisplatin-induced
renal failure [25, 26]. When normal tubules are incu-
bated with high concentrations of cisplatin (10-3M),
both basal and stimulated rates of oxygen consump-
tion are inhibited. Conversely, transplatin, which also
binds to DNA and protein and decreases mitochon-
drial respiration at lower concentrations (10-4M) is nei-
ther antineoplastic nor nephrotoxic [13]. Furthermore,
in tubules isolated from rats given a nephrotoxic dose
of cisplatin, basal and stimulated rates of respiration
are unchanged up to 48 hours after cisplatin adminis-
tration [13]. In these studies the concentration of plati-
num in proximal tubules was several hundred fold less
when tubules were exposed to cisplatin in vitro [13].
The results of these studies suggest that neither the re-
nal cell mitochondria nor the membrane associated Na-
K-ATPase are important early pathogenetic targets of
cisplatin.

The primary intracellular action induced by cispl-
atin in cancer cells is inhibition of DNA synthesis [27,
28]. The inhibition of DNA synthesis is persistent and
occurs at substantially lower doses compared to those
required to inhibit RNA and protein synthesis [29]. Cis-

platin binds to two sites in DNA [30] inducing DNA
inter- and intrastrand as well as DNA-protein cross-
links [30, 31]. However, a relationship between the
DNA-binding and renal cytotoxicity of cisplatin has
yet to be established. How a decline in renal cell DNA
synthesis would explain cell-specific necrosis is prob-
lematic although two possibilities have been suggested.
First, selective DNA repair by renal cells other than
the pars rectus could explain the observation. In sup-
port of this proposal is that in cells whose repair pro-
cesses are deficient, cisplatin is especially toxic [32].
Second, it may be that the levels of the DNA adducts
formed in the pars recta cells are lethal while the lower
concentrations found in other nephron segments are
not. The role of the reduction in DNA synthesis in cis-
platin-induced renal cytotoxicity must await additional
studies.

Recovery following nephrotoxic acute renal failure
involves regeneration of actively dividing cells to re-
place damaged tubule cells. Recovery from cisplatin-
induced acute renal failure is heralded by increased
mitosis in renal epithelial cells, a process preceded by
increases in nucleic acid synthesis [33].

Prevention of cisplatin-induced nephrotoxicity
Early trials with cisplatin reported more than 70%

of patients developing a dose-related acute renal fail-
ure [34, 35]. Despite aggressive saline hydration, a com-
monly used technique to prevent clinical nephrotoxic-
ity [36], renal failure persisted [37-39]. Thus several ap-
proaches have been used to reduce nephrotoxicity by
either co-administration of other compounds, alternate
methods of administration, or by developing analogues
with a wider therapeutic index.

Mannitol and furosemide reduce the concentration
of platinum in the urine, suggesting that these agents
might attenuate cisplatin nephrotoxicity [40, 41]. How-
ever, plasma and renal platinum content were un-
changed and the degree of cellular necrosis did not im-
prove with use of these diuretics [41]. Platinum does
not appear to undergo tubular reabsorption based on
the nearly complete urinary recovery of microinjected
platinum [13]. Hence, renal platinum content is inde-
pendent of its luminal concentration.

Prior hydration with hypertonic salt appears effec-
tive in reducing the incidence of cisplatin-induced acute
renal failure [42]. Since the degree of azotemia pro-
duced by cisplatin is highly dependent on the sodium
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chloride content of the vehicle [42], it was speculated
that the increasing the urinary chloride concentration
might reduce the conversion of cisplatin to toxic
aquated metabolites, a process known to be sensitive
to chloride ion concentration.

Conclusions regarding the renoprotective action of
mannitol and furosemide to decrease experimentally
induced cisplatin nephrotoxicity are conflicting [36, 41,
43]. However, in humans, a randomized study by
Alsarraf et al. [44] comparing hydration + cisplatin to
hydration + mannitol + cisplatin concluded that man-
nitol did not attenuate cisplatin nephrotoxicity.

While protection of kidney function by mannitol
was observed after the first cycle, this protection was
lost during subsequent cycles. Thus we can not recom-
mend the use of diuretics in prevention of cisplatin-
induced nephrotoxicity. Pretreatment hydration begin-
ning at least 12 hours before cisplatin administration
targeted to induce a urine flow of at least 100 ml/hr
can be recommended but requires continuous electro-
lyte replacement.

Schilsky et al. [19] first recommended the use of
hypertonic saline infusion after noting that when 3%
saline was the vehicle for cisplatin, there was no change
in either serum creatinine and creatinine clearance de-
spite high dose cisplatin treatments. However, when
51Cr-EDTA was used as a measure of glomerular fil-
tration rate, a significant decrease in GFR was observed
despite the use of 3% saline [12, 13]. Recommendations
regarding the use of hypertonic saline infusion to pre-
vent high dose cisplatin nephrotoxicity must await a
randomized study.

Compared to bolus dose, fractional or continuous
infusion of the total dose of cisplatin over 3-5 days is
equally effective therapeutically but may reduce renal
dysfunction [45].

Infections, a frequent cause of co-morbidity in the
immunocompromised cancer patients, require antibi-
otic therapy. The use of certain antibiotics, many of
which are nephrotoxic, will add to the renal toxicity of
the anticancer agents. The incidence of nephrotoxicity
is greater in patients receiving cisplatin in combina-
tion with aminoglycosides as compared to patients re-
ceiving only cisplatin [46]. In the majority of cases the
degree of renal impairment has usually been mild and
not clinically significant [46]. However, acute renal in-
sufficiency has been reported following the combined
use of cisplatin with gentamicin-cephalothin [47]. Fur-

thermore animal studies have revealed that a non-
nephrotoxic dose of aminoglycosides immediately fol-
lowing a single dose of cisplatin potentates the impair-
ment of renal function caused by cisplatin alone [48,
49]. The administration of nephrotoxic drugs such as
aminoglycosides, non-steroidal anti-inflammatory
drugs or iodinated contrast media simultaneously with
cisplatin should be avoided.

Multiple “renoprotective” compounds have been
evaluated in cisplatin nephrotoxicity (ANF, glycine, di-
ethyldithiocarbamate, calcium channel blockers, cime-
tidine, sodium thiosulphate, glutathione, other sulfhy-
dryl compounds, …). In clinical practice only sodium
thiosulphate has been reported to significantly reduce
the renal toxicity of cisplatin irrespective of the route
of administration, e.g. the intra-arterial, intraperitoneal
or intrathoracic routes [50, 51]. However, controver-
sies exists as to the effectiveness of sodium thiosulphate
as an antitumor agent. Sodium thiosulphate is most
useful in combination with intraperitoneal cisplatin
where it confers renal protection without altering lo-
cal effects of cisplatin [51].

Initiating saline hydration several hours before cis-
platin infusion and continuing the saline infusion for
several days after cisplatin administration is a routine
technique to prevent cisplatin nephrotoxicity [35, 36,
38, 39]. Although several days are required for the se-
vere changes in renal function to develop fully, the criti-
cal adverse renal events seem to occur immediately
after cisplatin administration. Protective measure
should be initiated before, during and immediately
after cisplatin treatment. Our prehydration routine in-
volves 100 ml/hr of normal saline solution for the 12
hours prior to cisplatin administration followed by con-
tinuous infusion of saline for at least 1 day after cispl-
atin treatment. Efficacious antiemetic drugs should be
given concomitantly to minimize volume depletion.
Odansetron is now used to minimize nausea and vom-
iting which allows early discontinuation of intravenous
hydration which shorten the duration of hospitaliza-
tion. It is noteworthy that odansetron is ineffective as
an anti-emetic in 10% of patients undergoing chemo-
therapy [52]. Since anti-emetic effect cannot be pre-
dicted in these patients, intravenous saline hydration
may be needed for at least 3 days after stopping cispl-
atin.

At present, we discourage to administer platinum
compounds to volume-depleted patients. Platinum
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should be administered slowly in conjunction with a
saline solution infusion with a goal of inducing a urine
flow of 3 to 4 L/24 hours for the next two to three days.

In summary, the vulnerability of the kidney being
the S3 segment renal cells to cisplatin is linked to the
principle route of excretion. The mechanism of renal
cell death induced by cisplatin is unknown, but mount-
ing evidence points to its genotoxic effect. In cisplatin
nephrotoxicity, as with other forms of nephrotoxic re-
nal damage, reduced renal blood flow and diminished
renal conservation of water are common physiologic
derangements.

The unchanged incidence of nephrotoxicity with in-
organic platinum compounds stresses the need for on-
going research to identify platinum complexes with po-
tent antitumor activity that are less nephrotoxic. Until
this goal is achieved, it seems prudent to explore com-
binations of platinum with chemotherapeutic agents
that are not associated with significant nephrotoxicity
plus avoiding other concomitant nephrotoxic insults,
especially volume depletion.

Carboplatin

Carboplatin is a cytotoxic platinum complex struc-
turally related to cisplatin, who’s in vitro antitumor ac-
tivity is qualitatively similar to that of cisplatin. Com-
parative trials with carboplatin alone or in combina-
tion with other chemotherapeutic agents suggest com-
parable efficacy with cisplatin in ovarian cancer. As
with cisplatin, nausea and vomiting be delayed for sev-
eral hours and be mild to moderate in severity. The
dose limiting toxicity of carboplatin is myelosuppres-
sion made worse by the presence of renal impairment,
previous chemotherapy or administration to older pa-
tients.

Pharmacology
Tissue distribution is similar to that seen with cis-

platin with the highest concentrations of platinum in
the kidney, liver, skin and tumors [53]. Tissue plati-
num concentrations were generally 0.5 to 3 fold greater
than those observed after cisplatin. However, once
platinum is bound to plasma protein its cytotoxicity is
substantially reduced [54]. In contrast to the extensively
protein binding of cisplatin, carboplatin is only 15 to
25% bound during the initial hours following admin-
istration. Renal clearance appears to be the main route

of excretion, and urinary elimination of carboplatin is
more rapid than that of cisplatin in both animals [55]
and cancer patients [56]. 50 to 80% of the administered
dose is excreted in the urine during the first 24 hours
[57-59]. It has been speculated that repeated adminis-
tration of cisplatin may cause decreased carboplatin
renal clearance and enhanced toxicity [60]. Renal clear-
ance and total body clearance of carboplatin are re-
duced in patients with impaired renal function [61-63].

Calculation of dose in renal failure
The administered dose should be adjusted in pro-

portion to the reduction of creatinine clearance for pa-
tients with renal impairment to achieve AUCs similar
to those in patients with normal renal function. Calvert
et al. [64] have proposed the following formula for cal-
culation of dose:

Dose (mg) = AUC x (GFR + 25)
where the desired AUC (area under the plasma con-

centration x time curve) is in the target range of 5 to 7
mg/ml x min for acceptable toxicity in patients receiv-
ing carboplatin as a single agent.

Renal Tolerance
Carboplatin was developed to avoid the nephro-

toxicity of cisplatin and was initially thought to be less
nephrotoxic [65]. Studies of carboplatin in rats found
minimal renal effects as judged by serum blood urea
nitrogen, creatinine, kidney weight and renal histol-
ogy [66]. Initial clinical studies established that, at doses
of 400 mg/m2, carboplatin caused virtually no neph-
rotoxicity, ototoxicity or peripheral neuropathy [67].
Egorin et al. in 1984 [68] reported no reduction in crea-
tinine clearance in 22 patients treated with intravenous
carboplatin at 400 mg/m2 and concluded that no ad-
justment of dosage was required in patients with di-
minished renal function. Because the dose-limiting tox-
icity for carboplatin is myelosuppression, with little re-
nal or neurological toxicity evident, higher doses (800
mg/m2 body surface area) were combined with granu-
locyte-macrophage colony-stimulating factor. In these
circumstances, without vigorous hydration, a signifi-
cant decrement in renal function was described [69,
70]. Out of six patients receiving 1200 mg/m2 carbopl-
atin, a decrease in glomerular filtration rate of 25 to
50% was observed in four [71]. Several studies have
also reported the comparative toxicities of carboplatin
and cisplatin, all confirming a dose dependent neph-
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rotoxicity.

Oxazaphosphorines

Cyclophosphamide

Pharmacology
The oxazophosphorine cyclophosphamide is oxi-

dized to active and inactive metabolites that are se-
creted by the kidney [72-75]. The 24-hour urinary ex-
cretion of intact parent compound and alkylating ac-
tivity is 1-14% and 7-17% respectively [76]. The frac-
tion of cyclophosphamide and metabolites excreted in
the urine is high and unchanged in patients with renal
failure [77].

Urothelial toxicity
Direct contact between the catabolites acrolein and

4-hydroxy-cyclophosphamide and the bladder epithe-
lium is responsible for the hemorrhagic cystitis that can
occur during therapy with cyclophosphamide [78]. Ag-
gressive hydration provides prophylaxis against this
lower urinary tract toxicity [79]. The sulphydryl com-
pound mesna® is reported to have uroprotective prop-
erties during therapy with cyclophosphamide [80]. Al-
though hemorrhagic cystitis is a dose-related toxicity,
chronic low doses of orally administered cyclophos-
phamide have also been associated with development
of this adverse event [81].

Renal tolerance
Cyclophosphamide can also cause tubular necro-

sis in experimental animals [82]. No clinical counter-
part has been described, despite careful assessment in
patients receiving high doses of cyclophosphamide [83,
84]. Although detectable alterations of renal function
tests are absent, subtle changes in renal tubular physi-
ology have been noted. Bode et al. [85] studied the
mechanism of water retention that occurs following
cyclophosphamide. They concluded that cyclophos-
phamide directly affected the tubules, causing in-
creased water reabsorption and sodium loss. This wa-
ter retention is self-limited to a day or two and does
not present a major clinical problem.

Ifosfamide

Pharmacology
Ifosfamide is becoming more popular for the treat-

ment of pediatric malignancies. It is a prodrug that un-
dergoes biotransformation via the hepatic cytochrome
P-450 system before exerting its therapeutic or toxic
effects [86, 87]. Ring hydroxylation produces 4-hy-
droxy-ifosfamide, which is then converted into the ac-
tive alkylating agent (isophosphoramide mustard) and
acrolein (the putative cause of hemorrhagic cystitis and
in vitro nephrotoxin). Significant molecular degrada-
tion occurs by dechloroethylation of ifosfamide [88],
subsequent chloroethyl side chain breakdown leading
to the production of chloroacetaldehyde which pos-
sess neuro- and nephrotoxic effects [89-91].

Urinary excretion accounts for 57-80% of the dose
as ifosfamide and metabolites and 27-41% of the dose
is recovered in the urine as alkylating activity [92]. In-
deed ifosfamide metabolism occurs at low concentra-
tions in the kidney since ifosfamide metabolites were
recovered from both urine and renal venous effluent
in an isolated perfused rat kidney model after in vitro
ifosfamide perfusion [93].

Renal Tolerance
Experience with ifosfamide-containing regimens

has characterized the presentation of clinical nephro-
toxicity. Fanconi syndrome, which involves distur-
bances of acid, sodium, potassium, and magnesium
balance, and the urinary excretion of small molecular
weight proteins, occurs in 1-5% of the children receiv-
ing repeated treatments of ifosfamide [94, 95]. In fact,
renal rickets secondary to Fanconi syndrome have been
reported following treatment with ifosfamide [96]. Pa-
tients treated with cisplatin or carboplatin, in addition
to ifosfamide, may be at greater risk to develop Fanconi
syndrome [97]. There is a significant occurrence of hem-
orrhagic cystitis with ifosfamide administration [98,
99]. However, appropriate hydration combined with
the sulfhydryl compound mesna are effective in de-
creasing the urotoxicity of ifosfamide [100, 101]. Less
frequently asymptomatic renal functional abnormali-
ties occur when ifosfamide if given at a dose below 1.5
g/m2 body surface area [102, 103]. Acute renal failure
secondary to tubular necrosis (Figure 2 p. 361) has been
described with high–dose therapy (> 5 g/m2), particu-
larly in patients previously treated with cisplatin [104,
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105]. When escalating doses of ifosfamide, given as a
96 hours infusion, renal toxicity is dose-limiting at 18
g/m² [106].

Nitrosoureas

Streptozotocin

Streptozotocin is a naturally occurring nitrosourea
useful for the treatment of advanced islet cell carcino-
mas and carcinoid tumors [107].

Pharmacology
Animal studies confirm the accumulation of strep-

tozotocin in the kidney [108]. Urinary excretion of
streptozotocin accounts for 10-20% of the dose, with
significant amounts of metabolite detected [109, 110].
Thus, the major excretion pathway of streptozotocin
in humans is the kidney.

Renal tolerance
Streptozotocin nephrotoxicity is characterized by

renal tubular defects, including the Fanconi syndrome.
The onset of streptozotocin-induced nephrotoxicity can
be insidious with hypophosphatemia as the present-
ing sign, soon followed by glycosuria, proteinuria and
finally an increase in serum creatinine and blood urea
nitrogen [111, 112]. In the first phase I trial reported
with this drug, all 18 patients developed renal dysfunc-
tion, and 2 of them became anuric [113]. Schein et al.
[110] treated 106 patients and noted that renal abnor-
malities occurred in 28% of the patients and was the
most common form of toxicity. Nephrotoxicity contrib-
uted to the death of 4 patients in Schein’s study. Moertel
and colleagues [114] reported evidence of nephrotox-
icity in two-third of 38 patients treated with streptozo-
tocin, while it occurred in two-thirds of 52 patients in
another series, 5 of whom died of renal failure [115].
The incidence of streptozotocin-induced nephrotoxic-
ity seems to increase with prolonged drug administra-
tion.

The site of streptozotocin injury involves both the
glomerulus and the tubule, based on histologic changes
[115-117]. Although streptozotocin is excreted in the
urine, an explanation for the cellular sensitivity at both
the glomerulus and tubule is lacking. Streptozotocin
markedly suppresses nicotinamide adenine dinucle-
otide levels in animal liver and islet cells (which is cor-

related with the diabetogenic effect of streptozotocin)
[118, 119]. This effect could explain why streptozoto-
cin has been reported to induce renal tumors in ex-
perimental animals, an effect that can be modified by
nicotinamide administration [120, 121].

Carmustine, lomustine and semustine

Carmustine (BCNU) and lomustine (CCNU) are an-
tineoplastic drugs that, in combination with other ap-
proved drugs, are widely used in the treatment of brain
tumors, multiple myeloma, Hodgkin’s disease and
non-Hodgkin’s [122-125].

Carmustine [1, 3bis(2-chloroethyl)1-nitrosourea]
can be administered as a single agent at doses of 50-
210 mg/m2 or in combination chemotherapy regimens
at similar or lower doses. Carmustine is also a compo-
nent of a high-dose chemotherapy regimens used dur-
ing autologous bone marrow reinfusion [126]. Carmus-
tine may be used with either lomustine [1-(2 chloroet-
hyl)-3-(cyclohexyl)-1-nitrosourea] or methyl-lomustine
[1-(2-chloroethyl)-3-(4-methyl-cyclohexyl)-1-nitrosour-
ea].

Pharmacology
Carmustine is highly lipid soluble, rapid metabo-

lism and has a biphasic half-life (1.4 and 20 min). Car-
mustine is metabolized to an N-nitroso group, which
is secreted into the tubular lumen. It has been proposed
that this N-nitroso group is pharmacologically active
in high concentrations and capable of spontaneously
releasing an active methyl group, which may be re-
sponsible for its nephrotoxicity [127]. 60 to 70% is ex-
creted in the urine within 96 hours while 6 to 10% is
excreted as CO2 by the lungs. The absence of any par-
ent compound in the urine indicates that nephrotoxic-
ity is most likely due to one of the metabolites. The
degree of either alkylating and carbamoylating activ-
ity of the nitrosoureas vary a great deal for each com-
pound [128]. Therefore it is difficult to implicate a spe-
cific chemical action in the mechanism of nephrotoxic-
ity. Because the toxicity (mainly hematopoietic, hepatic
and gastro-intestinal) is cumulative, the Food and Drug
Administration recommends that courses should not
be given more frequently than every 6 weeks.

Renal tolerance
Renal toxicity of carmustine and lomustine was first
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Figure 1. Focal tubular necrosis with flat
epithelial, pauci cellular fibrosis. Patient

received cisplatin. Masson’s trichrome
staining, magn. x125.

Figure 3. Mitomycin C induced thrombotic microangiopa-
thy. Glomeruli show swelling and detatchment of

endothelial cells and luminal occlusion. The arterioles and
arteries show intimal cellular swelling and hyperplasia and

fibrin deposition. Masson’s trichrome staining, magn.
x325.

Figures 1-3 by courtesy of Dr. Hélène Beaufils.

Figure 2. Tubular necrosis with focal
denudation of the basement membrane and

pronounced vacuolization, swelling. Some
interstitial fibrosis. Patient received ifosfa-
mide. Masson’s trichrome staining, magn.

x325.
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noted in pre-clinical studies [127]. In the earliest clini-
cal trial of carmustine, 10% of the patients had unex-
plained elevations of BUN, but there were no instances
of severe renal problems [129]. Thus, nephrotoxicity
was not considered to be a major concern with any of
these drugs. Subsequent reports of semustine- and lo-
mustine-induced renal failure revised this impression
[130-135]. Potential renal toxicity is limited to patients
receiving unusually long treatment. Indeed, the first 3
cases of nephrotoxicity occurred in patients receiving
high cumulative doses of lomustine (2300 to 3360 mg)
[131-136]. Schacht et al. [137] reported the delayed de-
velopment of renal functional impairment following
at least one year of therapy when a minimum of 6
courses of these nitrosoureas was administered in con-
ventional dosage (200 mg/m2 at 8 weeks intervals).
Eighteen patients, having received cumulative doses
of 1.5 to 7.4 g, developed renal dysfunction character-
ized by elevations of BUN > 20 mg/dl or decreases in
glomerular filtration rate as measured by inulin clear-
ance. Four patients developed end-stage renal disease
9 to 16 months following courses of therapy ranging
from 28 to 65 months in duration. The clinical records
of these patients failed to reveal any history of hyper-
tension or impaired renal function prior to treatment
and no sign of early nephrotoxicity despite bimonthly
doses being administered under close supervision.
Renal functional impairment developed insidiously,
with urinalyses showing either no or trace proteinuria,
and no formed element. Twenty-four-hour urinary
protein values never exceeded 450 mg. No patient had
glycosuria. Renal biopsies were available in 5 patients
and tissue from 2 patients was obtained at post mor-
tem histologic examination revealed glomerular scle-
rosis affecting more than 15% of glomeruli, with focal
thickening and reduplication of the basement mem-
branes in many of the remaining glomeruli. Focal ar-
eas of tubular atrophy, interstitial fibrosis and infiltra-
tion with chronic inflammatory cells were observed in
6 of the 7 patients (Figure 1 p. 361). In patients with
severe damage, there was advanced, widespread scle-
rosis of glomeruli, varying from contraction of tufts
with partial obliteration of lumens to complete oblit-
eration of capillary lumens forming cellular contracted
tufts. In these cases, tubular atrophy was extensive and
severe. Immunofluorescence studies failed to show any
localization of immunoglobulin. The histologic abnor-
malities were similar to that reported by Harmon et al.

[132]. The predominance of tubulointerstitial changes
in some patients suggested that glomerular sclerosis
might have been secondary to a primary interstitial pro-
cess. However, an independent nephrotoxic effect of
the nitrosoureas directed against glomeruli as well as
the interstitium could not be excluded. Despite the his-
tologic and clinical evidence of a chronic progressive
parenchymal nephropathy, features of acute nephro-
toxicity were lacking. That no acute renal insult anti-
dated the chronic progressive disease was supported
by the absence of any acute parenchymal lesion in the
tissue obtained from the post mortem examination of
patients who died from their brain tumors and received
only one or two courses of nitrosourea therapy. Renal
function decline is insidious, the initial suggestion of
renal damage occurring 1 to 6 years after beginning
chemotherapy. Having once developed, renal func-
tional impairment may progress rapidly to advanced
uremia despite discontinuation of the drug.

The mechanism of BCNU-induced nephrotoxicity
is most likely based on a direct nephrotoxic effect but
differs from that of streptozotocin which is manifested
by proximal tubular dysfunction and acute renal fail-
ure, and is usually reversible.

Antimetabolites

Methotrexate

Methotrexate is a folic acid antagonist that inhibits
the enzyme dihydrofolate reductase. This agent is
mainly used in the treatment of both cancer (tropho-
blastic neoplasms, leukemias, breast carcinoma, carci-
noma of gastric, esophagus, testes, lymphomas) and
non-cancer diseases [psoriasis; rheumatoid arthritis].
Recent successful results using high-dose (>1 g/m2)
methotrexate followed by leucovorin in the treatment
of head and neck carcinomas and osteosarcoma has
led to a more widespread application of this therapy
in patients with these and other tumors.

Pharmacology
The kidneys readily filter methotrexate, but renal

clearance is determined by the balance between tubu-
lar secretion [138-141] and tubular reabsorption [141].
Intravenous administration of methotrexate 140-350
mg/kg in 6 hours or less results in 70-94% of the dose
appearing in the urine over 24 hours [142]. In contrast,
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when methotrexate is administered as a continuous in-
fusion over 24 hours, 60% of the dose is excreted dur-
ing the 24 hour infusion [143]. Approximately 10% of
the dose is excreted in the urine as 7-hydroxymeth-
otrexate [142, 143]. The 7-hydroxy metabolite is impor-
tant since it may contribute to the renal toxicity of meth-
otrexate [144] and a significant amount of this metabo-
lite occurs when methotrexate doses are 50 mg/kg or
greater [145]. Following oral administration of meth-
otrexate a lesser fraction of the dose is recovered in the
urine as compared to intravenous administration [140].
This may reflect the dose-dependent decrease in ab-
sorption of methotrexate [140, 146, 147]. Methotrexate
is highly bound to plasma proteins.

Renal tolerance
Nephrotoxicity is a recognized adverse effect of

methotrexate treatment, particularly at dosages equal
or greater than 50 mg/m2. The most commonly ac-
cepted mechanism for this drug-induced toxicity is pre-
cipitation of methotrexate or methotrexate metabolite
in the distal tubules leading to intrarenal obstructive
uropathy and tubular necrosis. Particularly during
high-doses methotrexate therapy (> 1 g/m2), the uri-
nary concentration of methotrexate and 7-
hydroxymethotrexate can exceed the aqueous solubil-
ity of these agents depending on the urinary pH [144].
This hypothesis is supported by ability of combining
urinary alkalinization and induced diuresis to decrease
the incidence and severity of methotrexate-induced
nephrotoxicity [148]. Direct tubular toxicity [144, 149]
and decreased tubular filtration [148, 150] may also con-
tribute to methotrexate-induced nephrotoxicity. Tox-
icity is enhanced when patients have been previously
treated with cisplatin, or concomitantly with other
nephrotoxic drugs (non-steroidal anti-inflammatory
drugs) [151]. Enhanced toxicity is observed when meth-
otrexate is administered concomitantly with another
highly protein bound agent such as ketoprofen [151,
151a] but the mechanism of this interaction is unclear.
It has been suggested that the decrease in renal clear-
ance of methotrexate observed after concomitant non-
steroidal anti-inflammatory drug treatment could be
explained by either a competitive inhibition of meth-
otrexate tubular secretion or inhibition of renal pros-
taglandin secretion inducing altered glomerular filtra-
tion rate in the setting of pre-renal volume contraction
[152].

When high-doses of methotrexate are administered,
a rapid and dose-related fall in glomerular filtration
rate occurs in a majority of patients [153, 154]. To mini-
mize the risk of nephrotoxicity, patients should be eu-
volemic prior to receiving treatment with methotrex-
ate. In addition, adjunctive hydration and alkaliniza-
tion of the urine should be initiated for patients receiv-
ing dosages equal to or exceeding 50 mg/m2. Because
the kidney is the primary route of methotrexate clear-
ance, and the incidence of toxicity increases as the dose
of methotrexate accumulates,  dosing of this agent
should be adjusted to any reduction in renal function.

If the clinical condition requires acute reduction of
serum methotrexate levels, significant clearance of
methotrexate can be achieved with high-flux dialyz-
ers. Serum methotrexate levels have be successfully
lowered in patients with methotrexate-induced acute
renal failure by charcoal hemoperfusion and sequen-
tial hemodialysis [155, 156].

Antitumor antibiotics

Mitomycin

Impaired renal function does not require a dosage
adjustment for mitomycin C since less than 20% of the
dose appears in the urine [157-159].

However, hemolytic-uremic syndrome (HUS), a po-
tentially life-threatening event, has been reported to
be associated with mitomycin C therapy [160]. Hema-
tological findings include anemia, thrombocytopenia
and detectable schistocytes on peripheral blood smear
(Figure 3 p. 361). Acute renal failure of HUS can in-
clude proteinuria and microscopic hematuria [161-165].
The onset of signs and symptoms of renal impairment
usually occurs 6-17 months following the initiation of
mitomycin C treatment [166]. Corticoids and plasma
exchanges have been reported to induce drastic rever-
sal of the renal parameters [167]. The mechanism of
mitomycin-induced nephrotoxicity is unknown. To
prevent the occurrence of this adverse renal effect, the
maximum cumulative dose should be restricted to 40
mg/m2. Hemolytic uremic syndrome has also been
reported to occur with other anticancer drugs (5-fluoro-
uracile, vincristine, cisplatin, bleomycin, adriamycin)
[168].
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Immunotherapy

Interleukin-2

Recombinant interleukin-2 has provided a new ap-
proach in the treatment of renal cell carcinoma [169,
170]. High dosage interleukin-2 alone, or combined
with interferon α and lymphokine activated killer cells,
is being used in patients with advanced melanoma or
renal cancer to induce regression of solid tumor and
metastasis [171-173]. Renal toxicity, the main limiting
adverse effect of interleukin-2 administration, often
leads to discontinuation or reduction of the dose, es-
pecially in the aged and subjects with reduced renal
function. Clinical studies have characterized a revers-
ible syndrome associated with interleukin-2 adminis-
tration that consists of hypotension, oliguria, fluid re-
tention, azotemia, and a very low urinary excretion of
sodium [174, 175]. It has been ascribed to the so-called
“vascular leak syndrome”. Based on experimental stud-
ies, this syndrome is thought due to a primary increase
in the vascular permeability with consequent shifting
of proteinaceous intravascular fluid into the intersti-
tium of multiple organs, along with hypoalbuminemia
and reduction of the intravascular volume [176]. Be-
cause of this, the acute renal failure after interleukin-2
administration was initially considered to be second-
ary to the “vascular leak syndrome”. However, subse-
quent studies in cancer patients with interleukin-2 con-
tinuous infusion have reported renal failure occurring
in patients with stable hemodynamics [177].

Acute interstitial nephritis characterized by paren-
chymal infiltration with T lymphocytes has also re-
ported [178]. It has been suggested that acute tubular
nephritis could be the result of a cytotoxic lymphocyte-
mediated reaction induced by the interleukin-2 treat-
ment [179].

In humans, the pathophysiology of interleukin-2
induced renal dysfunction is poorly understood.
Interleukin-2 may act directly on the vascular tonus
and endothelial integrity or may stimulate generation
of other cytokines, with subsequent increase in vascu-
lar permeability. Shalmi et al. [180] suggested that
interleukin-2 induced an intrinsic renal lesion since
glomerular filtration rate fell in 90% of the patients
(mean decrease of 43%) while the renal plasma flow
was only slightly altered (mean decrease 5%) in 50%

of the patients.
Since interleukin-2 induced response rate in patients

with metastatic melanoma or renal cell cancer is sched-
ule and dose dependent, and because renal toxicity is
the main cause of treatment discontinuation, continu-
ing studies are needed to elucidate a better definition
of  the observed nephrotoxicity.

Interferon-alpha

Interferon-α, a 165 amino acid glycoprotein, is ef-
fective in the treatment of viral hepatitis C and B, my-
eloma, melanoma, and renal carcinoma. Little is known
about the renal metabolism of interferon-α despite ex-
tensive studies in experimental animals. In patients
with normal renal function, the serum peak level oc-
curs 8 hours after a subcutaneous injection of 3x106

units of interferon-α. Terminal elimination half-life
ranges from 4 to 16 hours and after 24 to 48 hours, the
interferon molecule is undetectable in the serum [181].
Α-interferon urinary level is undetectable. Some au-
thors have suggested that, despite the lack of urinary
excretion, the kidney could play a role in interferon-α
metabolism [182]. Indeed, as far as hepatitis C treat-
ment is concerned, dialysis patients often show a bet-
ter response to therapy than non-dialysis patients. This
better efficacy in dialysis patients is associated with an
increase of the incidence of adverse effects. This obser-
vation raises the question of pharmacokinetic modifi-
cations. One study documented that clearance kinet-
ics of interferon-α in patients with chronic renal fail-
ure are about half the rate of patients with normal re-
nal function [183]. Indeed interferon is filtered by the
glomeruli and largely absorbed and catabolized within
tubular cells [184].

Main side effects associated with interferon-α are
dose-dependent chills, fatigue and gastrointestinal dis-
turbances. Rarely seizures, encephalopathy and strokes
have been reported [185]. Although there has been con-
siderable experience with interferons in clinical trials
during the past 20 years, acute renal failure has rarely
been reported. In 1976, Gresser et al. [186] described
experimental lesions induced in the kidney by inter-
feron in mice. Glomerular nephropathy was observed,
either hyalinosis or rapidly progressive glomerulone-
phritis [187]. In humans, while proteinuria has been
noted in up to 15 to 20% of patients treated with inter-
feron [188], acute renal failure syndrome has rarely
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been observed [188, 189]. Nephrotic syndrome was
present in some cases [191] and the histopathology was
described as a combination of acute interstitial neph-
rotoxicity and minimal change nephropathy. This pat-
tern is similar to that seen with renal injury from non-
steroidal anti-inflammatory drugs and ampicillin [191].
A pathogenic role for cellular immunity being en-
hanced by interferon therapy has been suspected. The
overall incidence of interferon-α acute renal toxicity
was recently reported to occur in less than 5% in pa-
tients treated for myeloproliferative syndrome [192].

Anecdotal reports of acute renal insufficiency com-
plicating  interferon-γ treatment have been reported.

Radiation nephritis

Radiation nephropathy is defined as renal injury
caused by ionizing radiation. The number of cases has
increases steadily and parallels the increase of bone
marrow transplant procedures using total body irra-
diation [193]. Radiation nephritis is dose dependent
[194]. Doses traditionally associated with radiation
nephropathy are above 2000 cGy. Fractionation, time
and chemotherapy all influence the time course and
severity of radiation-induced nephropathy. Tolerance
is observed with increasing fractionation, probably be-
cause it allows repair of sublethal damage during the
time between fractional doses. Therefore, chronic neph-
ropathy can be prevented by kidney shielding or, al-
ternatively, by fractionating doses. Previous cytotoxic
chemotherapy, radiocontrast agents, antibiotics poten-
tiate the adverse effects of ionizing radiation [195].

Radiation nephropathy can present in several
forms. An acute form is usually seen within a year af-

ter radiation and presents with hypertension, anemia
and edema. A more insidious, chronic form presents
primarily with diminished glomerular filtration, hy-
pertension and occasionally proteinuria. When associ-
ated with accelerated hypertension, it can lead to re-
nal failure. Some patients may develop hypertension
several years after radiation but no azotemia. In a sub-
set of patients, mild proteinuria may be the only fea-
ture of chronic renal disease [196].

Interstitial fibrosis is the common pathologic find-
ing in patients with chronic radiation nephritis.

Morphologic studies of radiation nephropathy have
documented injury to blood vessels, glomeruli, tubu-
lar epithelium and interstitium. Recent ultrastructural
studies indicate that glomerular endothelium is an
early site of sustained injury [197] accompanied by en-
dothelial disruption and leukocyte adherence. Later,
tubular degeneration and atrophy occur. One patho-
physiologic hypothesis places vascular injury as the
main initial event [198], which helps understand the
hypertension occurring in radiation nephritis but does
not account for the glomerular lesions.

Even though radiation nephropathy has been rec-
ognized for a long time, only recently therapeutic tri-
als with angiotensin converting enzyme inhibitors
(ACE inhibitors) have demonstrated an attenuate of
the renal injury in animals [199] and delay in the de-
cline in renal function even after the onset of renal in-
jury [200]. The beneficial effects of angiotensin II block-
ade was not shared by other antihypertensive agents
(hydrochlorothiazide or verapamil). These data point
to a role for the renin-angiotensin system in the patho-
genesis of radiation nephropathy but clinical confir-
mation is lacking and the long-term benefit of ACE
inhibitors has yet to be established.
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Anesthetic agents

Introduction

Renal function impairment remains a common
event in connection with anesthesia and surgery.

Severe perioperative renal dysfunction accounts for one
half of all patients requiring acute dialysis [1] and is
associated with a mortality in excess of 50% [2]. Mild
to moderate renal function impairment is surprisingly
common after surgery. In a group of 278 patients un-
dergoing non-emergency general, vascular or gyneco-
logical surgery, 65 of the patients developed an increase
of serum creatinine levels ≥ 20% within the first six
postoperative days [3]. Thirty-two of the patients had
increases that were sustained for more than 48 hours.
For half of these patients, creatinine clearance had not
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returned to baseline levels by the time of discharge. In
most cases, the perioperative changes in renal func-
tion are not due to the anesthetic agent itself, although
some volatile anesthetics have nephrotoxic potential
due to direct toxicity of their metabolites. Instead, post-
operative renal failure is more commonly multifacto-
rial. Risk factors include: preexisting renal and/or
cardiac disease, the type of surgical procedure, occur-
rence of rhabdomyolysis or hemolysis, adverse hemo-
dynamic events, inappropriate fluid management, and
concurrent administration of potentially nephrotoxic
substances such as radiographic contrast dyes, amino-
glycoside antibiotics and cyclosporine. Such risk fac-
tors usually play a more important role than the
anesthetic agent in the development of postoperative
renal dysfunction [4].
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Comparative renal pharmacology of
inhaled and injectable anesthetic agents

Inhaled anesthetic agents

Since Pringle et al [5] described oliguria during
ether anesthesia (1905); many investigators have fo-
cused on the effects of anesthesia on renal function.
All general anesthetics have significant but reversible
effects on renal function. These effects are mediated
either directly, by changes in renal vascular resistance,
renal blood flow, glomerular filtration rate and renal
tubular function or indirectly, by changes in cardio-
vascular function and neuroendocrine activity.

Modern inhaled anesthetic agents; halothane, en-
flurane, isoflurane, desflurane and sevoflurane all de-
crease glomerular filtration rate, sodium excretion and
urine output [6-10]. Studies of the response of renal
blood flow to these agents have yielded conflicting re-
sults. Initially investigators using clearance techniques
concluded that halothane and enflurane reduce renal
blood flow [7, 10]. Later studies employing direct mea-
surement techniques indicate that clinical doses of in-
haled agents decrease renal vascular resistance thus
maintaining renal blood flow when perfusion pressure
decreases during anesthesia [11-15]. These changes are
transient and usually return to normal in the immedi-
ate postoperative period. Even prolonged hypotension
to a mean arterial pressure of 60 mmHg, induced with
isoflurane, was, in one study, not associated with any
persistent derangement of renal function postopera-
tively [16].

Injectable anesthetic agents

Sodium thiopental does not alter renal blood flow
although glomerular filtration rate and urine output
are moderately affected [17]. The same is true for opio-
ids such as morphine [18] and fentanyl [19-20] and the
more recently introduced i.v. agent propofol [21]. The
effects of these drugs on renal function are transient.
There is no evidence that injectable anesthetic agents
are associated with direct nephrotoxicity.

In addition to the effects of anesthetic agents them-
selves, other intraoperative interventions may also in-
fluence renal function. The initiation of mechanical
ventilation, especially with the application of positive
end-expiratory pressure, is associated with decreases

in sodium excretion and urine output [22-24]. De-
creased cardiac output, increased sympathetic outflow
and release of renin and decreased release of atrial
natriuretic peptide have all been implicated as being
responsible for these changes [25, 26].

In summary, virtually all anesthetic agents and tech-
niques are associated with reductions in glomerular
filtration rate and urine output. These changes are usu-
ally readily reversed in the immediate postoperative
period. They represent the net effect of complex interac-
tions between direct actions of the anesthetics on the
kidney and indirect effects mediated through changes
in cardiac output, blood pressure and neuroendocrine
function.

Metabolism of inhaled anesthetic
agents

Anesthetic agents may also directly influence renal
function due to toxic effects from biodegradation prod-
ucts. On rare occasions renal failure will result.

Modern inhalation anesthetics are fluorinated to
reduce the flammability. They were initially consid-
ered to be biochemically inert substances. However,
with time came the recognition that not only are in-
haled anesthetics metabolized in vivo [27] but also that
their metabolites are responsible for both acute and
chronic toxicities [28, 29]. Information gained from re-
search over the past 30 years has led to changes in an-
esthesia practice, discontinuing the use of some anes-
thetics, for example methoxyflurane, due to its neph-
rotoxicity and more selective use of others, i.e. hal-
othane, due to its rare liver toxicity. It has also pro-
vided the impetus for the development of new agents,
isoflurane and desflurane, with properties that lower
their toxic potential. The result has been improved
safety but room remains for further improvement as
our insight into toxicological mechanisms expands.

Initial metabolism of inhaled anesthetics involves
the cytochrome P-450 enzymes, located in the mi-
crosomes of the liver and the kidneys [30, 31], most
commonly by oxidation. Some agents, i.e. halothane,
may under certain circumstances, also undergo reduc-
tion. In addition to their primary metabolism, some
agents, for instance sevoflurane, also undergo phase II
conjugation reactions prior to excretion.

The cytochrome P-450 enzyme system is comprised
of multiple isoenzymes, which are inducible to vary-
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ing degrees [32, 33]. These two characteristics are ma-
jor determinants of metabolic pathways and rates. In-
duction can be caused by exposure to one or more of a
large variety of compounds. Examples include: etha-
nol, phenobarbital, cimetidine, phenytoin, isoniazid
and some volatile anesthetics. Both transcriptional and
translational processes are stimulated by the inducer
to produce cytochrome P-450 [34]. Expression of the
various isoenzymes depends, not only on induction,
but also on such factors as sex, obesity, fasting and dia-
betes. Streptozotocin induced diabetes in rats, which
increases (P-4502E) several fold, enhances enflurane
and isoflurane metabolism [35].

Most halogenated anesthetics are similar in com-
position. Despite that, they vary greatly in their rate
and pathway of metabolism. Minor alterations in con-
figuration can be associated with major changes in
metabolism. Also, their degree of lipid solubility, which
governs the drugs access to and duration at metabo-
lizing enzyme sites, is important in determining meta-
bolic rate and the amount of drug that is biotransform-
ed.

Halothane

Halothane [CF3 CH Br Cl] the first of the modern
halogenated volatile anesthetics was introduced into
clinical practice in 1956. It is normally metabolized in
an oxidative pathway forming bromide ions and trif-
luoroacetic acid, neither of which has tissue toxic po-
tential [36, 37]. Reductive metabolism of halothane
takes place during low tissue oxygen tension states [38].
This pathway has been linked to halothane induced
liver necrosis through production of free radicals that
bind to cellular macromolecules [39, 40]. Reductive me-
tabolism is also associated with production of fluoride
ions [41]. The quantities found are too small to have
nephrotoxic importance.

The extent of halothane metabolism has been re-
ported to be 17-20% of an administered dose [36]. The
major route of halothane metabolism, oxidation to tri-
fluoroacetic acid, does not release fluoride. Fluoride
induced renal toxicity, therefore, is not a concern with
halothane.

Enflurane

Enflurane (CHF2OCF2CHClF), in clinical use for the

last three decades, is metabolized to a much lesser de-
gree than halothane. Approximately 2-3% of a given
dose undergoes biodegradation [42]. The chief metabo-
lite is difluoromethoxydifluoroacetic acid but also fluo-
ride ions, in sufficient quantity, to merit some concern
regarding renal function [43]. Plasma inorganic fluo-
ride concentrations after clinical enflurane anesthesia
are usually in the 15-25 µM range [9, 10, 44]. Longer
procedures [45] and obesity [46] are associated with
higher postanesthetic fluoride levels. A study of sur-
gical patients with preanesthetic chronic consumption
of enzyme inducing drugs such as phenobarbital,
phenytoin, diazepam and ethanol did not reveal in-
creased plasma fluoride levels compared to untreated
patients [47]. In contrast, about 50% of surgical patients
on chronic isoniazid therapy demonstrated signifi-
cantly elevated plasma fluoride concentrations after
enflurane anesthesia [48]. Enflurane is the only mod-
ern inhaled anesthetic that has been linked to fluoride
induced renal failure in a very limited number of cases
[49, 50].

Isoflurane

Isoflurane (CHF2OCH2ClCF3), in clinical use for
about almost twenty years, is an isomer of enflurane.
It has a very low degree of defluorination [51]. Ap-
proximately 0.2-0.4% of a given dose is metabolized.
Fluoride levels in humans after isoflurane anesthesia
peak at 4-6 µM, which represents only a modest rise
over basal fluoride levels. Enzyme induction increases
defluorination somewhat, but is not associated with
plasma fluoride concentrations of clinical significance
[52, 53].

Sevoflurane

Sevoflurane (fluoromethyl-1,1,1,3,3,3-hexafluoro-2-
propyl ether) first used in Japan, was introduced into
American clinical practice in 1995. Sevoflurane is de-
fluorinated to approximately the same extent as enflu-
rane. Initial studies reported plasma levels of fluoride,
in connection with sevoflurane anesthesia, comparable
to those seen after enflurane administration [54, 55].
More recent studies report that plasma fluoride con-
centrations often rise above 50 mM [56, 57]. Due to
sevoflurane’s low blood/gas solubility, only limited
stores build up during anesthesia and as a result, fluo-
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ride levels fall very quickly after termination of anes-
thesia. In vivo, defluorination in rats is increased by
pretreatment with phenobarbital [58].

Numerous studies have addressed the same issues,
as with enflurane, regarding fluoride production and
nephrotoxic potential. These studies include fluoride
levels after prolonged exposure [56, 57, 59], urine con-
centrating ability [57, 59-61], effect of obesity [60] and
the effect of preexisting renal function impairment [62,
63]. The consensus from these studies is that sevoflu-
rane has little potential for fluoride-induced nephro-
toxicity.

Sevoflurane undergoes degradation by soda lime
and barium hydroxide lime both of which are used in
modern anesthesia machines for CO2 absorption. The
chief degradation product is fluoromethyl-2,2-difluoro-
1(trifluoromethyl) vinylether, also called compound A
[64]. In an anesthesia circle circuit, using the above
absorbents, compound A concentrations correlate di-
rectly with sevoflurane concentrations and absorbent
temperature and inversely with fresh gas inflow rate
[65]. Increasing inflow rates decrease compound A
concentrations by decreasing rebreathing of gas, that
has passed through the absorbent, thereby decreasing
the amount of CO2 that reaches the absorbent. The
amount of CO2 absorbed determines the temperature
of the absorbent, since CO2 absorption is an exother-
mic reaction [65, 66].

Compound A is nephrotoxic in rats at thresholds
estimated at 180 ppm/hour [67, 68]. Renal toxicity is
characterized histologically by proximal tubular cell
degeneration and necrosis in the corticomedullar re-
gion of the kidney and biochemically by proteinuria,
glucosuria and enzymuria (NAG and α-GST) with in-
creased serum creatinine and BUN concentrations oc-
curring with severe toxicity [67-70].

In humans there seems to be a dose dependent as-
sociation between compound A exposure and the ap-
pearance of urinary biomarkers, such as albumin, glu-
cose and enzymes (NAG or α-GST). These findings
appear in studies where the compound A exposure
exceeds 160 ppm/hour [71-74], while they are absent
from studies with lower compound A exposure [75-
77]. In all studies associated with higher exposure of
compound A, the urinary markers have been transient,
lasting 3-5 days, with total normalization within one
week. There is no correlation between serum creati-
nine and the urinary markers.

In summary: The available information indicates
that sevoflurane anesthesia is nontoxic to the kidney
as long as exposure to compound A is kept below 150
ppm/hour. However, there are significant questions
regarding the potential for compound A to cause renal
injury: are larger doses than 160 ppm/hour harmful?
Do they cause histologically detectable tissue damage?
Is there a cumulative effect of repeated exposures? Are
particular patients more prone to injury?

The concerns and questions around the degrada-
tion of sevoflurane by CO2 absorbents to toxic com-
pounds may become a moot point, by the use of absor-
bents that minimally degrade sevoflurane [78-80]. Such
absorbents exist and they do not contain sodium and/
or potassium hydroxide. An example of such an ab-
sorbent is Amsorb® (Armstong Medica Ltd., Coleraine,
Northern Ireland). This absorbent is widely used in
Europe and it is completely inert when brought into
contact with sevoflurane [81].

Desflurane

Desflurane (CHF2OCHFCF3), in clinical use in the
U.S. for about a decade, has a very low lipid solubility
[82]. Desflurane is highly resistant to metabolism and
to degradation in soda lime [83]. Data from studies in
rats and humans suggest that desflurane is free from
hepatic and renal toxicity [84-86]. Serum inorganic fluo-
ride concentrations do not rise above background lev-
els even after prolonged exposure to desflurane [87,
88]. Due to its boiling point of 23.5°C it requires a spe-
cial vaporizer to ensure a stable output.

Mechanisms of fluoride toxicity

The exact mechanism(s) responsible for fluoride’s
nephrotoxicity remain to be defined. The fluoride ion
interferes with normal cell function on several levels.
Fluoride is an inhibitor of several cellular enzyme sys-
tems and diminishes tissue respiration and anaerobic
glycolysis [89]. In the kidney, fluoride interferes with
transport of sodium in the proximal convoluted tubule.
It also inhibits adenylate cyclase in the collecting sys-
tem and diminishes the action of antidiuretic hormone.
Experimental evidence in rats indicates that the chlo-
ride dependent pump, in the thick ascending part of
Henle’s loop, also is inhibited [90]. In human collect-
ing duct cell cultures, exposure to fluoride ions inhib-
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its Na-K-ATPase and causes morphologic changes in
mitochondria [91].

In 1966 renal failure was reported in 13 of 41 pa-
tients receiving methoxyflurane anesthesia for abdomi-
nal surgery [92]. Subsequently the causative agent was
shown to be the fluoride ion, an end product of the
biotransformation of methoxyflurane [93]. The clinical
picture consisted of vasopressin resistant polyuria,
hypernatremia, hyperosmolality and azotemia. The
nephrotoxic threshold in man is believed to be around
50 µM of fluoride. The degree of nephrotoxicity is posi-
tively correlated with plasma fluoride levels. A fluo-
ride concentration of 90-120 µM is associated with es-
tablished renal failure, which becomes severe when
fluoride levels reach 150-175 µM [94]. Despite the over-
all correlation between nephrotoxicity and peak plasma
fluoride concentrations, individual patients vary in
their nephrotoxic susceptibility. Genetic heterogene-
ity, drug interactions and preexisting renal disease are
some risk factors that may account for this variability.
Also, the exposure time to fluoride, which is depen-
dent on production and elimination, is important for
the development of nephrotoxicity. Finally, the lack of
correlation between peak serum fluoride levels and
nephrotoxicity following administration of sevoflurane
has led one investigator to suggest that intrarenal pro-
duction of F- is more important in the etiology of neph-
rotoxicity than the blood levels resulting from total
body production of F- [95]. If the intrarenal produc-
tion of F- turns out to be a significant factor for toxic-
ity, then the renal cytochrome P-450 isozymes will be-
come very important in design considerations for new
fluorinated anesthetics.

Fluoride elimination

Fluoride is removed from plasma by urinary ex-
cretion [96] and uptake into calcified tissues [97]. Nor-
mally each mechanism represents about 50% of the
removal [98]. Renal fluoride excretion is characterized
by glomerular filtration followed by variable tubular
reabsorption. The tubular reabsorption is influenced
by tubular fluid flow rate [99] and urinary pH [100,
101]. Manipulation of urinary pH in patients undergo-
ing a standard enflurane anesthetic resulted in plasma
levels of fluoride in patients with alkaline urine that
was 50% lower than in patients with acidic urine [102].

Bone uptake may also influence plasma fluoride

concentrations. It has been reported that metabolic aci-
dosis increases the rate of bone resorption while meta-
bolic alkalosis increases the rate of osseous accretion
in rats [103].

Considerations in pediatric patients

Renal function is markedly diminished in neonates
because of low perfusion pressure and immature glom-
erular and tubular function. Nearly complete matura-
tion of glomerular filtration and tubular function oc-
curs by approximately 20 weeks after birth in term in-
fants, but it is delayed in premature infants. Complete
maturation of renal function occurs by approximately
two years of age [104,105]. The ability to handle po-
tentially nephrotoxic degradation products in connec-
tion with anesthesia may therefore be impaired in neo-
nates and small children.

Halothane and sevoflurane are commonly used for
inhaled induction of anesthesia in children, because of
their lack of noxious smell. These drugs and isoflurane
or desflurane are then used for maintenance of anes-
thesia according to the preference of the anesthesiolo-
gist. Enflurane is rarely used presently because of its
airway irritant properties [106]. Therefore, of the cur-
rently used inhaled agents in pediatric patients, only
sevoflurane has nephrotoxic potential (fluoride ions
and compound A).

Mean plasma fluoride levels, in two studies in chil-
dren undergoing sevoflurane anesthesia were 15.8 µM,
ages 1-12 years and 21.5 µM, ages 3 months – 7 years,
respectively [107, 108]. The latter study also reported
on compound A levels in the breathing system. Maxi-
mum inspired concentration was 5.4 ± 4.4 ppm (mean
± S.D.) and maximum expired concentration was 3.7 ±
2.7 ppm. There were no changes in serum creatinine
values from samples obtained 24 hours post-anesthe-
sia compared with control. These limited studies give
no reason for worry about an increased risk for neph-
rotoxicity from sevoflurane in the pediatric population.

Clinical implications

Enflurane and sevoflurane are the only volatile an-
esthetics that have nephrotoxic potential due to their
significant release of fluoride ions during metabolism.
In sevoflurane’s case also due to biodegradation by the
currently used CO2 absorbents in anesthesia circuits.
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Both enflurane [109] and sevoflurane [62, 63] have been
used in patients with moderate renal function impair-
ment, without any worsening of renal failure. To mini-
mize the risks with compound A formation from
sevoflurane, it seems prudent to follow the Food and
Drug Administration’s (FDA) recommendations re-
garding sevoflurane. FDO warns against prolonged ad-
ministration of sevoflurane at relatively low fresh gas
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Introduction

The illicit use of drugs involves millions of people
worldwide. Drug abuse is associated with a vari-

ety of medical complications. In recent years the abuse
of both heroin and cocaine have been major problems
worldwide. Other illicit agents, however, which con-
tinue to induce medical complications, include barbi-
turates, ethyl alcohol, amphetamines, and phencyclid-
ine, as well as drug combinations. There are a number
of renal disorders associated with drug abuse. Some
may be related to nephrotoxicity associated with the
drugs themselves, e.g. heroin nephropathy, while oth-
ers are caused by complications related to drug abuse,

e.g. post-infectious glomerulonephritis, HIV nephropa-
thy and hepatitis related glomerulonephritis. Some
nephrotoxic problems are relatively specific for abuse
of one class of drugs (e.g. heroin nephropathy with
opiate abuse), while other renal manifestations are
found with a variety of abused drugs linked through
similar pathogenetic mechanisms (e.g. acute renal fail-
ure related to non-traumatic rhabdomyolysis). This
chapter will review the various renal manifestations
of illicit drug abuse. It will focus on the clinical and
pathologic presentation, the course, the treatment, and
the pathogenesis of these lesions. Secondary renal in-
fectious complications will not be discussed, except for
the interrelationship of HIV nephropathy and heroin
nephropathy.
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Opioids

The opioid drugs are responsible for more reported
cases of renal damage than any other class of abused
drug. While opioids include morphine, codeine, metha-
done, meperidine, and other agents, most cases of re-
nal damage are related to heroin abuse. Heroin is de-
rived from the acetylation of morphine at two-sites. It
is rapidly absorbed from all mucous membranes and
the lungs. There are also other non-opioid drugs pro-
ducing a similar pattern of addiction that may cause
renal disease (e.g. pentazocine).

In the early 1970’s intravenous drug addiction be-
came a contributor to renal disease and chronic renal
failure in urban centers throughout the U.S. [1-9]. Al-
most all patients injected heroin, although it was often
mixed with other drugs. Many patients developed al-
buminuria and the nephrotic syndrome and the glom-
erular histology described in these patients has been
pleomorphic. They include focal segmental and global
sclerosis, membranous glomerulopathy, membrano-
proliferative glomerulonephritis, mesangial prolifera-
tive glomerulonephritis, minimal change disease, and

amyloidosis [2-5, 7, 9, 10-14]. By far the most frequent
lesion has been focal segmental glomerulosclerosis
(FSGS) progressing to global sclerosis. This lesion has
been classically referred to as “heroin nephropathy”.
Ninety percent of all nephrotic black male addicts bi-
opsied in the original report of heroin nephropathy
from the Kings County Hospital in Brooklyn, New York
were found to have this histologic lesion [7].

In the late 1970’s and early 1980’s there was a change
in the spectrum of the glomerular lesion noted in heroin
addicts [15-21]. Secondary amyloidosis emerged as a
common biopsy finding in intravenous drug abusers
with the nephrotic syndrome. After prolonged intra-
venous drug abuse, addicts exhausted their venous ac-
cesses and resorted to subcutaneous injections of drugs,
so-called “skin-popping”. The persistent subcutaneous
injections led to chronic ulcerations and suppurative
skin infections and appeared to be the stimulus for the
development of secondary amyloidosis [17, 18, 22, 23].

In the mid and late 1980’s as the prevalence of HIV
infection increased dramatically among intravenous
drug abusers, a new more aggressive form of focal seg-
mental glomerulosclerosis appeared. This collapsing
variant of focal segmental glomerulosclerosis appears
clinically and pathologically distinct from the lesion
formerly described as heroin nephropathy [24-26]. Be-
cause of the overwhelming prevalence of HIV positiv-
ity among intravenous drug abusers in urban centers,
such as New York City (50-80% HIV positivity), HIV-
associated nephropathy has now emerged as the ma-
jor glomerulopathy related to illicit drug abuse and the
lesion of classic “heroin nephropathy” has essentially
disappeared in this population [27]. Perhaps the speed
with which HIV nephropathy develops among addicts
may not allow for the longer time interval required to
express the lesions of heroin nephropathy. Moreover,
the lesions of heroin nephropathy may be under-
diagnosed in the HIV infected addict population since,
by definition, heroin nephropathy must exclude the
presence of the HIV virus. Regardless, the reported
incidence of both heroin nephropathy and amyloido-
sis has decreased recently in the addict population as
the incidence of HIV seropositivity and HIV nephropa-
thy has increased [27].

Classic heroin nephropathy

There are over three hundred cases of classic focal

Table 1. Nephrotoxicity associated with illicit drug abuse.

Opiate abuse
• heroin nephropathy
• AA amyloidosis
• rhabdomyolysis - acute tubular necrosis
• tubulointerstitial lesions
• glomerulonephritis (membranoproliferative)
• HIV associated nephropathy

Cocaine abuse
• rhabdomyolysis - acute tubular necrosis
• malignant hypertension
• chronic renal failure

Phencyclidine abuse
• rhabdomyolysis - acute tubular necrosis

Amphetamine abuse
• necrotizing angiitis
• rhabdomyolysis - acute tubular necrosis
• acute interstitial nephritis

Other drugs
• ethyl alcohol abuse

- rhabdomyolysis - acute tubular necrosis
- tubular defects

• barbiturates, benzodiazepines, glutethimide
- rhabdomyolysis - acute tubular necrosis
- diazepam - ? acute interstitial nephritis
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segmental glomerulosclerosis associated with intrave-
nous drug abuse described in the literature, including
30 cases from the Columbia Presbyterian Medical Cen-
ter and Harlem Hospital in New York City [1, 5, 7, 11,
13, 16, 22, 28-35]. The preponderance of patients are
young Black males (95% Black, 92% male, mean age 29
years). In three of the larger series, including our own
study, all patients were Black [7, 22, 28]. Duration of
drug abuse varied from 6 months to 30 years prior to
the onset of renal disease with a mean duration of 6
years. Two thirds of patients presented with the neph-
rotic syndrome and an average 24 hour urinary pro-
tein excretion between 9-10 g. Over 40% of patients
had greater than 10 g of proteinuria daily. Mean se-
rum albumin was 2.6 g/dl and cholesterol was 321 mg/
dl. Despite the presence of substantial proteinuria, the
mean serum cholesterol concentrations were not ex-
tremely elevated, probably due to chronic illness and/
or malnutrition in this population. Urinalyses demon-
strated pyuria in 50% of cases and microhematuria in
over 30%. Occasional patients presented with gross
hematuria.

At initial presentation 3/4 of the patients had renal
insufficiency with an average serum creatinine concen-
tration of 3.6 mg/dl. Ten percent of patients presented
with serum creatinine concentrations greater than 9
mg/dl. Hypertension correlated best with the presence
of renal insufficiency [22, 28, 35]. In one large series
serum creatinine averaged 4.7 mg/dl in hypertensive
patients and only 1.4 mg/dl in normotensive patients
[35].

Our own study compared 30 patients with focal seg-
mental glomerulosclerosis due to heroin nephropathy
to patients with the idiopathic form of focal segmental
glomerulosclerosis [22]. The mean serum creatinine at
presentation was 4.5 mg/dl in those patients with
heroin nephropathy and 1.2 mg/dl in those with idio-
pathic focal segmental glomerulosclerosis, despite simi-
lar degrees of proteinuria, hypoalbuminemia, and
glomerulosclerosis. Hypertension and hypercholes-
terolemia were more prevalent in the idiopathic form
of focal segmental glomerulosclerosis despite greater
renal dysfunction in the drug abusers.

The pathologic lesions of heroin nephropathy can
be either focal or diffuse with sclerosis involving glom-
eruli segmentally or globally. This variability may re-
late to the stage of the disease at biopsy since some
patients present with preserved renal function and oth-

ers with renal failure. The glomeruli show collapse,
thickening, and wrinkling of the glomerular basement
membrane, sometimes with an increase in mesangial
matrix (Figure 1). In early stages, there is often swell-
ing and proliferation of visceral epithelial cells with
foam cells in the capillary lumina. Hyalinosis devel-
ops similar to the hyaline deposits in many sclerosing
glomerular lesions. The immunofluorescent findings
of granular IgM and C3 deposition in the areas of scle-
rosis are thought to represent nonspecific trapping,
similar to that seen in other sclerotic processes [7, 22].
Linear staining for IgG along the glomerular basement
membrane without evidence for anti-glomerular base-
ment membrane antibodies has been described and
probably also represents nonspecific trapping of
plasma proteins [5, 28, 35]. The electron microscopic
findings are similar to those seen in idiopathic focal
segmental glomerulosclerosis with glomerular base-
ment membrane thickening and new basement mem-
brane formation without electron dense deposits. Oc-
casionally deposits have been described which again
most likely represent nonspecific trapping and not true
immune complexes.

More severe interstitial mononuclear cell infiltrates,
greater tubular atrophy, and more interstitial fibrosis
have been described in heroin nephropathy as com-
pared to idiopathic focal segmental glomerulosclero-
sis in most reported series [5, 22, 25, 29, 30]. Although
several investigators believe that the severity of the tu-
bulointerstitial changes are consistent with the degree
of glomerular damage, other workers have found the
degree of interstitial inflammation to be out of propor-
tion to the degree of glomerular disease [5, 22, 28, 33,
35].

The pathogenesis of the glomerular lesions seen in
classic heroin nephropathy remains unclear. Since in-
travenous drug abusers develop many infections and
other complications from their addiction, it was ini-
tially debated whether heroin nephropathy was a
unique lesion. One group of investigators found a high
incidence of hepatitis C infection (HCV) in Black in-
travenous drug abusers with renal biopsies demon-
strating heroin nephropathy and proposed that HCV
infection may play a role in the development of FSGS
in this predisposed population [36]. Moreover, since
Black patients have a greater tendency to develop id-
iopathic focal segmental glomerulosclerosis, the use of
intravenous drugs might merely potentiate this pre-
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disposition. A study of renal specimens from 179 au-
topsies of European intravenous drug abusers in Ger-
many (almost all Caucasian) over a ten year period
(1987-1997) demonstrated membranoproliferative
glomerulonephritis and no cases of FSGS, as seen in
the American Black population; there was only a weak
association of this membranoproliferative glomerulo-
nephritis with hepatitis B or C infection in this autopsy
study [37]. One well-performed epidemiologic study
evaluated all patients 18 to 45 years of age with scle-
rosing glomerulonephritis who developed end stage
renal disease over 4½ years in the Buffalo Standard
Metropolitan Statistical Area (SMSA) [28]. The annual
incidence of glomerulosclerosis was 41 times greater
in addicts than in controls and 29 times greater in Black
male addicts than in nonaddicted Black men. End stage
renal disease developed 18 times more frequently in
addicts than nonaddicts. Thus, this study suggested
that the entity of focal segmental glomerulosclerosis
related to substance abuse truly exists and appears to
be more common in the Black population [28, 38].
Moreover, a recent case-controlled study examined the
association between drug use and end stage renal dis-
ease (ESRD). 716 patients who reached ESRD in 1991
were compared to age matched controls and examined
for the lifetime use of heroin, cocaine, and other illicit
drugs. After adjustment for age, sex, race, socio-eco-
nomic status, history of hypertension and diabetes,
persons who had ever used heroin or opiates were at
increased risk for developing ESRD (odds ratio of 19:1)
[39]. Likewise, use of crack and other drugs were asso-
ciated with ESRD but the effect could not be separated
from the effects of heroin [39]. A genetic basis for this
predisposition has been suggested by the demonstra-
tion of an increased incidence of HLA-Bw53 genotype
among Black drug addicts who have developed heroin
nephropathy [38, 40].

The actual mechanism whereby intravenous drug
abuse produces glomerular disease is unclear. In the
clinical setting there is still some debate as to whether
it is the drug itself or a contaminant that mediates the
glomerular damage. Addicts typically use street heroin
mixed with a number of adulterants, such as quinine
or lactose, and they not infrequently “shoot up” with
combinations of illicit drugs. Three patients who de-
veloped the clinical and morphologic picture of heroin
nephropathy claimed to have used only intravenous
pentazocine and tripelennamine [41]. One study sug-

gested that the contaminants rather than the narcotic
itself might be the inciting factor through the mecha-
nism of mesangial overload [42].

 It has been hypothesized that an abnormal immune
response plays a role in the development of focal scle-
rosis in intravenous drug abusers since abnormalities
in humoral and cellular immunity have been described
in addicts [43]. The repeated injection of heroin could
induce an immunologic response to the narcotic as a
tissue haptene. Morphine binding activity in the se-
rum of rabbits has been demonstrated with repeated
injections of the opiate [44]. While some researchers
have found that the γ globulin fraction of serum from
heroin addicts also has morphine binding activity [45],
this has not been a uniform finding [46]. A recent re-
port of an increased incidence of antinuclear and anti-
cardiolipin antibodies in ten heroin addicts suggested
that these immune responses may play a role in heroin-
related systemic complications, including renal disease
[68a]. Chronic administration of morphine to rats has
produced both biochemical as well as marked morpho-
logic changes in the kidney by electron microscopy [47].
An electron microscopic study in rats injected with
morphine demonstrated glomerular abnormalities con-
sisting of microprojections on the podocytes [48]. These
findings suggest that morphine itself may directly af-
fect the kidney perhaps via altered intracellular cyclic
AMP levels [48].

The effects of morphine on cultured mesangial cell
proliferation and matrix formation suggest that the
drug itself may induce cell proliferation and mesan-
gial sclerosis [49]. More recent laboratory investigation
has suggested that morphine intensifies the accumu-
lation of macromolecules in the mesangium and that it
stimulates TNF-α production by lipopolysaccharide ac-
tivated mesangial cells in culture, which in turn, am-
plifies mesangial cell nitrite production [50, 51]. The
latter effect appears to be morphine receptor mediated
since opiate receptor antagonists abolish this effect of
morphine; in addition, anti-TNF-α antibody diminishes
morphine-induced nitrite generation [51].

In vitro laboratory studies have suggested that mor-
phine may also have direct effects on renal interstitial
fibrosis. Morphine has been shown to enhance prolif-
eration of cultured rat renal medullary interstitial cells
as well as their mRNA expression for c-jun and c-myc
[52]. Morphine also increased the accumulation of types
1 and 3 collagen in the renal interstitium [52]. Mor-
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phine has been shown to enhance the proliferation of
kidney fibroblasts, and at higher doses induces apop-
tosis as well as synthesis of p53 by the kidney fibro-
blasts [53]. This data suggests that opiates may play a
role in the development of “heroin nephropathy” via
an effect on the renal interstitium.

Most patients with heroin nephropathy develop
end stage renal disease from several months to five
years following diagnosis. There appears to be a spec-

trum in terms of rapidity of progression from the idio-
pathic form of focal sclerosis to heroin nephropathy
and then to the collapsing form of focal sclerosis and
HIV nephropathy. Idiopathic focal segmental glomeru-
losclerosis typically progresses to end stage renal dis-
ease over a 5 to 10 year period, collapsing focal seg-
mental glomerulosclerosis and HIV nephropathy
progress over several weeks to months to end stage,
and heroin nephropathy appears to be between these

Figure 2. Renal biopsy of patient
with HIV nephropathy showing
pronounced tubular dilatation.

H&E staining, orig. magn. x300.

Figure 1. Renal biopsy of patient
with heroin nephropathy showing

focal glomerulosclerosis plus severe
tubulointerstitial damage.

H&E staining, orig. magn. x300.
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two extremes in its rapidity of progression.
One study demonstrated that the mean time to end

stage renal disease for heroin abusing patients with an
initial glomerular filtration rate greater than 60 cc/min
was 43 months compared to 3.6 months for patients
with HIV nephropathy who had a similar glomerular
filtration rate [54]. By stratifying the patients with
heroin nephropathy, those with a glomerular filtration
rate from 20-60 cc/min took a mean of 20 months to
reach uremia, while those with an initial clearance of
less than 20 cc/min progressed to uremia in a mean of
7 months [54]. Isolated reports have suggested that
abstinence from substance abuse may allow for im-
provement and/or stabilization of renal function [11,
22, 34], but this data has not been confirmed by a sys-
tematic study.

There is no confirmation that any form of immuno-
suppressive therapy will induce significant remission
of the nephrotic syndrome or prevent progression to
renal failure in heroin nephropathy. More recent data
in patients with idiopathic focal segmental glomerulo-
sclerosis suggests that longer courses of immunosup-
pressive therapy may induce a higher incidence of re-
mission of the nephrotic syndrome [55-60]. Cyclospo-
rine A has been shown to be effective in inducing par-
tial and complete remissions in patients with idiopathic
FSGS who are steroid resistant [61]. While several pa-
tients with HIV nephropathy have been treated with
cyclosporine A and some series suggest benefit from
short courses of steroid therapy, neither the use of in-
tensive immunosuppressive therapy nor cyclosporine
A have been reportedly used in heroin nephropathy
[62, 63]. In those few patients who have been trans-
planted and remained completely drug free, results
have been favorable without recurrence [64, 65].

Amyloidosis associated with heroin abuse

Following the description of focal segmental glom-
erulosclerosis as the classic lesion of heroin nephropa-
thy, a second pattern of glomerular damage due to
amyloidosis was described in intravenous drug abus-
ers. As this form of amyloidosis has become more
prevalent, the spectrum of glomerular damage seen
with drug abuse has clearly expanded [15]. Between
1978 and 1992, almost seventy cases of heroin-related
renal amyloidosis were reported [15-19, 22, 35, 66-68].
The epidemiology of this lesion resembles that of heroin

related focal segmental glomerulosclerosis as nearly all
patients are Black and most are male. Interestingly, the
age of the patients with amyloid (mean age 41 years)
was almost ten years greater than those with FSGS and
the duration of drug abuse was significantly longer.
Table 2 compares the clinical data in our patients with
heroin related amyloidosis (n=24) to our cases of heroin
nephropathy (n=30) [22].  Most had exhausted their
intravenous access for drug abuse and resorted to sub-
cutaneous “skin-popping”. Almost all patients used
heroin, some mixed with cocaine, and two patients re-
portedly abused only pentazocine and tripelennamine
[18]. All patients had chronic dermal ulcerations and
suppurative skin infections.

Almost all patients had nephrotic range proteinuria
with an average daily urinary protein excretion of 13
g, marked hypoalbuminemia (mean serum albumin 2.1
g/dl), and an elevated serum cholesterol (mean 247
mg/dl). Hypertension has been variable, occurring in
less than 20% of most reported series, but was as high
as 40% in one series [16, 22, 35]. Most patients present
with renal insufficiency, the average serum creatinine
concentration being 2.5 mg/dl. In our patients the ini-
tial serum creatinine concentration was significantly
higher (6.2 mg/dl) [22].

When tested, the amyloid is of the secondary type,
amyloid A protein. Serum amyloid A, an acute phase
reactant produced by hepatocytes, circulates complexes
to high density lipoprotein and is cleaved into smaller
fragments which subsequently polymerize into the β
pleated sheet configuration of amyloid [23, 35]. In
heroin related amyloidosis, the amyloid is heavily dis-
tributed in the tubular basement membranes, vessel
walls, and interstitium as well as the glomeruli. There
is greater tubular basement membrane and interstitial
amyloid deposition in drug related renal amyloid than
in secondary renal amyloid unrelated to heroin abuse
[31]. Amyloid was not found in the skin biopsies of
several of our patients with heroin related secondary
amyloidosis, although interestingly, multiple pulmo-
nary nodules due to AA amyloid have been described
in an HIV positive intravenous drug abuser [31a].

As with heroin-induced focal segmental glomeru-
losclerosis, the interstitial cell inflammation is more
prominent in the biopsies of patients with substance
abuse amyloidosis than in other forms of secondary
amyloidosis [22]. Accompanying the tubulointerstitial
involvement are a number of physiologic and clinical
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tubular abnormalities including renal tubular acido-
sis, glycosuria, phosphaturia, and symptoms of neph-
rogenic diabetes insipidus [69].

Our patients with drug related secondary amyloi-
dosis progressed to end stage renal disease more rap-
idly than patients with other forms of secondary renal
amyloidosis [22]. This more rapid progression corre-
lated with the presence of marked interstitial inflam-
mation. In contrast, the control patients with amyloi-
dosis often died of their underlying disease before de-
veloping end stage renal disease. However, by two
years following the diagnosis both groups experienced
a high mortality rate (64 and 66%) [22]. Two patients
with heroin related renal amyloidosis who subse-
quently abstained from subcutaneous drug abuse ex-
perienced remissions of proteinuria and improvement
or stabilization of renal function [66, 67]. However,
most patients have developed progressive renal dys-
function despite abstinence from drug abuse and/or
improvement in their suppurative skin infections.
Colchicine has been reported to markedly lower pro-
teinuria to near normal levels and improve renal func-
tion in one patient with drug-related renal amyloido-
sis despite no demonstrable change in the degree of
amyloid on a repeat renal biopsy [70]. Transplantation
has generally not been recommended for these patients
because of the severe chronic skin infections, aside from
the risk of their continuing and/or returning to sub-
stance abuse post transplantation.

HIV nephropathy and its relationship to heroin
nephropathy

As of the year 2000 there were between 650,000 and
900,000 HIV-1 seropositive people in the USA.  In 1996
there were 57,000 new AIDS cases reported in the
United States. While the incidence is decreasing in Cau-
casians, it is increasing in African Americans. Almost
40,000 persons died from AIDS in 1995. In some cities
intravenous drug abusers have a 60-85% carriage rate
for HIV [71]. While infection with this virus has been
associated with a number of patterns of renal disease,
the most frequent form of glomerular damage has been
designated HIV nephropathy [24-26, 54, 71-80]. It is
characterized by heavy proteinuria, large echogenic
kidneys on ultrasonography, and rapid progression to
renal failure with characteristic renal biopsy findings
[72-80]. HIV associated nephropathy is a better term
than AIDS nephropathy since this glomerulopathy may
occur in patients with AIDS, early manifestations of
HIV infection, as well as in asymptomatic HIV carriers
[73]. While HIV nephropathy has an incidence of only
3-7% of unselected autopsy series in HIV infected pa-
tients, it is by far the most common lesion found in
HIV infected patients undergoing renal biopsy. Of 104
biopsies in HIV positive patients with glomerular dis-
ease at the Columbia Presbyterian Medical Center, 73
had classic HIV nephropathy [25]. In both intravenous
drug abusers and nondrug users who are HIV posi-
tive, the incidence of HIV nephropathy has been much
greater in African Americans. In San Francisco where

Table 2. Heroin nephropathy - clinical features

FGS Amyloid

Number of patients 30 24

Age (years) 35 (range 23-51) 40 (range 27-56) p < 0.05

Drug abuse (years) 14.5 (range 4-30) 18.6 (range 5-33) NS

Proteinuria (g/24 hrs) 7.7 ± 1.18* 6.1 ± 1.37* NS

Nephrotic syndrome (%) 85% 66% NS

Plasma albumin (g/dl) 2.3 ± 0.18* 2.0 ± 0.18* NS

Plasma cholesterol (mg-/dl) 234 ± 31.8* 199 ± 33.6* NS

Plasma creatinine (mg/dl) 4.5 ± 0.97* 6.2 ± 1.45* NS

Hypertension (%) 27% 15% NS

Skin ulcers/abcessess (%) 13% 100% p < 0.01

* Mean ± S.E.
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most AIDS patients are White and homosexual, HIV
nephropathy has been extremely uncommon [76-78].
Akin to the predilection in African Americans for idio-
pathic focal segmental glomerular sclerosis and heroin
nephropathy, the Black race is probably the single most
important predisposing epidemiologic factor for clas-
sic HIV nephropathy in HIV infected persons. The typi-
cal patient has renal insufficiency and signs of the neph-
rotic syndrome at presentation. In our patients with
HIV nephropathy the initial serum creatinine was
markedly elevated (mean 5.4 mg/dl), the serum albu-
min low (mean 2.2 g/dl), and edema frequent (62%)
[73]. The kidneys of patients with HIV nephropathy
when evaluated by ultrasonography were large for the
degree of renal failure (mean size 12.3 cm) and echo-
genic. This echogenicity correlates with dilated cystic
renal tubules rather than glomerular changes.

The pathology of HIV nephropathy has several dis-
tinct features, which differ from classic idiopathic fo-
cal segmental glomerulosclerosis and heroin nephropa-
thy [25-27, 76-81]. On light microscopy diffuse global
glomerular sclerosis and collapse is common with strik-
ing visceral epithelial cell hypertrophy accompanied
by large cytoplasmic vacuoles and resorption droplets.
There are also severe tubulointerstitial changes with
interstitial inflammation, edema, microcystic dilatation
of tubules (Figure 2), and severe tubular degenerative
changes. On electron microscopy tubulo-reticular in-
clusions are prevalent in the glomerular endothelium.
While these tubulo-reticular inclusions may only be
markers for the presence of severe viral infection, their
presence in a patient with classic light microscopic
changes of HIV nephropathy confirms the diagnosis.
Children with AIDS often have other glomerular le-
sions such as mesangial changes or minimal change
disease.

The course of HIV nephropathy is usually a rapid
progression to renal failure. An early study by Rao et
al. [54] found that the average time from diagnosis to
uremia was 3-4 months for AIDS nephropathy patients
with creatinine clearances > 60 cc/min. By contrast, it
was almost 44 months for patients with heroin nephr-
opathy with a similar creatinine clearance; even with a
creatinine clearance < 20 cc/min at diagnosis, the time
to uremia for heroin nephropathy was still 7 months.
In another study, Rao et al. followed 55 patients with
HIV nephropathy in which 43 progressed rapidly to
uremia, 2 died without uremia and ten were lost to

follow-up [72]. In our study of 26 patients with HIV
nephropathy, life table analysis confirmed the rapid
development of end stage renal disease in this popula-
tion [73]. Patient survival most closely correlated with
the stage of HIV infection. Patients with AIDS and end
stage renal disease had a mean survival of only 1.9
months; patients with early symptoms of HIV infec-
tion survived a mean of 3.6 months, while patients with
asymptomatic HIV infection survived a mean of 9.7
months [73]. In our experience all patients with classic
HIV nephropathy eventually developed AIDS.

Data suggests that HIV nephropathy is a late con-
sequence of HIV infection associated with a high viral
load [80], although the nephrotic syndrome and renal
failure can be the initial presentation of HIV infection.
The kidney appears to be an important long-term res-
ervoir for the HIV-1 virus [82]. A recent report docu-
mented the presence of viral transcripts in renal epi-
thelial cells even in the presence of effective therapy
[82]. In addition to ACE inhibition, the use of
antiretroviral therapy, especially when begun early in
the course of HIV nephropathy, has markedly im-
proved the prognosis for progression to end stage re-
nal disease and discontinuing such therapy could lead
to rapid viral replication [82-84]. Some patients with
asymptomatic HIV infection can survive many years
on dialysis and recent statistics demonstrate a much
improved prognosis for HIV-infected patients main-
tained on hemodialysis [85].

The pathogenesis of HIV nephropathy is unknown.
Speculations include acute renal hemodynamic alter-
ations, toxicity to specific glomerular cell populations,
and possibly toxicity to the tubules as well [76, 78]. The
HIV genome is commonly found in renal tissue in HIV
seropositive patients by the DNA polymerase chain
reaction. HIV core protein (p-24) and pro-viral HIV
DNA have been localized to the tubular cells and vis-
ceral epithelial cells, but their role in the pathogenesis
of HIV nephropathy is unclear [81, 86]. One group of
investigators found that HIV virus was readily able to
infect 90% of cultured human glomerular endothelial
cells and 5% of mesangial cells, but glomerular epithe-
lial cells could not be infected [87]. Experiments with
mice made transgenic for HIV-1 proviral DNA show a
characteristic course of proteinuria and progressive
azotemia [88]. Histology reveals focal segmental scle-
rosing lesions and microcyst formation with intersti-
tial infiltrates similar to the histologic pattern seen in
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human HIV nephropathy. These findings implicate
HIV gene constructs directly in the pathogenesis of HIV
nephropathy. Laboratory data has recently demon-
strated a role for the HIV-1 gp120 envelope protein on
tubular cell interaction products in promoting renal fi-
broblast proliferation and apoptosis; in addition, this
effect was enhanced by morphine [89]. These effects
may play a role in the renal interstitial disease, which
is so prominent in HIV nephropathy.

An important question is whether HIV nephropa-
thy is truly different from the older entity of heroin
nephropathy. Clinical and histologic data would sug-
gest they are distinct. While heroin nephropathy by
definition occurs only in heroin addicts, the classical
clinical and histologic picture of HIV nephropathy has
been seen in patients who acquired the virus through
homosexual contact, blood transfusions, and maternal
transmission as well as intravenous drug abuse. The
progression to renal failure as described above is much
more rapid in patients with HIV nephropathy. The pa-
thology of HIV nephropathy has unique features of the
collapsing form of glomerulosclerosis, marked tubu-
lar microcyst formation, and electron microscopic tu-
bulo-reticular inclusions. Moreover, the transgenic
animal models with features typical of HIV nephropa-
thy also suggest a unique pathogenesis for this form of
collapsing FSGS. Since dysregulation of VEGF (vascu-
lar endothelial growth factor) expression within the
glomerulus has been demonstrated in a variety of re-
nal diseases, recent animal data has shown that
podocyte-specific overexpression of the VEGF-164
isoform can produce a collapsing glomerulopathy,
similar to that seen in HIV-associated nephropathy
[89a]. In addition, recent studies of chemokines have
demonstrated higher levels of MCP-1, RANTES, and
IL-8 interstitial and glomerular tissue levels in HIV
infected patients, regardless of renal disease, but MHC
Class II, interferon α and γ receptor protein expression
was greater in HIV patients with nephropathy [89b].
This suggests that upregulation of these proteins may
be important in the pathogenesis of HIV associated
nephropathy [89b].

Opiate induced acute renal failure
(rhabdomyolysis)

In addition to chronic renal failure, the abuse of nar-
cotics is associated with a characteristic pattern of acute

renal failure. Overdose can cause non-traumatic
rhabdomyolysis associated with myoglobinuric acute
renal failure [90-96]. It has been reported with other
narcotics including methadone, codeine, and drug
combinations as well as heroin (90, 91, 97]. In a num-
ber of centers rhabdomyolysis is the etiology for 5-7%
of all cases of acute renal failure [90, 92, 98]. While in
one large series, drug-related cases comprised only 11
of 157 of rhabdomyolysis cases, drug ingestion had a
very high likelihood of being complicated by acute re-
nal failure.

The typical patient is a young male addict who pre-
sents with coma or stupor after intravenous use of
heroin. Decreased levels of consciousness can develop
rapidly since such patients are not infrequently found
comatose with the injection needle still inserted in their
veins [97]. This occurs commonly in inexperienced ad-
dicts who misjudge the dose of drug administered or
when there is a sudden change in the potency of avail-
able street heroin. Most of the patients with acute re-
nal failure have had a prolonged period of coma prior
to presentation [97]. Less frequently an addict will
present with rhabdomyolysis and acute renal failure
and deny prior coma or stupor. In some of these cases
seizures, trauma, or excessive exertion prior to the use
of the drug may explain the rhabdomyolysis. At pre-
sentation many patients will be hypotensive, hypoxic,
acidotic, and dehydrated [90, 91]. Patients may or may
not have clinical evidence of muscle damage with my-
algias and tender swollen muscle groups. Evidence for
muscle damage, however, is readily documented by
very elevated levels of muscle enzymes (CPK and al-
dolase) and myoglobinuria.

The acute renal failure is typical for acute tubular
necrosis and is characterized by a urine sediment with
granular pigmented casts, and benzidine positive urine
often in the absence of significant hematuria. With
rhabdomyolytic acute tubular necrosis the urinary so-
dium concentration and fractional excretion of sodium
are not always increased as in classic acute tubular
necrosis [99]. One half to two-thirds of patients have
oliguria, which may last from hours to many weeks.
During this phase of the acute renal failure, there is a
very rapid rise in the serum creatinine (often > 2.0 mg/
dl/day), and profound increases in the serum levels
of a variety of solutes normally found in muscle or pro-
duced from muscle derived precursors. Thus, the lev-
els of potassium, phosphate, and uric acid all rise dra-
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matically. Associated with the oliguria many patients
develop severe hypocalcemia [90, 92, 97]. This may be
due to deposition of calcium salts in the damaged
muscle, tissue deposition of calcium salts elsewhere
due to the high circulating levels of phosphate, de-
creased parathyroid hormone levels, or altered vita-
min D metabolism [100, 101]. During the polyuric re-
covery phase of acute renal failure, a rebound hyper-
calcemia occurs in many patients due to reversal of the
processes that led to hypocalcemia [90, 92, 100, 101].

Almost half of the reported patients required some
dialytic support during their episode of acute renal fail-
ure. Nevertheless, the majority of patients regain sig-
nificant renal function. Perhaps because the addicted
population at risk is young and without prior multi-
system disease, there has been a very low mortality
associated with this form of acute renal failure despite
the common occurrence of intercurrent infection.

The mechanism of muscle damage is most likely
related to profound and prolonged compression of
muscle with compromise of the regional vascular sup-
ply [90, 92, 96, 101-103]. The presence of hypovolemia
and hypotension may further contribute to the ischemic
damage. There is a direct correlation between the du-
ration of altered consciousness and the severity of the
rhabdomyolysis. Moreover, there is no evidence for any
major direct toxic effect of narcotics on muscle in the
vast majority of addicts who present without coma or
stupor. Trauma, exertional stress, and seizures may
contribute to the muscle damage in some patients.

The mechanism of the acute renal failure is thought
to be multifactorial and similar to other cases of myo-
globinuric renal failure [101, 104-109]. These factors in-
clude obstruction of tubules, toxic effects of the pig-
ment or iron on renal tubular cells, and altered hemo-
dynamics in association with inhibition of the vasodi-
lator nitric oxide by myoglobin. Experimental animals
exposed to heme pigment have increases in the renal
synthesis of both heme oxidase and ferritin (108]. This
allows for more rapid heme degradation and greater
sequestration of potentially toxic iron by the tubular
cells [108]. Whether narcotics or the hypotensive, hy-
poxic environment associated with rhabdomyolysis
interfere with these protective effects of the kidney is
unknown.

Initial treatment of the acute renal failure consists
of intravascular volume repletion and restoration of
the blood pressure. Treatment with mannitol, alkalin-

ization of the urine, and diuretics have all been tried
with variable success [93, 94, 105, 110]. Clearly, sup-
portive care and dialytic intervention when necessary
are crucial to allow adequate recovery from the renal
failure. Hemodialysis may be more effective than peri-
toneal dialysis on highly catabolic patients with
rhabdomyolysis-induced renal failure.

Other opiate-related renal lesions

In addition to glomerular lesions inducing progres-
sive renal failure and acute renal failure due to narcot-
ics, a number of patients have been described with
chronic renal insufficiency associated with chronic tu-
bulointerstitial changes on biopsy [111, 112]. Some have
evidence of granulomatous changes in the interstitium
with foreign body giant cells and particulate matter
noted in the granulomas and interstitial areas [112].
There have been 5 recent reports of granulomatous
glomerulonephritis with 2 described as non-immuno-
globulin-associated fibrillary glomerulonephritis with
oxycodone suppository addiction, usually used intra-
venously [112a]. There has also been a case report of
the hemolytic-uremic syndrome in a heroin addict as
well as a number of cases of membranoproliferative
glomerulonephritis [113, 37].

Cocaine

Cocaine has been used by the Indians of South
America for at least 2500 years. Its central nervous sys-
tem effects have been long known and ironically in 1884
Freud wrote one of the first reports on the mental ef-
fects of cocaine. In the mid 1980’s widespread abuse of
various forms of cocaine led to major medical and so-
cial problems [114]. This coincides with a decrease in
the price of the drug “on the street” and more wide-
spread availability. The use of cocaine has changed
from that of “social and recreational” use by the
wealthy to a common addiction and affliction that af-
fects all segments of the population, as many millions
of Americans use cocaine.

Cocaine HCl is an alkaloid derived from the leaves
of the South American coca plant. The free base alka-
loid, made by extraction from cocaine HCl, is relatively
insoluble in water, but dissolves in a variety of organic
solvents. There has been a dramatic increase in the use
of cocaine free base, which is most commonly known
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by its street name “crack”. Since free base is not de-
stroyed by heating, but rather vaporizes, it can be
smoked and inhaled [115]. This provides speedy ab-
sorption from the respiratory tract inducing a short-
lived but rapid euphoria. The free base is also well ab-
sorbed by nasal, vaginal, and sublingual mucous mem-
branes as well as by the gastrointestinal tract. Cocaine
can also be injected intravenously, intramuscularly, or
subcutaneously. Crack is often combined with heroin
or other drugs of abuse and taken intravenously [114].
Cocaine is detoxified by cholinesterases and cocaine
or its metabolites may be present in the urine for one
to two days after use.

Cocaine is a central nervous system stimulant that
inhibits the peripheral re-uptake of catecholamines,
leading to increased sympathomimetic activity [115].
Its abuse is associated with a variety of medical prob-
lems. These include acute myocardial infarction, car-
diac arrhythmias, cerebrovascular accidents, hyperpyr-
exia and stimulated sympathetic activity, seizures and
coma, obstetrical complications, intestinal ischemia,
and a variety of psychiatric complications [114-117].
The most prominent renal complication of cocaine
abuse is acute renal failure associated with rhabdomy-
olysis.

A number of reports in the mid to late 1980’s de-
scribed patients who developed rhabdomyolysis while
using cocaine [118-120]. Some of these patients experi-
enced acute renal failure [121-125]. While the exact in-
cidence of acute renal failure secondary to cocaine rhab-
domyolysis is unknown, in one reported series it oc-
curred in only three of 211 admissions for cocaine re-
lated complications [114]. On the other hand, in an-
other series of nearly 40 patients the incidence of co-
caine related acute rhabdomyolysis increased over the
period of enrollment from 2 patients in 1985 to 22 pa-
tients in 1987 [126]. Several reports of patients with
cocaine-induced rhabdomyolysis have clearly defined
both the clinical syndrome and the risk factors for the
development of acute renal failure and an adverse out-
come [123, 126, 127]. Most patients have been previ-
ously healthy young males (mean age 30-35 years old
and 80-85% male). The cocaine has been smoked, used
intravenously, snorted, or taken orally implying that
route of administration was not relevant [122, 123, 126,
127]. In contrast to narcotic related rhabdomyolysis, a
history of prolonged coma or stupor is absent. On pre-
sentation, the majority of patients are combative and

agitated although some are frankly comatose. Only
one-half of the patients had evidence of muscle ten-
derness or myalgias. The creatinine phosphokinase was
more than 10 times normal in all patients developing
acute renal failure. Between 30 and 50% of patients with
cocaine associated rhabdomyolysis develop acute re-
nal failure.

Several features identify patients at risk for devel-
oping acute renal failure [126]. While hypertension
(blood pressure greater than 140/90 mmHg) was
present in about 20 to 30% of the patients, severe hy-
potension (blood pressure less than 100 mmHg) on pre-
sentation occurred in 46% of patients with acute renal
failure but only 4% of those who maintained renal func-
tion [126]. In this same series patients developing acute
renal failure were also more likely to have severe hy-
perpyrexia (70% versus 15%), and documented seizure
activity (30% versus 8%). Patients with acute renal fail-
ure have also had higher creatinine phosphokinase lev-
els than those without renal failure [126, 127]. The mean
creatinine phosphokinase level for patients develop-
ing renal failure has been greater than 20,000 U/L. As
might be expected serum uric acid values have been
higher and serum calcium values lower in patients with
acute renal failure. The mean hematocrit has also been
higher in the renal failure group implying more severe
volume depletion on admission. Admission serum
creatinine ranged from 1.9 mg/dl to greater than 12
mg/dl with peaks as high as 24 mg/dl [126, 127]. About
50% of the acute renal failure patients were oliguric.
The urinalysis was positive for heme pigment in 70%
and microscopic hematuria and proteinuria were vari-
able.

A bleeding tendency was reported in many of the
patients, and in one series 7 of 9 patients with acute
renal failure had abnormal coagulation tests with in-
creased fibrin degradation products, decreased fibrino-
gen levels, prolonged prothrombin times and thromb-
ocytopenia [126]. These 7 patients were felt to have dis-
seminated intravascular coagulation and six of them
died despite treatment with plasma infusion and hep-
arin. The associated disseminated intravascular coagu-
lation has been noted by other authors [127]. In one
large study, 85% of the acute renal failure patients had
evidence of severe liver abnormalities with markedly
elevated levels of serum aspartate aminotransferase (at
least 40 times above normal for the laboratory) as op-
posed to only 8% of the patients without acute renal
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failure [126].
Almost all patients with cocaine rhabdomyolysis

without renal failure survive and are discharged after
an average hospital stay of 5 days. The patients with
acute renal failure require hemodialysis, and have both
a lower survival rate and a more prolonged hospitaliz-
ation. Of patients with acute renal failure who die, most
did so between 2 to 15 days after admission with asso-
ciated disseminated intravascular coagulation and se-
vere liver dysfunction. Autopsies on these patients
showed no evidence of pre-existing renal disease or
underlying glomerulopathy.

The exact pathogenesis of cocaine associated rhab-
domyolysis remains to be defined [121, 124, 126]. The
route of cocaine administration does not predispose to
rhabdomyolysis. Moreover hypotension, hyperpyrexia,
coma, muscle crush injury, and associated nephro-
toxins do not appear to be crucial to the muscle toxic-
ity. Whether there is any direct role of cocaine induced
muscle necrosis or a role in combination with sympa-
thetic discharge causing severe arterial vasoconstric-
tion and subsequent ischemia remains to be clarified
[114]. The factors predisposing to acute renal failure
are similar to other forms of non-traumatic rhabdomy-
olysis and include volume depletion, hypotension, and
increased severity of muscle damage [126, 127]. Rhab-
domyolysis may release tissue thromboplastin and
other factors inciting disseminated intravascular coagu-
lation and the resulting thrombotic process might ac-
centuate the renal ischemia. The mechanism(s) by
which cocaine rhabdomyolysis and myohemoglobin-
uria produce acute renal failure are probably similar
to other forms of myohemoglobinuric acute renal fail-
ure.

While acute renal failure due to rhabdomyolysis is
by far the most common form of renal damage associ-
ated with cocaine, several patients have developed
acute renal failure secondary to acute malignant hy-
pertension [128]. With resolution of the malignant hy-
pertension, some patients regain sufficient renal func-
tion to terminate dialysis. The etiology of this form of
renal failure may be secondary to drug-induced acute
vasoconstriction resembling the hypertensive crises
seen in patients with scleroderma.  Scleroderma with
a scleroderma renal crisis has actually been reported
as a complication of cocaine abuse (129). Several pa-
tients have presented with angiographic evidence of
renal infarction in the setting of active intravenous co-

caine use [130, 131]. The hypertension abated and the
patients were left with no long-term clinical morbid-
ity. A number of other case reports of renal disease
associated with cocaine abuse include acute intersti-
tial nephritis [132], antiglomerular basement mem-
brane antibody-mediated glomerulonephritis (133,
134),  Henoch-Schonlein purpura with necrotizing vas-
culitis [135], and a syndrome resembling thrombotic
thrombocytopenic purpura [136, 137]. There has been
a report of urinary tract infection in infants exposed to
cocaine in utero [138].  HIV nephropathy is also occur-
ring with increased frequency in cocaine abusers [139].

The association of cocaine abuse with progressive
chronic renal failure has received increased attention
in recent years [140-142]. Ward and co-workers have
reported the possibility of a progressive nephropathy
with features of hypertension, azotemia and pro-
teinuria in 50 African American cocaine abusers [143].
The renal presentation is often nonspecific with low-
grade proteinuria and lack of specific findings on uri-
nalysis. Some patients displayed nephrotic range pro-
teinuria similar to heroin nephropathy. Renal biopsy
was obtained in 20 of these patients and revealed the
presence of a variety of glomerular and vascular ab-
normalities including focal glomerulosclerosis, collaps-
ing focal sclerosis, immune complex glomerulonephri-
tis and ischemic arteriolitis. On average, the patients
were predominantly African American with 1 to 10
years of abusing cocaine at least once weekly. How-
ever, an earlier study by the same group noted that
Caucasian cocaine users also displayed an increased
risk for renal disease [140].  A discharge diagnosis of
hypertensive renal disease was associated with cocaine
use in over one third of cases in that study.  Finally,
cocaine has been implicated as a risk factor for the de-
velopment of ESRD in young dialysis patients with a
shorter duration of hypertension by history [142]. The
relative risk of developing ESRD with cocaine abuse
was nearly 10 times higher than that of race and blood
pressure matched controls. In summary, evidence for
a progressive nephropathy associated with cocaine
abuse is accumulating and could constitute a signifi-
cant cause for ESRD in the United States.

Phencyclidine

Phencyclidine is an anesthetic, analgesic, halluci-
nogenic drug, which was widely abused in the 1970’s.
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As a street drug it was known as “peace pill”, “crys-
tal”, “hog”, and most commonly “PCP” or “angel dust”
[144]. It is often used in combination with other illicit
drugs, and may be smoked, inhaled, snorted, or taken
by injection. The abuse of phencyclidine has been as-
sociated with respiratory depression, convulsions, hy-
perpyrexia, hypertensive crisis, and schizoid psycho-
ses. It has also caused rhabdomyolysis in many re-
ported cases, often in association with acute renal fail-
ure [144-149]. In one group of 1000 patients admitted
with a diagnosis of phencyclidine abuse, 25 patients
(2.5%) experienced rhabdomyolysis, and 10 developed
acute renal failure [145]. Thus, 40% of the patients with
phencyclidine-associated rhabdomyolysis develop
acute renal failure, while others may develop mild, rap-
idly reversible renal insufficiency probably related to
volume depletion. As with cocaine and heroin induced
acute renal failure most patients have been young
males [145, 148]. About 50% are comatose on admis-
sion while others display a variety of organic brain
syndromes and mental dysfunctions. Complaints of
myalgias are common. Hyperpyrexia, tachycardia,
hypertension, exaggerated muscle activity and acute
dystonic motor reactions are all common findings on
admission [144, 145, 148). Markedly elevated levels of
serum creatinine phosphokinase and leukocytosis are
also common. Of the patients with acute renal failure,
the serum creatinine is usually elevated on admission
(range 1.2 mg/dl to 12.7 mg/dl with a mean of 4.1 mg/
dl in one large series). The urine is typically orthoto-
luidine positive in the absence of significant hematuria,
and granular casts and a positive test for myoglobin
are common. The serum creatinine rapidly peaks and
then returns toward normal. Even though some pa-
tients will require dialytic support, the majority of pa-
tients recover significant renal function. During the
period of acute renal failure, only 50% of patients are
oliguric, but most manifest hyperuricemia, hyperphos-
phatemia, and hypocalcemia. Rebound hypercalcemia
may occur during the recovery phase of renal failure.

In some patients the etiology of the acute renal fail-
ure may relate to isometric tension in restrained limbs,
and in others to ischemic damage to muscle in the pres-
ence of hyperthermia and/or limb compression [144,
149]. While it is possible that the drug itself may pos-
sess direct myopathic toxicity when abused in certain
settings, it does not induce rhabdomyolysis in unre-
strained animals [150]. Animals restrained in immobi-

lizing cages, however, develop rhabdomyolysis, which
correlates with isometric muscle tension during the re-
strained period, and this can be prevented by prior
denervation [150].

Treatment with avoidance of restraints, intravas-
cular volume repletion, and perhaps muscle paralyz-
ing drugs has been advocated. Although urinary acidi-
fication had been advocated to promote phencyclid-
ine excretion, this may be deleterious in patients with
rhabdomyolysis, hyperuricemia, and myoglobinuria
and should be avoided [149].

Amphetamines

Amphetamines are sympathomimeticamines with
central nervous system stimulatory activity. They may
induce a number of patterns of renal damage includ-
ing rhabdomyolysis related acute renal failure, acute
interstitial nephritis, and an angiitis resembling pol-
yarteritis nodosa.

Methamphetamine alone or in combination with
heroin or d-lysergic acid diethylamide has been asso-
ciated with a necrotizing angiitis similar to that seen
in idiopathic polyarteritis nodosa [151]. Although most
of these patients have been intravenous abusers of mul-
tiple drugs, the common denominator in most cases
and the sole drug in others has been methamphetamine
[151, 152]. One study described 14 patients with drug
(and presumably methamphetamine) related vasculi-
tis seen in a short time period [152]. While others cite
the rarity of this lesion with no case in over 1000 con-
secutive autopsies in addicts, the diligence with which
the lesions were sought in this population has been
questioned [153, 154]. The lesions have occurred in both
male and female intravenous drug abusers who usu-
ally present with a prodromal illness of fever, weight
loss, malaise, and weakness. The angiitis may involve
any body organ and patients may experience central
nervous system symptoms, abdominal pain, arthral-
gias, myalgias, and other systemic findings akin to id-
iopathic polyarteritis [152]. Renal involvement is
characterized by mild proteinuria, hematuria, hyper-
tension, and often progressive renal failure. On
angiographic examination and at autopsy the lesions
in the kidneys are similar to those found in classic pol-
yarteritis with involvement of middle size vessels es-
pecially at bifurcations with aneurysms, lumenal ir-
regularities, and sacculations [151]. The lesions are
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noted to be in different stages of development with
some showing active inflammation of the vessel wall,
other neighboring lesions showing more chronic heal-
ing lesions, and still others demonstrating occluded
vessels with evidence of distal infarction [151].

The relationship between amphetamine abuse and
the presence of hepatitis B antigenemia and an immune
complex vasculitis remains unclear [155-157]. While
similar lesions have been described in non-drug abus-
ing patients who are serologically positive for the hepa-
titis B antigen, in the largest series of amphetamine
abusers only 30% were positive for the hepatitis B an-
tigen [154]. Nevertheless, the method and sensitivity
of these earlier screening tests for hepatitis B have been
questioned. The situation may be even less clear now
that hepatitis C has been shown to be associated with
a polyarteritis like syndrome and vasculitis [158]. Nev-
ertheless, it is equally possible that in some cases ei-
ther the direct effects of amphetamines or immune com-
plexes formed by drug-induced release of tissue anti-
gens can produce a vasculitis similar to polyarteritis
nodosa [151].

Amphetamines have also been associated with a
syndrome of acute renal failure and rhabdomyolysis.
Several series describe patients following intravenous
injection of methamphetamine or phenmetrazine who
presented with hyperactivity, fever, chills, sweats, ab-
dominal cramps, diarrhea, and hypotension [88, 89,
159, 160]. The patients have developed acute renal fail-
ure, which is usually oliguric and associated with clas-
sic rhabdomyolysis. Several patients have had a pic-
ture of disseminated intravascular coagulation and
liver function abnormalities as well. The patients’
course was typical for oliguric rhabdomyolytic acute
tubular necrosis with recovery of renal function over
time. The syndrome greatly resembles recent cases of
cocaine-associated rhabdomyolysis.

Ecstacy (MDMA; methylenedioxymethamphet-
amine) use is the fastest growing new form of drug
abuse in the United States and has already been impli-
cated as a cause of rhabdomyolysis and acute renal fail-
ure [161]. Ironically, efforts to pre-empt overheating
and dehydration by drinking large fluid volumes
(“chill out” rooms at “rave” parties) has led to cases of
life-threatening hyponatremia [162]. Accelerated hy-
pertension and unexplained chronic renal failure has
also been observed. Methamphetamine abuse is asso-
ciated with acute lead poisoning since a common re-

agent used in its production utilizes lead acetate.
At least one case of acute interstitial nephritis has

been attributed to amphetamine use [163]. This am-
phetamine abuser presented with acute nonoliguric
renal failure, large kidneys by ultrasonography, and
microhematuria. The biopsy revealed interstitial edema
and focal infiltrates of mononuclear cells and eosino-
phils with only patchy tubular degeneration. There was
no evidence for rhabdomyolysis and the urine was
negative for myoglobin. Although he required tempo-
rary hemodialytic support, renal function returned to
normal after treatment with intravenous corticoster-
oids. The mechanism of this reaction remains unclear
and its true relation to amphetamine abuse remains
unproven.

Other drugs

Rhabdomyolysis and acute renal failure have been
reported with a variety of other drugs and potentially
abused medications. Many cases of this syndrome have
been attributed to ethyl alcohol abuse [90-92, 103].
There are many potential etiologies for rhabdomyoly-
sis in these patients including trauma to muscles, alco-
hol related hypokalemia and metabolic disturbances,
sustained seizure activity, and a direct toxic effect of
the alcohol [102, 103]. Alcohol has been shown to pro-
duce a rise in muscle enzymes and electron microscopic
morphologic changes in muscles even without trauma,
seizures, or ischemia to a limb. Nevertheless, the vast
majority of patients present with coma or stupor, limb
compression and a picture similar to that seen with
other drugs. Indeed, many patients have a combined
overdose of alcohol and a second drug as the etiology
of their altered mental state [90, 103].

While alcohol abuse may be associated with a vari-
ety of electrolyte and acid-base disorders, the role of
the kidneys in this process has only recently been fully
defined [164]. Renal functional abnormalities have now
been related to chronic alcoholism in patients without
liver disease and these defects have reverted to nor-
mal with abstinence from alcohol abuse. These abnor-
malities include decreases in the maximal reabsorptive
ability and threshold for glucose, a decrease in the
threshold for phosphate excretion, and increases in the
fractional excretion of β2-microglobulin, uric acid, cal-
cium, magnesium, and amino acids. Defective tubular
acidification and impaired renal concentrating ability
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are also commonly found. Thus, defects at multiple
sites along the nephron are common in patients with
chronic alcohol abuse [164].

Acute renal failure has been associated with a vari-
ety of sedatives and hypnotics including barbiturates,
benzodiazepines, glutethimide, and chlorpromazine
[90, 91, 94, 102]. The acute renal failure is usually re-
lated to rhabdomyolysis but the classical clinical pic-
ture of acute interstitial nephritis has been reported in
one patient with the use of diazepam, although no re-
nal biopsy was performed [165].  In those patients with

rhabdomyolysis, multiple seizures often develop prior
to the rhabdomyolysis and others are febrile at the time.
However, the most common presentation is that of a
young person without prior major medical history who
presents with coma-stupor of one to several days du-
ration, variable signs of volume depletion, and limb
compression [90-92]. Some ingestions are secondary to
accidental over-doses and some are due to suicide at-
tempts or gestures. The acute renal failure is oliguric
in 1/3 to 1/2 of patients and follows the typical course
of acute tubular necrosis with a high recovery rate [90,
91].
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INTRODUCTION

Approximately 20 years ago the first calcineurin
inhibitor, cyclosporine A (CsA), was launched

and it rapidly became clear that the new immunosup-
pressive drug was a breakthrough in the field of trans-
plantation. The incidence of acute rejection in renal
transplantation decreased dramatically, making this
event a very unusual cause of graft failure nowadays.
Early (1 to 2 years) graft and patient survival in solid
organ transplantation increased to unparalleled levels
and soon the drug showed its efficacy in bone marrow
transplant immunosuppression and in the treatment
of autoimmune diseases refractory to conventional
therapy [1-6]. The development of self-emulsifying for-
mulations of CsA improved bioavailability and de-
creased inter- and intra-patient variability of the drug
[3, 7]. To have an idea of the magnitude of the impor-
tance cyclosporine has acquired since its discovery one
can search the rate of publication of papers related to
the drug in Pubmed: it increased from around one hun-
dred in the 70s to 80s to a mean of 1500/year in the last
decade.

In 1989 tacrolimus (FK 506), a second calcineurin
inhibitor started its clinical journey [8]. Tacrolimus has
an immunosuppressive effect approximately 100 times
more potent than CsA and early clinical trials demon-
strate that FK 506 was effective in reversing refractory
acute rejection in renal, liver and heart transplantation.
Subsequently, this drug showed to be at least as effec-
tive as CsA in the primary immunosuppression sched-
ules for solid organ and bone marrow transplantation
and, similarly to CsA, proved to be a valuable alterna-
tive in the treatment of autoimmune diseases [3, 9-11].
At the moment, FK 506 is considered the only drug
that can substitute CsA in primary immunosuppres-
sion schedules and it is currently used in almost 60%
of liver transplantation immunosuppressive prescrip-
tions.

Both drugs inhibit interleukin-2 gene transcription
and the transition of T-lymphocytes from the G0 to G1
phase of the cell cycle. They bind to cytoplasmic im-
munophilin, cyclophilin for CsA and FK-binding pro-
tein (FKBP12) for FK 506. The complex immunosup-
pressive drug-immunophilin reduces calcium signal-
ing, blocking a calcium dependent enzyme, calcineu-
rin, responsible for the nuclear translocation and de-
phosphorylation of the cytosolic activating nuclear fac-

tor of T lymphocytes (NF-AT-c). NF-AT-c regulates the
transcription of genes responsible for several cytokines,
including interleukin 2 [3].

Ironically, these two drugs used intensely in kid-
ney transplantation have important renal related side
effects: acute and chronic renal dysfunction, hemolytic-
uremic syndrome, hypertension, electrolyte distur-
bances (hyperkalemia, hypomagnesemia and hypoc-
alcemia), tubular acidosis and defects in urinary con-
centrating ability. Indeed, nephrotoxicity is the most
significant and limiting adverse effect caused by the
calcineurin inhibitors CsA and FK 506. Interestingly,
the new immunosuppressive drug sirolimus, which
reduce interleukin 2 production without blocking cal-
cineurin, it is not nephrotoxic [12]. When calcineurin
is inhibited many genes, besides interleukin 2, have
their transcription impaired, including other interleu-
kins, interleukin 2 receptor, nitric oxide synthase, trans-
forming growth factor β (TGF-β), endothelin, collagen
I and IV and bcl-2, responsible for protein Bcl-2, which
is likely implicated in cellular protection against apop-
tosis [13]. It is possible that calcineurin inhibition blocks
immune cell-mediated reaction against the trans-
planted tissue and at the same time it triggers a se-
quence of undesirable events that will eventually lead
to renal toxicity [13]. The recent development of selec-
tive calcineurin inhibitors that disrupt particular genes
transcription without affecting the others may clarify
this issue [14].

The term calcineurin inhibitors nephrotoxicity has
sometimes been used loosely, and it is crucial to be
aware that this term comprises two particular and very
distinct forms of renal injury. Acute nephrotoxicity in-
duced by CsA and FK 506 is a hemodynamically me-
diated phenomenon, characterized by the absence of
permanent structural changes and by the reversibility
with decrease or discontinuation of the offending drug.
Conversely, chronic nephrotoxicity produced by these
drugs is an insidious lesion, whose characteristic is an
irreversible and progressive renal interstitial fibrosis,
followed in its late stages by important decrease in re-
nal function.

In this chapter we will review some of the most rel-
evant clinical aspects of CsA and FK 506 acute and
chronic nephrotoxicity and discuss the available infor-
mation on the mechanisms involved in the pathogen-
esis of the observed lesions.
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CYCLOSPORINE A NEPHROTOXICITY

Acute nephrotoxicity

Acute CsA-induced nephrotoxicity is essentially a
functional abnormality related to an imbalance of vaso-
constrictor and vasodilator mediators. The stamp of
this form of nephrotoxicity is an intense intrarenal vaso-
constriction that induces decreases in renal blood flow
and reciprocally increases in RVR, accompanied by
variable degrees of glomerular filtration rate impair-
ment. This vasoconstriction occurs preferentially in the
afferent arteriole but also in adjacent small arteries, in-
cluding the glomerular tuff [13, 15, 16]. The experimen-
tal model for acute nephrotoxicity is very consistent
and the described hemodynamics changes have been
demonstrated after different doses and route of admin-
istration in animals. In the same way acute changes in
renal hemodynamics and function have been observed
after CsA administration in patients and healthy hu-
man volunteers. The phenomenon is reversible with
dosage decrease or drug withdrawal. Histological
changes found in experimental animals or patients are
minimal and nonspecific or absent, even when renal
dysfunction is striking [15, 17].

There is a long roll of possible mediators for acute
CsA nephrotoxicity (Table 1), with the majority of the
studies being done in experimental models and using
pharmacological blockade of the candidate systems. It
should be stressed that so far, individual blockade of
those systems resulted in improvement but not com-
plete recovery of renal hemodynamics, strongly sug-
gesting that CsA-induced vasoconstriction is complex
and caused by the interaction of different mechanisms
[18, 19].

Mechanisms of injury: Vascular/hemodynamic

The interaction of cyclosporine and the plasma and
tissue renin-angiotensin-aldosterone system has been
extensively studied with excellent reviews available
[20, 21]. Sodium depletion, a condition that stimulates
renin release, enhances acute CsA nephrotoxicity [22,
23]. In rats, CsA treatment enhances plasma renin ac-
tivity [20, 24, 25], increases renal renin content [20], pro-
motes juxtaglomerular hypertrophy and hyperplasia
[26, 27], increases renin staining cells in juxtaglomeru-
lar apparatus and renin containing cells in the afferent

arterioles [28], increases the number of renal angio-
tensin II AT1 receptors [29] but promotes a down regu-
lation of AT1 receptor in renal tissue [28]. In vitro stud-
ies showed that CsA induces renin release in renal cor-
tical slices and culture of juxtaglomerular cells of rats,
stimulates renin synthesis in juxtaglomerular cells and
up-regulates angiotensin II receptors in cultured hu-
man smooth muscle cells [30-32]. In humans, CsA has
been reported not to change or even to decrease plasma
renin activity [33]. Conversely, increased levels of pro-
renin and total renin and juxtaglomerular apparatus
hyperplasia have been found in CsA-treated heart and
liver transplant recipients [34]. Clinical evidences of
CsA-induced activation of local renal tissue renin-an-
giotensin-aldosterone systems have been offered by
Gardiner et al, who showed that conversion from CsA
to azathioprine decreased the number of renin-contain-
ing cells in renal allograft biopsies [35]. If there is little
doubt that CsA has an important modulator effect on
renin-angiotensin-aldosterone systems, the actual role
of this system in CsA-induced renal vascular changes
is much less clear. Blocking of the renin-angiotensin-

Table 1. Some mediators and mechanisms possibly in-
volved in the pathogenesis of acute CsA nephrotoxicity.

Angiotensin II

Endothelin

Nitric oxide

Prostaglandins

Leukotrienes

Sympathetic system

Free radicals

Adenosine

Vasopressin

Platelet activating factor

Atrial natriuretic factor

Kallikrein-kinin system

Cholesterol

Hypomagnesemia

Extracellular volume depletion

Cremophor

Direct contraction – mesangial and smooth vascular cells

Direct tubular epithelial cell toxicity
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aldosterone system in experimental acute CsA neph-
rotoxicity produced conflicting results. Saralasin pre-
vented renal blood flow decrease and intrarenal vaso-
constriction in a model of isolated hydronephrotic rat
kidney [36], losartan attenuated the increase in RVR
[18] and angiotensin converting enzyme blocker mini-
mized CsA-induced decreases in glomerular filtration
rate and renal blood flow [37-38]. On the other hand,
many authors failed to demonstrate amelioration of
renal function and/or hemodynamics when angio-
tensin converting enzyme inhibitors were given con-
comitantly with CsA [39-42]. In humans, attempts of
prevention or attenuation of CsA-induced renal func-
tional changes by pharmacological blockade of renin-
angiotensin-aldosterone system have been mostly dis-
appointing, with some studies finding improvement
in renal blood flow and RVR but not in glomerular fil-
tration rate when angiotensin converting enzyme in-
hibitors or angiotensin II receptor antagonists were
administered to patients under CsA therapy [43-45].

In 1987 O’Brien et al reported that cultured endot-
helial cells were able to produce a vasoconstrictor sub-
stance [46]. In 1988, Yanagisawa et al described the sub-
stance as endothelin, a 21-amino acid peptide that is
considered the most powerful mammalian vasocon-
strictor agent known [47]. Next, three distinct genes
for endothelin were identified, each encoding a par-
ticular peptide, named endothelin-1, endothelin-2 and
endothelin-3 [48]. Different renal resident and infiltrat-
ing cells are able to produce endothelin-1 like vascular
smooth muscle cells, endothelial cells, epithelial cells,
mesangial cells, tubular cells, macrophages and mono-
cytes. Moreover, endothelin-converting enzyme-1, the
enzyme responsible for production of endothelin-1
from big endothelin-1, has an ubiquitous intrarenal dis-
tribution and recently endothelin-converting enzyme-
1 mRNA was described in glomeruli and in whole
nephron segments including proximal tubules, med-
ullary and cortical thick ascending limbs, cortical col-
lecting ducts, outer and inner medullary collecting
ducts. The renal hemodynamics effects of endothelin
include constriction of mesangial cells, intrarenal ves-
sels and afferent and efferent arterioles, increasing RVR
and decreasing renal blood flow and glomerular fil-
tration rate [49, 50]. In 1990, the first evidences linking
endothelin and acute CsA nephrotoxicity came out
with the demonstration that CsA stimulated endothe-
lin release from a cultured renal epithelial cells line

(LLC-PK1) and that renal endothelin receptors were
up-regulated in rats with CsA-induced nephrotoxicity
[51, 52]. In the same year, Kon et al and Perico et al
carried out experimental studies in rats showing that
CsA elevated circulating levels of endothelin-1 and that
anti-endothelin antibodies partially prevented the re-
nal and glomerular vasoconstrictive pattern and glom-
erular filtration rate decrease induced by CsA and, in
1992, Takeda et al showed that CsA was able to pro-
mote in vitro mesangial cell contraction [53-55]. Subse-
quently, several authors reported increased urinary
and/or plasma levels of endothelin after CsA treatment
in animals and solid organ transplant recipients [56-
61]. Additional evidences of CsA-induced stimulation
of endothelin production come from molecular biol-
ogy studies disclosing up-regulation of endothelinA re-
ceptor mRNA in the aorta and mesenteric artery and
increased mRNA expression of pre-pro-endothelin-1
and up-regulation of endothelin-converting enzyme 1
mRNA expression in renal cortex in CsA-treated rats
[62, 63]. Nakayama et al, showed that a single IV injec-
tion of CsA in rats caused a rapid increase in glomeru-
lar pre-pro endothelin-1 mRNA and plasma endothe-
lin-1 followed by a late glomerular and tubular decrease
of endothelin-converting enzyme-1, endothelinA and
endothelinB receptor mRNA and protein levels, sug-
gesting that CsA-induced endothelin-1 synthesis in-
duced down-regulation of endothelin-converting en-
zyme-1 expression [64]. Marsen et al demonstrated that
CsA induces a calcium-dependent pre-pro endothelin
gene transcription and endothelin-1 mRNA produc-
tion in human umbilical vein endothelial cells in cul-
ture [65]. Experimental use of endothelinA or endothe-
linA/ endothelinB receptor antagonists attenuated CsA-
induced decreases in renal blood flow and glomerular
filtration rate and increase in RVR [66], vasoconstric-
tion of large pre-glomerular arteries and reduction in
glomerular blood flow [67], afferent arteriole vasocon-
striction [68], myosin light chain phosphorylation (a
parameter of mesangial cell contraction) in glomeru-
lar mesangial cells [55] and calcium rise in smooth
muscle cells [69]. When endothelinA and endothelinA/
endothelinB receptors antagonists were compared in
the same study, additional endothelinB blockade did
not attenuate CsA effects further [67]. However, block-
ade of endothelin receptors also provided some con-
flicting results. Fogo et al found that an endothelinA
receptor antagonist attenuated CsA-induced fall in
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glomerular filtration rate and renal blood flow only
when it was infused in the renal artery before CsA ad-
ministration. When the endothelinA receptor antago-
nist was infused systemically or after CsA there was
no protection [66]. Davis et al showed that use of a se-
lective endothelinA receptor antagonist or a combina-
tion of an endothelinA and endothelinB receptor an-
tagonists did not prevent CsA-induced renal vasocon-
striction in rats [70]. Binet et al recently reported that
bosentan, a non-peptide mixed endothelinA and en-
dothelinB receptor antagonist, attenuated renal blood
flow decrease, but not glomerular filtration rate fall
caused by CsA in healthy human volunteers [71].

There are several evidences demonstrating that CsA
causes endothelial cells injury. CsA was found to have
a direct cytotoxic effect on cultured endothelial cells
and to inhibit human umbilical endothelial cell prolif-
eration [72, 73]. CsA increases the plasma level of many
markers of endothelial damage like von Willebrand fac-
tor, endothelin tissue factor pathway inhibitor, P-
selectin and thrombin-antithrombin complexes in re-
nal and heart transplant patients [74-77]. Similarly, the
release of von Willebrand factor, endothelin tissue fac-
tor pathway inhibitor and thrombomodulin was en-
hanced by CsA in the supernatant of endothelial cells
in culture [77, 78]. The vascular endothelium produces
nitric oxide, which modulates relaxation of adjacent
smooth muscle cells by a cyclic GMP-dependent
mechanism. Nitric oxide is produced from L-arginine
by the action of nitric oxide synthase family. Three ni-
tric oxide synthase isoforms have been identified: neu-
ronal nitric oxide synthase, markedly expressed in
brain, inducible nitric oxide synthase expressed in mac-
rophages and renal tubular cells and endothelial nitric
oxide synthase mainly expressed in endothelial cells.
The three isoforms exist in different renal structures
and have a major function in the management of glom-
erular and vascular tone and tubular function [79, 80].
Considering the pattern of hemodynamic changes
caused by CsA it is not surprising that a growing body
of data emerged linking acute CsA nephrotoxicity to
disturbances in L-arginine-nitric oxide pathway. Nu-
merous authors have consistently shown that CsA im-
pairs endothelium-dependent vasodilatation mediated
by nitric oxide of in vitro human subcutaneous vessels
and in vivo forearm vessel of heart transplant recipi-
ents [81, 82] and in a range of in vitro, ex vivo and in
vivo experimental studies evaluating mesenteric arter-

ies, aortic rings, renal arteries, afferent and efferent ar-
terioles, femoral arteries and thoracic aorta of rats [83-
90]. On the other hand, studies assessing CsA influ-
ence on nitric oxide tissue, plasma and urinary levels
and on tissue expression of nitric oxide synthase iso-
forms have provided contradictory results. In vivo ex-
periments in rats shown that CsA treatment did no
change, increase or decrease urinary nitric oxide me-
tabolites [91-93]. Ex vivo and in vitro experiments us-
ing murine macrophage cell line or thoracic aorta of
rats and VSMC of rats found CsA-induced decrease in
tissue nitric oxide metabolites [86] or nitric oxide pro-
duction [94]. Studies performed in healthy volunteers
found that CsA increases nitric oxide synthase activity
[95] whereas studies in renal transplant recipients
found CsA-induced impaired basal and stimulated ni-
tric oxide production [96] and a biphasic pattern of
decrease and then increase in plasma nitric oxide ac-
companied by a non significant decrease in urinary
excretion of nitric oxide metabolites after the first dose
of CsA [97]. The evaluation of CsA effects on nitric ox-
ide synthase genes showed increase of mRNA for en-
dothelial nitric oxide synthase in renal cortex and in-
creased induction of endothelial nitric oxide synthase
gene in bovine aortic endothelial cells [79, 98, 99] or no
change in vascular endothelial nitric oxide synthase
[86]. CsA-induced decreases of inducible nitric oxide
synthase and neuronal nitric oxide synthase mRNA
and inducible nitric oxide synthase protein have been
found in renal medulla, renal tissue, aorta, macroph-
ages and VSMC [79, 86, 93, 94, 99]. Enhancement of
nitric oxide production by administration of L-argin-
ine improved and blockade of nitric oxide production
by administration of L-NAME worsened the changes
in endothelium-dependent vasodilation, glomerular fil-
tration rate and in renal and glomerular hemodynam-
ics induced by CsA in experimental animals [79, 84,
86, 91, 92, 100-103]. Recently, it was reported that nife-
dipine prevented the changes induced by CsA in renal
nitric oxide synthase mRNA in rats [99] and that
enalapril and valsartan restored acetylcholine-depen-
dent relaxation in the renal arteries of CsA-treated
spontaneously hypertensive rats [104]. Interestingly,
Asberg et al found better long-term microvascular func-
tion in CsA-treated renal transplant recipients receiv-
ing lisinopril as compared to patients receiving nife-
dipine [105]. Clinical trials assessing the effects of L-
arginine supplementation in CsA-treated renal or heart
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transplant patients were generally negative, showing
no improvement in renal function and/or hemodynam-
ics [106-108], with the exception of Andrés et al that
found increases in RPF, glomerular filtration rate and
natriuresis after administration of L-arginine to stable
renal transplant recipients [109].

Eicosanoids, i.e. arachidonic acid metabolites, have
an important role in the local control of renal blood
flow, mainly in the setting of systemic or intrarenal he-
modynamic disorder. They are produced by renal resi-
dent cells (endothelial, mesangial, tubular and inter-
stitial cells) as well as by infiltrating cells (macroph-
ages, lymphocytes platelets and neutrophils). The
cyclooxygenase pathway produces the vasodilators
prostaglandins PGI2 or prostacyclin (that undergoes
spontaneous hydrolysis to 6-keto-PGF1α) and PGE2
and the vasoconstrictor thromboxane A2 whereas the
lipoxygenase pathway produces the vasoconstrictor
leukotrienes. CsA-induced unbalance in the vasodila-
tor/vasoconstrictor rate of these metabolites favors
vasoconstriction and is likely related to the develop-
ment of the functional changes after acute CsA neph-
rotoxicity [3, 110]. CsA administration to rodents con-
sistently resulted in increased urinary excretion of
thromboxane A2 metabolites: thromboxane B2, 2, 3
dinor-thromboxane B2 and 11-dehydro-thromboxane
B2, reflecting enhancement of renal and systemic
thromboxane production [111-119]. Many authors dis-
closed that this activation of thromboxane synthesis
was paralleled by glomerular filtration rate and renal
blood flow decreases and RVR increase [112-114, 116-
122]. In fact, Perico et al and Parra et al found a strong
and significant negative correlation between glomeru-
lar filtration rate decrease and urinary thromboxane
B2 levels in rats receiving CsA [117, 119]. Experimental
CsA administration increased ex-vivo renal production
of thromboxane B2 [111, 112], renal tissue thrombox-
ane levels [120, 122, 123] and production of thrombox-
ane B2 by isolated glomeruli and peritoneal macroph-
ages [111, 123]. Supporting these experimental find-
ings, clinical studies have also showed CsA-related
urinary thromboxane B2 and 11-dehydro-thromboxane
B2 increases in renal and liver transplant recipients and
healthy volunteers [74, 124-126]. The enhancement of
thromboxane production by CsA has been related to
activated infiltrating platelets and macrophages in re-
nal tissue, increased renal lipid peroxidation and reac-
tive oxygen species production and endothelial injury

and systemic platelet activation [74, 111, 119]. Experi-
mental administration of thromboxane synthase inhibi-
tors, thromboxane receptor antagonists or fish oil (that
reduces the production of thromboxane) resulted in
decrease or normalization in urinary thromboxane me-
tabolites levels and variable degrees of improvement
in renal function and hemodynamics [114, 116-118, 120-
123, 127, 128]. Contrasting with the experimental stud-
ies, the clinical use of selective thromboxane synthase
inhibitors did not prevent CsA-induced renal dysfunc-
tion despite decreased urinary and systemic levels of
thromboxane metabolites [124, 129, 130]. In the same
way, the use of fish oil in CsA-treated patients resulted
in contradictory results, with some authors finding im-
provement in renal function and decrease in urinary
thromboxane B2, and others no effect at all [125, 131-
133]. A role for the 5-lipoxygenase pathway in CsA
acute nephrotoxicity has also been suggested by the
demonstration that a leukotriene receptor antagonist
partially prevented the decrease in glomerular filtra-
tion rate and RPF after IV CsA. In the same paper the
simultaneous administration of a leukotriene receptor
antagonist and a thromboxane receptor antagonist
completely abolished CsA-induced changes in renal
function [128]. Butterly et al recently showed that CsA
increased urinary excretion of leukotriene metabolites
in a rat model of renal transplantation. In this study
the use of a leukotriene receptor antagonist totally pre-
vented the glomerular filtration rate impairment
caused by CsA [134]. The precise role of vasodilative
prostaglandins in CsA-induced acute nephrotoxicity
has been more elusive. CsA has been shown to increase,
decrease or did not change the levels of 6-keto-PGF1α
and PGE2 in urine, blood, renal venous effluent of ex-
vivo preparations, renal tissue and supernatant of cul-
tured mesangial cells or isolated glomeruli of rodents
and humans [61, 97, 112-114, 117, 121-124, 126, 130, 135,
136]. The experimental manipulation of vasodilative
prostaglandins by prostacyclin analogues or PGE pre-
cursors resulted in protection against the functional
changes caused by CsA [137, 138]. However, data de-
rived from clinical studies or human tissue is conflict-
ing. Moran et al reported that misoprostol, a synthetic
PGE2 analogue, improved renal function in CsA-
treated renal recipients [139] and Le Guen et al showed
that iloprost, a prostacyclin analogue, prevented CsA-
induced glomerular constriction in human isolated
glomeruli [140]. In contrast, several authors failed to
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demonstrate any beneficial effect after the administra-
tion of PGE2 or prostacyclin analogues to patients re-
ceiving CsA [141-145].

CsA-stimulated activation of the sympathetic sys-
tem has been demonstrated in animals and humans
and linked to hypertension and to systemic and renal
hemodynamic abnormalities caused by this drug [146-
148]. Some of the mechanisms implicated in adrener-
gic stimulation by CsA in rats are augmented norepi-
nephrine release from terminal nerves, blockade of neu-
ronal calcineurin, activation of excitatory neural re-
flexes in the subdiaphragmatic area and elevation of
plasma and platelets catecholamines [149-152]. Zhang
et al recently showed that knockout mice lacking syn-
apsin (synaptic vesicle proteins that regulated neu-
rotransmitter release at synapses) were protected
against efferent sympathetic nerve activation and blood
pressure increase after CsA administration [153]. Adr-
energic pharmacological blockade, renal denervation,
chemical sympathectomy, administration of glycine (an
inhibitory neurotransmitter) and catecholamine stores
depletion by reserpine prevented or significantly re-
duced CsA-induced hemodynamics changes and hy-
pertension in experimental studies [154-158]. However,
other authors did not find protection against experi-
mental CsA-induced renal functional impairment af-
ter renal denervation in transplanted or in situ kidneys
[159-162] and a number of clinical studies were unable
to correlate the renal and systemic hemodynamics
changes found in solid organs transplant recipients or
autoimmune diseases patients treated with CsA to in-
creased sympathetic activity [163-167].

There is a growing body of evidence suggesting the
participation of free radicals in CsA acute nephrotox-
icity. Experimental in vivo and in vitro studies found
that functional derangements caused by this drug were
accompanied by increased renal tissues content of ma-
londialdehyde, lipid hydroperoxides and conjugated
dienes, increased glomerular synthesis of hydrogen
peroxide, superoxide anion and malondialdehyde, in-
creased production of malondialdehyde by cultured
human endothelial cells, increased formation of mal-
ondialdehyde and hydrogen peroxide by renal mito-
chondria, increased urinary excretion of free radicals
and increased levels of plasma malondialdehyde [158,
168-175]. Results regarding CsA effect on glutathione
renal contents showed decreased glutathione levels or
increased tissue concentrations of oxidized and re-

duced glutathione [171, 176]. If we consider the piv-
otal role of glutathione in cellular protection from free
radicals damage these results can be reconciled. It is
possible that the increases in oxidized and reduced glu-
tathione were caused by accelerated glutathione per-
oxidase activity and adaptation of glutathione path-
way in order to counterbalance excessive free radicals
production and that reduced glutathione levels indi-
cate an exhaustion of the system. This excessive free
radical production has been attributed to renal under-
perfusion and hypoxia-reoxygenation injury or direct
cellular membrane lesion caused by CsA [158] and re-
lated to increased thromboxane production, increased
mRNA production for cyclooxygenase I and decreased
mRNA production for cyclooxygenase II, up-regula-
tion of Bcl-2 protein expression and increased expres-
sion of endothelial nitric oxide synthase mRNA indi-
cating an important interrelation of these systems and
events [169, 170, 177, 178]. Inhibition of free radical pro-
duction by antioxidants like lazaroid, vitamin E, mela-
tonin and N-acetylcysteine, administration of the xan-
thine oxidase inhibitor allopurinol, blockade of renal
sympathetic system by glycine or renal denervation
and viral delivery of superoxide dismutase genes con-
sistently resulted in renal function improvement in
experimental models of acute CsA nephrotoxicity [91,
158, 170-175, 177, 179, 180]. Conversely, administra-
tion of vitamin E and selenium deficient diet to rats
enhanced acute CsA nephrotoxicity [173]. The few clini-
cal studies that addressed the role of free radicals in
acute CsA nephrotoxicity found negative results [181,
182].

Other mediators have also been related to CsA-in-
duced functional nephrotoxicity. Increased plasma
level of adenosine due to reduced uptake by red blood
cells was observed in CsA-treated renal transplant re-
cipients [183]. In the same way, rats receiving CsA
showed increased concentration of adenosine in renal
artery paralleled by a decrease in mRNA expression
for A1 and A2a renal adenosine receptors [184]. Experi-
mental use of selective A1 adenosine receptors antago-
nists or theophylline resulted in contradictory results
with some authors finding renal hemodynamic and
functional protection whereas other did not [38, 185-
187]. Moderate increases in plasma vasopressin were
observed in CsA-treated renal transplant recipients
[188] and CsA enhanced vasopressin-induced rise in
intracellular calcium in cultured glomerular mesangial
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cells, human coronary myocytes and vascular smooth
muscle cells [189-191]. In addition, incubation of vas-
cular smooth muscle cells with CsA increased the ex-
pression of AVP receptors and vasopressin V1A recep-
tors mRNA [191, 192]. Use of platelet activating factor
antagonists improved CsA-induced changes in glom-
erular filtration rate, renal blood flow and glomerular
hemodynamics as well as CsA toxicity in cultured tu-
bular LLC-PK1 cells [193-196]. A recent study showed
that cyclosporine impaired atrial natriuretic factor-in-
duced glomerular guanylyl cyclase activation in rats.
Indeed, experimental or clinical administration of atrial
natriuretic factor, use of neutral endopeptidase (atrial
natriuretic factor degrading enzyme) inhibitors or si-
multaneous utilization of both maneuvers prevented
the adverse effects of CsA on renal function and he-
modynamics, smooth muscle cells and blood vessels
[197-201]. Reduced urinary excretion of kallikrein was
demonstrated in CsA-treated patients [202-204]. Stud-
ies in rats showed that 3 days of CsA administration
decreased cortical mRNA expression for kallikrein and
bradykinin 2 receptors [205] whereas CsA administra-
tion for 28 days increased renal tissue kallikrein mRNA
and kallikrein content, increased urinary excretion of
kallikrein, increased hepatic expression of kininogen
mRNA and increased renal bradykinin B2 receptors
mRNA, suggesting an enhancement in the activity of
the kallikrein-kinin system trying to compensate for
CsA nephrotoxicity [206]. A potential role for choles-
terol, a known vasoconstrictor substance, in CsA-acute
nephrotoxicity is suggested by the finding of renal dys-
function aggravation in hereditary hypertriglyceri-
demic rats receiving CsA or dietary cholesterol supple-
mentation in CsA-treated rats [207, 208]. CsA-induced
hypomagnesemia has been proposed as a possible fac-
tor in the pathogenesis of the functional changes in-
duced by the drug. Effects of magnesium dietary
supplementation on CsA nephrotoxicity are conflict-
ing, with lack of functional protection in normotensive
rats on low salt diet versus renal function improve-
ment in SHR rats on high sodium diet [209, 210]. Ex-
tracellular fluid volume depletion due to increased
vascular permeability and loss of renal autoregulatory
capacity have also been linked to acute CsA nephro-
toxicity [211-213]. Recent studies showed that systemic
administration of insulin-like growth factor I and re-
combinant human relaxin ameliorated acute CsA neph-
rotoxicity in rats [214, 215].

CsA demonstrated to have an intrinsic capacity to
stimulate direct contraction of animal and human me-
sangial cells, smooth vascular cells and resistance ves-
sels with obvious consequence for renal function and
hemodynamics. These CsA effects are associated to
augmented intracellular influx of calcium, impaired
relaxation response of vascular wall to vasodilatory
stimuli and endothelin-1 [16, 19, 89, 197, 216-221].

The vehicle used for CsA solubilization may take
part in acute nephrotoxicity genesis after using the in-
travenous formulation of the drug. Cyclosporine is a
very lipophilic and hydrophobic compound, making
mandatory the use of lipid vehicles in order to obtain
stable preparations for experimental or clinical use. The
commercial intravenous formulation of CsA uses as
vehicle Cremophor-EL, a polyethylated castor oil,
which possesses important hemodynamics effects al-
ready demonstrated in experimental animals and hu-
mans [222-224]. This intravenous formulation has been
incriminated in episodes of acute renal failure in trans-
plant recipients and patients with autoimmune diseases
and caused abrupt glomerular filtration rate decrease
after a single dose in healthy volunteers [225-228]. Sub-
stitution of Cremophor by a soybean lipid used for
parenteral nutrition (Intralipid) in an experimental
model of CsA-induced acute renal failure resulted in
preservation of glomerular filtration rate with mainte-
nance of CsA immunosuppressive activity measured
by decrease in interleukin 2 production and inhibition
of lymphocyte activation. This favorable profile was
related to increased CsA clearance and lower trough
level but similar tissue amount of CsA, what probably
reduced the vascular exposition to the drug [229].

Mechanisms of injury: Tubular

The seminal study by English et al clearly showed
that major proximal tubular functions were preserved
in acute CsA nephrotoxicity [15] and in fact, docu-
mented ATN is rarely seen in CsA-treated patients. On
the other hand, experimental and clinical studies pro-
vided evidences of more subtle CsA-induced tubular
cell injury like increased urinary excretion of tubular
enzymes, increased fractional excretion of magnesium
in the presence of hypomagnesemia, impaired urinary
concentrating ability and hyperkalemia consequent to
impaired tubular excretion of potassium [209, 230, 231].
Experiments using cultured LLC-PK1 and MDCK re-
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nal tubular cell line showed a dose dependent CsA di-
rect cell toxicity manifest as reducing of cell prolifera-
tion, reduction of Na-K-ATPase and Na-K-2Cl cotrans-
porter activity, apoptosis or necrosis, increased LDH
release, DNA damage and cell cycle arrest and de-
creased cell viability [232-236]. This toxicity has been
related to lipid peroxidation, p53b protein expression
elevation, increased intracellular calcium and reduced
nitric oxide production [234-237]. Other indirect evi-
dence of CsA-induced tubular cell damage is the in-
duction of heat shock proteins in renal tubular cells
after CsA addition to cultured cells or CsA adminis-
tration to rats [238, 239] and CsA-induced inhibition
of potassium channels in cortical collecting tubules cells
of rabbits [240]. Using fresh isolated rats proximal tu-
bules da Costa et al showed that only very high con-
centrations of CsA caused direct tubular injury, which
was prevented by low calcium or high magnesium con-
centrations in the medium [241].

Clinical aspects

There are four possible relevant clinical presenta-
tions for acute CsA nephrotoxicity: asymptomatic in-
creases in serum creatinine without overt renal dys-
function, acute renal failure, delayed graft function
after renal transplantation and recurrent or de novo
hemolytic uremic syndrome (Table 2).

The most frequent presentation of acute CsA neph-
rotoxicity is a dose-related, clinically asymptomatic in-
crease in serum creatinine, which can occur even when
drug whole blood trough levels are in the so-called
“therapeutic range” [3, 242]. This situation may be dif-
ficult to distinguish from kidney rejection in renal trans-
plant recipients or from primary renal disease progres-
sion in glomerulonephritis patients treated with the
drug, and CsA nephrotoxicity and rejection or wors-
ening of primary renal disease can coexist. Otherwise,
in extrarenal organ transplantation and non-renal au-
toimmune diseases patients these serum creatinine el-
evations are very likely caused by CsA. Actually, this
form of renal impairment is relatively frequent in car-
diac, hepatic and pulmonary transplantation [243-245].
Renal histology of these patients is usually normal or
shows only nonspecific changes like vacuolization or
presence of giant mitochondria in tubular cells [17, 246,
247]. The defining parameter for diagnosis will be im-
provement in serum creatinine in about one week af-

ter dosage manipulation or drug discontinuation [3].
There are also several important clinical studies show-
ing that even patients under CsA therapy who were
apparently doing well in terms of renal function suffer
a significant renal hemodynamic impact from the im-
munosuppressive drug. Curtis el al showed that CsA
withdrawal for economical reasons in renal transplant
recipients with stable and normal serum creatinine was
followed by a 30% increase in renal blood flow with a
parallel drop in renal vascular resistance and blood
pressure [248]. A particularly important aspect of this
paper was that this improvement in renal function oc-
curred after a long period of CsA treatment. More re-
cently, Hilbrands et al studied patients without clini-
cal evidence of acute nephrotoxicity who discontinued
CsA at 3 months after renal transplantation. One week
after the withdrawal there was a significant increase
in glomerular filtration rate and decrease in serum crea-
tinine [249]. In another carefully conducted series of
studies it was demonstrated that a single daily dose of
CsA in steady chronically CsA-treated renal transplant
patients caused a daily significant and transitory de-
crease in glomerular filtration rate [60] which could be
prevented by the use of a calcium channel blocker [250].
More recently, various studies showed enhancement
in renal function when transplant patients on “classic”
dosages of CsA had their immunosuppressive regimes
changed to low dosage CsA plus mofetil mycopheno-
late. It is possible that the price to be paid for effective
immunosuppression with full doses of CsA is inexo-
rably some degree of renal hemodynamic impairment
[251].

Clinically important acute renal failure associated
with CsA use can occur in a significant number (rang-
ing from 10 to more than 50%) of patients in the post-
operative period of heart, liver and bone marrow trans-
plantation [226, 242-244, 252-254]. Acute renal failure
in these patients is generally multifactorial and very
seldom related exclusively to CsA. More than 40% of

Table 2. Clinical presentations of acute cyclosporine A
nephrotoxicity

Asymptomatic increases in serum creatinine

Acute renal failure

Delayed recovery of renal graft function

Hemolytic-uremic syndrome
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heart transplant recipients are rehospitalized in the first
year post-transplantation and roughly 30% of them re-
quire intensive care unit admission. Moreover, cardiac
transplant patients can have impaired pre-transplant
renal function due to chronic heart failure, suffer the
insult of cardiopulmonary bypass during surgery, re-
quire doses of CsA 30% higher than in other solid or-
gans transplantation and may have activated renin-an-
giotensin-aldosterone system due to chronic renal is-
chemia [244, 255-257]. Liver transplant recipients rarely
had previous renal impairment, but liver transplanta-
tion is an important surgical trauma that induces sig-
nificant cytokine activation, and not infrequently is as-
sociated to intravascular volume depletion, hypoten-
sion and coagulopathy. Additionally, the early liver
transplant postoperative period, when CsA adminis-
tration is normally initiated, may be complicated by
sepsis, liver graft dysfunction, use of nephrotoxic drugs
and multi-organ failure syndrome [242, 243]. In the
same way, the early period after bone marrow trans-
plantation might be affected by graft-versus-host-dis-
ease, veno-occlusive liver disease, infection, hemody-
namic instability, volume depletion and use of neph-
rotoxic antibiotics, [253, 258-260]. Another possible sce-
nario for the development of acute renal failure in CsA-
treated patients is when the profound effects of this
drug on renal hemodynamics are combined with the
administration of nephrotoxic drugs like aminoglyco-
side antibiotics, amphotericin B, foscarnet or iodinated
contrast media or with other drugs with important ac-
tion on intrarenal vascular tonus regulation, like non
steroidal anti-inflammatory drugs or angiotensin con-
verting enzyme inhibitors [261-270]. In rare occasions,
CsA can induce acute renal failure in patients with au-
toimmune diseases [225, 271] or acute tubular necrosis
related to extremely high dosage [272, 273].

Delayed recovery of post-transplant renal allograft
dysfunction was seen more often in the past when el-
evated doses of cyclosporine were used, principally
with the concomitant occurrence of prolonged ischemic
times. This event has been largely diminished by the
delay of onset of CsA administration until good renal
graft function is present or by the use of alternative
schedules for induction of immunosuppression that
spare calcineurin blockers [2, 3]. Withdrawal of CsA
in renal transplant patients with delayed graft func-
tion has been associated with less severe and shorter
renal dysfunction [274].

CsA can rarely cause fulminant acute renal failure
due to endothelial cell injury, promoting a syndrome
evocative of hemolytic-uremic syndrome. This entity
occurs primarily in bone marrow transplantation but
has also been reported in kidney transplantation, oc-
casion when may be very difficult to distinguish from
acute vascular rejection. CsA-related hemolytic-uremic
syndrome is associated with an extremely poor prog-
nosis of renal allograft. A recent case-control study
showed that early therapy with isradipine, aspirin and
pentoxiphylline resulted in increased transplant sur-
vival as compared to previous reports [275]. The clini-
cal presentation of CsA-related hemolytic-uremic syn-
drome can be exuberant with severe anemia, low plate-
let count, increased rate of schizocytes and increased
serum levels of lactic dehydrogenase or be ambiguous,
with inconsistent laboratory findings. In the same way,
renal biopsy may show the typical findings of throm-
botic microangiopathy, eventually associated to affer-
ent arteriolar thrombosis, or be misleading in the early
phases of the disease [3, 251, 275-278].

Management of acute CsA nephrotoxicity

Regular monitoring of CsA blood levels in order to
keep drug concentration within its narrow therapeu-
tic window is an apparent potential maneuver to pre-
vent CsA nephrotoxicity [211, 242, 254]. Nevertheless,
the clinical reality is quite disappointing, since many
patients may develop renal toxicity with CsA trough
blood levels in the therapeutical range [211, 279, 280].
In reality, area under the curve but not trough levels
represents real exposure and may predict CsA efficacy
and nephrotoxicity. Lower area under the curve is as-
sociated with acute rejection and higher area under the
curve with acute nephrotoxicity. Unfortunately, the
correlation between CsA trough levels and area under
the curve is very poor, even with the new microemul-
sion formulation [281, 282]. Furthermore, a prospec-
tive study, which tried to adjust CsA daily intake by
optimized area under the curve, found that was very
difficult to control CsA exposure by examining area
under the curve and modifying CsA dose in accord
[281]. Other pharmacokinetic-related factor that can
affect CsA acute nephrotoxicity is the possibility that
once daily versus more frequent dosing has different
impacts on the drug renal toxicity [283]. Since hepatic
metabolism and biliary excretion are the major route
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for elimination of CsA and its metabolites, downstream
adjustments in CsA doses are needed in patients with
liver disease in order to avoid episodes of acute neph-
rotoxicity [3, 251].

Special attention should be paid when new medi-
cations are prescribed to CsA-treated patients. CsA is
extensively metabolized by the cytochrome P-450 liver
microsomal enzyme system [2, 3], and consequently
drugs that interfere with this pathway can cause im-
portant changes in CsA blood levels (Table 3). Com-
pounds that inhibit P-450 enzymes like ketoconazole,
erythromycin, verapamil, and diltiazem increase con-
centration of parent CsA and may cause acute nephro-
toxicity. On the other hand, drugs that induce these
enzymes like phenobarbital, carbamazepine and
rifampicin, can lower CsA blood levels and impair im-
munosuppression [251]. As mentioned early, poten-
tially nephrotoxic drugs (aminoglycosides, amphoteri-
cin B, foscarnet, vancomycin, contrast media, NSAID,
anesthetics, etc.) or drugs that induce efferent arteri-
ole vasodilatation (angiotensin converting enzyme in-
hibitors and angiotensin II AT1 receptors antagonists)
should be used with extreme prudence in CsA-treated
patients, since then can act synergistically with CsA-
induced preglomerular vasoconstriction in order to
promote renal injury.

The ability of calcium channel antagonists to induce
afferent arteriole vasodilation makes this class of drugs
as a very suitable pharmacological antidote against CsA
acute vascular effects [242]. Indeed, several studies
showed improvement in renal hemodynamics and/or
function when different calcium antagonists like vera-

pamil, diltiazem, nifedipine, lacidipine, isradipine,
amlodipine, etc. were given for CsA-treated patients
[44, 250, 284-290]. Some studies also suggest that pe-
rioperative administration of calcium antagonists to do-
nators or receptors may prevent or diminish the time
and intensity of delayed graft function and improve
long-term kidney outcome [211, 291, 292]. A further
potential advantage of add those drugs to CsA therapy
is an adjunctive immunosuppressive effect, since cal-
cium antagonist have some intrinsic immunomodula-
tory activity [293, 294].

The antiinflammatory, antithrombotic, hypolipi-
demic, vasodilatory and immunomodulatory proper-
ties of fish oil (omega-3 fatty acids) make then an at-
tractive treatment for CsA nephrotoxicity [110, 295].
Omega-3 fatty acids decrease the formation of pros-
taglandin E2 metabolites, inhibit the production of
thromboxane A2, reduce production of biologically
active leukotrienes and enhance prostacyclin release.
In consequence, they inhibit platelet aggregation, pro-
mote vasodilation, low blood pressure and are anti-
atherogenic [295]. Daily dietary supplementation of 6
to 18 g of fish oil to CsA-treated patients has been per-
formed in different clinical trials with conflicting re-
sults. Psoriasis patients receiving CsA plus 6 g of fish
oil/day for 3 months did not change their renal blood
flow and RVR and had less glomerular filtration rate
impairment that the control group that received only
CsA [296]. In a series of placebo-controlled, random-
ized, prospective studies, Homan van der Heide et al
found that the supplementation of 6 g of fish oil to CsA-
treated renal transplant recipients increased glomeru-
lar filtration rate and RPF and decreased blood pres-
sure and RVR, influenced favorably the recovery of re-
nal function after early acute rejection and, at one year
post-transplant, promoted higher glomerular filtration
rate, lower blood pressure, fewer rejection episodes and
a non statistically significant trend to better graft sur-
vival [133, 297, 298]. In contrast, three placebo-con-
trolled, randomized, double-blind, prospective stud-
ies failed to find significant improvement of renal func-
tion in omega-3 fatty acid supplemented, CsA-treated,
renal transplant recipients [299-301]. Liver transplant
recipients under CsA immunosuppression and supple-
mented with 12 g of fish oil for 2 months increased
significantly renal blood flow and effective RPF, de-
creased significantly RVR, and had a marginally sta-
tistically significant increase in glomerular filtration

Table 3. Some drugs that interfere with cytochrome
P450 enzymes and change CsA blood concentrations.

Increase Level Decrease Level

Verapamil Rifampicin

Diltiazem Isoniazid

Nicardipine Phenytoin

Amlodipine Carbamazepine

Erythromycin Barbiturates

Clarithromycin

Ketoconazole

Fluconazole

Itraconazole



414

BURDMANN, YU, ANDOH, PERICO & BENNETT

rate, whereas corn-oil treated controls did not change
any of these parameters [125]. Finally, a recent study
in hypertensive heart transplant patients showed that
one year of omega-3 fatty acids supplementation re-
sulted in stable blood pressure, systemic vascular re-
sistance, serum creatinine and glomerular filtration
rate, in opposite to the findings of the placebo group,
where a significant increase in blood pressure, systemic
vascular resistance, serum creatinine and a significant
decrease in glomerular filtration rate were observed
[302].

There are few other potential pharmacological in-
terventions for treatment of functional CsA nephro-
toxicity already tried clinically with positive results.
Atrial natriuretic factor has opposite effects of CsA in
renal hemodynamics. Candoxatrilat inhibit neutral en-
dopeptidase, an enzyme which is found most abun-
dantly in the kidney, and which degrades atrial natri-
uretic factor. Acute intravenous infusion of
candoxatrilat in stable renal transplant recipients re-
sulted in significant increases in glomerular filtration
rate, renal blood flow, diuresis, fractional excretion of
sodium, plasma atrial natriuretic factor and fall in RVR
[201]. Dehydropeptidase-I is a glutathione-processing
enzyme, found on both the brush border and the baso-
lateral membranes of proximal tubular cells. Adminis-
tration of cilastatin, an inhibitor of dehydropeptidase,
prevented elevations of serum creatinine in the early
postoperative phase of CsA-treated heart transplant
patients, decreased the rate of acute renal failure after
allogeneic bone marrow transplantation and reduced
serum creatinine levels in the first 2 weeks after kid-
ney transplantation [303-306]. The mechanisms of cil-
astatin prevention of CsA acute nephrotoxicity are still
unclear. Activation of the endothelin system has been
consistently correlated to the adverse renal vascular
effects os CsA. Administration of bosentan, an endo-
thelinA and endothelinB receptor antagonist, blunted
CsA-induced fall in RPF but not glomerular filtration
rate decrease in healthy human volunteers [71].

CsA has more than 700 analogues, but few have
immunosuppressive capacity. The finding of an ana-
logue with similar immunosuppressive effect but with
lesser nephrotoxicity than CsA has been an obvious
target for pharmaceutical research laboratories. Cyclo-
sporine G (CSG), a natural occurring single norvaline
substituted analogue of CsA with potent immunosup-
pressive activity, disclosed a significantly lower acute

and chronic nephrotoxic profile when experimentally
administered to rats [307]. Clinical phase II and phase
III studies in renal transplant and uveitis patients
showed comparable efficacy and less functional neph-
rotoxicity when CSG was compared to CsA [308, 309].
However, the short-term differences between CsA and
CSG in renal function were not remarkable, what may
hamper the market introduction of the new drug. Like-
wise, SDZ IMM 125, a new derivative of cyclosporine,
showed substantial immunosuppressive activity and
less renal toxicity than CsA in experimental studies.
The limited clinical information about this drug did
not demonstrate significant differences in renal effects
but more hepatotoxicity when it was compared to CsA
[310, 311].

CsA standard oral formulation has an erratic and
unpredictable gastrointestinal absorption that causes
marked inter- and intra-patient variability. To over-
come this problem a microemulsion pre-concentrate
was developed. When used in healthy volunteers and
transplant recipients this new galenic formulation
reached faster time to peak concentration, higher peak
concentration, greater area under the curve and was
not affected by the physiological state of the gas-
trointestinal tract [3, 312, 313]. Undoubtedly, the mi-
croemulsion formulation provides a more regular and
reliable pharmacokinetic profile and improves bioavail-
ability, allowing reduction in the daily dosage of CsA
[7, 314-316]. The new microemulsion formula was also
used as an alternative for the intravenous CsA formu-
lation in the induction of immunosuppression in liver
transplantation, resulting in a non statistically signifi-
cant reduction in nephrotoxicity episodes from 45 to
25% [317]. To date, the microemulsion formulation has
showed similar immunosuppressive efficacy when
compared to the standard presentation, although some
studies have suggested a reduction in the rate of acute
rejection with the new formula [7, 315, 317-319]. How-
ever, the high peak levels reached by the microemul-
sion administration might be associated with an in-
crease in acute nephrotoxicity [320]. Like the standard
formulation, the microemulsion reduced glomerular
filtration rate and renal blood flow after a single daily
dose in healthy subjects [181]. The nadir of renal blood
flow impairment occurs 5 hours after drug ingestion
[71]. Conversion from standard formula to microemul-
sion apparently did not cause long-term nephrotoxic-
ity when dosages were adjusted for the same blood
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level, but there are a number of studies showing tran-
sitory impairment of renal function in the early phase
of microemulsion treatment [314, 316, 318]. When stan-
dard to microemulsion switch was done in a 1:0.8 ra-
tio instead of a 1:1 ratio there was an alleviation of this
short-term nephrotoxicity, suggesting that this conver-
sion should be done in an individualized manner [321].

A simple way to prevent or reverse functional CsA
nephrotoxicity is to reduce its dosage or to withdraw
the drug. The rational for this maneuver is that the most
noteworthy benefit of CsA use in transplantation is a
remarkable decrease in early acute rejection, and so the
drug might be decreased or withdrawal after the ini-
tial immunosuppression phase [242, 322]. However,
this approach is still controversial, with conflicting pub-
lished data [323, 324]. This is particularly true in the
field of transplantation, where lack of or inappropri-
ate immunosuppression could imply in morbidity and
mortality. Reduced doses of CsA at one year post-trans-
plant have been associated with major risk for devel-
opment of acute rejection and chronic rejection whereas
higher CsA doses correlated with better long-term graft
survival [325, 326]. Accordingly, many authors found
high rates of acute rejection when cyclosporine was
electively discontinued in stable renal transplant re-
cipients [327-329], or development of rejection in heart
or liver transplant patients who had CsA withdrawal
because impaired renal function was present [330, 331].
On the other hand, several studies, including a recent
large meta-analysis by Kasiske et al [322], reported that
CsA withdrawal, 3 to 12 months after renal transplan-
tation, did not result in worst graft or patient survival,
independently of increased rate of acute rejection, as
compared to controls that continued on CsA therapy
[324, 332, 333]. Some of them even found better long-
term renal function (more than 5 years post-transplant),
measured by serum creatinine or creatinine clearance,
in the groups where CsA was withdrawn [332, 334,
335]. The combination available data suggests that
long-term CsA treatment might be not obligatory in a
significant number of renal transplant patients, and that
CsA withdrawal is a potential valid maneuver to con-
trol functional nephrotoxicity in selected patients.

The advent of potent non-nephrotoxic immunosup-
pressive agents might make the replacement of CsA
or the decrease to it exposure in drugs protocols more
feasible. At the moment, mofetil mycophenolate and
sirolimus are the only commercially available new

drugs that meet these characteristics [336].
Mofetil mycophenolate is a noncompetitive, revers-

ible, inhibitor of inosine monophosphate dehydroge-
nase that inhibits lymphocyte proliferation. The use of
mofetil mycophenolate with concomitant CsA dose re-
duction or withdrawal has showed to be safe in terms
of acute rejection and in many times to induce rapid
and significant improvements in renal function and
hemodynamics in renal transplant recipients with
stable or impaired renal function [337-340] and stable
liver or heart transplant recipients with renal dysfunc-
tion [341-343]. David-Neto et al retrospectively ana-
lyzed a group of 13 renal transplanted children with
biopsy showing chronic transplant nephropathy whom
had CsA dose reduced or withdrawn and azathioprine
switched to mofetil mycophenolate. Six months after
the introduction of mofetil mycophenolate median se-
rum creatinine decreased from values of 2.2 mg/dl to
1.5 mg/dl, and no acute rejection occurred [344]. In an
interesting study, Gregoor et al randomized 64 stable
renal transplant recipients for conversion of CsA to
azathioprine (30 patients) or mofetil mycophenolate (34
patients). Both groups had a significant decrease in
serum creatinine, but the azathioprine group presented
significantly more acute rejections (11/30) than the
mofetil mycophenolate group (4/34) [345]. Another
population where mofetil mycophenolate use may be
extremely useful is in patients receiving grafts from
marginal donors, like donors with advanced age, where
the issue of acute CsA nephrotoxicity is even more sen-
sitive [340, 346]. Mofetil mycophenolate has also shown
to be a safe and effective therapeutic option when CsA
has to be discontinued due to CsA-associated
hemolytic-uremic syndrome [347]. A recent study
showed that stepwise replacement of CsA by mofetil
mycophenolate induced a dose-related decrease in von
Willebrand Factor and sP-selectin in renal transplant
recipients suggesting that CsA causes a reversible en-
dothelial dysfunction [76]. Although the vast majority
of the studies regarding mofetil mycophenolate intro-
duction as a sparing regime for CsA showed positive
outcomes, there have also been a few unfavorable re-
sults. A tentative to change cyclosporine A to mofetil
mycophenolate in 8 patients with severe psoriasis re-
sulted in renal function improvement in 90% of them,
but all subjects had worsening of the disease control,
that was significant in 5 and small in 3 [348]. A word
of caution was also raised by the study of Thervet et
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al. In this multicenter French study, 20-cadaveric kid-
ney recipients had CsA gradually discontinued and
azathioprine switched to mofetil mycophenolate. All
patients had a baseline renal biopsy in the previous 12
months. Worsening of the histological injury was ob-
served in 50% of the patients after a mean follow-up of
9 months after mofetil mycophenolate conversion and
5.4 months after CsA withdrawal. These patients did
not change their serum creatinine or glomerular filtra-
tion rate, in contrast with the 9 patients without struc-
tural deterioration, which had a significant improve-
ment in renal function. Although the histological wors-
ening might be already present when the patient
switched to mofetil mycophenolate and started CsA
withdrawal (some of the baseline biopsies were done
up to 6 months before study initiation) the trial was
discontinued [349].

Sirolimus (rapamycin) is a macrolide compound
related to erythromycin and tacrolimus. It binds to the
same immunophilin that tacrolimus, but it does not
inhibit calcineurin. Sirolimus blocks T-cell activation
at a posterior stage, interfering with the signal from
IL2 receptors and receptors for other cytokines and
growth factors, and so blocking the cytokine or growth
factor-induced activation of the proliferation cell cycle
response [350]. This powerful immunosuppressive
drug has demonstrated excellent efficacy in the pre-
vention of acute rejection and did not show direct neph-
rotoxic effects in experimental or clinical studies [12,
351-353]. However, when used together CsA, sirolimus
may intensify CsA-induced functional nephrotoxicity
[354-356], probably due to a pharmacokinetic interac-
tion between the two drugs, increasing CsA concen-
trations in whole blood and renal tissue [357]. These
results, and the already known synergistic immuno-
suppressive interaction between CsA and sirolimus,
indicate that if the two drugs are used simultaneously,
CsA dosages should be reduced [281, 356, 358]. Recent
clinical results showed that conversion from cyclospo-
rine to rapamycin in renal and liver transplant patients
with chronic or acute CsA nephrotoxicity resulted in
an immediate and significantly serum creatinine de-
crease [281, 359].

In conclusion, several studies using mofetil myco-
phenolate and sirolimus provided promising results,
suggesting that the use of these drugs in immunosup-
pressive schedules can allow CsA reduction or with-
drawal, preventing or significantly improving its acute

toxicity. However, almost all of these initial studies in-
volve a small number of patients and long-term fol-
low up outcomes are not available yet. Certainly more
clinical data and research are required before these
drugs are used as concomitant or alternate agents in
immunosuppressive schedules in a wider way.

Chronic nephrotoxicity

Chronic CsA-induced nephropathy is best defined
as “a clinicopathologic entity produced by exposure
of the patient to cyclosporine, characterized by tubu-
lointerstitial fibrosis in a striped pattern beginning in
the medulla and progressing to the medullary rays of
the cortex. Usually, but not inevitably, this pathologic
finding is associated with some degree of renal dys-
function” [360]. Unfortunately, many authors have
used inadequately the term chronic CsA nephrotoxic-
ity when describing renal functional changes without
histological evaluation after variable times of CsA ad-
ministration in humans and animals. This expression
must be reserved for the description of CsA-induced
structural damage, namely irreversible interstitial fi-
brosis. This injury has been classically associated with
degenerative hyaline changes in the afferent arteriole
walls, consisting of endothelial swelling, nodular hya-
line protein deposition and areas of smooth muscle cell
lesion and necrosis [17, 361]. In kidney transplant re-
cipients, this arteriolar lesion is the key for the discrimi-
nation between CsA chronic nephropathy from rejec-
tion [246, 361]. Recently, clinical and experimental stud-
ies have shown that this arteriopathy, which was con-
sidered irreversible, can remit after CsA discontinua-
tion, whereas the tubulointerstitial changes did not re-
gress [17, 361-364]. CsA-induced chronic nephrotoxic-
ity was described in renal and non-renal transplant re-
cipients and in patients with autoimmune diseases re-
ceiving the drug for periods of 6 months or more [365,
366].

The lack of a suitable animal model has hampered
the study of the mechanisms of chronic CsA nephro-
toxicity for a long time. Using the observation that so-
dium depletion exacerbates CsA nephrotoxicity [367,
368], Rosen et al and Elzinga et al developed a repro-
ducible animal model of chronic CsA nephrotoxicity
[369, 370]. In this model, CsA treatment in rats on low
salt diet produced histological changes similar to those
described in patients on long-term CsA therapy accom-
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panied by a profound decrease in glomerular filtration
rate [369-371]. When the drug was discontinued glom-
erular filtration rate improved, returning to baseline
values, but the tubulointerstitial injury was progres-
sive, even in the absence of CsA [369].

Mechanism of injury

The well-documented effects of CsA on afferent ar-
terioles led to the logical hypothesis that chronic affer-
ent arteriolopathy would ultimately result in vascular
occlusion causing downstream renal tissue ischemia
with consequent fibrosis, nephron dropout and tubu-
lar atrophy in the affected areas [361, 372, 373]. In fact,
experimental renal ischemia induced by unilateral
clamping of renal artery for 28 days can induce sig-
nificant chronic interstitial fibrosis [374]. However, sev-
eral experimental studies done in the last years found
strong clues of dissociation between the mechanisms
promoting the interstitial scarring and the hemody-
namics changes in CsA nephropathy [369, 375].
Dieperink et al found that felodipine reduced func-
tional nephrotoxicity but did not prevent interstitial
damage after long-term cotreatment with CsA [376].
Wolf and Nielson showed increased collagen mRNA
in a murine model of CsA nephrotoxicity while serum
creatinine was normal [377]. In the same way, Kon et
al and Hunley et al showed that endothelin receptor
blockers normalized renal hemodynamics but had no
effect on structural lesions produced in the low salt
chronic CsA model [378, 379]. Conversely, blockade
of the renin-angiotensin-aldosterone system by enala-
pril and losartan strikingly reduce the progression of
CsA-induced tubulointerstitial fibrosis despite failure
to normalize glomerular filtration rate [380]. More re-
cently, Vieira Jr et al found that salt-depleted rats re-
ceiving low and clinically relevant dosages of CsA (5
mg/kg) for 8 weeks developed significant interstitial
fibrosis without any decrease in renal blood flow or
structural afferent arteriole injury, clearly showing that
the interstitial injury can occur in a totally indepen-
dent way of the preglomerular vasoconstriction [381].

Angiotensin II seems to play a major role in CsA-
induced chronic nephrotoxicity. As already pointed,
there are several evidences of intrarenal renin-angio-
tensin-aldosterone system activation by CsA [35, 382].
The salt depletion maneuver used for achievement of
the chronic model enhances systemic and intrarenal

renin-angiotensin-aldosterone system, and conse-
quently angiotensin II generation [383, 384]. Angio-
tensin II can act as a potent growth factor inducing fi-
broblasts activation, extracellular matrix deposition
and tissue scarring [385-387]. Chronic infusion of an-
giotensin II in rats induced tubulointerstitial injury
similar to that following CsA chronic nephropathy
[388]. A high concentration of angiotensin II AT1 re-
ceptors is present in the inner zone of the outer me-
dulla, particularly in longitudinal bands paralleling the
vasa recta bundles, that is the preferential area of CsA
damage [389, 390]. Likewise, renal outer medulla type
1 interstitial cells have a high density of angiotensin II
receptors. These interstitial cells have extensive cyto-
plasmic processes, which are closed related to the base-
ment membrane of the vasa recta [391]. If taken to-
gether these evidences strongly suggest that the re-
gional regulation of medullary blood flow is regulated
by angiotensin II. Blockade of the renin-angiotensin-
aldosterone system by an ACE inhibitor (enalapril)
and/or an AT1 angiotensin II receptor antagonist (losa-
rtan) in salt-depleted CsA-treated rats reduced blood
pressure, promoted afferent arteriole vasodilation and
significantly attenuated interstitial fibrosis generation
without improving renal hemodynamics. Losartan and
losartan plus enalapril, but not enalapril alone de-
creased renal cortical α1 (I) procollagen mRNA. Treat-
ment with hydralazine plus furosemide reduced blood
pressure in the same extent as enalapril and/or losartan
but did not prevent tubulointerstitial injury [380].
Lafayette et al compared the effects of enalapril and
the combination of minoxidil/hydrochlorothiazide/
reserpine in rats on normal salt diet treated with CsA
for 12 months. Enalapril and the three drugs in combi-
nation reduced blood pressure similarly, but whereas
the ACE inhibitor reduced interstitial fibrosis the com-
bination therapy worsened it [392]. In a different model
of CsA nephrotoxicity, using spontaneously hyperten-
sive rats on high salt diet, enalapril and valsartan
cotreatment prevented CsA-induced renal dysfunction
and interstitial fibrosis [393]. In an interesting study
Johnson et al showed that enalaprilat, the active me-
tabolite of enalapril, completely reversed the stimula-
tory effect of CsA on collagen synthesis by cultured
renal cortical fibroblasts, stressing that renin-angio-
tensin-aldosterone system blockade can prevent CsA
chronic nephrotoxicity independently of hemodynamic
or systemic angiotensin II effects [394]. Angiotensin
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blockade by losartan has also been shown to prevent
CsA-induced epidermal growth factor decrease in salt-
depleted rats. Epidermal growth factor promotes kid-
ney tubular regeneration after injury and so, may be
important for the prevention of apoptosis and subse-
quent fibrosis in this model [395].

CsA stimulates in vitro and in vivo renal and sys-
temic production of TGF-β [381, 396-400]. The poten-
tial sources for renal interstitial TGF-β include inter-
stitial macrophages, interstitial fibroblasts and tubu-
lar epithelial cells. Using a double immunolabeling
technique Pichler et al suggested that the majority of
CsA-induced TGF-β-expressing cells are likely fibro-
blasts [398]. This cytokine plays a major role in the gen-
eration of renal fibrosis by directly stimulating extra-
cellular matrix components and reducing collagenase
production, ultimately leading to renal scarring [401].
Data from experimental and clinical studies suggest
that TGF-β overexpression may be an important factor
in the development of CsA chronic nephrotoxicity.
Shihab et al demonstrated that CsA induced a progres-
sive increase in mRNA TGF-β 1 expression preceding
the later development of tubulointerstitial fibrosis in
the salt-depleted rat model [402]. Vieira Jr et al, showed
a progressive TGF-β immunostaining in renal tissue
of CsA-treated rats on low salt diet, which was more
prominent at the juxtaglomerular arterioles [381].
Cuhaci et al found that 72% of the renal biopsies from
CsA-treated transplant patients with chronic allograft
fibrosis expressed high levels of TGF-β. These patients
had a rate of renal function decline approximately 3
times higher (-19.5 ml/min/year) than patients with
minimal or no TGF-β renal expression (-6.2 ml/min/
year) [403]. In heart transplant recipients the presence
of TGF-β 1 codon 10-gene polymorphism was associ-
ated to a higher prevalence of renal dysfunction seven
years after transplantation [404]. There is a well-de-
fined link between renin-angiotensin-aldosterone sys-
tem and TGF-β, traduced by angiotensin II-induced
stimulation of TGF-β expression in the kidney [405].
In fact, renal mRNA TGF-β expression was enhanced
only in salt depleted rats in contrast to normal salt diet
rats treated with CsA [406]. Enalaprilat prevented the
CsA-induced TGF-β secretion by cultured human
proximal tubular cells as well as losartan and enalapril
decreased mRNA TGF-β and extracellular matrix pro-
teins expression and reduced interstitial fibrosis in the
salt-depleted rat model [394, 407]. Similarly, losartan

decreased plasma levels of TGF-β in renal transplant
recipients treated with CsA [44]. Use of anti-TGF-β an-
tibodies in CsA-treated salt-depleted rats reduced re-
nal TGF-β expression, normalized α (I) collagen mRNA
expression, partially prevented the decrease in renal
tissue levels of metalloproteinase-9 and tissue increase
of metalloproteinase-1 inhibitor, prevented glomeru-
lar filtration rate impairment and attenuated arteriolar
hyalinosis but surprisingly did not change the extent
of tubulointerstitial fibrosis [396]. These results sug-
gest that TGF-β, although clearly related to CsA-in-
duced fibrosis, is not responsible for all the effects of
this drug on the mechanisms of exaggerated extracel-
lular matrix deposition and renal scarring.

Experimental data indicate the involvement of re-
nal infiltrating and resident cells in the induction of
chronic CsA nephrotoxicity. The presence of infiltrat-
ing mononuclear cells has been previously shown in
the interstitial area of the cortex and outer medulla of
salt-depleted rats treated with CsA [368, 408]. Subse-
quently, Young et al and Vieira Jr et al demonstrated
that significant cortical and medullar macrophage in-
filtration occurs very early in the salt-depletion model
of chronic nephropathy, preceding glomerular filtra-
tion rate decrease and development of interstitial fi-
brosis [381, 409]. This infiltration was accompanied by
an impressive interstitial and tubular cell proliferation
that started in the medulla and progressed to areas of
cortical fibrosis [368, 409]. An upregulation of the mac-
rophage chemoattractant osteopontin was observed in
proximal tubular cells of CsA-treated rats, and was
closely correlated with macrophage infiltrate degree
and fibrosis development [398, 409]. Likewise, Benigni
et al found an intense staining for monocyte chemoat-
tractant protein 1 (MCP-1) in renal biopsies with CsA
nephrotoxicity from kidney transplant recipients [410].
Recently, Hudkins el al confirmed the presence of os-
teopontin in human biopsies with CsA nephrotoxic-
ity, but there was no significant inflammatory cells in-
filtration, suggesting that this molecule might be im-
portant in the early but not in the established phase of
chronic CsA nephrotoxicity [411]. Macrophages are
known sources of cytokines and other mediators of in-
flammation and play a key factor in several processes
that lead to progressive renal fibrosis [412, 413]. Acti-
vated infiltrating macrophages amplify and retro-acti-
vate the inflammatory and pro-fibrogenic response by
recruiting of more immunocompetent cells, stimula-
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tion of fibroblast proliferation and migration and in-
creasing of collagen synthesis [414]. Over again, there
is an intense and close relationship between angiotensin
II and macrophage function. Angiotensin II stimulates
the production of monocyte chemoattractant protein 1
(MCP-1) and osteopontin and induces the expression
of adhesion molecules, responsible for the rolling, ad-
hesion and penetration of monocytes into the intersti-
tial spaces [413]. Additionally, rat and human macroph-
ages express functional components of the renin-an-
giotensin-aldosterone system [415, 416]. Angiotensin
not only recruited but also activated macrophages
[413], and in fact human cells presented strikingly re-
nin-angiotensin-aldosterone system activation during
human monocyte/macrophage differentiation [416]. If
there is no doubt about the relevance of macrophage
as an important participant in CsA chronic nephrotox-
icity, a crucial question remains unanswered: what is
(or are) the stimulus for renal macrophage infiltration
and activation? Clearly, preglomerular ischemia has a
role, but as already pointed CsA can cause significant
interstitial fibrosis with normal renal blood flow. Con-
ceivable candidates are post-glomerular ischemia due
to vasa recta constriction, sublethal tubular epithelial
cells injury, and endothelial cells lesion allowing
plasma leakage into renal interstitial area or activation
of resident renal interstitial cells. It is patent that fur-
ther research is urgently necessary in this field.

 Several experimental studies showed that CsA
could act directly on resident renal cells inducing
changes favoring the development of interstitial fibro-
sis. Wolf, Killeen and Neilson described that CsA
stimulated procollagen production by cultured murine
tubulointerstitial fibroblasts and proximal tubule cells
[417]. Subsequently, Ghiggeri et al demonstrated that
even very low concentrations of CsA induced collagen
synthesis in a variety of cultured human and rat renal
fibroblasts, mesangial and tubular epithelial cells [418].
Addition of CsA to primary culture of human renal
cortical fibroblasts and proximal tubule cells resulted
in direct toxicity, release of pro-fibrotic cytokines and
increased collagen synthesis. CsA stimulated insulin-
like growth factor secretion and inhibited secretion of
IGF-1 binding protein by fibroblasts. In tubular cells
CsA enhanced the secretion of TGF-β and platelet-de-
rived growth factor [419]. Recent results showed that
CsA may have different effects on different types of
cells, namely cultured human epithelial and endothe-

lial cells and fibroblasts. Collagen production was en-
hanced in endothelial and epithelial cells, whereas
mRNA for tissue inhibitors of metalloproteinase was
up regulated in fibroblasts. Toxicity occurred only in
endothelial and epithelial cells and was associated with
apoptosis induction. It should be noted, however, that
just the epithelial cells had a renal origin, since the fi-
broblasts and endothelial cells came from human skin,
what may limit the generalization of these findings
[420]. Impairment of the proteolytic system responsible
for renal matrix degradation is also an important ele-
ment of CsA chronic nephrotoxicity. CsA significantly
increased in vivo expression of tissue inhibitor of ma-
trix metalloproteinase type 1 by renal interstitial and
epithelial cells and promoted intense staining for plas-
minogen activator inhibitor type 1 in atrophic cortical
proximal tubules [421], up-regulated mRNA for tissue
inhibitors of metalloproteinase in human skin fibro-
blasts [420] and inhibited metalloproteinase produc-
tion by cultured human renal fibroblasts [419]. It has
been recently shown that only mesangial cells from
mice susceptible to glomerulosclerosis increased col-
lagen content and inhibited matrix metalloproteinase
activity and mRNA after exposure to low CsA doses
in contrast with mesangial cells from a strain of glom-
erulosclerosis resistant mice, suggesting that the ge-
netic background may influence CsA-induced pro-fi-
brotic cellular response [422].

Injured tubular epithelial cells may be another cause
for CsA-induced fibrosis. As previously discussed there
are many evidences that CsA causes sublethal tubular
cell lesion. Moreover, use of the salt depletion model
of chronic CsA nephrotoxicity showed that this drug
induced an early activation of apoptosis genes, pre-
ceding the appearance of apoptotic cells and fibrosis
[423]. Once again, angiotensin II seems to partially
mediate this phenomenon, since cotreatment with losa-
rtan significantly reduced the number of tubular and
interstitial apoptotic cells in CsA-treated animals [424].
There is also evidence of nitric oxide participation in
apoptosis induced by CsA. Thomas et al found that L-
arginine administration decreased significantly the
magnitude of tubulointerstitial apoptosis in salt-de-
pleted rats treated with CsA [424]. Amore et al showed
that CsA stimulated apoptosis in various renal cell
lines, including human tubular cells, was related to in-
creased inducible nitric oxide synthase mRNA via ac-
tivated p53 proteins [425]. A possible mechanism for
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CsA-caused tubular injury is impairment of the P-gly-
coprotein system (P-GP). This transporter expels hy-
drophobic substances from the cell, acting as a detoxi-
fication system. CsA is a known inhibitor of P-GP, and
so it can potentially promote intracytoplasmic accu-
mulation of its own metabolites and toxic cell catabo-
lism metabolites. Supporting this hypothesis, tubular
cells overexpression of P-GP in salt depleted rats re-
ceiving CsA was inversely related to interstitial fibro-
sis and intrarenal angiotensin II deposits [426]. In re-
nal transplant recipients, increased P-GP expression
was found in infiltrating and resident cells of biopsies
showing ATN, acute rejection and chronic rejection but
not in chronic CsA nephrotoxicity, suggesting that fail-
ure to up-regulated P-GP is associated with CsA-in-
duced apoptosis and fibrosis [427].

Nitric oxide pathway manipulation reflected in CsA
chronic nephrotoxicity. Supplementation of the nitric
oxide substrate, L-arginine, ameliorated whereas use
of the nitric oxide synthase inhibitor, L-NAME, aggra-
vated tubulointerstitial fibrosis [100]. Likewise, CsA-
induced upregulation of TGF-β1, plasminogen activa-
tor inhibitor 1 and deposition of extracellular matrix
components were aggravated by nitric oxide blockade
and ameliorated by nitric oxide enhancement [428].

There are abundant evidences that CsA markedly
increases endothelin production. Endothelin up-regu-
lates TGF-β expression, that is clearly involved in CsA
chronic nephrotoxicity. The existence of an endothe-
lin-transforming growth factor β factor pathway in
CsA-induced fibrosis was proposed [429]. Supporting
this hypothesis, increased tubular cells endothelin
mRNA expression was found in human biopsies with
chronic CsA nephrotoxicity; [410] and Ramirez et al
found dramatic elevations in endothelin system com-
ponents in CsA-treated rats that strongly correlate with
renal structural lesions [382]. However, experimental
use of endothelin receptor antagonist did not prevent
interstitial fibrosis in the salt-depleted chronic neph-
rotoxicity model [378, 379].

Recent studies raised the possibility of vascular en-
dothelial growth factor participation in CsA structural
nephrotoxicity. VEGF is a potent endothelial cell mi-
togen that mediates endothelial cell proliferation and
survival, induces angiogenesis, participates in vascu-
lar remodeling and repair and causes vasodilation and
increased vascular permeability through increase in ni-
tric oxide production. Shihab et al found an upregula-

tion of vascular endothelial growth factor in salt-de-
pleted CsA-treated rats but not in normal salt diet ani-
mals. As previously pointed, in this model only salt-
depleted animals developed renal structural injury re-
sembling the human picture of chronic CsA nephro-
toxicity [430]. In an interesting study, Kang et al found
that VEGF administration to rats with established
chronic CsA nephropathy resulted in improvement of
interstitial fibrosis, decreasing in osteopontin expres-
sion, macrophage infiltration and collagen III deposi-
tion and blood pressure reduction [431].

Other mechanisms and mediators have been experi-
mentally implicated in the genesis and prevention of
chronic CsA nephrotoxicity. Reactive oxygen species,
besides its functional effects on renal function, are also
mediators of tissue injury favoring fibrosis. Use of the
antioxidant vitamin E inhibited increases in TGF-β and
osteopontin mRNA and development of renal fibrosis
in CsA-treated rats [177]. Mazzali et al showed that
hyperuricemia exacerbates experimental chronic CsA
nephrotoxicity, apparently due to activation of the re-
nin-angiotensin-aldosterone system and inhibition of
renal nitric oxide production [432]. Use of a thrombox-
ane A2 receptor antagonist in a renal isograft renal
model treated with CsA strikingly prevented devel-
opment of interstitial fibrosis [433]. Preliminary evi-
dence showed that prednisone altered the structural
changes induced by CsA in salt depleted rats, enhanc-
ing tubular hypertrophy in medullary area and induc-
ing a tendency to lower tubulointerstitial fibrosis [434].
Colchicine administration to CsA-treated rats signifi-
cantly decreased medullary interstitial fibrosis, but did
not change the inflammatory cells infiltrate or pre-
vented serum creatinine increase [435]. Johnson el al
demonstrated that simvastatin, a 3-hydroxy-3-
methylglutaryl CoA reductase inhibitor, completely
prevented CsA-stimulated cultured human renal cor-
tical fibroblasts collagen synthesis and IGF-1 secretion
[436].

A working hypothesis for chronic CsA
nephrotoxicity

At this point it is clear that chronic CsA nephrotox-
icity can be caused by preglomerular vasoconstriction
dependent mechanisms and/or by a way totally inde-
pendent of afferent arteriole functional and structural
changes. In the clinical setting and in most of the ex-
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ferent arteriole hyalinosis can remit without parallel
improvement in renal fibrosis, strongly suggesting that
the vascular lesion and renal fibrosis may occur in an
independent way [362, 364, 381]. Potential clues for
differentiate chronic CsA nephrotoxicity from rejection
came from an interesting study by Abrass el al. These
authors showed that extracellular matrix composition
of renal fibrosis found in human renal allograft biop-
sies was different depending on the pathological diag-
nosis made. Fibrosis associated with CsA chronic neph-
rotoxicity had a widespread interstitial accumulation
of collagens I and III, whereas biopsies with rejection
showed an increased expression of proximal tubular
basement membrane collagen IV α chain 3 and lami-
nin-β2, suggesting that interstitial fibrosis in these pa-
tients can result from different pathogenic mechanisms
[437].

Impairing further the correct understanding of the
problem, few prospective studies assessed concomi-
tantly functional and histological changes in kidney
transplant recipients. Actually, studies supporting the
absence of negative chronic effects for CsA on renal
allografts were largely based on retrospective analysis
of functional data, which frequently were only serum
creatinine measurements [438, 439]. When histology
was made, most of the evidences indicating an expres-
sive role for CsA-induced fibrosis in the chronic fail-
ure of transplanted kidneys were indirect. Different au-

perimental models used it is likely that interstitial fi-
brosis occurs through a combination of both processes.
The mechanisms dissociated from preglomerular is-
chemia seem to be closely dependent on CsA-induced
intrarenal angiotensin II enhancement, macrophage
infiltration and fibroblasts and interstitial cell activa-
tion. The signals causing macrophage migration may
come from interstitial ischemia due to vasa recta con-
striction, activation of interstitial resident cells, leak-
age of plasma into interstitial area due to endothelial
cells damage or inflammatory stimulus originated from
injured or apoptotic tubular cells. Obviously, more than
one factor may be occurring at the same time. The fi-
nal pathway is an inflammatory interstitial microenvi-
ronment where a cross-talk of angiotensin II, macroph-
age, fibroblasts and resident cells will result in overex-
pression of pro-fibrotic substances (cytokines, growth
factors, ROS) inhibition of antifibrotic components
(metalloproteinase etc.) in a self-perpetuating cycle of
activation of renin-angiotensin-aldosterone system
macrophage recruitment and activation and enhance-
ment of extracellular matrix deposition (Figure 1).

Clinical aspects: Renal transplantation

To identify the specific role of chronic CsA nephro-
toxicity in renal allograft durability is an almost im-
possible task to complete. From the very beginning,
the transplanted kidney will suffer from mechanic ma-
nipulation, ischemic injury and immunologic attack.
Later on acute rejection, recurrent or de novo renal dis-
ease, hypertension, chronic viral infection, metabolic
derangements (dyslipidemia, diabetes, hyperuricemia),
chronic rejection and aging may work in diverse com-
binations causing progressive structural damage and
functional impairment.

In this complex situation the histological diagnosis
of chronic CsA nephrotoxicity should rely in the find-
ing of the typical afferent arteriolar lesion with nodu-
lar focal or circular protein deposits in the tunica media
[242]. However, when renal biopsies are performed
tardily, after months or years of continuous renal in-
jury, the morphological picture may be “dirty” and
very difficult to characterize. Moreover, vascular or
chronic rejection may coexist with CsA chronic neph-
rotoxicity. Finally, as previously pointed, recent stud-
ies showed that CsA-induced fibrosis can occur with-
out afferent arteriole injury and that CsA-induced af-

Figure 1. A working hypothesis for chronic CsA nephro-
toxicity.
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Figure 2. Striking afferent arteriole vasoconstriction in a
Sprague-Dawley rat on low salt-diet treated for 28 days
with CsA 15 mg/kg/day. The narrowest point of the
arteriole measured 11.02 mm, whereas control animals
presented a mean diameter of 12.67 mm. Vascular cast,
scanning electron micrograph, orig. magn. x450.
From [380], with permission.

Figure 3. Afferent arteriole hyalinosis in a Munich-Wistar
rat on low salt diet treated with CsA 15 mg/kg for 4
weeks. H&E staining, orig. magn. x400.

Figure 4. Striped interstitial fibrosis
(arrows) in a CsA treated recipient.
Masson’s trichrome staining,
orig. magn. x40.
By courtesy of Dr. JL Bosmans.
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thors found significant development of interstitial fi-
brosis occurring generally after 6 months or more of
CsA treatment [440, 441]. When CsA-treated renal and
azathioprine-treated renal recipients were compared,
the first had significantly worst interstitial fibrosis [442,
443]. An aspect to be considered is that the contribu-
tion of CsA-induced interstitial fibrosis for progressive
renal dysfunction in kidney transplant recipient is
probably not an “evil or god” situation. Genetic back-
ground, concomitant diseases and many other factors
may modulate different degrees of interstitial fibrosis,
inducing individual and unequal patients response.
Indeed, Mourad et al found that only 6% of 23 patients
with biopsy-proven chronic CsA nephropathy im-
proved renal function after CsA reduction or with-
drawn [444].

While CsA remarkably improved short-term graft
and patient survival as compared to azathioprine-based
immunosuppression, the same outcome has not been
consistently demonstrated on long-term survival. A
recent study found a substantial increase in short and
long-term survival of renal grafts in the 93, 934 patients
transplanted in the United States between 1988 and
1996, but the immunological schedules were not de-
tailed [445]. Conversely, Marcén et al studied 128 CsA-
treated cadaveric first renal transplant recipients fol-
lowed for at least 10 years comparing them with 185
azathioprine-treated patients. In the first three years
post-transplant actuarial graft survival was signifi-
cantly higher in CsA-treated patients. Afterward, this
difference disappeared and azathioprine-treated pa-
tients showed a non-statistically significant tendency
to better graft survival at 5 and 10 years. The leading
cause of graft failure in CsA-treated patients was
chronic allograft nephropathy [446]. In fact, chronic
allograft nephropathy, an entity with obscure patho-
genesis, is considered the most important cause of pro-
gressive renal failure in renal transplant patients nowa-
days [447]. A potential CsA participation in chronic
allograft nephropathy was uncovered by the finding
of a significant reduction in the rate of the loss of renal
function in patients with histologically confirmed dis-
ease when CsA dosage was reduced or suspended
[447].

Clinical aspects: Other solid organs
transplantation

While the individual weight of CsA chronic neph-
rotoxicity in renal transplant longevity has not been
precisely determined, the use of CsA in patients with
healthy native kidneys showed clearly the real poten-
tial for significant renal injury owned by this drug, that
ultimately may lead to end stage renal failure requir-
ing dialysis and/or renal transplantation [243, 244, 360,
448, 449].

Myers et al were the first to describe that CsA use
in heart transplantation was associated with chronic
renal failure development. In a careful series of obser-
vations they showed that CsA used for more than 12
months caused a progressive glomerular filtration rate
decline accompanied by a concomitant renal blood flow
drop and RVR increase, obliterative arteriolopathy,
striped interstitial fibrosis, tubular atrophy and glom-
erulosclerosis in heart transplant recipients [365]. In a
subset of patients followed over 48 m, CsA was reduced
or withdrawn, but glomerular filtration rate did not
improve and repeated biopsies disclosed further his-
tological deterioration [373]. The starting doses of CsA
(17 mg/kg) and target trough levels used in the first
studies were substantially higher than dosages adopted
latter. However, when patients on “old high-doses”
were compared to patients on “modern low-doses” by
the same group of investigators, reduction in CsA dos-
age did not alleviate the intensity and progression of
renal injury [372]. In the last paper of this seminal se-
ries the authors reported a 10% cumulative incidence
of end stage renal failure in a 10-year period of obser-
vation [450]. A number of subsequent studies substan-
tiated these findings, confirming that prolonged CsA
administration to heart transplant recipients causes a
progressive functional impairment, with a sharp renal
function decline in the first year followed by a slower
rate of deterioration thereafter, and a prominent struc-
tural injury represented by afferent arteriole arteriol-
opathy, tubulointerstitial fibrosis and glomeruloscle-
rosis [252, 451, 452]. Variable rates of end stage renal
failure were reported by different groups, ranging from
1 to 10% [252, 449, 450, 453-459], with an apparent trend
for increased rate of end stage renal failure with longer
follow-up time (Table 4). The mean time elapsed from
cardiac transplantation to initiation of dialysis was
around 6 to 7 years [453, 455, 456, 458] and the devel-
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opment of end stage renal failure requiring renal re-
placement seems to be associated with higher mortal-
ity in these patients [244, 453, 458]. Attempts of identi-
fication of risk factors for end stage renal failure de-
velopment originated conflicting results. Some stud-
ies suggested that early decrease in glomerular filtra-
tion rate, CsA dose, time of exposure to CsA therapy,
previous renal dysfunction and older age were associ-
ated to end stage renal failure. However, the majority
of studies did not find any significant correlation
among CsA dosages, CsA trough blood levels, patients’
age, presence of hypertension or use of antihyperten-
sive drugs and CsA-induced chronic renal failure [244,
449]. The sum of these data suggests that heart trans-
plant recipients present different susceptibility to CsA-
induced injury resulting in a large inter-individual
variability of renal fibrosis response and progression
to end stage renal failure.

The picture observed in lung and lung/heart trans-
plantation is quite similar to that found after heart
transplantation. There is a long-term impairment of
glomerular filtration rate, structural arteriolar, inter-
stitial and glomerular damage and development of end
stage renal failure in up to 6.7% of the patients [448,
460-462].

Information about chronic CsA nephrotoxicity in
liver transplantation is scanty, with few papers ana-
lyzing renal histology. In a similar way to heart trans-
plantation different authors reported an early and
marked glomerular filtration rate decrease with a ten-

dency to subsequent renal function stabilization. Dagöö
et al followed 25 liver transplant patients maintained
on low CsA dosages for 5 years. There was a sharp
decrease of glomerular filtration rate in the first year
and after 5 years all recipients presented an average
glomerular filtration rate loss of 50% (or a reduction of
3 ml/year). However, the authors did not perform re-
nal biopsies or change immunosuppression, making
impossible to differentiate how much of this lesion was
functional and reversible or chronic and irreversible
[463]. When renal histology was available the usual
CsA-induced structural changes were found: preglom-
erular arteriolopathy, interstitial fibrosis, tubular atro-
phy and signs of glomerular ischemia [452, 464, 465].
More recently, there have been reports of end stage
renal failure in CsA-treated liver transplant recipients.
Gonwa et al reported 7% end stage renal failure preva-
lence in liver recipients who had hepatorenal syndrome
compared to 2% in patients who did not present it [466]
and Coopersmith performed renal transplantation in
7 liver-transplant recipients that developed CsA-in-
duced end stage renal failure [448]. So far, Fisher et al
have published the most complete study on CsA-in-
duced chronic renal failure after liver transplantation.
These authors analyzed 883 consecutive liver trans-
plants that were mostly treated with CsA. In patients
surviving more than one year there was a severe renal
failure prevalence of 4.4 % (25 patients). Twenty-four
of these 25 patients were on CsA therapy. Most impor-
tantly, 12 of these 25 patients (48%) with severe renal

Table 4. The frequency of end stage renal failure after heart transplantation apparently increases in conjunction
with longer follow-ups, with few exceptions.

Authors Number of Follow-up End stage renal failure
patients time (years) frequency (%)

Lewis et al (ref. 457) 100 4 1.0

Gonwa et al (ref. 454) 69 4 1.3

Zietse et al (ref. 459) 187 5 3.2

Goral et al (ref. 455) 39 6 4.0

Greenberg et al (ref. 252) 228 7 2.2

Herlitz and Lindelöw (ref. 449) 151 9 4.0

Goldstein et al (ref. 453) 293 9 6.5

van Gelder (ref. 458) 304 10 8.0

Myers and Newton (ref. 450) 200 10 10.0

Kuo et al (ref. 456) 430 13 3.3
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failure required dialysis despite CsA dose reduction
or withdrawal. The median time for severe renal fail-
ure was 3 years and for end stage renal failure it was 5
years. Development of severe renal failure and end
stage renal failure were associated with higher mor-
tality, 44 and 41%, respectively. Renal biopsies were
obtained from 13 of the 25 patients and revealed inju-
ries consistent with CsA chronic nephrotoxicity in 10.
The risk-factors analysis found 2 subgroups with di-
verse characteristics. One consisted of patients with
early renal dysfunction preceding later chronic renal
failure. These patients presented as risk factors for later
development of end stage renal failure older age, pe-
rioperative dialysis, cytomegalovirus infection, infec-
tion and re-grafting. The second group included pa-
tients with late onset renal failure without early renal
dysfunction. Trough blood level at month 1 and cu-
mulative CsA dosage at 5 years were predictors of end
stage renal failure development in this group [465].
With the increasing survival time of liver transplanta-
tion recipients we will probably see higher frequency
of CsA-induced chronic renal failure in this setting.

Native kidneys of insulin-dependent diabetes mel-
litus patients submitted to pancreas transplantation can
also suffer the punch of chronic CsA nephrotoxicity.
Fioretto et al studied 13 insulin-dependent diabetes
mellitus pancreas transplantation recipients, using as
control group insulin-dependent diabetes mellitus pa-
tients not transplanted or who had early failure of pan-
creas allograft. Baseline renal function and histology
were assessed and repeated up to 5 years of follow-
up. The authors found a 34% glomerular filtration rate
decrease in the transplant group with subsequent re-
nal function stabilization versus no glomerular filtra-
tion rate change in the control group. Renal histology
was preserved or slightly impaired in the first 2 years
post-transplant, but 5-year biopsies revealed a remark-
able increase in interstitial fibrosis, interstitial cortical
volume, tubular atrophy and frequency of sclerosed
glomeruli. There were no significant histological
changes in the control group. Stepwise multiple regres-
sion analysis identified intensity of glomerular filtra-
tion rate decline in the first year, CsA blood levels and
CsA daily dose as good predictors of structural injury
at 5 years [467].

Clinical aspects: Bone marrow transplantation

CsA therapy is used in bone marrow transplanta-
tion for prevention of graft versus host disease for lim-
ited periods of time, normally from 6 to 18 months.
Dosages are high, around 10 to 12 mg/kg, with target
trough blood levels up to 400 ng/ml. Few studies have
explored the issue of chronic nephrotoxicity. Nizze et
al studied autopsy material from 112 bone marrow
transplantation recipients treated either with CsA or
CsA-free immunosuppression. They found higher
prevalence of interstitial fibrosis, tubular atrophy, ar-
teriolopathy, glomerular and/or arteriolar thrombi and
glomerular collapse in the CsA group. When these data
were compared with autopsies of heart transplant re-
cipients, the frequency of structural injury was clearly
more elevated in bone marrow transplantation (54 ver-
sus 19.5%) [468]. Diertele et al found structural renal
lesions associated with CsA chronic nephrotoxicity in
67% of 49 bone marrow transplantation recipients. Risk
factors associated with worst renal pathology were in-
creasing duration of CsA therapy, more severe renal
dysfunction in the first 3 months post-transplant and
use of total body irradiation [469]. Indeed, a recent
study by Miralbell et al found that total body irradia-
tion and graft versus host disease were associated with
increased serum creatinine levels in bone marrow
transplantation patients [470].

Clinical aspects: Autoimmune diseases

The situation where CsA impact on native kidneys
is more evident is probably in the treatment of autoim-
mune diseases. In this field, rejection is not an issue
and the native kidneys are usually healthy and not sub-
mitted to other potential aggressions, making easier to
demonstrate a direct cause-effect correlation. In fact,
Feutren and Mihatsch, on behalf of the International
Kidney Biopsy Registry of Cyclosporine in Autoim-
mune Diseases, found interstitial fibrosis and tubular
atrophy and/or arteriolar alterations in 21% of 192 pa-
tients with insulin-dependent diabetes mellitus of re-
cent onset, uveitis, psoriasis, Sjögren’s syndrome or
polychondritis that had been treated with CsA for 4 to
39 months (median 13 m). Use of multivariate logistic-
regression analysis found three risk factors for CsA
nephropathy: older age, larger initial CsA dose and
larger maximal increase in serum creatinine [471]. In a
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recent meta-analysis, Vercauteren et al selected 18 pa-
pers (from a total of 423) for systematic review of renal
function changes. Patients receiving CsA had a risk dif-
ference of 20.9% for developing nephrotoxicity as com-
pared to other therapies. More notably, in seven stud-
ies CsA withdrawal induced only a partial reversion
of renal dysfunction. Renal histology studies were re-
ported in 19 papers and 10 of them were selected for
review. These studies comprehended 163 patients with
uveitis, psoriasis, or rheumatoid arthritis. Time of bi-
opsy was always over 12 months. All papers reported
mild to moderate interstitial fibrosis and/or tubular
atrophy and/or arteriolar hyalinosis. Three studies per-
formed baseline and post treatment biopsies and found
de novo interstitial fibrosis or worsening of pretreatment
injury [472].

Autoimmune uveitis was one of the first autoim-
mune diseases treated with CsA, and in 1986 Palestine
et al compared renal biopsies from 17 patients treated
for an average time of 2 years (eleven to 39 months)
with renal biopsies from patients with idiopathic he-
maturia not receiving CsA. Interstitial fibrosis and/or
tubular atrophy were present in all patients treated
with CsA, independently of having impaired or nor-
mal renal function at the time of the biopsy, and inter-
stitial infiltrate was found in 14 patients. These 17 pa-
tients were young (mean age 35.5 ± 3.1 years) and all
had normal baseline serum creatinine (1.0 ± 0.04 mg/
dl). At the time of the biopsy mean inulin clearance for
CsA-treated group was 69 ± 6 ml/min/1.73 m2 BSA,
serum creatinine was 1.5 ± 0.1 mg/dl and mean CsA
dose was 10 ± 0.7 mg/kg [366]. In a subsequent study,
the same authors performed sequential renal function
and histological evaluation in these patients after two
to four years of therapy. Despite CsA dose reductions
inulin clearance did not improve in 12 patients and
actually, decreased significantly in 3. All patients had
arteriolar injury, including hyaline changes. CsA-in-
duced chronic histological damage progressed in three
of six follow-up biopsies carried out. It is noteworthy
that two of the three patients with progressive inter-
stitial injury had stable renal function [473]. The other
study assessing renal histology in CsA-treated patients
with autoimmune uveitis found a lymphocytic infil-
trate (predominantly T lymphocytes) and arteriolar
changes in 80% of them. Patients were treated for three
years, with an initial CsA dose of 10 mg/kg that was
tapered to 5 mg/kg [474].

Due to its undisputed effectiveness CsA has been
largely used in the treatment of psoriasis. The fact that
this autoimmune disease does not cause intrinsic re-
nal abnormalities provides a unique opportunity to
assess CsA direct impact on the development of chronic
structural injury in healthy kidneys. Indeed, most of
the papers that evaluated CsA-induced changes in re-
nal histology of autoimmune diseases are about pso-
riasis. These studies showed that low CsA doses (ini-
tial 5 mg/kg, tapered to 1 to 2 mg/kg) consistently
induced mild to moderate renal scarring (interstitial
fibrosis and tubular atrophy) and frequently caused
arteriolopathy associated with variable degrees of re-
nal dysfunction [475-480]. Sequential biopsies found
progression of renal scarring and arteriolopathy accom-
panied by a concomitant glomerular filtration rate de-
crease, although development and progression of in-
terstitial fibrosis with stable serum creatinine have also
been demonstrated [475, 479, 480]. Two studies are
particularly relevant because performed pre and post
treatment biopsies. Svarstad et al studied 10 psoriatic
patients treated with an average CsA dose of 3.23 mg/
kg for 12 m. At baseline biopsies just one patient had
moderate fibrosis. After one year of therapy renal scar-
ring worsened in this patient and 4 patients had de novo
interstitial fibrosis [478]. Zachariae reported up to eight
years of functional and histological follow-ups in 30
psoriatics treated with low doses of CsA (2.5 to 6 mg/
kg). Pretreatment biopsies were done in 25 of them and
17 had totally normal renal tissue. After two years of
treatment all patients presented histological changes
compatible with chronic CsA nephrotoxicity. Renal in-
jury, consisting of focal tubulointerstitial fibrosis,
arteriolopathy and glomerulosclerosis was progressive
over time. After four years all biopsied patients had
moderate to severe striped fibrosis, with a mean score
two times higher than that found after one year. All
patients except one developed significant hyalinosis
and the percent of sclerotic glomeruli increased from
1% to 8%. These changes were paralleled by glomeru-
lar filtration rate decrease and glomerular filtration rate
values correlated negatively with the degree of fibro-
sis [480]. So far there is no clear definition of risk fac-
tors related to development of structural renal lesion
in CsA-treated psoriatic patients. Correlations with
dose or trough levels were negative. One study found
that late fibrosis correlated with older age and pres-
ence of hypertension [475], but others did not [480].
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Powles et al reported failure of renal functional im-
provement after one month of CsA discontinuation as
a good predictor for the finding of chronic changes at
biopsy [477].

The use of low doses of CsA in rheumatoid arthri-
tis has also been associated to functional impairment,
occasional development of chronic renal failure and
chronic structural nephropathy [481-486]. Interpreta-
tion of renal biopsies in these patients is complicated
by the possibility of AR-induced changes, like tubulo-
interstitial injury, glomerulosclerosis and amyloidosis
or NSAIDS and analgesic-induced tubulointerstitial le-
sions. In fact, Landewe et al compared renal biopsies
from eleven rheumatoid arthritis patients treated with
low CsA dose (<5 mg/kg) for a mean of 26 m with
renal tissue from autopsy of 22 rheumatoid arthritis
patients who did not receive CsA. The two groups were
matched for age, disease duration, sex and previous
use of gold and/or D-penicillamine. Although glom-
erular filtration rate decreased 26% from baseline in
the CsA group, renal structural injury (glomeruli ob-
solescence, arteriolopathy, tubular atrophy and inter-
stitial fibrosis) was minimal and similar in both groups
[487]. A possible methodological flaw in this study is
the lack of report of the cause of death in the control
group, and the fact that kidney biopsies were not per-
formed in patients withdrawn from CsA treatment due
to decreased renal function [472]. Another study biop-
sied fourteen AR patients treated with low dosages of
CsA (<5 mg/kg) for 6 months. Mean serum creatinine
at biopsy was 0.84 mg/dl, thirteen patients showed
nonspecific renal injury and only one had moderate
striped interstitial fibrosis attributable to CsA nephro-
toxicity. However, there were no baseline, control or
consecutive biopsies in this study [483]. Reports of the
International Kidney Biopsy Registry of Cyclosporine
in Autoimmune diseases showed a little more expres-
sive figure for CsA nephrotoxicity in rheumatoid ar-
thritis [481, 484]. The initial paper compared 41 patients
treated with CsA at a maximum dose of 4.6 ± 1.2 mg/
kg for 16 ± 7 m with 11 rheumatoid arthritis patients
not treated with CsA and 41 sex and age matched nor-
mal controls (kidney donors). The CsA-treated group
showed an interstitial fibrosis and tubular atrophy
score higher than values for normal controls and not
CsA-treated rheumatoid arthritis, although statistical
significance was only seen between normal controls
and CsA-treated rheumatoid arthritis. There was no

case of typical CsA arteriolopathy. More intense mor-
phological changes (moderate focal interstitial fibrosis
with tubular atrophy and/or arteriolopathy) affecting
more than 30% of the biopsy area were found in four
patients of the CsA-treated group and interpreted as
CsA nephropathy. CsA structural injury seemed to cor-
relate with initial serum creatinine level and CsA dose,
but not with treatment length [481]. In a subsequent
paper the group reported data originated from 60 first
and 14 second biopsies in rheumatoid arthritis patients
treated with CsA for up to 87 m. At first biopsy they
found changes consistent wit CsA nephropathy in five
patients, and a further patient presented these changes
at second biopsy. It was stressed that none individual
developed CsA nephrotoxicity among 22 patients who
started treatment with doses lower than 4 mg/kg and
subsequently did not receive doses higher than 5 mg/
kg [484]. Sund et al conducted the only study that com-
pared pre and post treatment biopsies in rheumatoid
arthritis patients given CsA. These authors studied 10
patients, with mean age of 58 years, without known
renal disease, who received a low dose of CsA (< 5
mg/kg) for up to 46 months. Following a first (base-
line) biopsy, a second one was carried out after a mean
of 17.8 months, and a third biopsy after a mean of 38.6
months of treatment. A semiquantitative chronicity
index was used for evaluation of renal tissue. Glom-
erular filtration rate was depressed at the time of both
post treatment biopsies. In the baseline biopsy glom-
eruli were normal or showed slight changes and there
was no fibrosis or just a slight increase in interstitial
area. In the two subsequent post treatment biopsies the
frequency of sclerotic glomeruli increased in two and
four patients, respectively, and slight to moderate fo-
cal interstitial fibrosis and tubular atrophy developed
in about half of the patients. In the seven patients that
had three biopsies chronicity index increased from 2.3
to 3.9 in the second biopsy and remained 3.9 in the
third. Just one patient presented progressive chronic-
ity index in the three biopsies. Arteriolar changes were
nonspecific and similar between the baseline and later
biopsies. There was no correlation between structural
injury, cumulative CsA dose, and duration of treatment
or decrease in glomerular filtration rate. So, this study
showed without a doubt that low doses of CsA can
cause chronic nephropathy in rheumatoid arthritis
patients, but showed too that the injury did not occur
equally in all patients and is not obligatory progres-
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sive, suggesting an important role for individual sus-
ceptibility in the development of CsA-induced struc-
tural lesions [485]. Recently, the number of months with
elevated serum creatinine was shown to be an inde-
pendent predictor for development of irreversible CsA-
induced renal dysfunction. Van der Borne et al study-
ing 83 CsA-treated rheumatoid arthritis patients found
27% of irreversible increase in serum creatinine among
patients that remained with serum creatinine ≥ 30%
from baseline more than two months against 6% in
patients who serum creatinine remained similarly high
less than two months [486].

CsA has also been used in the onset of insulin-de-
pendent diabetes mellitus. Similarly as with the other
autoimmune diseases already cited, CsA treatment was
related to variable degrees of structural and functional
impairment in these patients [488-490]. Mihatsch et al
reported that 25% of 40 individuals with recent onset
insulin-dependent diabetes mellitus treated with CsA
7 to 9 mg/kg for at least one year had renal interstitial
fibrosis and tubular atrophy, and in a less scale, arteri-
olopathy. Serum creatinine at the time of biopsy was
43% higher than baseline values. There was a signifi-
cant correlation between tubular atrophy intensity and
CsA trough blood level [489]. Another study, by Assan
et al, analyzed renal function and histology of 125 in-
sulin-dependent diabetes mellitus patients (74 adults
and 51 children) treated with CsA 7.5 to 10 mg/kg for
an average of 13 months. All patients were in remis-
sion from insulin dependency and without other pos-
sible causes of renal dysfunction at the moment of bi-
opsy. Slight interstitial fibrosis and tubular atrophy
were found in 26% of the patients. Moderate injury was
observed in additional 16% and considered definitely
related to CsA. A nonsignificant trend towards glom-
erular filtration rate decrease was observed in the group
with moderate structural lesion, but functional changes
reversed with CsA dose reduction. Age, excessive CsA
dose and trough blood level were considered risk fac-
tors for chronic injury. The magnitude of serum creati-
nine increase was the best predictor of chronic nephr-
opathy presence at biopsy [488].

Although CsA has been used for treatment of sev-
eral other autoimmune diseases like atopic dermatitis,
myasthenia gravis, systemic sclerosis, primary biliary
cirrhosis and other, data about chronic structural in-
jury in these situations are scarce with occasional re-
ports of end stage renal failure or development of in-

terstitial fibrosis in kidney biopsies in demyelinating
polyradiculoneuropathy, Sjögren’s syndrome, poly-
chondritis and Behçet’s syndrome [471, 491, 492].

Therefore, there is no doubt that even low doses of
CsA can induce chronic irreversible structural injury
and sometimes end stage renal failure in autoimmune
patients. The histological lesions seen more consistently
are interstitial fibrosis and tubular atrophy. The typi-
cal CsA-related arteriolopathy with myocyte necrosis
was rarely demonstrated, with a rather more usual
finding of nonspecific arteriolar hyalinosis. The avail-
able data strongly suggest that the development of
chronic injury and its severity depend on different in-
dividual susceptibilities to CsA. The best predictors for
the presence of fibrosis in renal tissue seem to be the
length of time in which renal function remained de-
pressed and the lack of reversibility of functional im-
pairment after CsA discontinuation. Whereas in solid
organs or bone marrow transplantation CsA use is nec-
essary and justified by obvious reasons, its use in pa-
tients with nonfatal autoimmune diseases should be
carefully balanced against the risk of causing progres-
sive renal fibrosis, chronic renal failure or even end
stage renal failure.

Clinical aspects: Primary renal disease

CsA is a valid option for treatment of steroid-resis-
tant or relapsing nephrotic syndrome and for some
forms of glomerulopathies. The clinical and histologi-
cal differentiation of underlying disease progression
from chronic CsA nephrotoxicity in these patients is
extremely hard to perform. A baseline biopsy collec-
tion is mandatory for reliable renal tissue evaluation
in this setting. Some studies approached this problem
with the accomplishment of pre and post treatment bi-
opsies originating conflicting results. Clasen et al re-
ported that post treatment renal biopsies in five mini-
mal-change nephrotic syndrome patients treated with
CsA for 10 months did not show significant vascular
or interstitial changes [493]. The same group published
another paper four years later, studying 21 patients
with severe steroid-resistant or steroid-dependent
nephrotic syndrome treated with CsA for 6 to 71
months. Curiously, at this time possible CsA nephro-
toxicity was diagnosed in three and definite CsA-in-
duced nephropathy in two patients. The mean glom-
erular filtration rate value remained stable over time



429

21. Calcineurin inhibitors and sirolimus

[494]. Meyrier et al found different patterns of response
for CsA treatment in patients with minimal change dis-
ease and focal segmental glomerulosclerosis. In this
study, baseline and sequential renal biopsies were done
in 36 nephrotic syndrome patients. Those with mini-
mal change disease had stable normal function and less
severe tubulointerstitial injury on follow-up biopsy. In
contrast, the group with focal segmental glomerulo-
sclerosis increased their serum creatinine as compared
to minimal change disease patients and presented a
further deterioration of renal histology, i.e. an increased
number of sclerotic glomeruli and worsening of inter-
stitial fibrosis. CsA doses higher than 5.5 mg/kg were
associated with more severe structural injury [495]. On
the other hand, Waldo et al did not find progression of
interstitial fibrosis in four follow-up biopsies done af-
ter at least two years of CSA therapy in children with
steroid-resistant nephrotic syndrome due to focal and
segmental glomerulosclerosis [496]. Habib and Niaudet
performed baseline and sequential biopsies in 42 CsA-
treated children with idiopathic nephrotic syndrome.
At pretreatment biopsy just one patient showed mod-
erate tubulointerstitial lesions against nine patients
presenting severe interstitial injury in the first follow-
up biopsy, done after a mean time of 13 ± 4 months of
therapy. A second follow-up biopsy was done after a
mean of 29 ± 6 months of CsA therapy and showed
progressive tubulointerstitial injury in 13 of 23 children.
There was no correlation between the histological
changes and length of treatment, CsA blood or trough
levels and no impairment of renal function [497]. Other
studies found renal structural injury compatible with
CsA-induced nephropathy in 7 to 18% of children and
adults with nephrotic syndrome and minimal change
disease or focal segmental glomerulosclerosis after long
term CsA treatment [498-500]. Seikaly et al found mild
but progressive tubular atrophy and interstitial fibro-
sis in 75% of eight children with minimal change dis-
ease treated with CsA for more than three years com-
pared to 25% of similar interstitial lesion in eight chil-
dren with primary nephrotic syndrome. Cortical in-
terstitial fibrosis and tubular atrophy areas were sig-
nificantly wider in kidneys from children treated with
CsA than in kidneys from not treated children that had
primary nephrotic syndrome [501].

Clinical management of chronic nephrotoxicity

The first challenge for prevention and treatment of
chronic nephrotoxicity is to correctly diagnose it at early
stages. Since we are talking about a definition that re-
lies on the presence of irreversible structural injury, a
renal biopsy is clearly the gold standard for diagnosis.
However, renal biopsies were time consuming, rela-
tively expensive and not free of risks. Moreover, due
the focal characteristics of the process and the limited
size of a sample biopsy, early or mild lesions may go
undiscovered. Changes in renal function or irrevers-
ible renal functional impairment are other possible di-
agnostic tools. Nevertheless, renal function is often fol-
lowed through serum creatinine levels, a method with
notorious little sensitivity. Even more accurate glom-
erular filtration rate measurements by creatinine, ra-
dioisotope or inulin clearance can overestimate real
renal function due to the kidney great functional ca-
pacity reserve. Urinary enzymes like alanine ami-
nopeptidase or N-acetyl Β-D-glucosaminidase own
high sensitivity but lack specificity. There is an abso-
lute necessity for an accurate and non-invasive pro-
cess for early detection of chronic nephrotoxicity, in
order to prevent or minimize CsA effects on renal tis-
sue. Recently, some potential diagnostic markers ap-
peared. Urinary collagen III, and to a lesser extent se-
rum collagen III were shown to be good markers for
renal fibrosis amount in biopsies from 40 patients with
a number of subacute and chronic nephropathies [502].
Haas et al tested the presence of smooth muscle-spe-
cific isoform of α-actin in the urine of renal transplant
patients submitted to renal biopsy. Patients with renal
biopsy showing CsA or tacrolimus nephrotoxicity had
increased smooth muscle-specific isoform of a-actin at
urine samples when compared to cases without toxic-
ity or healthy controls. Smooth muscle-specific isoform
of α-actin correlated well with arteriolopathy severity
at biopsy. However, there was an expressive overlap-
ping of values among the three groups, making smooth
muscle-specific isoform of α-actin an unreliable marker
for clinical diagnosis of chronic CsA nephrotoxicity
[503]. Recently, Câmara et al used the rational that CsA-
induced interstitial fibrosis would induce subtle proxi-
mal tubule dysfunction to test the role of urinary ret-
inol binding protein as an early marker for develop-
ment of chronic CsA nephropathy. Retinol-binding
protein is a small protein filtered by the glomeruli and
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almost totally reabsorbed by the proximal tubule, and
so increases in urinary concentration point to proxi-
mal tubule dysfunction. The authors studied 36 clini-
cally stable CsA-treated heart transplant recipients and
identified two subsets of patients, one with high (13
patients) and other with normal (23 patients) urinary
concentration of retinol binding protein. During a five
years follow-up period 46% of the patients doubled
serum creatinine and 38% of then developed end stage
renal failure and required dialysis in the high urinary
retinol binding protein concentration group against
13% doubling serum creatinine and none developing
end stage renal failure in the normal urinary concen-
tration group. These results indicate that urinary ret-
inol binding protein might be a valuable predictor of
chronic CsA nephrotoxicity [504].

Currently, preventive measures or treatment for
chronic CsA nephrotoxicity are only speculative. A
straightforward way to prevent CsA-induced renal fi-
brosis would be to reduce its dosage or completely
withdraw the drug. Recently, some authors have ar-
gued about the real need to maintain long-term CsA
therapy in transplant recipients, supported by the point
that the most noteworthy benefit of CsA use is a re-
markable decrease in early acute rejection rate, and so
the drug might be decreased or discontinued after the
initial months of immunosuppression phase, without
compromising long term graft survival [242, 322]. As
already discussed in the acute CsA nephrotoxicity sec-
tion this strategy is still a matter of debate, with some
passionate pros and contras. Mourad et al reported that
in renal transplant recipients with histologically dem-
onstrated chronic CsA nephropathy after long term
therapy, conversion to a sparing or CsA-free immuno-
suppressive schedule resulted in significant renal func-
tion improvement. Unfortunately renal biopsies after
CsA regime changes were done only in few patients,
who demonstrated improvement of the structural in-
jury [444]. Similarly, Dominguez et al switched 12 re-
nal transplant recipients suffering from chronic CsA
or tacrolimus nephrotoxicity to rapamycin therapy, ob-
serving a significant decrease in serum creatinine of
all patients at 6 months [359].

Recently, a number of authors reported a benefi-
cial effect of CsA dose reduction or discontinuation in
conjunction with maintenance or introduction of my-
cophenolate mofetil in patients with histologically
proved or clinically suspected chronic CsA nephropa-

thy. Improvements in renal function were detected in
all studies and one reported decrease in serum TGF-β
after mofetil mycophenolate introduction. None of the
studies performed sequential or follow-up biopsies af-
ter immunosuppressive schedule changes [344, 447,
505-508]. The crescent number of papers showing that
mofetil mycophenolate arrests renal injury in experi-
mental models of progressive nephropathy [509-511]
raises the question if the beneficial effect of mofetil my-
cophenolate in the renal function of CsA-treated pa-
tients is just the result of CsA dose change/withdrawal
or a specific consequence of mofetil mycophenolate
therapy. In our laboratory, we just finished a study
showing the lack of effects of mofetil mycophenolate
on the prevention of chronic CsA nephrotoxicity in the
salt-depleted rat model, suggesting that the renal func-
tion improvement seen in the clinical studies was prob-
ably due to CsA reduction or discontinuation [512].

There are few results available about pharmacologi-
cal management of chronic CsA nephrotoxicity in the
clinical field. McCulloch et al studied the effects of nife-
dipine in CsA-induced interstitial fibrosis in renal trans-
plantation. The authors compared three groups of pa-
tients (conventional CsA dose versus conventional CsA
dose plus nifedipine versus low CsA dose plus aza-
thioprine) measuring cortical interstitial volume frac-
tion at baseline time and after one, six and 12 months
of therapy. After six and 12 months interstitial volume
was lower in patients treated with CsA plus nifedipine
as compared with the two other groups, but the re-
sults only reached statistical significance at 6 months.
Glomerular filtration rate was significantly lower in
CsA-treated patients as compared to CsA plus
nifedipine and CsA plus azathioprine. There was a
negative correlation between glomerular filtration rate
and interstitial volume fraction [513]. Use of losartan
in renal transplant recipients with chronic allograft
nephropathy decreased systemic TGF-β levels, indi-
rectly suggesting a possible reduction in the renal
fibrogenic process [514].
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TACROLIMUS NEPHROTOXICITY

The nephrotoxicity profile of tacrolimus is very
similar to that of CsA. Tacrolimus induces acute and
reversible functional changes in renal function, chronic
renal irreversible structural injury, electrolyte distur-
bances, renal tubular acidosis and hemolytic-uremic
syndrome. There are some few and important differ-
ences: tacrolimus induces less hypertension but more
glucose metabolism impairment than CsA [242, 515-
521]. Also resembling CsA, tacrolimus association with
drugs that interfere with the cytochrome P-450 metabo-
lism or with other nephrotoxic drugs, can precipitate
acute renal dysfunction [522-526] .

Acute nephrotoxicity

Tacrolimus acute nephrotoxicity can manifest itself
as clinically significant acute renal failure, asymptom-
atic changes in glomerular filtration rate [254, 527-533]
or hemolytic-uremic syndrome [534-538]. Even being
a cause of hemolytic-uremic syndrome, tacrolimus has
been advocated as an alternative treatment for patients
with CsA-induced hemolytic-uremic syndrome [539,
540]. However, cases of patients with CsA-induced
hemolytic-uremic syndrome that recurred after con-
version from CsA to tacrolimus have been reported,
indicating that this approach is not completely safe
[541].

Tacrolimus causes acute reversible renal dysfunc-
tion with the same frequency and intensity as cyclo-
sporine A in renal [527-529, 533], liver [254, 530-532,
542, 543], heart [544-546] and pulmonary [547, 548]
transplant recipients. Tacrolimus-induced glomerular
filtration rate decrease is associated with an important
increase in renal vascular resistance and renal blood
flow decrease that occur both in humans and rodents
[61, 542, 549-554]. In a consistent way with this pattern
of renal hemodynamic changes, the use of calcium
channel blockers improved renal function in tacroli-
mus-treated liver transplant recipient [555] and experi-
mental models of tacrolimus nephrotoxicity [551, 556-
558]. Like CsA, tacrolimus acute nephrotoxicity is as-
sociated with normal renal histology or with nonspe-
cific changes like isometric cytoplasm vacuolation in
tubular epithelial cells, microcalcification, giant mito-
chondria and giant lysosomes. These changes revert
with drug reduction or discontinuation [559].

Tacrolimus dose and exposure did not show corre-
lation, but tacrolimus trough levels have a strong cor-
relation with drug exposure and high trough levels
have been associated to episodes of nephrotoxicity [281,
528, 560]. Tacrolimus trough levels < 5 ng/ml are as-
sociated with a 5% risk of nephrotoxicity but a 50%
risk of rejection. At trough levels of 25 ng/ml there
was no rejection but the nephrotoxicity rate raised to
90%. So, a good compromise to obtain efficient immu-
nosuppression with less nephrotoxicity seems to be
keeping blood levels between 10 to 15 ng/ml [281].

Experimental studies suggest that tacrolimus may
have distinct effects on renal vascular resistance when
compared to CsA. Some authors did not find changes
in RVR after high single IV doses of tacrolimus in vivo
or when the drug was used in the isolated auto per-
fused rat kidney model [561, 562]. Hadad et al per-
formed glomerular hemodynamics studies in rats af-
ter a single injection or 10 days of treatment with tac-
rolimus. The drug caused, both acutely and after 10
days, a significant decrease in single nephron glom-
erular filtration rate, glomerular plasma flow rate and
glomerular ultrafiltration coefficient (Kf) and a signifi-
cant increase in total arteriolar resistance. It is impor-
tant to point out that tacrolimus rose in a similar ex-
tent afferent and efferent arteriolar resistance. When
this drug was added to cultured mesangial cells it sig-
nificantly reduced cell cross sectional area and in-
creased the intracellular calcium concentration [550].
So, the main determinants for glomerular filtration rate
and renal blood flow decrease after tacrolimus admin-
istration are likely a generalized increase in renal arte-
rioles resistance and an important decrease in Kf.

Much of the mechanisms associated to CsA-induced
acute nephrotoxicity were also evoked and studied in
tacrolimus functional nephrotoxicity. Evidence favor-
ing a role for RAS came from studies showing juxta-
glomerular apparatus hyperplasia, increase of renin-
containing juxtaglomerular apparatus and extent of
immunostaining for renin along afferent arterioles, en-
hancement of tacrolimus nephrotoxicity by salt-deple-
tion and increased plasma renin activity in tacrolimus-
treated rats [549, 563-566]. Stillman et al showed that
juxtaglomerular apparatus granularity did not corre-
late with systemic plasma renin activity levels, which
suggests a local activation of the renin-angiotensin-al-
dosterone system [564]. Experimental administration
of captopril did not prevent tacrolimus-induced fall in
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glomerular filtration rate [567].
A possible role for prostaglandins in tacrolimus

acute nephrotoxicity has been explored with conflict-
ing results. Textor et al reported that tacrolimus de-
creased urinary 6-keto-PGF1α and thromboxane B2 in
liver transplant recipients [542]. In SHR rats, acute tac-
rolimus nephrotoxicity was associated with increased
urinary thromboxane B2 and decreased 6-keto-PGF1α
[557]. Benigni et al did not find changes in the release
of thromboxane B2 and 6-keto-PGF1α by bovine en-
dothelial cells even after 24-hour incubation with in-
creasing concentrations of tacrolimus [561]. In contrast,
McCauley et al showed a tacrolimus-induced decrease
in thromboxane B2 and increase in PGE2 production
by mesangial cells [568].

Results about tacrolimus effects on endothelin sys-
tem and its association with acute nephrotoxicity are
also inconsistent. Tacrolimus-induced increase in uri-
nary endothelin was found in denervated isolated per-
fused rat kidney and in liver transplant recipients [61,
551]. Increased serum levels of endothelin were found
in kidney and simultaneous kidney/pancreas trans-
plant recipients suffering from tacrolimus-induced mi-
croangiopathy syndrome [534]. In another study, tac-
rolimus stimulated the secretion of endothelin-1 by cul-
tured tubular cells and increased serum endothelin lev-
els in treated rats [569]. Tacrolimus has been shown to
enhance endothelin release by rats’ mesangial cells and
rabbits’ proximal tubule cells [570, 571] but not by LLC-
PK1 epithelial cells or cultured bovine endothelial cells
[561, 572]. In human endothelial cells, tacrolimus only
increased endothelin-1 secretion and endothelin-1
mRNA when extremely high doses were used (0.1
µmol) but not when clinically relevant doses (0.01
µmol) were added to the medium [573]. In a compara-
tive study, tacrolimus showed a weaker effect than CsA
on stimulation of prepro endothelin-1 mRNA [574]. Use
of endothelin receptor antagonists for prevention of
acute tacrolimus nephrotoxicity provided poor results.
Although tacrolimus augmented endothelin-1 mRNA
levels in SHR, use of an endothelinA/endothelin B re-
ceptor antagonist did not reverse glomerular filtration
rate fall and only partially attenuated RVR increase
[575]. In the same way, use of an endothelinA receptor
antagonist in a dose that has been previously shown
as effective for blocking renal effects of exogenous en-
dothelin infusion did not prevent glomerular filtration
rate decrease in tacrolimus-treated rats [576]. Likewise,

an endothelinA receptor antagonist only partially pre-
vented tacrolimus-induced glomerular filtration rate
decrease but did not alleviate perfusate flow rate fall
and perfusion resistance increase in an isolated per-
fused rat kidney model [551]. Taken together these data
have shown that, as opposed to what has been dem-
onstrated for CsA, the real role of endothelin in acute
tacrolimus nephrotoxicity remains to be elucidated.

Tacrolimus capacity to blockade nitric oxide path-
way has been well demonstrated. Nitric oxide plays a
major role in the pathogenesis of cerebral hypoxia-is-
chemia injury mediated by glutamate/N-methyl-D-as-
partate (NDMA). This injury depends on intracellular
calcium influx through NDMA receptor channels,
which activate calcineurin with consequent dephos-
phorylation of constitutive nitric oxide synthase. Tac-
rolimus addition to cultured neuronal cells reduced
NDMA-mediated toxicity, through the inhibition of
calcineurin activation, inhibition of constitutive nitric
oxide synthase dephosphorylation and consequent de-
crease in nitric oxide production [577]. In other stud-
ies, tacrolimus reduced nitric oxide activity and nitric
oxide production in cultured mice macrophage and rat
vascular smooth muscle cells. Interestingly, in these
studies tacrolimus showed a weaker inhibitory effect
than CsA, suggesting that suppression of nitric oxide
synthase occurred through distinct mechanisms [94,
578, 579]. More than that, Dusting et al found that only
CsA but not tacrolimus suppressed nitric oxide pro-
duction when clinically relevant doses of these drugs
were added to a murine macrophage cell line and rat
vascular smooth muscle cells in culture, raising doubts
if nitric oxide blockade is really implicated in tacroli-
mus nephrotoxicity [94]. On the other hand, Strestikova
et al have recently published opposing results. These
authors, using cultured rat peritoneal macrophages,
also showed that tacrolimus and CsA blocked induc-
ible nitric oxide synthase by different mechanisms: at
the transcriptional level for tacrolimus and post-tran-
scriptionally for CsA. However, in their studies the in-
hibitory effect elicited by tacrolimus was clearly more
potent than that obtained with CsA [580]. The study of
the interplay between tacrolimus and nitric oxide has
provided some other disturbing evidences, that did not
fit easily in the conception of tacrolimus-induced ni-
tric oxide blockade as a mechanism of tacrolimus neph-
rotoxicity. For instance, tacrolimus has been shown to
up regulate endothelial nitric oxide synthase mRNA
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expression in cultured bovine aortic cells [178], tacro-
limus-treated rats presented an increase in urinary ni-
tric oxide excretion [581], nitric oxide enhanced tacro-
limus-induced proximal tubular epithelial cells apop-
tosis [582], incubation with L-arginine caused a signifi-
cant reduction in acetylcholine-induced sensitivity in
arteries isolated from rats treated with tacrolimus for
eight days [583] and CsA, but not tacrolimus inhibited
mRNA expression of inducible nitric oxide synthase
in murine macrophage cell [584]. Manipulation of the
system has provided contradictory results. L-NAME
administration to tacrolimus treated rats resulted in de-
creased nitric oxide urinary excretion and enhancement
of renal dysfunction [581]. Administration of L-argin-
ine simultaneously to renal arteries clamping in a rat
model of ischemic acute renal failure in tacrolimus-
treated animals induced partial protection on renal
function and hemodynamics [585]. In contrast, admin-
istration of L-arginine in a rat model of tacrolimus acute
nephrotoxicity was unable to prevent functional renal
injury, although L-arginine-treated rats presented sig-
nificantly higher amounts of urinary nitric oxide [586].

Other mediators have been related to tacrolimus
acute nephrotoxicity like decreased serum fibrinolytic
activity [587], sympathetic overactivity [149, 588], in-
creased renal glutathione levels [589] and increased se-
rotonin production [552].

Tacrolimus may induce tubular dysfunction reflect-
ing as an increased excretion of urinary enzymes, de-
creased urinary concentrating ability, increased frac-
tional excretion of magnesium in the presence of hy-
pomagnesemia, hyperkalemia, hyperuricemia and tu-
bular acidosis [12, 230, 515, 518, 564, 590, 591]. In vitro
studies showed that tacrolimus inhibit Na/K – ATPase
in rat microdissected cortical collecting duct and med-
ullary thick ascending limb [592], and that high tacro-
limus doses added to primary human proximal tubules
cultures decreased cell proliferation after 72 hours of
incubation [593]. In the same way, only elevated con-
centrations of tacrolimus had a direct cytotoxic effect
on LLC-PK1 tubular cell line [569]. In accordance with
these previous results, Cuvello Neto et al recently
found that tacrolimus was toxic to oxygenated isolated
proximal tubules only in high concentrations. The in-
jury seems to be mediated by a transient increase in
intracellular calcium and an increase in oxygen free
radicals. On the other hand, FK 506 protected against
hypoxia and reoxygenation injury, probably due to the

inhibition of nitric oxide synthase activity, reducing
nitric oxide and oxygen free radicals generation [594].

If taken together, those data about acute tacrolimus
nephrotoxicity suggest that although the net effect of
this drug on vascular reactivity, tubular cells and re-
nal function is very similar to that caused by CsA, the
mechanisms of tacrolimus-induced functional renal in-
jury are not obligatory the same implicated in CsA-
induced acute nephrotoxicity.

Chronic nephrotoxicity

Soon after the beginning of tacrolimus clinical use
it became apparent that the new immunosuppressive
drug induced chronic renal structural injury identical
to that seen in CsA-treated patients. In a blinded analy-
sis of renal biopsy specimens from renal transplant re-
cipients randomized to receive either CsA or tacroli-
mus, Randhawa et al documented for the first time that
chronic renal histological injury caused by the two
drugs was indistinguishable qualitatively and quanti-
tatively. In both groups was found a similar prevalence
and severity of striped fibrosis, arteriolar hyalinosis and
peritubular calcification [595]. Subsequently, several
authors confirmed these initial findings, describing tac-
rolimus-related chronic structural changes absolutely
similar to that caused by CsA [559, 596-598]. Moreover,
Solez et al reported that CsA and tacrolimus caused a
similar prevalence of chronic allograft nephropathy in
144 cadaveric kidney recipients (62% in tacrolimus and
72.3 % in CsA). The authors did not find any apparent
histological difference between tacrolimus and CsA bi-
opsies. A multivariate analysis disclosed nephrotoxic-
ity and acute rejection as the most significant predic-
tors for chronic allograft nephropathy [599]. Permanent
functional impairment and terminal chronic renal fail-
ure have also been related in liver and heart transplant
recipients treated with tacrolimus [530, 544].

Andoh et al developed an experimental model of
tacrolimus-induced chronic nephrotoxicity through a
salt-depletion maneuver in rats [549, 563]. A particu-
lar characteristic of this model is that renal functional
changes and structural injury occur with tacrolimus
blood levels equivalent to those found in tacrolimus
treated patients, in a striking contrast with the CsA
chronic nephrotoxicity model, where extremely high
CsA blood levels are achieved. In this tacrolimus model
there is an early and dose-dependent decrease in glom-
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erular filtration rate and renal blood flow with a paral-
lel RVR increase followed by a late development of re-
nal interstitial fibrosis involving the inner strip and
medullary rays, arteriolar hyalinosis, tubular atrophy
and hypertrophy and medullary thick ascending limb
size variance. Structural injury showed a statistically
significant positive correlation with decreased renal
function [549, 563, 564].

Using this salt depletion model Shihab et al ex-
plored some of the possible mechanisms of tacrolimus-
induced chronic nephrotoxicity. These authors found
that tacrolimus induced a progressive increase in re-
nal vessels and tubulointerstitial expression of mRNA
for TGF-β, matrix proteins (biglycan, tenascin, fibro-
nectin, type I collagen) and the protease inhibitor plas-
minogen activator inhibitor 1. So, tacrolimus at the
same time that induced a TGF-β-related increase in ex-
tracellular matrix proteins blocked its degradation
There was an early and sustained increase in systemic
plasma renin activity and renal tissue renin mRNA,
suggesting a participation of this system in the genesis
of interstitial fibrosis [600]. Another evidence pointing
for a role of renin-angiotensin-aldosterone system in
chronic tacrolimus nephrotoxicity came from the study
of Stillman et al, which demonstrated increased juxta-
glomerular apparatus granularity in salt-depleted rats
given tacrolimus. Juxtaglomerular apparatus granular-
ity did not correlate with systemic renin, suggesting
local renin-angiotensin-aldosterone system activation,
but strongly correlate with the degree of structural in-
jury [564]. Andoh et al provided an additional sup-
port for renin-angiotensin-aldosterone system role
showing that cotreatment with losartan partially pre-
vented the development of interstitial fibrosis in salt-
depleted tacrolimus-treated rats [601].

Another mechanism that may contribute to tacroli-
mus-induced renal fibrosis is increased IL-6 produc-
tion through NF-kappaB activation on non lymphoid
cells. Tacrolimus stimulate this inducible transcription
factor, which enhances IL-6 production in fibroblasts
and mesangial cells. IL-6 in turn triggers mesangial cell

proliferation and extracellular matrix production [521,
602].

Recent clinical and experimental studies suggested
that tacrolimus might have less renal pro-fibrogenic
effects than CsA. Using a rat model of renal ischemia-
reperfusion associated with pro fibrotic genes up-regu-
lation, Jain et al found that tacrolimus-treated animals
developed less proteinuria and lower serum creatinine
than CsA-treated rats. The authors also found that tac-
rolimus-treated rats had decreased expression of TGF-
β and tissue inhibitor of metalloproteinase 1 mRNA as
compared to non treated rats submitted to ischemia-
reperfusion. CsA did not change TGF-β or tissue in-
hibitor of metalloproteinase 1 mRNA, but increased
collagen III expression and reduced matrix degrading
proteins expression (MMP-2 and MMP-9), although
those changes did not reach statistical significance
[603]. One possible explanation for the discrepancy in
TGF-β expression results between this and the previ-
ous study that showed enhancement of TGF-β is that
Jain et al used 0.2 mg/kg of tacrolimus while Shihab et
al used 1 mg/kg of the drug [600, 603]. Differences be-
tween the fibrogenic potential of CsA and tacrolimus
were also generated by the analysis of fibrosis-associ-
ated genes in isolated glomeruli obtained from renal
biopsies of tacrolimus and CsA-treated transplant re-
cipients. Expression of collagen III and tissue inhibitor
of metalloproteinase 1 were significantly higher in CsA-
treated animals. Interestingly, mRNA expression for
TGF-β was similar in both groups [604]. The improve-
ment in renal function seen in some (not all) patients
with biopsy proved chronic allograft nephropathy af-
ter switch from CsA to tacrolimus might be related to
this putatively less pro-fibrogenic effect of tacrolimus
[605].

In summary, tacrolimus produces clinical and ex-
perimental tubulointerstitial fibrosis indistinguishable
from that seen with CsA. The pathogenic mechanisms
for this structural injury are apparently similar to those
described for CsA. If tacrolimus in fact has less
fibrogenic renal effect than CsA remains to be conclu-
sively determinate.
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SIROLIMUS NEPHROTOXICITY

Rapamycin (sirolimus) is a recently introduced im-
munosuppressive drug which is isolated from the fun-
gus, Streptomyces hygroscopicus. It is a macrocyclic lac-
tone structurally similar to tacrolimus.  Unlike
tacrolimus and cyclosporine, sirolimus has little neph-
rotoxicity when administered without a calcineurin in-
hibitor to renal transplant recipients. Experimental
studies have shown that sirolimus when compared in
animal models to cyclosporine and tacrolimus pro-
duces no decrease in glomerular filtration rate [12].
Despite having little effect on glomerular filtration rate,
animal studies have shown that similar to the calci-
neurin inhibitors, magnesium wasting is observed with
sirolimus [12].

In studies prepared for drug approval by the regu-
latory agencies in the United States, sirolimus plus cy-
closporine was compared with regimens containing
cyclosporine alone. While rejection rates were mark-
edly decreased with sirolimus added to cyclosporine,
renal function at one year was worse with the combi-
nation of the two immunosuppressive drugs. These
results are thought to be due to a drug interaction such
that sirolimus raises cyclosporine blood levels. Some-
what at odds with this interpretation of these data are

the studies of Lieberthal showing that rapamycin (siro-
limus) impairs recovery from ischemic acute renal fail-
ure in the absence of cyclosporine. One hypothesis is
that cyclosporine produces some degree of renal is-
chemia due to vasoconstriction and the rapamycin im-
pairs recovery of those cells due to its antiproliferative
action [606].

Sirolimus has been used to spare cyclosporine in
the setting of cadaveric renal transplant since unlike
the calcineurin inhibitors it is not vasoconstrictive and
thus theoretically at least should be of benefit in is-
chemic reperfusion injury. The studies of Lieberthal
mentioned above would lead one to a different strat-
egy. Indeed there are now anecdotes appearing in the
literature that similar to experimental animals, siroli-
mus potentiates ischemic injury following transplan-
tation. There are few data with the combination of siro-
limus and tacrolimus. However, limited information
suggests that the pattern may be the same. Thus, it is
clear that sirolimus used without a calcineurin inhibi-
tor is safe from a nephrotoxic point of view but in com-
bination with a calcineurin inhibitor there are either
drug interactions or more fundamental cellular actions
of sirolimus that may be adverse to renal tubular cells
to impair recovery from ischemic insults such as hy-
potension and/or acute rejection episodes.
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Introduction

The term cytokines includes interleukins, chemo-
kines, growth factors, colony stimulating factors,

and tumor necrosis factors (TNF). These molecules are
involved in cell injury and repair, inflammation and
its regulation, and apoptosis.

In the first part of this chapter, we review the renal
toxicity of the cytokines currently in clinical use. In the
second part, we describe the cytokine-mediated neph-
rotoxicity associated with the use of the OKT3 mono-
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clonal antibody in transplant recipients.
Cytokine associated renal dysfunction is regularly

observed in the setting of sepsis syndrome or systemic
inflammatory response syndrome. Systemic inflamma-
tory response syndrome is often used as a model for
evaluating the renal effects of various cytokines. Dur-
ing systemic inflammatory response syndrome, it has
been observed that even in the absence of systemic hy-
potension, acute tubular necrosis can occur. Certain
cytokines are released during systemic inflammatory
response syndrome that mediate peripheral vasodila-
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tion in the absence of systemic hypotension. The renal
response to peripheral vasodilation is renal vasocon-
striction and reduced renal blood flow. One can ap-
preciate that in the setting of renal ischemia, it is diffi-
cult to conclusively attribute the etiology of acute tu-
bular necrosis to the direct nephrotoxic effects of cyto-
kines much less any individual cytokine among the
cascade of mediators which produce the shock syn-
drome. The cytokine release syndrome associated with
OKT3 administration, as discussed later in this chap-
ter, is similar to systemic inflammatory response syn-
drome. In both syndromes, TNF-α is the initiator or
central mediator of the cytokine cascade.

The crucial role of TNF-alpha in
cytokine-associated renal dysfunction

Tumor necrosis factor α (TNF-α) is a pro-inflam-
matory cytokine which augments its own production
and the synthesis of other inflammatory mediators. It
stimulates the pyrogen, IL-1β and regulates genes cod-
ing for other inflammatory mediators such as IL-1, IL-

Table 1. TNF-α actions [2].

1. Induces synthesis of active proteins by causing changes in gene expression.

2. Induces both cell necrosis and cell apoptosis

3. Mitogenic for fibroblasts, hepatocytes, smooth muscle cells, and lymphocytes.

4. Increases natural killer, endothelial, macrophage/monocyte, neutrophil, and lymphocyte cell activity.

5. Stimulates production of adrenocorticotrophic hormone and thyroid stimulating hormone.

6. Stimulates muscle cell glycolysis and glycogenesis

7. Stimulates synovial fluid synthesis of prostaglandine-D2, plasminogen activator, collagenase, hyaluronic acid

8. Major role in inflammation by providing cell signals and regulating genes that code for IL-1, IL-6, IL-8, macrophage
inflammatory protein, granulocyte macrophage-colony stimulating factor, intercellular adhesion molecule 1 (ICAM-
1), and endothelial leukocyte adhesion molecule 1 (ECAM-1)

Table 2. Tumor necrosis factor-mediated renal diseases [3].

1. Ischemia and reperfusion-induced acute tubular necrosis

2. Endotoxin induced acute renal failure

3. Renal injury models such as aminonucleoside-induced nephrosis and adriamycin-induced nephrosis

4. Anti-glomerular basement membrane glomerulonephritis

5. Immune complex glomerulonephritis

6. Focal proliferative and exudative glomerulonephritis

7. Lupus nephritis

8. Diabetic nephropathy

6, IL-8, and macrophage inflammatory protein. Endo-
toxin is the most studied stimulator of TNF-α but other
cytokines, various phospholipases and protein kinases,
and some toxic agents also participate in its activation.
There are two TNF-α receptors and two distinct fami-
lies of adaptor proteins or TNF-α receptor-associated
factors that can activate different cytosolic signaling
cascades (death domain homologs and signaling path-
ways such as mitogen-activated protein kinase and ex-
tracellular signal-regulated kinase) leading to activa-
tion of a variety of nuclear transcription factors, espe-
cially NF-kappaB [1]. The plasticity of this system helps
to explain the number and complexity of TNF-α ac-
tivities (Table 1).

TNF-α and interleukin-1 (IL-1) are the two major
cytokines implicated in the pathogenesis of systemic
inflammatory response syndrome. Inhibition of these
cytokines with anti-cytokine antibodies or receptor de-
ficient knockout mice is associated with prevention of
renal injury, but the mechanism may be simply pre-
venting hypotension. The data do not support a direct
role of IL-1 in the pathogenesis of acute renal failure
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during sepsis. IL-1 infusions do not alter GFR or renal
blood flow or blood pressure [4]. Very high doses of
systemic TNF-α can cause renal injury as observed by
Bertani in an experimental rabbit model. He showed
that an intravenous TNF-α infusion did induce glom-
erular endothelial damage, neutrophil accumulation,
and fibrin deposition within capillary lumens [5].

While systemically administer TNF-α and IL-1 does
not appear to have a direct effect on the kidney, they
may stimulate local synthesis of cytokines. Giroir et al.
showed that endotoxin infusions in mice increased
TNF-α synthesis in the kidney [6]. Other investigators
have shown that TNF-α and IL-1 induce glomerular
endothelial and mesangial cell production of vasocon-
strictive mediators, platelet activating factor, endothe-
lin-1 and adenosine plus release of the vasodilators ni-
tric oxide and prostaglandin E2. Local release of TNF-
α reduces glomerular blood flow and glomerular fil-
tration rate, induces the synthesis of other
proinflammatory mediators, and, along with reactive
oxygen species, increases glomerular albumin perme-
ability. TNF-α recruits neutrophils and monocytes to
the kidney and enhances their adhesion to glomerular
cells and induces expression of intercellular adhesion
molecules and ligands for L-selectin. Thus TNF-α pro-
motes aggregation and adhesion of neutrophils and
monocytes to glomerular cells and release of other toxic
products. TNF-α induces production of reactive oxy-
gen species by mesangial cells and tissue factor pro-
duction by mesangial and endothelial cells, leading to
fibrin deposition. Reactive oxygen species and IL-1
activate transcription factors involved in inflammatory
gene expression [7, 8].

Local over-expression of cytokines, especially TNF-
α and IL-1, are involved in many of the structural and
functional changes in inflammatory kidney diseases [9,
10, 11]. Ischemia-reperfusion induces TNF-α produc-
tion not only in the kidney, but also in liver, heart, lung
and brain. Ischemia also results in monocyte infiltra-
tion into the kidney and may be the initial source of
TNF-α. TNF-α has been shown to decrease glomeru-
lar blood flow, increase basement membrane perme-
ability, activate glomerular endothelial and mesangial
cells, and induce proteinuria and tubulointerstitial ne-
phritis [12]. At one time it was thought that infiltrating
monocytes were the only source of TNF-α. It is now
known that glomerular mesangial cells and possibly
proximal convoluted tubule cells are a local source of

TNF-α [3].
How does one unscramble the direct effects or in-

direct effects of various cytokines when the pathways
are numerous, complex and inter-related and indi-
vidual cytokines may have opposite roles depending
on the biologic setting? Many of these cytokines have
been produced by recombinant technology and are
used clinically in the treatment of cancer, autoimmune
disease, viral disease (e.g. hepatitis B and C), and even
some types of glomerulonephritis [13].

This chapter will examine the nephrotoxic poten-
tial of the cytokines or monoclonal antibodies at the
doses being used in the treatment of cancer, autoim-
mune diseases, and transplantation. Non-specific
immunomodulators and highly specific monoclonal
antibodies are being used singly or in various combi-
nations to treat cancer, autoimmune disease, and solid
organ transplants. Many of these therapies achieve
their effect by stimulating the release of cytokines or
release cytokines as a by-product of therapy.

Adjuvants and immunomodulators

Melatonin: T-helper cells bear G-protein coupled me-
latonin cell membrane receptors and activation of me-
latonin receptors, induce the release of T-helper cell
type 1 (Th1) cytokines such as interferon-γ (IFN-γ) and
IL-2. Melatonin also stimulates the release of novel
opioid cytokines, which cross-react immunologically
with both IL-4 and dynorphin B. Melatonin may en-
hance the production of IL-6 from human monocytes.
Conversely, IFN-γ and various colony-stimulating fac-
tors may feedback to modulate melatonin production
by the pineal gland [14].
European Mistletoe (Viscum album) extract: {Iscador
Qu Spezial or Helixor (aqueous VAL extract) or Lec-
tin-1 (galactoside-specific lectin)}. The various extracts
of Viscum album (VAL) differ in composition and
immunomodulatory effect. Some of these extracts
stimulate release of γ-IFN, IL-4, TNF-α, IL-12 and IL-6
and are used as unconventional adjuvant therapy in
the treatment of HIV and cancer [15-18]. Controlled
studies of the galactoside-specific lectin component
showed no evidence of cellular reaction in bladders
with urothelial carcinoma [19]. The specific agents con-
tained in the extract that are purported to have an anti-
tumor effect have not yet been characterized.
Non-specific adjuvant: boosts the cellular and humoral
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immune response at the local or systemic level by un-
known mechanisms, which result in cytokine release
[20]. These non-specific adjuvants include:
• Bacillus Calmette-Guerin (BCG): BCG is used in the

treatment of multiple sclerosis and superficial tran-
sitional cell carcinoma.

• Corynebacterium parvum
• Incomplete Freunds adjuvant
• Keyhole Limpet Hemocyanin
Peptide Vaccines: tumor-specific antigens derived from
the tumor tissue itself are used as vaccines against the
tumor. This therapy has limited success because of the
development of antigen-loss tumor variants and im-
paired HLA class I expression and antigen presenta-
tion [20].
Bcr-abl fusion peptide: vaccine against chronic myel-
ogenous leukemia which generates prolonged peptide-
specific T-cell proliferative responses and delayed type
hypersensitivity responses that initiate cytokine release
[21].

Immunoglobulins and monoclonal
antibodies

Intravenous immunoglobulin: modulates cytokine
production and downregulates IL-1, IL-2, IL-3, IL-4,
IL-5, IL-10, TNF-α, and granulocyte-macrophage
colony-stimulating factor. However, flushing, myalgia,
headache, fever, chills, wheezing, hypotension and ta-
chycardia have been noted after the start of the infu-
sion and have been attributed to activation of comple-
ment and the complement cascade. Reversible increases
in serum creatinine occurred in 4/17 patients treated
for ANCA-associated vasculitis [22]. Acute renal fail-
ure has been reported with IV immunoglobulin and is
thought to be related to a high solute load-induced in-
jury to the proximal tubule. Generally, the injury is
reversible [23, 24]. More severe acute renal failure was
noted in a patient who had underlying mixed cryoglo-
bulinemia [25]. Other studies have confirmed the no-
tion that I.V. immunoglobulin infusions are more likely
to result in acute renal failure in the presence of un-
derlying renal disease or in combination with such
drugs as non-steroidals and angiotensin converting
enzyme inhibitors [26].

Monoclonal Antibody Therapy
Monoclonal antibodies can vary tremendously in

terms of isotype, construction (animal derived, chi-

meric, humanized, bound to toxin), ability to activate
complement, binding avidity, target specificity, and
whether it binds and blocks or binds and activates the
receptor. Monoclonal antibodies may be directed to-
ward soluble or membrane bound receptors or recep-
tor ligands, tumor antigens, growth factor or their re-
ceptors. Therefore the toxicity and side effects are
equally variable [27].

In general, complement-binding monoclonal anti-
bodies are more likely to cause a first dose response
with cytokine release and potentially renal failure.

Monoclonal antibodies that are associated with sys-
temic response consistent with cytokine release include:
• Herceptin (trastuazmab): recombinant, humanized,
monoclonal antibody against HER2/neu (c-erb-B2),
which is a glycoprotein receptor with intrinsic tyrosine
kinase activity that is over-expressed in a percentage
of patients with breast cancer. Side effects worsen at
higher doses: fever, nausea, vomiting, diarrhea, rash
and headaches [28].
• Anti-CD-20 antibodies: (1F5, anti-B1 (tositumomab)
murine IgG2a antibody conjugated to iodine 131, IDEC-
C2B8 (rituximab) murine antigen-combining variable
regions grafted onto a human constant region with hu-
man IgG1-Fc domains.). First dose effect was noted
with rituximab (fever, rigors, hypotension) suggesting
cytokine release. Some patients have experienced se-
vere hypotension with the first 2 infusions. Eight deaths
have been recorded which seemed to be related to tu-
mor burden, tumor lysis, and ARDS [29, 30].
• Anti-TNF antibodies: human-mouse chimeric anti-
body (infliximab or Remicade). A trial in the treatment
of Crohn’s disease noted infusion reactions, transient
increased of anti-dsDNA antibodies, and serum sick-
ness-like delayed hypersensitivity with retreatment.
Induction of human-antichimeric-antibodies was sug-
gested as the cause of some of the infusion reactions
[31].
• Anti-CD4: (humanized hIgG1-CD4 modulating,
non-depleting monoclonal antibody). Anti-CD4 mono-
clonal antibodies have been used in the treatment of
rheumatoid arthritis, psoriasis, systemic lupus erythe-
matosus, and multiple sclerosis. First dose reactions
were observed (dyspnea, chills, hypotension [32]. Of
note, the anti-IL-2 Receptor (α chain) antibodies dacli-
zumab (Zenapax) and basiliximab (Simulect), widely
studied in renal transplant recipients, do not induce
cytokine release or first dose reactions [33].
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Interleukin-2

IL-2 is a 15 kilo Dalton glycoprotein that is normally
produced by antigen or mitogen activated circulating
T-lymphocytes. It induces natural killer cell activity,
enhances the allogeneic response, and activates cy-
tolytic T-lymphocytes [34].

IL-2, with or without leukapheresis and reinfusion
of lymphokine-activated killer cells, has been used in
the treatment of solid tumors such as metastatic mela-
noma, metastatic renal cell carcinoma, and colorectal
carcinoma. Unless bacterial or viral contamination is
inadvertently introduced at the time of cell culture,
lymphokine activated killer cell infusion is associated
with only minor side effects of mild chills and fever
and occasional dyspnea or bronchospasm similar to
that seen with granulocyte transfusion reactions [35].
IL-2 infusions are associated with significant dose-de-
pendent toxicity characterized by fevers, malaise, nau-
sea, vomiting, diarrhea, hepatic dysfunction, pulmo-
nary edema, somnolence, confusion, dysrhythmias,
myocardial infarction, hematopoietic suppression, and
renal insufficiency [35]. IL-2 appears to cause a gener-
alized increase in capillary permeability, reduced sys-
temic vascular resistance, fluid shifts and low effec-
tive circulating blood volume. It is not known if the
vascular effects are a direct effect of IL-2 or due to IL-2
induced release of other mediators such as interferon
(IFN), IL-1, TNF-α, and lymphotoxin [36, 37].

IL-2 has a short serum half-life of 6-10 min and a
plasma elimination of 30-60 min after bolus intrave-
nously infusion [36]. Resultant toxicity is generally
transient and reversible.

Rosentein et al. [38] injected high dose IL-2 into mice
followed by intravenous I125 bovine serum albumin as
a marker of capillary leak. The severity of the vascular
leak syndrome was dependent upon the number of
days of treatment and the dose given. Severity could
be reduced by immune suppression with cyclophos-
phamide, corticosteroids, or whole body irradiation
implying that lymphokines released by lymphocytes
played a role in the induction of the vascular leak phe-
nomenon.

Schomburg [39] demonstrated that low to interme-
diate palliative doses of IL-2 in combination with IFN-
α therapy was less nephrotoxic and less vasculo-toxic,
especially if given subcutaneously rather than intra-
venously. Although there was a significant increase in

serum creatinine and blood urea nitrogen (mean peak
of 115.1 ± 21.4 mmol/L, 6.5 ± 2.5 mmol/L), there was
no clinical evidence of uremia.

Renal toxicity has been attributed to sequelae from
the development of the capillary leak syndrome. Vas-
cular leak resulted in significant extravascular fluid
accumulation (ascites, pleural effusions, peripheral
edema) and weight gains of as much as 17 kg in 3 weeks
[36]. As in sepsis syndrome, hypotension, oliguria and
reduced fractional excretion of sodium accompanied
the capillary leak.

Ponce treated 5 patients who had metastatic colo-
rectal carcinoma with continuous intravenous infusions
of IL-2 for 5 days and 9 cycles. They attempted to main-
tain a stable blood pressure with aggressive fluid re-
placement. However systemic vascular resistance de-
clined from 1304 to 871 dyn/s/cm-5 and mean arterial
blood pressure still dropped from 105 to 86 mmHg.
Urine output dropped significantly and serum creati-
nine rose significantly. Urine sediment was normal on
day 1 but contained multiple epithelial cells and brown
casts by day 5 [40].

Others have shown that oliguria accompanying IL-
2 infusions, responds to low-dose dopamine infusions,
fluid resuscitation, and α agonists such as phenyleph-
rine [37, 41, 42].

Rafi-Janajreh et al. [43] examined the mechanism
of IL-2 induced vascular leak syndrome in a mouse
model. The vascular leak was especially significant in
the lung and liver of wild-type mice but was mark-
edly reduced in the lungs and liver of CD44 knockout
mice. Both groups had similar levels of perivascular
infiltration with lymphocytes but the CD44 knockout
mice did not have endothelial cell damage and also
exhibited a marked decrease in IL-2-induced lymphok-
ine-activated killer cell activity. These investigators also
showed that the vascular leak syndrome was depen-
dent on the expression of CD44 on immune cells and
not the endothelial cells.

It is possible that IL-2 induced renal failure only
occurs in the setting of profound hypotension, prior
volume depletion, concurrent administration of poten-
tially nephrotoxic drugs, or the presence of underly-
ing renal disease.

Nausea, vomiting, and profuse diarrhea are rela-
tively common side effects that may contribute to re-
nal dysfunction because of intravascular volume deple-
tion and activation of angiotensin II and renal sympa-
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thetic nervous system.
In the past indomethacin was commonly given as

prophylaxis against the chills, fever, arthralgias,
myalgia’s, and malaise associated with IL-2 adminis-
tration. Non-steroidal anti-inflammatory drugs block
prostaglandin-mediated glomerular afferent arteriolar
vasodilation that is part of the auto-regulatory response
to hypotension and renal hypoperfusion. Co-
administration of a non-steroidal anti-inflammatory
drug with IL-2 sometimes precipitated acute renal fail-
ure.

Memoli studied 9 patients being treated for meta-
static renal cancer with a continuous intravenous infu-
sion of rIL-2. All nine of the patients had undergone a
unilateral nephrectomy and may have had baseline re-
nal impairment. All 9 experienced a progressive de-
cline in creatinine clearance. Low dose dopamine
seemed to improve creatinine clearance after renal
impairment had occurred [41].

Morroquin et al. [44] studied the effect of high-dose
IL-2 therapy in the treatment of patients with meta-
static melanoma and renal cell cancer. Animal models
have shown that successful treatment with IL-2 is dose
and schedule dependent. They found that there was a
subset of patients who could not tolerate high doses or
retreatment due to renal toxicity. Pretreatment factors
that were significantly associated with renal toxicity
were male sex, diagnosis of renal cancer, previous ne-
phrectomy, and older age. These patients also had
higher baseline creatinine.

Beldegrun [34] studied 99 patients with various
types of metastatic cancer who had no identified renal
disease, had a serum creatinine < 1.9 mg/dl (despite
unilateral nephrectomy in some) and had no autoim-
mune disorders and no exposure to immunosuppres-
sive drugs. A confounding factor in the study was the
prophylactic administration of indomethacin. Mean
baseline creatinine was 1.06 ± 0.03 mg/dl. Mean peak
creatinine was 3.44 ± 0.19 mg/ml. The mean percent-
age increased in creatinine was 219 ± 15%. Mean peak
serum creatinine level correlated with dose of IL-2 ad-
ministered. In 62%, 84.3% and 95.2% of patients the
serum creatinine level returned to baseline level within
7 days, 14 days and 30 days respectively. Patients with
baseline elevation of serum creatinine greater than 1.4
mg/dl, renal cell carcinoma and radical nephrectomy
represented a high-risk group who were more sensi-
tive to the IL-2 regimen and had a prolonged recovery

of renal function. Weight gain and edema were ob-
served in conjugation with the renal dysfunction. The
mean acute weight gain was 11.0 ± 0.66%, and the mean
decrease in urine volume was 77.5%.

The following study suggests that IL-2 causes di-
rect injury to the kidney. Textor et al. [45] noted uni-
versal progressive hypotension, sodium avidity,
weight gain and edema, diminished glomerular filtra-
tion rate and evidence of ongoing tubular injury after
administration of recombinant IL-2 to 12 patients. Se-
rum creatinine and blood urea nitrogen rose in all pa-
tients and fractional excretion of sodium (FENa) fell to
extremely low values. Urinary excretion of N-acetyl-
glucosaminidase corrected for creatinine excretion was
used as a marker of tubular lysosomal injury. N-acetyl-
glucosaminidase was noted to rise with the peak in
serum creatinine and to remain elevated after discon-
tinuation of therapy. Plasma renin activity nearly
doubled during therapy. Serum creatinine returned to
normal one week following discontinuation of therapy.
All patients received indomethacin, which may have
contributed to the development of acute renal failure.
Several patients required low dose dopamine for olig-
uria and phenylephrine for hypotension.

The above two studies are difficult to interpret be-
cause of the co-administration of non-steroidal anti-
inflammatory drugs. Christiansen et al. [46] reported
adverse effects of IL-2 in a patient who did not receive
non-steroidal anti-inflammatory drugs. He developed
hypotension, oliguria, creatinine elevation, and sodium
retention. Serum phosphate was low but the fractional
excretion of both phosphate and sodium was also very
low. Morning venous aldosterone and plasma renin
activity were significantly elevated and urinary pros-
taglandin excretion was depressed. The authors pos-
tulated that IL-2 had a direct effect on renal prostag-
landin synthesis. Reduced production of vasodilatory
prostaglandins could contribute to intense renal vaso-
constriction and sodium retention by the proximal tu-
bule. The presence of high aldosterone levels would
enhance the sodium retention via the distal tubule.

Kozeny [47] evaluated IL-2 associated fluid and
electrolyte disorders in 8 patients with metastatic can-
cer. All patients developed capillary leak syndrome,
prerenal azotemia, hypophosphatemia, hypocalcemia,
hypomagnesemia, and respiratory alkalosis. As noted
in other studies, albumin fell precipitously with an as-
sociated fall in serum calcium. However, measurement
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of ionized calcium and urinary calcium demonstrated
true hypocalcemia and hypocalciuria. There was an
associated hypomagnesemia and hypomagnesuria,
hypophosphatemia, hypophosphaturea. Primary hy-
perventilation and respiratory alkalosis were thought
to have caused an increased binding to albumin and
intracellular shifts of these ions. Likewise, severe hy-
pophosphatemia can be seen in gram-negative sepsis
in association with respiratory alkalosis.

All patients developed a compensatory metabolic
acidosis due to chronic hyperventilation. Respiratory
alkalosis was thought to have developed because of
capillary leak into the lungs producing borderline or
frank pulmonary edema. After several days a super-
imposed normal anion gap acidosis developed from
dilution by large volumes of saline fluid resuscitation.
The authors found no defects in renal handling of cal-
cium, phosphorous, or magnesium. There was no evi-
dence of a renal acidification defect or renal tubular
acidosis.

Shalmi et al. [48] suggested that an intrinsic renal
defect may contribute to the renal dysfunction since
the creatinine appeared to increase out of proportion
to the blood urea nitrogen. Radionuclide studies uti-
lizing Tc-99 DTPA and 131I-Hippuran demonstrated
impaired glomerular filtration rate out of proportion
to the slight reduction in renal plasma flow. Glomeru-
lar filtration rate as measured by serial 2 hour creati-
nine clearances, showed an average reduction of 43%
compared to an average decline in renal plasma flow
of only 5%. If the predominant lesions were prerenal
azotemia, one would expect relative preservation of
glomerular filtration rate in the face of renal hypoper-
fusion, thereby increasing the filtration fraction. The
urinalysis did not show an active sediment as one
might see in acute tubular necrosis. The authors sug-
gested that the generalized capillary leak syndrome
associated with the administration of IL-2 might have
contributed to intrarenal edema and congestion lead-
ing to increased backpressure and a decrease in ultra-
filtration pressure and glomerular filtration rate.

The above-mentioned studies have suggested or
proposed a direct renal injury by IL-2, but none of them
have been able to conclusively distinguish a direct IL-
2 renal effect from simple renal under-perfusion se-
vere enough to cause ischemia and acute tubular ne-
crosis. The toxicity of IL-2 has been clearly associated
with widespread endothelial cell damage and capil-

lary leak [43]. This is consistent with a generalized,
systemic effect of IL-2 rather than proof of a specific
direct effect on the kidney.

Hall et al. [49] examined the nephrotoxic effects of
IL-2 and its putative mediator, TNF-α in the LLC-PK1
pig kidney cell line. Levels of IL-2 comparable to those
used in human studies, caused vacuolization, cell
shrinkage and growth inhibition. Dexamethasone,
which is used clinically to inhibit TNF-α, failed to pro-
tect the cultured cells from the effects of IL-2. TNF-α
when given alone had no apparent effect on morphol-
ogy or cell growth, suggesting that the nephrotoxic ef-
fect of IL-2 was direct.

Vlasveld [50] obtained biopsy material from a pa-
tient with renal cell cancer who developed acute renal
failure in the sixth week of a continuous rIL-2 infu-
sion. The pathology was that of acute tubulo-intersti-
tial nephritis. Further studies on cryopreserved periph-
eral blood lymphocytes revealed specific cytolytic ac-
tivity against an autologous renal cell line cultured from
the biopsy specimen. These findings are consistent with
an allergic reaction to IL-2.

Administration of cytokine combinations may be
synergistic in their toxicity. Dutcher et al. reported a
phase II outpatient trial of subcutaneous IL-2 plus IFN-
α [51]. They noted higher-grade toxicity of fatigue, nau-
sea, vomiting, diarrhea, anorexia, fluid overload, rash,
aseptic meningitis, chest pain, atrial fibrillation, and
hypotension. One patient developed irreversible, di-
alysis dependent renal failure with crescentic glomeru-
lonephritis.

Carson et al. administered IL-12 in combination
with IL-2 or IL-15 to several mouse strains. The combi-
nation induced systemic inflammatory response syn-
drome that rapidly progressed to a fatal shock-like
state. They showed that the natural killer cell was the
only cell out of the total lymphocyte found responsible
for mediating the syndrome [52].

Several interleukins are being tested as therapeutic
agents (IL-3, IL-4, IL-7, IL-12). At this time there is in-
sufficient information to comment on nephrotoxicity.

Interferons

Based on differences in receptor occupancy, 2
classes of interferons have been identified: Type I in-
cludes IFN-α synthesized by leukocytes and IFN-β
synthesized by fibroblasts and epithelial cells. Type II
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includes IFN-γ synthesized by lymphocytes and mono-
cyte/macrophage. The three interferons have differ-
ent biologic activity. All have antiviral activity and all
have active roles in resistance to tumors, control of cell
growth and differentiation, expression of cell surface
molecules, and immune-modulating effects.

Interferon-alpha

IFN-α has antiviral and antiproliferative effects,
which have proven useful in the treatment of hepatitis
B and C, cryoglobulinemia, and various tumors includ-
ing rectal cancer, lymphoma, breast cancer, ovarian
malignancies, cutaneous T-cell leukemia (mycosis
fungoides), bladder cancer, cervical dysplasia, mela-
noma, and chronic lymphocytic lymphoma. Side ef-
fects include fever, chills, malaise, headache, myalgia’s,
neuropathy, somnolence, confusion, and fatigue. Leu-
kopenia and elevation of serum transaminases are the
most common dose limiting side effects. Nephrotoxic-
ity is uncommon and usually noted in individual case
reports as an association with administration of IFN-
α. Often there are other factors contributing to acute
renal failure such as concomitant renal disease (nephre-
ctomy, Hepatitis C, or nephrotoxic drugs). Phillips re-
viewed this topic in 1996 [53]. Gutterman [54] reported
no effects of treatment on serum creatinine and blood
urea nitrogen, although transient pyuria was noted in
5 of 16 patients. Abdullhay [55] noted mild elevations
of blood urea nitrogen and creatinine in 10 patients
and more severe dysfunction in 2 of 36 patients with
ovarian malignancies. The latter 2 patients had prior
renal impairment.

Reports of isolated proteinuria associated with IFN-
α therapy have appeared in the literature. Sherwin [56]
observed 2 patients with transient proteinuria of less
than 2 g/day, which recurred with rechallenge with
IFN-α. Quesada [57] initially reported proteinuria of
less than 2 g/day, which recurred with rechallenge
with IFN-α. Quesada [57] initially reported proteinuria
in 13 of 38 (34%) of patients, excluding those with
multiple myeloma. In 2 of 13 patients, the proteinuria
persisted after discontinuation of the drug. In a later
publication, Quesada [58] cited a 15-20% incidence of
dose independent proteinuria. Quantitation rarely ex-
ceeded 1 g/24hr and was not associated with a decline
in glomerular filtration rate. Ferri [59] also noted pro-
teinuria in patients being treated for mixed cryoglo-

bulinemia but admitted that subclinical glomerular in-
volvement with cryoglobulins could have been present.
There are also reports of acute renal failure and neph-
rotic syndrome associated with IFN-α therapy [60, 61].

As far back as 1976 IFN-α was shown to be able to
induce glomerulonephritis in animal models. Gresser
[62] was able to develop an animal model of acute
glomerulonephritis by injecting high dose IFN-α into
mice. Experimental evidence supports an immunologic
effect of IFN-α on the kidney. Morel-Maroger [63] in-
jected partially purified mouse IFN into newborn mice
and found marked thickening of the glomerular base-
ment membrane preceding the deposition of immu-
noglobulin and complement. Since then there have
been a number of case reports of IFN-α associated
glomerulonephritis (GN) in humans. A variety of le-
sions have been reported including minimal change
disease, pauci-immune GN, rapidly progressive GN,
and focal segmental glomerulosclerosis [64, 65].

Selby [66] reported a patient with myeloma who
developed nephritic syndrome during treatment with
IFN-α. Creatinine rose 2 mg/dl associated with pro-
tein excretion of 6 g in 24 hours. The nephritic syn-
drome reversed after treatment was withdrawn. Simi-
lar findings were reported by Quesada [58] in 2 pa-
tients with multiple myeloma and renal cell carcinoma.

Herman [67] published a case report of a patient
with hairy cell leukemia who developed membrano-
proliferative glomerulonephritis during treatment with
IFN-α. He developed hematuria, pyuria, and depressed
complement levels. Renal biopsy revealed foot process
effacement and subendothelial deposits.

Averbuch [68] reported a patient with Mycosis
Fungoides who developed 6 kg weight gain, edema
and a rise in serum creatinine and BUN to 4.1 mg/dl
and 55 mg/dl respectively after 6 doses of IFN-α. The
urinary sediment showed 15-20 white cells/high-
power field with many eosinophils, tubular epithelial
cells, and granular casts. The patient excreted 28 g of
nonselective proteinuria in 24 hours. A kidney biopsy
revealed extensive interstitial edema and moderately
severe, patchy interstitial infiltration with lymphocytes,
plasma cells and eosinophils. Electron microscopy
showed foot process effacement consistent with mini-
mal change disease. After IFN-α was discontinued,
renal function returned to normal, but low-grade pro-
teinuria continued for 2 months. Rechallenge with IFN-
α again produced azotemia and nephritic range pro-
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teinuria. The authors commented that the lesion of
minimal change nephropathy and acute interstitial ne-
phritis is similar to the histologic pattern noted with
toxicity from nonsteroidal anti-inflammatory agents.
They suggested that activated cytotoxic T cells were
responsible for a cell mediated delayed hypersensitiv-
ity mechanism of injury. Similar cases of minimal
change disease associated with IFN-α were reported
by Traynor et al. [69] and Rettmar et al. [70]. Shah et al.
reported 2 cases of renal failure associated with IFN-α
treatment of chronic myeloid leukemia. Both patients
had proteinuria and focal segmental glomerulosclero-
sis on biopsy. The authors reported 15 other cases of
renal failure and proteinuria associated with IFN-α in
which the pathology was less well defined [71].

Unusual immune side effects have been reported
in association with rIFN-α therapy. Chronic hemolytic-
uremic syndrome was observed in a patient with mul-
tiple myeloma treated with IFN-α (De Broe ME, per-
sonal communication). The post bone marrow trans-
plantation course was complicated and he received sev-
eral nephrotoxic antibiotics. Three months later treat-
ment with IFN-α was started. Towards the end of the
treatment renal function deteriorated. There was par-
tial renal recovery after cessation of therapy. Renal bi-
opsy showed focal membranoproliferative lesions,
mesangiolysis and intracapillary thrombosis consistent
with a chronic form of hemolytic uremic syndrome. A
similar observation has been reported by Ravandi-
Kashani et al. [72]. Harvey et al. [73] reported 3 cases
of HUS/TTP. Two patients developed renal failure re-
quiring dialysis. E. coli OH157.H7 was grown from the
stool of one patient.

Acute renal failure or deterioration has frequently
been cited in association with IFN-α treatment of Hepa-
titis C and even Hepatitis B. It is well known that Hepa-
titis C virus infection causes glomerulonephritis (GN).
Membranoproliferative GN is the most common mani-
festation and biopsy specimens have shown deposi-
tion of immune complexes composed of HCV related
antigen and cryoglobulin. The difficulty lies in distin-
guishing glomerulonephritis caused by Hepatitis C
from glomerulonephritis seen in association with IFN-
α therapy or from occult underlying renal disease that
is exacerbated by IFN-α.

There have been reports of nephrotic range pro-
teinuria and focal segmental glomerulosclerosis on bi-
opsy, in patients who are being treated with IFN-α for

Hepatitis C [74, 75]. Gordon et al. [76] reported a case
of IFN-α induced exacerbation of vasculitis (rash and
renal impairment) in a patient with hepatitis C-associ-
ated cryoglobulinemia.

Ohta et al. [77] examined 24 patients who mani-
fested the appearance of/or exacerbation of proteinuria
after IFN therapy for chronic HCV infection. One pa-
tient had known HCV related glomerulopathy and
cryoglobulinemia and showed a good response to
therapy including improved renal function and remis-
sion of proteinuria. Yamabe et al. and also Sarac et al.
confirmed good responses to IFN therapy without re-
nal deterioration in patients with HCV-related glom-
erulonephritis [78, 79]. In Ohta’s study only 3 subjects
were treated with IFN-α, the remainder were treated
with IFN-β. As was shown by Johnson [80] improve-
ment in MPGN with IFN-α correlated with clearance
of viremia but did not correlate with remission of pro-
teinuria. Other results were quite variable. The authors
looked at permselectivity, presence or absence of glom-
erular cryoglobulin or HCV antigen, deterioration of
renal function, and reversibility of proteinuria. 11 of
24 patients underwent biopsy of the kidney. The au-
thors felt that absence (or minimal presence) of HCV
core antigens or cryoglobulin deposits in the glomeruli
indicated non-HCV related or primary glomerulone-
phritis and that these patients might be at higher risk
for exacerbation or direct injury from IFN. There was
no clear explanation of which patients would benefit
from or fail to respond to IFN and which patients might
develop irreversible renal injury.

To complicate the issue, Jamal Al-Wakeel treated 4
patients with IFN-α who had primary GN and had re-
fused conventional therapy with cyclophosphamide
and/or prednisone. One patient with membranous GN
and 2 with mesangial GN had remission of nephrotic
syndrome [13]. The authors suggested that IFN-α
might prove to be a useful alternative therapy in the
treatment of inflammatory glomerular diseases.

Renal transplant patients with Hepatitis C seem to
be especially susceptible to injury from IFN-α. IFN-α
triggers renal graft rejection in a substantial number of
patients, and is now considered contra-indicated in this
setting [81-83].

In summary, other symptoms of IFN-α toxicity are
far more common than nephrotoxicity (fevers, chills,
malaise, arthralgias, fatigue anorexia, weight loss, de-
pression, impaired cognitive function, diminished li-
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bido, abnormal thyroid function). Nevertheless, IFN-
α has a complicated and important relationship to the
kidney but there are many confounding factors that
tend to obscure the molecular dynamics of that rela-
tionship.

Interferon-beta

IFN-β shares 29% amino acid homology with IFN-
α and has been used in the treatment of multiple scle-
rosis. Type I interferons (α and β) differ from Type II
interferons (γ) in biochemical properties, biological
function, and receptor specificity. Side effects common
to both classes of interferons include chills, fever, rig-
ors, headache, myalgia’s, hypotension, nausea, vomit-
ing, anorexia, constipation, fatigue, neutropenia, and
elevated transaminases. This constellation of symptoms
frequently results in mild to moderate hypotension and
volume depletion and could potentially contribute to
prerenal azotemia or acute tubular necrosis.

IFN-β has been used in combination with IFN-γ be-
cause of synergistic anti-tumor effects. The combina-
tions of interferons appear to have potentiate systemic
effects and cumulative toxicity compared to adminis-
tration of either interferon alone. Synergistic toxicity
limits both the tolerated dose maximum and therapeu-
tic efficacy. Low doses of β and γ interferons given in
combination, either by intravenous bolus or continu-
ous infusion, do not appear to cause renal damage or
dysfunction [63, 84].

The specific renal effects of IFN-β have not been
evaluated, although the toxicity profile of all interfer-
ons appears to be quite similar. Increased insensible
fluid losses via skin or the gastrointestinal tract or fluid
sequestration from capillary leak and hypoalbumin-
emia all contribute to the development of prerenal
azotemia. Volume depletion and hypotension activate
angiotensin II and renal sympathetic nerves to try to
maintain the glomerular filtration fraction. Angiotensin
II is a potent vasoconstrictor and also up-regulates the
expression of growth factors and cytokines such as
TGF-β, TNF-α, vascular cell adhesion molecule-1
(VCAM-1), platelet derived growth factor (PDGF), ba-
sic fibroblast growth factor (bFGF) and insulin-like
growth factor that are involved in renal injury and re-
pair.

Interferon-gamma

There are several subspecies of IFN-γ determined
by differential glycosylation and IFN-γ is a more po-
tent immunomodulator than other interferons.

IFN-γ is cidal to human tumor cell lines, activates
monocyte/macrophages, upregulates Class II MHC
expression and increases natural killer cell activity [85].
In the kidney, IFN-γ regulates Class I and II MHC ex-
pression in the basal state, in response to inflamma-
tory stimuli, and after ischemia or ischemia-reperfusion
renal injury [86].

Systemic side effects are similar to those of other
interferons, namely fever, chills, rigors, hypotension,
confusion, disorientation, anorexia, lethargy, nausea,
vomiting, diarrhea, myalgia, leukopenia, hepatotoxic-
ity. Side effects are reversible and limited to the time
of administration of the drug. Mild changes in liver
function have been observed at higher dose levels and
include hypoalbuminemia. There have been no signifi-
cant changes noted in blood urea nitrogen and creati-
nine, although a small degree of proteinuria has occa-
sionally been observed [87, 88].

Ault [89] reported a case of acute renal failure in a
12-year old child, which required temporary hemodi-
alysis after 19 days of therapy with IFN-γ. The urinary
sediment contained numerous white cells, red cells, and
waxy and granular casts. Open renal biopsy revealed
focal segmental glomerulosclerosis in 3 of 43 glomeruli
and irregular wrinkling of the peripheral basement
membrane in others. A tuft adhesion to Bowman’s cap-
sule was seen in one glomerulus. There was also dif-
fuse tubular damage and interstitial edema consistent
with acute tubular necrosis. Electron microscopy dem-
onstrated foot process effacement. Direct immunofluo-
rescence was negative for IgG, IgA, IgM, kappa and
lambda light chains, C3, Clq, properdin, and fibrin re-
active products. Renal function returned to normal af-
ter withdrawal of the drug. The authors suggested that
structural distortion of the basement membrane and
absence of immune complexes was evidence for direct
glomerular injury by the cytokine. However the au-
thors could not exclude prior subclinical FSGS in the
child.

To support their hypothesis, the authors cited stud-
ies in newborn Swiss mice exposed to mouse IFN in
which there was diffuse glomerular basement mem-
brane thickening and capillary IgG and C3 deposition,
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which progressed to focal segmental glomerulosclero-
sis.

OKT3 nephrotoxicity:
From acute tubular necrosis to
hemolytic-uremic syndrome

Introduction

OKT3 is a murine monoclonal antibody (mAb) rec-
ognizing the CD3 complex closely associated with the
antigen receptor of mature T cells (TCR) [90]. T-lym-
phocytes are of paramount importance in allograft re-
jection, and OKT3 has proved very efficient in both
the treatment and the prevention of allograft rejection
[91, 92]. The immunosuppressive properties of OKT3
are related to its ability to deplete CD3+ cells from the
circulation, to induce the internalization of CD3-TCR
complexes (modulation), and to sterically inhibit re-
sidual CD3-TCR complexes [93]. Before exerting its im-
munosuppressive effects, OKT3 induces a transient ac-
tivation of leukocytes. The ability of OKT3 to induce
multivalent cross-linking of both the T cell-receptor/
CD3 complex and the monocyte Fc receptor results in
T cell and monocyte activation [94]. This is accompa-
nied by the release of several proinflammatory cyto-
kines including TNF-α, IFN-γ, IL-2 and IL-6 into the
circulation within hours after the initial OKT3 injec-
tion [95-100]. The investigation of cytokine gene ex-
pression in purified cell populations obtained from
spleens of mice injected with an activating anti-CD3
antibody, indicate that T cells are the main source of
TNF-α in this setting. Monocytes are also activated, as
shown by their production of IL-1 and IL-6 [101]. The
toxicity of OKT3 is due to the synergy between TNF-α
and IFN-γ, as can also be observed after injection of
both endotoxin and Staphylococcal enterotoxin B in
mice. Indeed, mAbs directed against either TNF-α [102,
103] or IFN-γ [104] can prevent hypothermia, hypo-
motility, diarrhea, piloerection, and even death induced
by the activating 145-2C11 anti-CD3 mAb in mice.

In addition to cytokines, OKT3 activates the comple-
ment system via the classical pathway as shown by
increased levels of C3a and C4 metabolites within min-
utes of OKT3 injection [105, 106]. Complement activa-
tion could synergize with cytokine and in particular
could trigger early respiratory manifestations [107].
However, the occurrence of full-blown anti-CD3-in-

duced toxicity in complement-deficient mice [108] as
well as the lack of toxicity of a complement-binding
non-mitogenic anti-T-cell receptor IgM mAb [109] ar-
gues against a major role for complement activation in
the pathogenesis of OKT3-associated toxicity.

Peak serum levels of TNF-α and IFN-γ occur 1 to 2
hours after the first injection of the mAb, and are fol-
lowed by a complex of symptoms referred to as “cyto-
kine release syndrome”. Thus, patients may develop
fever, chills, headaches, myalgias, nausea, vomiting,
diarrhea, and respiratory symptoms after the first
OKT3 injections [91, 110, 111]. Occasionally, more se-
rious complications such as pulmonary edema, asep-
tic meningitis or convulsions can also occur. In addi-
tion, attention was recently drawn to the nephrotoxic
properties of OKT3 when used in the prevention or in
the treatment of renal allograft rejection. We here de-
scribe the clinical characteristics, the pathology, the
precipitating factors and the possible prevention of the
renal lesions induced by OKT3 in kidney transplant
recipients.

Clinico-pathological observations

Transient renal dysfunction after therapy of acute
rejection with OKT3

OKT3 mAb has showed greater potency than corti-
costeroids in the treatment of kidney graft rejection,
allowing for improved long-term graft survival after
the acute rejection episode [91]. However, transient re-
nal dysfunction has been observed at the initiation of
OKT3 therapy. Simpson et al. observed signs of tubu-
lar toxicity in the urine sediment and a sharp increase
in serum creatinine during the first 3 days of OKT3
therapy [112]. We extended these observations by com-
paring, in a retrospective study, the evolution of renal
function during kidney graft rejection treated with ei-
ther OKT3 or mPDS. The clinical observation that high-
dose corticosteroids precipitate the development of
intragraft thromboses led us to study the effects of me-
thylprednisolone (mPDS) on the procoagulant activ-
ity induced by OKT3 on peripheral blood mononuclear
cells (PBMC) in vitro. The procoagulant activity of un-
stimulated PBMC (mean ± sem: 0.6 ± 0.1 mU/ml)
reached 3.0 ± 0.7 mU/ml after OKT3 stimulation
(p=0.0062) and further increased to 7.4 ± 2.0 mU/ml
when PBMC were first preincubated overnight with
mPDS before OKT3 stimulation (p=0.018 as compared
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to OKT3 alone). This process involved the tissue fac-
tor/factor VII pathway, as shown by increased mem-
brane expression of tissue factor on monocytes as well
as by a marked reduction of the induced procoagulant
activity when the clotting assay was performed with
factor VII-deficient plasma [124]. Thus, high-dose
mPDS represents a major risk factor for thrombosis
after OKT3 prophylaxis, probably because of the abil-
ity of mPDS to potentiate OKT3-induced tissue factor
expression and activity on monocytes. Furthermore,
corticosteroids increase plasminogen activator inhibi-
tor-1 secretion by hepatocytes [184], while at the same
time they decrease tissue-type plasminogen activator
[185] as well as prostacyclin [186, 187] and nitric oxide
production [187, 188]. That the procoagulant effects of
steroids can affect the kidneys has been clearly dem-
onstrated by the extensive glomerular fibrin deposits
occurring in rabbits pretreated with large doses of cor-
ticosteroids before endotoxin challenge [189, 190]. The
early increase in serum creatinine was significantly
higher in OKT3 vs mPDS-treated patients [113]. As with
prophylactic treatment (see below), OKT3 nephrotox-
icity appeared reversible and did not jeopardize the
long-term graft outcome.

Alteration of renal function during therapy of al-
lograft rejection by OKT3 is not limited to the trans-
planted kidney. Indeed, four of sixteen cardiac trans-
plant patients developed a rise in creatinine following
therapy of rejection with OKT3. Renal dysfunction re-
solved spontaneously in all cases [114].

Interestingly, the nephrotoxicity of anti-CD3/TCR
mAbs appears related to the magnitude of cytokine re-
lease they induce. Thus, T10B9, a murine IgM anti-TCR
mAb that does not bind to Fcg receptors on monocytes
and therefore leads to only minor increases in IFN-γ
and TNF-α serum levels, does not induce nephrotox-
icity [115]. Along the same line, therapy of rejection
with a humanized, Fc receptor non-binding, non-acti-
vating OKT3 (huOKT3g1 Ala-Ala) antibody did not
induce the early rise of serum creatinine seen after
OKT3 therapy [116].

Increased incidence of acute tubular necrosis and
renal dysfunction during OKT3 prophylaxis

Part of the rationale for the prophylactic use of
OKT3 in cadaver kidney transplantation was to delay
cyclosporine therapy in the hope to reduce the inci-
dence of postoperative acute tubular necrosis. While

OKT3 prophylaxis improves long-term kidney graft
survival especially in high-risk patients [92, 117-120],
the incidence of postoperative acute tubular necrosis
has not been reduced by OKT3 use [117, 121]. Further-
more, we made the unexpected observation in a pro-
spective, randomized study that patients receiving
OKT3 display an increased rate of postoperative di-
alysis requirement (14 out of 21 patients) as compared
to those treated with cyclosporine (6 out of 21, p=0.03)
[122]. There were no long-term sequelae, as both groups
showed similar graft function up to 3 years after trans-
plantation [121].

In addition, patients who achieved immediate post-
operative graft function may also develop renal dys-
function early during the course of OKT3 prophylaxis.
Indeed, 10 out of 133 patients (7.5%) treated with OKT3,
azathioprine and steroids experienced an abrupt rise
in serum creatinine between postoperative days 2 to 5.
None of these patients had received cyclosporine. Six
patients underwent allograft biopsies at the time of
dysfunction; 4 were normal, and 2 showed only mild
interstitial edema. All patients recovered without se-
quelae. This side effect was considered related to the
cytokines released after OKT3 therapy [114].

Induction of intragraft thrombosis by prophylactic
OKT3 therapy

Besides the transient kidney dysfunction described
above, OKT3 exerts procoagulant effects, which can
precipitate intragraft thromboses and result in trans-
plant loss. This can occur when OKT3 is used as either
prophylaxis [123, 124] or treatment of rejection [125-
127]. All the thromboses observed in our center took
place during prophylactic administration of OKT3 [123,
124]. They occurred between postoperative day 1 and
11, always before the introduction of cyclosporine A.
Thromboses involved graft arteries (n=2), veins (n=5),
or glomerular capillaries (n=6). In the latter cases, the
most striking finding in the renal biopsies was the for-
mation of thrombi in some glomerular capillary loops
and in afferent arterioles. Moreover, glomerular tufts
showed thickening and wrinkling of their capillary
walls with formation of “double contours”. Endothe-
lial cells were swollen and took a foamy appearance,
this process causing diminished patency of capillary
lumens (Figure 1). A few glomerular tufts were totally
ischemic and had collapsed. Except for one case in
which signs of discrete cellular rejection were present,
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the interstitium was only slightly enlarged by edema
without significant influx of inflammatory cells or tu-
bular damages. However, increased numbers of poly-
morphonuclear cells, especially eosinophils, were
present in peritubular and glomerular capillaries. Small
and medium size arteries never displayed intimal in-
filtration of inflammatory cells or increase in intimal
stromal matrix. Immunofluorescence staining was con-
sistently negative for complement and immunoglobu-
lin deposits in both glomeruli as well as in vessels. The
formation of thrombi was confirmed by a strong reac-
tivity for fibrinogen. The diagnosis of thrombotic mi-
croangiopathy was corroborated by electron micros-
copy, which showed detachment of endothelial cells
from the glomerular basement membrane, accumula-
tion of fluffy material in subendothelial position (Fig-
ure 2) and fibrin deposition in glomerular capillaries.
These lesions of thrombotic microangiopathy are simi-
lar to those described in hemolytic-uremic syndrome
[128].

Along this line, 4 of the 6 patients with glomerular
thromboses had decreased hematocrit, platelets counts,
and haptoglobin levels together with schistocytes on
blood smears indicating microangiopathic hemolytic

anemia. Treatment of thrombotic microangiopathies
with anti-aggregants, steroids, and plasmapheresis was
unsuccessful except in one case. Furthermore, all grafts
with arterial or venous thromboses were lost. The oc-
currence of hemolytic uremic syndrome associated
with OKT3 therapy, given either as prophylaxis or as
treatment of rejection has since been observed by oth-
ers [129, 130].

Although the first OKT3 dose induces a transient
activation of the coagulation system in all patients (see
below), only a small number develop intragraft throm-
bosis [124]. Possible risk factors for thrombosis were
found in 6 out of the 13 patients who developed this
complication: 2 received pediatric kidneys, 1 received
a kidney large for his size, 1 had hemolytic-uremic syn-
drome as initial nephropathy, 1 had a lupus antico-
agulant and 1 had a sequela of venous thrombosis on
the iliac vessels used for graft anastomosis. We then
searched for additional risk factors by comparing the
clinical parameters of the 13 recipients with thromboses
to those of 218 patients free of this complication. Cold
or warm ischemia times, numbers of HLA-A, -B, or -
DR mismatches, dose of first OKT3 injection (5 or 10
mg), numbers of patients with preformed anti-HLA

Figure 1.: Glomerulus from a patient with OKT3-induced
thrombotic microangiopathy. The capillaries are occluded
by swollen endothelial cells (black arrows) and by fibrin-
like material (white arrows). (Periodic acid-Schiff;
magnification x240)

Figure 2.: Electron micrograph of glomerular capillary
loop from a patient with OKT3-induced thrombotic
microangiopathy to show detachment of endothelial cells
(E), lucent expanded subendothelial zone (*) and red cells
(RC) which appear to be trapped between endothelium
and basement membrane and accumulation of polymor-
phonuclear cells (PMN) in the narrowed lumen. (magnifi-
cation x3360)
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antibodies and numbers of retransplant patients were
not significantly different in either group. The only rel-
evant parameter appeared to be the mPDS dose given
as pretreatment before the first OKT3 injection. Indeed,
6 out of the 42 patients (14%) who received 30 mg/kg
mPDS experienced a thrombotic event, as compared
to 7 out of the 189 patients (3.7%) who received the
regular 8 mg/kg m-PDS (p=0.016). This latter incidence
is similar to the 2 to 3% of graft vessels thromboses
reported in the absence of OKT3 prophylaxis [131, 132]
suggesting that the intrinsic risk of thrombotic event
related to OKT3 is low. The precipitating role of high
dose steroids is supported by several experimental data
(see below).

Prevention of OKT3 nephrotoxicity after kidney
transplantation

An increased incidence of delayed graft function
may be traced to the policy of restriction of peri-opera-
tive fluid infusion, implemented initially because of
the known risk of life-threatening pulmonary edema
in hypervolemic patients receiving OKT3 [91]. Post-
operative hypovolemia together with the use of high
dose of mPDS (30 mg/kg) before the first OKT3 injec-
tion probably combined to trigger graft vessels throm-
boses. In January of 1992, this led us to modify our
perioperative management of kidney transplant recipi-
ents receiving OKT3 prophylaxis in three ways: 1) pre-
operative hypovolemia was corrected; 2) the calcium-
channel blocker diltiazem, considered beneficial for
recovery of graft function, was administered on the day
of transplantation; and 3) the high dose of mPDS pre-
viously shown to precipitate OKT3 coagulopathy was
avoided [133]. Comparison of two consecutive series
of patients (group 1, control patients, n=172; group 2,
managed as described above, n=173) showed that: 1)
the incidence of delayed graft function fell from 52%
in group 1 to 22% in group 2 (p<0.0001); 2) pulmonary
edema was not more frequent in group 2 (3.5% vs 1.7%
in group 1, p=0.5); 3) the frequency of intragraft throm-
bosis fell from 7.6% in group 1 to 1.2% in group 2
(p=0.0034). Multivariate analysis showed that the vol-
emia/diltiazem program and avoidance of high mPDS
dose were the most important factors responsible for
the reduced occurrence of delayed graft function and
graft vessels thrombosis, respectively. Thus, a com-
bined strategy of avoidance of high steroid doses, ad-
ministration of a calcium-channel blocker and optimi-

zation of volume status is safe and efficiently prevents
OKT3 nephrotoxicity (Table 3) [133].

Pathophysiological considerations

Transient kidney graft dysfunction and acute tubular
necrosis

The cytokines released after the first OKT3 injec-
tion probably play a major role in the pathogenesis of
this type of OKT3 nephrotoxicity. Indeed, injections in
rodent and man of recombinant IL-2 [134, 135], IFN-γ
[136, 137] or TNF-α [138] have been consistently re-
ported to induce renal dysfunction, sometimes in as-
sociation with acute tubular necrosis. The following
hypotheses can be put forward to account for OKT3-
induced renal dysfunction in kidney transplant recipi-
ents:
1. Renal ischemia. This is due to several factors. First,

OKT3 induces a transient decrease in myocardial
contractility [139], which also occurs after infusion
of IL-2 [140] and TNF-α [141, 142]. Second, the same
mediators cause extravasation of intravascular
fluid, the so-called “vascular leak syndrome” [138,
143, 144]. This reduces circulating blood volume
and further compromises renal perfusion. Finally,
OKT3 leads to systemic release of the vasoconstric-
tor molecule endothelin [145], to which the renal
vasculature is particularly sensitive [146].

2. Induction of cells and molecules able to mediate
kidney injury.
First, cytokines such as IFN-γ and IL-1 exert direct

toxic effects on the kidney, as indicated by their ability
to induce death of renal tubular cells in culture [147].
Second, activation of leukocytes by pro-inflammatory
cytokines renders them capable of mediating tissue le-
sions [148-150]. For instance, neutrophils, which are
activated after OKT3 injection [151], can cause renal
failure through the release of oxygen radicals and pro-
teases [152].

To get further insights into the anti-CD3-induced
nephrotoxicity, we investigated in a murine model the
ability of anti-CD3 mAb to directly damage native kid-
neys. For this purpose, we injected mice with the ham-
ster anti-mouse CD3 mAb 145-2C11 [153]. Like OKT3,
this mAb is immunosuppressive [154] and first induces
a transient release of several cytokines in the circula-
tion, such as IL-2, IL-6, TNF-α, and IFN-γ [102, 155,
156]. Histologic analysis revealed signs of tubular ne-
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crosis 48 hours after the injection of the 145-2C11 mAb
[156]. Lesions were prominent at the corticomedullary
junction where abrasion of the brush border of the tu-
bular epithelium and desquamation of tubular epithe-
lial cells were commonly seen. This tubular injury was
associated with increased blood urea nitrogen levels
and enhanced urinary excretion of endopeptidase 24.11
[156], an enzyme of the brush border of the proximal
tubular epithelium.

The role of cytokines in anti-CD3-mAb-mediated
nephropathy was analyzed by pretreating mice with
either neutralizing anti-TNF antibodies or mPDS [156].
The histologic lesions and the renal excretion of en-
dopeptidase 24.11 were moderately prevented by anti-
TNF antibodies, suggesting the involvement of other
mediators, which could act in synergy with TNF-α. In
support of this view, steroid pretreatment before anti-
CD3 challenge almost completely abolished IL-2, TNF-
α and IL6 release and resulted in preservation of renal
histology.

In addition to the ability of activating anti-CD3
mAbs to mediate renal injury of normal, native kid-
neys, the renal transplant might be more susceptible
to injury at the time of OKT3 administration for the
following reasons:
1. Increased expression of adhesion molecules on the
kidney graft.

Cold and warm ischemia associated with organ pro-
curement and the inflammatory lesions present dur-
ing acute rejection are likely to increase the risk of acute
failure after OKT3 exposure. Indeed, both ischemia and
rejection increase the expression of adhesion molecules
on endothelial and parenchymal cells [157]. In addi-
tion, administration of OKT3 in man leads to increased
expression of the adhesion molecules ICAM-1 and
VCAM-1 on dermal vessels [158]. This was associated
with an increased recruitment and migration of T cells
within the skin. Along the same line, injection of acti-
vating anti-CD3 antibodies in mice also induced patchy
endothelial expression of VCAM-1 on large arteries in
all tissues examined [159]. Of particular relevance was
the observation that VCAM-1 expression was much
more abundant, and not restricted to large arteries but
now also involving capillary endothelial cells, in re-
cently implanted cardiac isograft. Thus, OKT3 may
synergize with ischemia to induce massive expression
of adhesion molecules on graft endothelial cells.
2. Preferential recruitment of effector cells in the kid-

ney graft.
Cross-linking of CD3 and Fcg receptors, together

with the release of pro-inflammatory cytokines, trig-
gers enhanced expression of adhesion molecules on
leukocytes. Thus, in vivo and in vitro experiments have
shown that OKT3 upregulates the expression of acti-
vation epitopes of CD11a/CD18, as well as increased
expression of CD11b/CD18 on T cells [158]. This re-
sulted in increased adhesion of these cells to vascular
endothelium. Likewise, OKT3-treated patients display
increased expression of CD11b on granulocytes [160],
and of CD11b, CD11c, and CD29 on monocytes [160,
161]. This could obviously lead to sustained recruit-
ment and activation of potentially damaging leuko-
cytes in the renal allograft.

Intragraft thromboses
This adverse effect is related to the ability of OKT3

to activate the coagulation system as indicated by se-
quential determinations of plasma levels of prothrom-
bin fragments 1+2 (F 1+2). These molecules are released
during conversion of prothrombin to thrombin and
witness activation of the common pathway of the co-
agulation system [162]. All kidney transplant recipi-
ents tested in our center displayed increased plasma
levels of prothrombin fragments, which peaked 4 hours
after the first injection of OKT3 (mean ± SEM: 4.82 ±
0.73 vs. 1.75 ± 0.37 nmol/L in controls, p < 0.01) [163].
The magnitude and the time course of the changes in F
1+2 plasma levels were similar whether the patients
received 5 or 10 mg OKT3, and whether OKT3 was
given as prophylaxis or for treatment of rejection. Fi-
brin degradation products, indicative of a fibrinolytic
process, were already above baseline values at 4 hours,
and continued to increase until 24 hours [163]. Finally,
the levels of von Willebrand factor antigen, a molecule
released by activated or damaged endothelial cells,
were also significantly increased after OKT3 injection.
This systemic activation of coagulation is transient, as
it occurs only after the first injection of the mAb [163].
The hemostatic changes induced by OKT3 have been
confirmed in two independent studies [164, 165]. These
investigators found increased levels of thrombin-anti-
thrombin-III complexes, indicative of activation of the
coagulation, as well as of tissue-type plasminogen-ac-
tivator [164, 165] and plasmin-α2-antiplasmin com-
plexes [165] indicative of fibrinolysis, after the first in-
jection of OKT3. In addition, Raasveld et al. found no
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changes in plasma kallikrein-C1-inhibitor complex,
suggesting that activation of the coagulation occurs via
the extrinsic rather than the intrinsic pathway [164].

In vitro studies showed that the mechanisms un-
derlying activation of the coagulation by OKT3 are re-
lated to the induction of procoagulant activity of the
tissue-factor type on both endothelial cells and mono-
cytes.

1. Endothelial cells
We investigated the ability of OKT3 to induce tis-

sue factor activity at the surface of human umbilical
vein endothelial cells (HUVEC). While both OKT3 and
supernatants of unstimulated peripheral blood mono-
nuclear cells (PBMC) were inactive, supernatants of
OKT3-stimulated PBMC induced a massive increase
of tissue factor activity at the HUVEC surface as mea-
sured by thrombin generation [163]. The marked inhi-
bition of this procoagulant activity by anti-TNF mAb
showed that TNF-α is an important mediator of the
procoagulant effect of OKT3 at the endothelial cell level
[163]. This is in line with the well-known ability of TNF-
α to induce expression of tissue factor on the endothe-
lium, thereby promoting microvascular thromboses
[166, 167].

2. Monocytes
We and others observed that monocytes display in-

creased procoagulant activity after culture of PBMC
with OKT3 [124, 168, 169]. As for endothelial cells, this
activity is due to increased tissue factor expression
[124], confirming that the extrinsic pathway of the co-
agulation plays a major role in the hemostatic changes
induced by OKT3. The mechanisms by which OKT3
induces tissue factor on monocytes are still unclear.
While products of activated T cells such as monocyte
procoagulant inducing factor [170] or IFN-γ [171] could
play a role, TNF-α does not seem to be involved [172].

Beside soluble factors, cognate interactions between
activated T cells and monocytes appear to be neces-
sary to elicit monocyte procoagulant activity [173].
Whatever the mechanism, recent observations indicate
that the first injection of OKT3 triggers circulating
monocytes to display increased tissue factor expres-
sion and activity in vivo like it does in vitro [174]. Thus,
the procoagulant activity of circulating monocytes was
increased 3- to 5- fold at 3 and 5 hours after the initial
OKT3 injection. These monocytes displayed increased
tissue factor expression at the same moments. Tissue
factor mRNA was detected in blood by PCR as early
as 2 hours after OKT3 administration. In vitro experi-
ments showed that OKT3 as well as 2 mitogenic, hu-
manized anti-CD3 antibodies potently induced mono-
cytic procoagulant activity whereas the 4 non-mitoge-
nic anti-CD3 antibodies tested were over 1000-fold less
potent than OKT3 [174].

In addition to its ability to induce tissue factor ex-
pression and activity on endothelial cells and mono-
cytes, OKT3 probably also promotes intravascular
thromboses by several other mechanisms. First, proin-
flammatory cytokines such as TNF-α, IL-1 and IFN-γ
synergize to decrease endothelial cell expression of
thrombomodulin [166, 175], thereby markedly inhib-
iting the anticoagulant effects of protein C and S [176].
Second, these mediators also increase the release of
plasminogen activator inhibitor-1 [177, 178], one of the
key anti-fibrinolytic molecule. However, at the same
time proinflammatory cytokines induce the production
of molecules such as tissue-type plasminogen activa-
tor [178], prostacyclin [179] and endothelium-derived
relaxing factor (nitric oxide) [180, 181] that will help to
maintain homeostasis. Indeed, tissue-type plasmino-
gen activator will initiate fibrinolysis, while both pros-
tacyclin and nitric oxide will potentiate each other in
reducing platelet activity [167, 176, 182].

Table 3. Strategies for prevention of OKT3 nephrotoxicity.

1. Avoid prophylactic OKT3 therapy in patients at risk for thrombosis:
a. Patients with lupus anticoagulant or hemolytic-uremic syndrome as primary disease
b. Recipients of kidneys from pediatric donors or adult donors with significant vascular lesions

2. Administer 4 to 8 mg/kg steroid pretreatment before the first OKT3 dose*.

3. Avoid hypovolemia and administer a calcium channel blocker for the prevention of postoperative acute tubular
necrosis.

*Lower doses do not adequately control the systemic side effects of OKT3 and are associated with increased incidence of acute tubular necrosis while
higher doses might promote intragraft thromboses
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Concluding remarks

The initial lymphocyte and monocyte activation in-
duced by the OKT3 mAb is responsible for first dose
reactions, which include a transient nephrotoxic effect
in kidney, transplant recipients. Moreover, activation
of the common pathway of coagulation occurs at the
initiation of OKT3 therapy. When additional predis-

posing factors are present, irreversible intragraft throm-
boses may ensue. Our present strategy to prevent OKT3
nephrotoxicity is summarized in Table 3. While appro-
priate clinical management can efficiently prevent
OKT3 nephrotoxicity, extrarenal reactions related to
the release of cytokines still occur in most patients re-
ceiving OKT3. This justifies the efforts made to develop
new mAbs for immunosuppression including non-ac-
tivating anti-CD3 mAbs.
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Introduction

The use of iodinated contrast media (CM)
continues to be a common cause of hospi-

tal-acquired acute renal failure (ARF) and its de-
velopment increases the in-hospital mortality
significantly [1, 2, 2a, 2b] as well as increasing
the length of hospital stay [2c]. Contrast media-
induced nephropathy (CMIN) is defined as an
otherwise unexplained acute deterioration of re-
nal function after intravascular administration
of iodinated CM. Although the clinical features
and the histopathological findings of CMIN
have been well described [3-6], its pathogenesis,
prevention and best treatment modality remain
uncertain.

Definition

Most authors define CMIN by an increase of serum creati-
nine of more than 1 mg/dl 2-3 days after CM exposure. Other
reasons for an acute deterioration of renal function have to be
excluded. Some investigators even believe that a lower in-
crease of serum creatinine (0.5 mg/dl 2-4 days after CM) also
should be classified as CMIN. It would also be prudent to
look for a fall of GFR (general > 25% from baseline) with more
sensitive methods (i.e. inulin clearance, iothalmate clearance,
iohexol clearance [7]. Next to changes in GFR or serum crea-
tinine levels an increase in urinary enzyme excretion seems
to also be a sensitive marker of tubular damage after CM ex-
posure [7, 8]. However, no conclusive relationship has been
demonstrated between the detection of enzymes in urine and
the fall in GFR [8-11].
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Clinical findings and histopathology

In most cases, the increase in serum creatinine starts
24 to 48 hours after CM exposure, will peak after 3-5
days and return to baseline 7-10 days after exposure.
Except for patients with a profound degree of renal
function impairment, CMIN presents as a non-oligu-
ric form of ARF. Temporary or continuous dialysis is
rarely required. Although the majority of patients will
show only minor and transient effects on renal func-
tion after CM exposure, a recent study showed that an
increase of serum creatinine that did not require dialy-
sis was associated with a higher in-hospital mortality
rate compared to patients without CMIN [1, 2]. For
post-angiographic patients who develop CMIN, 10%
will require long-term dialysis [11a].

Morphological changes have been observed mainly
as vacuolar changes in the proximal convoluted tubu-
lar cells [6, 12, 13]. These morphological changes par-
allel the increases in urinary enzyme excretion [6, 14],
but a strong relationship to renal function impairment
after CM has not been demonstrated [15].

Incidence

The incidence of CMIN in the literature ranges from
less than 1% to over 70% [16-19a]. This discrepancy
results from the lack of a single reliable definition, dif-
ferent methods of investigation, different types of ra-
diological procedures, use of high or low osmolar con-
trast media and the presence or absence of risk factors.
In patients without any risk factor the incidence is less
than 1% despite the use of up to 800 ml of contrast
media [20]. In patients at high risk the frequency of
CMIN has been reported to increase in the last few
years, which seems to be related to the wider use of
diagnostic and therapeutic interventions in elderly and
critically ill patients [21].

Risk Factors

A preexistent impairment of renal function is com-
monly regarded as the most important risk factor [23].
Consistent with multivariate regression analyses, dia-
betes mellitus is frequently citied next to renal insuffi-
ciency as an independent risk factor for CMIN [2, 3, 4,
23, 24]. However, in controlled studies diabetic patients
without renal function impairment have not been
shown to be at higher risk for developing CMIN [25,
26]. Because diabetic patients suffer from multiple vas-
cular abnormalities, especially endothelial, which con-
tribute to renal damage, the vascular contribution still
has to be clarified. After having developed renal in-
sufficiency, diabetics are at significantly higher risk for
CMIN compared to patients with other forms of renal
failure [27]. In distinction to other patients given con-
trast media, diabetic often develop an oliguric form of
CMIN and subsequently require dialysis. Contrary to
previous reports [24, 28, 29], the volume of CM is only
a risk factor in azotemic, diabetic patients [19, 30, 31].
Based on a laboratory demonstration that CM addi-
tion caused intratubular precipitations of Bence-Jones
protein, multiple myeloma has long been held out as
an independent risk factor; however, a recent retrospec-
tive analysis [32] concluded that patients with multiple
myeloma where not at increased risk for developing
CMIN (table 1).

Pathogenesis

In general, CM attenuates both renal hemodynam-
ics and renal tubular function [33]. After injection of
CM there is a transient increase, followed by a more
prolonged decrease in renal blood flow (RBF) [34-36].
A variety of vasoactive substances may modulate the
CM-induced vasoconstriction, including prostaglan-

Table 1. Risk factors for contrast media-induced nephropathy.
Confirmed

Chronic renal failure

Diabetic nephropathy

Severe congestive heart failure

Amount and frequency of contrast media

Volume depletion/hypotension

Suspected

Hypertension

Generalized atherosclerosis

Abnormal liver function tests

Hyperuricemia

Proteinuria

Disproved

Myeloma

Diabetes without nephropathy
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dins, ANF, adenosine, endothelin, vasopressin, nora-
drenaline and angiotensin [37]. Of particular interest
has been the possible role of superoxide radicals in the
pathogenesis of CMIN. Not only do they induce renal
vasoconstriction, they also cause direct renal cell in-
jury. Superoxide dismutase prevents the fall in GFR
associated with CM , while in a dehydrated animal
model, renal levels of superoxide dismutase is dimin-
ished which may account for the demonstrated in-
creased susceptibility to CMIN [2]. By sequentially
measuring these substances before and after CM ex-
posure and by using antagonists of these vasoactive
substances (misoprostol, bosentan, ace-inhibitors, α-
blockers, etc.) [36, 38-42] the degree of involvement for
each of these potential mediators in the process of de-
veloping CMIN has been investigated. To date, only
endothelin and adenosine have been shown to play a
role as important mediators in CMIN [40, 41, 43].

CM-induces intrarenal hypoxia, possibly related to
the hemodynamic changes and/or increased tubular
energy expenditure in response to osmotic stress [33].
It has been proposed that increased renal adenosine
levels arising from enhanced ATP hydrolysis may be a
major contributor to development of acute renal fail-
ure after CM application (Figure 1). This is corrobo-
rated by the finding that application of CM increases
urinary adenosine excretion [44, 45] and the observa-
tion that dipyridamol, a nucleoside uptake blocker,
magnifies the renal hemodynamic effects of CM [44,
45]. In addition, there are many similarities between

CM-induced nephrotoxicity and the renal hemody-
namic changes induced by adenosine. Sodium deple-
tion potentate both adenosine action in the kidney [46,
47], and augments the nephrotoxicity of CM [35, 39].
Blockade of the production of vasodilatory prostag-
landins by indomethacin potentates both the adenos-
ine effect in the kidney [48], as well as the vasocon-
striction induced by CM [15, 49, 50]. Pre-existing renal
ischemia prior to application of CM increases the se-
verity of toxicity [51] and renal ischemia is associated
with enhanced adenosine generation inducing renal
vasoconstriction [46, 52, 53]. CM and adenosine both
showed disparate effects regarding regional blood flow
of the kidney with cortical vasoconstriction and med-
ullary vasodilation [50, 54]. An additional role for ad-
enosine comes from evidence that the diabetic kidney,
due to attenuation of nitric oxide mediated renal va-
sodilation, has increased sensitivity to adenosine-in-
duced vasoconstriction possible through up-regulation
of  adenosine A1 receptors [54a].

Experimental studies in a variety of animal models
of acute renal failure reveal a consistent nephroprotec-
tive effect of adenosine antagonism [55-62]. Theophyl-
line, for instance, acts as a non-specific adenosine re-
ceptor antagonist. Studies in both dogs and rats show
a nephroprotective effect of theophylline after appli-
cation of CM [44]. Our own group showed that rats
subjected to chronic NO-blockade are highly sensitive
to CM damage and when given adenosine antagonists
(theophylline and DPCPX) demonstrate favorable ef-

Figure 1. Pathogenesis of CMIN.
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fects concerning the prevention of a decline in
GFR and RBF (Figure 2) in this animal model of
CMIN [63].

is the lack of iodine exposure in highly allergic patients.
Disadvantages of the magnetic resonance CM are their
high viscosity and osmolarity. This physical charac-
teristic theoretically also limits their use for CMIN pre-
vention (especially because the volume of contrast
agents needed for computed tomography or angiog-
raphy is much higher than for a magnetic resonance
examination, 100 ml versus 15 ml). Controlled studies
in azotemic patients treated with either iso-osmolar CM
or with magnetic resonance CM are not available.

Another promising imaging agent alternative to
conventional X-ray CM is carbon dioxide, which is used
to provide a negative contrast. Studies performed so
far showed less nephrotoxicity [74, 75], but an image
that lasts a short time. However, this agent induces is-
chemia of the infused organs. This effect on vascular
perfusion prevents carbon dioxide from being used for
the investigation of cerebral vessels or for detecting
smaller vessels. Although not available at the present
time, future development of alternative contrast me-
dia or alternative investigations could supplant imag-
ing investigations using iodinated CM.

Hydration/mannitol/diuretics

From a theoretical point of view, pre-hydrating pa-
tients prior to contrast imaging studies would have the
following beneficial effects on the kidney:
• decreased activity of the renin-angiotensin-

system,
• down-regulation of the tubulo-glomerular feed

back,
• augmentation of diuresis and sodium excretion,

Figure 2. Decline in renal blood flow (RBF) in rats
with hypertension and renal vasoconstriction due
to chronic NO-inhibition by L-NAME compared to
controls after CM-application. Data obtained after
the administration of adenosine antagonists
(theophylline and DPCPX) are also shown [63]. 3.5
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Choice of contrast media

Studies performed after the introduction of new low
osmolar (nonionic) contrast media have failed to con-
sistently demonstrate that these more costly substances
reduce the incidence of CMIN when compared to high
osmolar (ionic) CM [4, 64-67]. The largest trial involv-
ing a substantial number of azotemic patients (509 out
of a total of 1, 196 patients), including 213 diabetics,
also found a negligible incidence of CMIN with either
low osmolar or high osmolar CM [24]. Patients suffer-
ing from renal function impairment due to diabetic
nephropathy had a twofold incidence of CMIN when
high osmolar CM was used as compared to low osmo-
lar CM [24]. A recent published meta-analysis con-
cluded that low osmolar CM may be beneficial for pa-
tients with azotemia [68], although the difference was
very small and the higher price of low osmolar CM
must be taken into consideration when choosing con-
trast agents. One has to keep in mind that the defini-
tion of “low osmolar” still involves CM’s with an os-
molarity of around 600 mOsmol/kg (compared to high
osmolar CM with an osmolarity of around 1, 400
mOsmol/kg). Possibly, the development of iso-osmo-
lar CM (i.e. iodixanol) may further reduce the incidence
CMIN [37, 69, 70]. An increasing number of studies
are choosing magnetic resonance CM as alternative CM
in hopes of preventing CMIN in azotemic patients un-
dergoing CT-scanning or angiography [71-73]. How-
ever, the only proven benefit of these substances in
conventional radiology (despite magnetic resonance)
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• dilution of the contrast media and thus minimiz-
ing renal cortical vasoconstriction,

• reduced pre-constriction of the vessels,
• avoidance of tubular obstruction, and
• reduction of endothelin and other intrarenal

vasoconstrictive mediators (e.g. vasopressin).

Most studies involve either saline hydration in the
role of mannitol or the value of vasodilators such as
dopamine, atrial natriuretic peptide, Ca-antagonists or
ACE-inhibitors with regard to protecting the kidney
from contrast media damage. The authors found that
hydration alone was as equal to or more effective than
the additional administration of hypertonic mannitol
or the administration of one of the vasodilative agents.
Other investigators compared results in patients sub-
mitted to special hydration protocols with historical
control groups [80, 81] or data reported in the litera-
ture [82-84]. Pre-study hydration was the only preven-
tative maneuver consistently associated with a lower
incidence of acute renal failure. So far, only one con-
trolled, randomized study compared saline adminis-
tration alone (0.45% saline over 24 hours, starting 12
hours before administration of radiocontrast dye) with
mannitol (25 g of mannitol given 60 minutes before
administration of radiocontrast dye) or furosemide (80
mg i.v.) [76]. In this study administration of saline alone
was the most successful strategy. In numerous studies
dealing with the nephroprotective effect of non-ionic
contrast media prehydration of the patients was in-
cluded in the protocol [24, 67], but patients with car-
diac failure, liver cirrhosis or edema mostly have been
excluded from the studies in order to avoid overhy-
dration.

Which fluid and when to start ?
Most investigators administer 0.45% saline in com-

bination with 5% dextrose intravenously in various
amounts (around 1000-1500 ml starting 12 hours be-
fore administration of radiocontrast agents). There is
no controlled study that assessed oral hydration in
these patients. Until now, there has been no investiga-
tion as to how long hydration should be continued.
From a theoretical point of view the use of
hyperosmolar fluids (such as 15% mannitol) in addi-
tion to the administration of the hyperosmolar contrast
media may have adverse effects. Therefore, it is not
surprising that most studies failed to observe a benefi-

cial effect of mannitol in this setting [27, 76, 80]. In ac-
cordance with the reported investigational data, hu-
mans have been significantly protected against the de-
velopment of CMIN when hydrated prior to and up to
12 hours after contrast media exposure [76, 80, 83]. Only
a minor protective effect could be demonstrated when
fluid was administered during the procedure [81, 84].

Use of diuretics?
No conclusive evidence is available to support a

protective role of loop-active diuretics with regard to
the prevention of CMIN. It has been claimed that a re-
duction of the workload of the tubular cells of the thick
ascending limb of Henle, by decreasing the rate of so-
dium reabsorption, might be tubuloprotective. Addi-
tionally, there might be a dilution effect by an incre-
ment of diuresis after furosemide. Most studies that
have investigated this application showed either no
beneficial effect or sometimes even worse results in case
of furosemide application [76, 85, 86]. The negative ef-
fect of furosemide could be due to the reduction of cor-
tical resistance inducing a redistribution of renal per-
fusion with reduced perfusion of the medulla. In com-
bination with the contrast media-induced
vasoconstriction, the oxygen content could be reduced
to a critical point and thereby contributing to further
deterioration of renal ischemia. Furosemide should be
used with caution because there is always the fear of
dehydration, which would enhance the nephrotoxic-
ity of contrast agents.

Use of vasoactive substances as prophylaxis

Many of the therapeutic approaches to the preven-
tion of CMIN involve the use of vasodilator agents.
The lack of efficacy of such approaches may be con-
tained in a recent concept articulated by a group from
Mayo Clinic [54a]. Starting with the evidence that the
diabetic kidney has a diminished vasodilatory capac-
ity, they reason that CM released vasoconstrictor, such
as endothelin, would inhibit the production and release
of nitric oxide and further compromise an already di-
minished endothelial mediated vasodilation. Thus,
they suggest that administration of vasoconstrictor an-
tagonist may be more effective in preventing or mini-
mizing the vasoconstriction induced by CM, rather than
applying a direct vasodilator to vessels with dysfunc-
tional capacity. While the concept is most applicable
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to diabetics, there is evidence that hypertensive patients
share a diminished capacity for generation of nitric ox-
ide in response to renal vasoconstriction [54b].

Calcium channel blockers
Due to their vasodilating effect and the hope to pre-

vent calcium overload in the tubular cells [35], calcium
channel blockers have been used in both experimental
[57] and clinical studies [44, 87, 88]. Despite early prom-
ising results large prospective trials failed to observe a
beneficial effect regarding the decline in GFR after CM
exposure [89-91]. Taken together a prophylactic value
of calcium channel blockers (either short or long act-
ing) has not been proven.

Dopamine
Dopamine, given in the so-called “renal doses” of

around 2 µg/kg/min is widely used to prevent and to
treat an acute renal failure induced under various cir-
cumstances. So far, most prospective studies have failed
to demonstrate any real benefit of dopamine in the set-
ting of CMIN [78, 92]. An interesting point seems to be
the observation, that a prophylactic treatment with
dopamine in 497 patients with ARF increased the mor-
tality rate, which could be due to the pro-arrhythmic
effect of this substance [93]. Fenoldopam, a selective
dopamine type 1 receptor agonist has shown promise
in the prevention of CMIN. In a retrospective evalua-
tion of CRF patients given CM and fenoldopam,
Madyoon et al [93a] reported a CMIN incidence of only
13% that was significantly less that the 38% derived
from historic controls. In a prospective trial of CRF pa-
tients undergoing coronary angiography, Kini et al
[93b] found significantly fewer patients had elevated
serum creatinine values post procedure than would
have been predicted from previously reported inci-
dences. Obviously, in order to confirm a beneficial ef-
fect of fenoldopam, a prospective, randomized control
trial will be required.

Atrial natriuretic factor (ANF)
Because of its natriuretic and vasodilative activity,

in addition to its effect on the intracellular ATP-con-
centration [94], ANF seems to be a good candidate for
the prevention of CMIN. To date no conclusive benefi-
cial results have been obtained in clinical studies [27,
77, 95]. This may be due to the route of application
(i.v. versus i.a. in experimental studies) and to intrare-

nal hemodynamic changes caused by ANF with induc-
tion of an arterial-steal phenomenon.

Adenosine Antagonists
In preliminary studies in both animals and humans

a nephroprotective effect of theophylline (an unspe-
cific adenosine antagonist) indicated a modification of
the reduction of GFR after application of CM [45, 96].
However, a large, double blind, placebo-controlled
study performed in patients with chronic renal failure
failed to show a benefit of theophylline when given to
otherwise stable and well hydrated mildly azotemic
patients [9]. Thus, it can be argued that the prolonged
tubular exposure to CM because of low tubular flow
rates in dehydrated patients in combination with a
stimulation of the renin-angiotensin system is the main
reason for a fall in GFR after CM and that adenosine
role in developing CMIN involving vasoconstriction
[43]. Patients with heart failure or inability to be toler-
ate hydrated due to other conditions and a higher de-
gree of renal insufficiency have been excluded from
prospective trials, which investigated the effects of
theophylline. Clinical trials involving patients with
contraindications for hydration should be carried out
in order to clearly evaluate the value of theophylline
in the prevention of CM-induced nephropathy. Pre-
liminary results obtained through a retrospective study
showed that theophylline administration on an inten-
sive care unit showed good results regarding the inci-
dence of CMIN in patients with cardiac insufficiency
(incidence of acute renal failure without theophylline:
15%, with theophylline: 7%) [97].

Antioxidant agents
Reactive oxygen species may have a role in renal

damage caused by contrast agents. Acetylcysteine, a
thiol-containing antioxidant has been used to treat a
variety of pulmonary diseases and to treat acute ac-
etaminophen poisoning. Recently, however, it has been
used successfully to ameliorate the toxic effects of a
variety of experimentally or clinically induced is-
chemia-reperfusion syndromes of the heart, kidney,
lung, and liver. In each of these syndromes, it is thought
that the activity of acetylcysteine is related to its action
as a free-radical scavenger, or as a reactive sulphydryl
compound that increases the reductive capacity of the
cell. Tepel et al. recently published the first clinical trial
using acetylcysteine (1200 mg of acetylcysteine per day,
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given orally in divided doses on the day before and on
the day of the administration of the radiocontrast agent)
in order to prevent the decline in renal function in pa-
tients with moderate renal insufficiency, who were un-
dergoing computed tomography [98]. On closer evalu-
ation of the data they do not really show a conclusive
benefit of acetylcysteine since the placebo comparison
group did not show a significant decline in renal func-
tion after contrast media exposure and the significant
difference between the groups resulted from an unex-
plained decline in creatinine levels in the acetylcysteine
group compared to stable creatinine levels in the pla-
cebo group. However, prospective studies involving
acetylcysteine have been reported in patients under-
going cardiac catheterization using CM. In a prospec-
tive, randomized study of 54 patients, Diaz-Sandoval
et al [98a] significantly decreased the incidence of >25%
increase in serum creatinine during the first 48 hours
following catheterization. In addition at the 51st ACC
annual session in 2002, two abstracts were presented
[98b,c] suggesting a beneficial effect of acetylcysteine
in preventing CM induced increase in serum creati-
nine. However, Briguori et al [98d] reported a random-
ized control trial involving 183 patients with impaired
renal function undergoing angiography. They com-
pared acetylcysteine plus saline infusion to saline alone
using a >25% increase in serum creatinine as an end-
point. After multivariate analysis they concluded that
the amount of contrast rather than the prophylactic
treatment was the predictor of post-procedure dete-
rioration of renal function. Therefore these data should
be confirmed in a larger number of patients and in pa-
tients with a more seriously compromised renal func-
tion before acetylcysteine can be considered a poten-
tially useful drug for prevention of CMIN.

Endothelin antagonists
Endothelin as a potent vasoconstrictor has been

implicated in the pathogenesis of CMIN. Although ani-
mal studies showed promising results by application
of endothelin antagonists [99] the first clinical study
using an endothelin receptor antagonist showed a
negative result with an exacerbation [100].

Hemodialysis after CM exposure

Some nephrologists have used hemodialysis in
azotemic patients to enhance the elimination rate of
CM from the body. From a pathophysiological point
of view hemodialysis, which was normally initiated
around 30-120 minutes after CM application, cannot
prevent the effects on the renal hemodynamic situa-
tion. The only prospective study done so far by Lehnert
et al. [101] showed no benefit regarding the develop-
ment of ARF in dialyzed patients compared to con-
trols. In our own institute we performed a controlled
study with azotemic patients. Fifteen patients with an
impaired renal function (mean serum creatinine con-
centration 2.7 ± 0.2 mg/dl) were randomly assigned to
receive either a hemodialysis procedure for 2-3 hours,
started as early as possible after administration of CM
(106 ± 25 minutes), or a conservative treatment. The
course and absolute changes in serum creatinine over
the entire observation period was not different in ei-
ther groups. The percentage increase of serum creati-
nine the day after CM application was higher in the
group that underwent hemodialysis [102]. The rate of
CMIN (defined as serum creatinine increase of greater
than or equal to 0.5 mg/dl within 48 h after adminis-
tration of CM) was significantly higher in the dialyzed
group (43% in the hemodialysis group and 13% in the
group with conservative treatment, respectively). The
serum iodine concentration declined earlier in the dia-
lyzed group. In summary, dialysis has no proven ben-
efit in regard to a prevention of CMIN in azotemic pa-
tients.

Conclusions

Table 2 summarizes the clinical maneuvers that,
based on current evidence, can be implemented to re-
duce the chance of CMIN. Before undertaking an im-
aging study, a risk/benefit analysis is needed. Will the
information obtained lead to a change in treatment or
is it simply to confirm a clinical suspicion? If the latter,
then a compelling need for such confirmation must ex-
ist. By following the six recommendations on Table 2,
the risk for CMIN can be significantly reduced.
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Table 2. Clinical maneuvers that may prove beneficial in reducing the risk of CMIN.

1. Hydrate patients with intravenous saline and sustain in the immediate post-procedure interval.

2. Minimize the amount of CM used, sufficient to insure a interpretable study.

3. Perform diagnostic angiographic studies on separate days.

4. Discontinue any drugs with nephrotoxic potential.

5. Use low-osmolar CM in patients with renal insufficiency, especially diabetics.

6. Consider the use of prophylactic acetylcysteine in patients with renal insufficiency.

References

1. Levy EM, Viscoli CM, Horwitz RI. The effect of acute renal failure on mortality: a cohort analysis. JAMA 1996; 275: 1489-1494.
2. Porter GA. Contrast-associated nephropathy: presentation, pathophysiology and management. Mineral&Electrolyte Metabo-

lism 1994; 20: 232-243.
2a. Kurnik BR, AllgrenRI, GenterFC, Solomon RJ, Bates ER, Weisberg LS: Prospective study of atrial natriuretic peptide for the

prevention of radiocontrast-induced nephropathy. Am J Kid Dis. 1998;31:674-80
2b. Gruberg L., Mintz GS, Mehran R, Gangas G, Lansky AJ, Kent KM, Pichard AD, Satler LF, Leon MB:  The prognostic implications

of further renal function deterioration within 48 h of interventional coronaryprocedures in patients with pre-existing chronic
renal insufficiency. J Am Coll Cardiol. 2000;36:1542-8.

2c. Abizaid AS, Clark CE, Mintz GS, Dosa S, Popma JJ, Pichard AD, Satler LF, Harvey M, Kent KM, Leon MB: Effects of dopamine
and aminophylline on contrast-induced acute renal failure after coronary antioplasty in patients with preexisiting renal
insufficiency. Am J. Cardiol. 1999; 83;260-3.

3. Berns AS. Nephrotoxicity of contrast media (clinical conference). Kidney Int 1989; 36: 730-740.
4. Barrett BJ, Parfrey PS, Vavasour HM, McDonald J, Kent G, Hefferton D, O’Dea F, Stone E, Reddy R, McManamon PJ. Contrast

nephropathy in patients with impaired renal function: high versus low osmolar media. Kidney Int 1992; 41: 1274-1279.
5. Rudnick MR, Berns JS, Cohen RM, Goldfarb S. Contrast media-associated nephrotoxicity. Curr Opin Nephrol Hypert 1996; 5:

127-133.
6. Moreau JF, Droz D, Sabto J, Jungers P, Kleinknecht D, Hinglais N, Michel JR. Osmotic nephrosis induced by water soluble

triiodinated contrast media in man. Radiology 1975; 115: 329-336.
7. Bettmann MA. The evaluation of contrast-related renal failure (comment). AJR Am J Roentgenol 1991; 157: 66-68.
8. Hunter JV, Kind PRN. Nonionic iodinated contrast media: potential renal damage assessed with enzymuria. Radiology 1992;

183: 101-104.
9. Erley CM, Duda SH, Rehfuss D, Scholtes B, Bock J, Müller C, Osswald H. Prevention of radiocontrast-media-induced nephropa-

thy in patients with preexisting renal insufficiency by hydration in combination with the adenosine antagonist theophylline.
Nephrol Dial Transplant 1999; 14: 1146-1149.

10. Donadio C, Tramonti G, Giordani R, Lucchetti A, Calderazzi A, Sbragia P, Bianchi C. Glomerular and tubular effects of ionic and
nonionic contrast media (diatrizoate and iopamidol). Contrib Nephrol 1988; 68: 212-219.

11. Porter GA. Urinary biomarkers and nephrotoxicity. Mineral&Electrolyte Metabolism 1994; 20: 181-186.
11a. Scanlon PJ, Faxon DP, Audet AM, Carabello, B, Dehmer GJ, Eagle KA, Legako RD, Leon DF, Murray JD, Nissen SE, Pepine CJ,

Watson, RM, Ritchie JL, Gibbons RJ, Cheitlin MD, Gardner TJ, Garson A, Russell RO, Ryan TJ, Smith SC:  ACC/AHA guidelines for
coronary angiography: a report of the American College of Cardiology/American Heart Associateion Task force on Practic
Guidelines (Committee on Coronary Angiography).  J Am Coll Cardiol. 1999;33:1756-824.

12. Tervahartiala P, Kivisaari L, Kivisaari R, Vehmas T, Virtanen I. Structural changes in the renal proximal tubular cells induced by
iodinated contrast media. Nephron 1997; 76: 96-102.

13. Dobrota M, Powell CJ, Holtz E, Wallin A, Vik H. Biochemical and morphological effects of contrast media on the kidney. Acta
Radiol (Suppl) 1995; 399: 196-203.

14. Battenfeld R, Khater AE, Drommer W, Guenzel P, Kaup FJ. Ioxaglate-induced light and electron microscopic alterations in the
renal proximal tubular epithelium of rats (see comments). Invest Radiol 1991; 26: 35-39.

15. Heyman SN, Brezis M, Reubinoff CA, Greenfeld Z, Lechene C, Epstein FH, Rosen S. Acute renal failure with selective medullary
injury in the rat. J Clin Invest 1988; 82: 401-412.

16. Rich MW, Crecelius CA. Incidence, risk factors, and clinical course of acute renal insufficiency after cardiac catheterization in
patients 70 years of age or older. A prospective study. Arch Intern Med 1990; 150: 1237-1242.



491

23. Radiocontrast agents

17. Davidson CJ, Hlatky M, Morris KG, Pieper K, Skelton TN, Schwab SJ, Bashore TM. Cardiovascular and renal toxicity of a
nonionic radiographic contrast agent after cardiac catheterization. A prospective trial. Ann Intern Med 1989; 110: 119-124.

18. D’Elia JA, Gleason RE, Alday M, Malarick C, Godley K, Warram J, Kaldany A, Weinrauch LA. Nephrotoxicity from angiographic
contrast material. A prospective study. Am J Med 1982; 72: 719-725.

19. Manske CL, Sprafka JM, Strony JT, Wang Y. Contrast nephropathy in azotemic diabetic patients undergoing coronary angiog-
raphy. Am J Med 1990; 89: 615-620.

19a. Agrawal M, Stouffer GA: Contrast induced nephropathy after angiography. Am J Med Sci. 2002;323:252-58.
20. Rosovsky MA, Rusinek H, Berenstein A, Basak S, Setton A, Nelson PK. High-dose administration of nonionic contrast media:

a retrospective review. Radiology 1996; 200: 119-122.
21. Rudnicki M, Berns JS, Cohen RM, Goldfarb S. Contrast media-associated nephrotoxicity. Curr Opin Nephrol Hypertens 1996;

5: 127-133.
22. Vanzee BE, Hoy WE, Talley TE, Jaenike JR. Renal injury associated with intravenous pyelography in nondiabetic and diabetic

patients. Ann Intern Med 1978; 89: 51-54.
23. Moore RD, Steinberg EP, Powe NR, Brinker JA, Fishman EK, Graziano S, Gopalan R. Nephrotoxicity of high-osmolality versus

low-osmolality contrast media: randomized clinical trial. Radiology 1992; 182: 649-655.
24. Rudnick MR, Goldfarb S, Wexler L, Ludbrook PA, Murphy MJ, Halpern EF, Hill JA, Winneford M, Cohen MB, Vanfossen DB.

Nephrotoxicity of ionic and nonionic contrast media in 1196 patients: a randomized trial. Kidney Int 1995; 47: 254-261.
25. Parfrey PS, Griffiths SM, Barrett BJ, Paul MD, Genge M, Withers J, Farid N, McManamon PJ. Contrast material-induced renal

failure in patients with diabetes mellitus, renal insufficiency, or both. A prospective controlled study. N Engl J Med 1989; 320:
143-149.

26. Lautin EM, Freeman NJ, Schoenfeld AH, Bakal CW, Haramati N, Friedman AC, Lautin JL, Braha S, Kadish EG, Sprayregen S.
Radiocontrast-associated renal dysfunction: incidence and risk factors (see comments). AJR Am J Roentgenol 1991; 157: 49-
58.

27. Weisberg LS, Kurnik PB, Kurnik BR. Risk of radiocontrast nephroathy in patients with and without diabetes mellitus. Kidney Int
1994; 45: 259-265.

28. Gomes AS, Baker JD, Martin-Paredero V, Dixon SM, Takiff H, Machleder HI, Moore WS. Acute renal dysfunction after major
arteriography. AJR Am J Roentgenol 1985; 145(6): 1249-1253.

29. Taliercio CP, McCallister SH, Holmes DR, Ilstrup DM, Vlietstra RE. Nephrotoxicity of nonionic contrast media after cardiac
angiography. Am J Cardiol 1989; 64: 815-816.

30. Rudnick MR, Berns JS, Cohen RM, Goldfarb S. Contrast media-associated nephrotoxicity. Sem Nephrol 1997; 17: 15-26.
31. Cigarroa RG, Lange RA, Williams RH, Hillis LD. Dosing of contrast material to prevent contrast nephropathy in patients with

renal disease. Am J Med 1989; 86: 649-652.
32. McCarthy CS, Becker JA. Multiple myeloma and contrast media. Radiology 1992; 183: 519-521.
33. Heyman SN, Rosen S, Brezis M. Radiocontrast nephropathy: a paradigm for the synergism between toxic and hypoxic insults

in the kidney. Exp Nephrol 1994; 2: 153-157.
34. Katzberg RW, Morris TW, Burgener FA, Kamm DE, Fischer HW. Renal renin and hemodynamic responses to selective renal

artery catheterization and angiography. Invest Radiol 1977; 12: 381-388.
35. Bakris GL, Burnett JCJ. A role for calcium in radiocontrast-induced reductions in renal hemodynamics. Kidney Int 1985; 27:

465-468.
36. Caldicott WJ, Hollenberg NK, Abrams HL. Characteristics of response of renal vascular bed to contrast media. Evidence for

vasoconstriction induced by renin-angiotensin system. Invest Radiol 1970; 5: 539-547.
37. Katzberg RW. Urography into the 21st century: new contrast media, renal handling, imaging characteristics, and nephrotoxic-

ity. Radiology 1997; 204: 297-312.
38. Workman RJ, Shaff MI, Jackson RV, Diggs J, Frazer MG, Briscoe C. Relationship of renal hemodynamic and functional changes

following intravascular contrast to the renin-angiotensin system and renal prostacyclin in the dog. Invest Radiol 1983; 18:
160-166.

39. Larson TS, Hudson K, Mertz JI, Romero JC, Knox FG. Renal vasoconstrictive response to contrast medium. The role of sodium
balance and the renin-angiotensin system. J Lab Clin Med 1983; 101: 385-391.

40. Heyman SN, Clark BA, Kaiser N, Spokes K, Rosen S, Brezis M, Epstein FH. Radiocontrast agents induce endothelin release in
vivo and in vitro. J Am Soc Nephrol 1992; 3: 58-65.

41. Oldroyd SD, Haylor JL, Morcos SK. Bosentan, an orally active endothelin antagonist: effect on the renal response to contrast
media. Radiology 1995; 196: 661-665.

42. Russo D, Minutolo R, Cianciaruso B, Memoli B, Conte G, De Nicola L. Early effects of contrast media on renal hemodynamics
and tubular function in chronic renal failure. J Am Soc Nephrol 1995; 6: 1451-1458.

43. Erley CM, Osswald H. Prevention of contrast media-induced renal impairment by adenosine antagonists in humans. Drug Dev
Res 1998; 45: 172-175.



492

ERLEY & PORTER

44. Arend LJ, Bakris GL, Burnett JCJ, Megerian C, Spielman WS. Role for intrarenal adenosine in the renal hemodynamic response
to contrast media. J Lab Clin Med 1987; 110: 406-411.

45. Katholi RE, Taylor GJ, McCann WP, Woods WT, Womack KA, McCoy CD, Katholi CR, Moses HW, Mishkel GJ, Lucore CL, Holloway
RM, Miller BD, Woodruff RC, Dove JT, Mikell FL, Schneider JA. Nephrotoxicity from contrast media: attenuation with theophyl-
line. Radiology 1995; 195:17-22.

46. Osswald H, Schmitz HJ, Heidenreich O. Adenosine response of the rat kidney after saline loading, sodium restriction and
hemorrhagia. Pflugers Arch 1975; 357: 323-333.

47. Hall JE, Granger JP. Adenosine alters glomerular filtration control by angiotensin II. Am J Physiol 1986; 250: F917-F923.
48. Haas JA, Osswald H. Adenosine induced fall in glomerular capillary pressure: effect of ureteral obstruction and aortic constric-

tion in the Munich- Wistar rat kidney. Naunyn Schmiedebergs Arch Pharmacol 1981; 317: 86-89.
49. Cantley LG, Spokes K, Clark B, McMahon EG, Carter J, Epstein FH. Role of endothelin and prostaglandins in radiocontrast-

induced renal artery constriction. Kidney Int 1993; 44: 1217-1223.
50. Heyman SN, Brezis M, Epstein FH, Spokes K, Silva P, Rosen S. Early renal medullary hypoxic injury from radiocontrast and

indomethacin. Kidney Int 1991; 40: 632-642.
51. Cederholm C, Almen T, Bergqvist D, Golman K, Takolander R. Acute renal failure in rats. Interaction between contrast media

and temporary renal arterial occlusion. Acta Radiol 1989; 30: 321-326.
52. Deray G, Dubois M, Martinez F, Baumelou B, Beaufils H, Bourbouze R, Baumelou A, Jacobs C. Renal effects of radiocontrast

agents in rats: a new model of acute renal failure. Am J Nephrol 1990; 10: 507-513.
53. Osswald H, Schmidt HJ, Kemper R. Tissue content of adenosine, inosine and hypoxanthine in the rat kidney after ischemia and

postischemic recirculation. Pflügers Arch 1977; 371: 45-49.
54. Agmon Y, Peleg H, Greenfeld Z, Rosen S, Brezis M. Nitric oxide and prostanoids protect the renal outer medulla from radio-

contrast toxicity in the rat. J Clin Invest 1994; 94: 1069-1075.
54a. Pflueger A, Larson, TS, Nath KA, King BF, Gross JM, Knox, FG: Role of adenosine in constrast  media-induced acute renal failure

in diabetes mellitus. Mayo Clin Proc. 2000; 75:1275-83.
54b. Taddei S, Virdis A, Ghiadoni L, Magagna A, Salvetti A: Cyclooxygenase inhibition restores nitric oxide activity in essential

hypertension. Hyperten. 1997;29(1Pt2):274-9.
55. Osswald H, Helminger I, Jendralski A, Abrar B. Improvement of renal function by theophylline in the acute renal failure of the

rat. Naunyn-Schmiedeberg´s Arch Pharmacol 1979; 307: R47 (abstract).
56. Gouyon JB, Guignard JP. Theophylline prevents the hypoxemia-induced renal hemodynamic changes in rabbits. Kidney Int

1988; 33: 1078-1083.
57. Deray G, Martinez F, Cacoub P, Baumelou B, Baumelou A, Jacobs C. A role for adenosine calcium and ischemia in radiocon-

trast-induced intrarenal vasoconstriction. Am J Nephrol 1990; 10: 316-322.
58. Rossi N, Ellis V, Kontry T, Gunther S, Churchill P, Bidani A. The role of adenosine in HgCl2-induced acute renal failure in rats.

Am J Physiol 1990; 258: F1554-F1560.
59. Lin JJ, Churchill PC, Bidani AK. Theophylline in rats during maintenance phase of post-ischemic acute renal failure. Kidney Int

1988; 33: 24-28.
60. Lin JJ, Churchill PC, Bidani AK. Effect of theophylline on the initiation phase of postischemic acute renal failure in rats. J Lab

Clin Med 1986; 108: 150-154.
61. Bidani AK, Churchill PC. Aminophylline ameliorates glycerol-induced acute renal failure in rats. Can J Physiol Pharmacol 1983;

61: 567-571.
62. Bidani AK, Churchill PC, Packer W. Theophylline-induced protection in myoglobinuric acute renal failure: Further chracterization.

Can J Physiol Pharmacol 1987 ; 65: 42-45.
63. Erley CM, Heyne N, Burgert K, Langanke J, Risler T, Osswald H. Prevention of radiocontrast induced nephropathy by adenosine

antagonists in rats with chronic nitric oxide deficiency. J Am Soc Nephrol 1997; 8: 1125-1132.
64. Barrett BJ, Parfrey PS, McDonald JR, Hefferton DM, Reddy ER, McManamon PJ. Nonionic low-osmolality versus ionic high-

osmolality contrast material for intravenous use in patients perceived to be at high risk: randomized trial (see comments).
Radiology 1992; 183: 105-110.

65. Deray G, Jacobs C. Radiocontrast nephrotoxicity. A review. Invest Radiol 1995; 30: 221-225.
66. Katholi RE, Taylor GJ, Woods WT, Womack KA, Katholi CR, McCann WP, Moses HW, Dove JT, Mikell FL, Woodruff RC. Nephro-

toxicity of nonionic low-osmolality versus ionic high- osmolality contrast media: a prospective double-blind randomized
comparison in human beings. Radiology 1993; 186: 183-187.

67. Schwab SJ, Hlatky MA, Pieper KS, Davidson CJ, Morris KG, Skelton TN, Bashore TM. Contrast nephrotoxicity: a randomized
controlled trial of a nonionic and an ionic radiographic contrast agent. N Engl J Med 1989; 320: 149-153.

68. Barrett BJ, Carlisle EJ. Metaanalysis of the relative nephrotoxicity of high- and low-osmolality iodinated contrast media.
Radiology 1993; 188: 171-178.



493

23. Radiocontrast agents

69. Jakobsen JA. Renal effects of iodixanol in healthy volunteers and patients with severe renal failure. Acta Radiol (Suppl) 1995;
399: 191-195.

70. Jakobsen JA. Renal experience with Visipaque. Eur Radiol 1996; 6 (Suppl 2): S16-S19.
71. Weissleder R. Can gadolinium be safely given in renal failure? AJR Am J Roentgenol 1996; 167: 278-279.
72. Kaufman JA, Geller SC, Waltman AC. Renal insufficiency: gadopentetate dimeglumine as a radiographic contrast agent

during peripheral vascular interventional procedures. Radiology 1996; 198: 579-581.
73. Hatrick AG, Jarosz JM, Irvine AT. Gadopentate dimeglumine as an alternative contrast agent for use in interventional proce-

dures. Clin Radiology 1997; 52: 948-952.
74. Seeger JM, Self S, Harward TR, Flynn TC, Hawkins IF Jr. Carbon dioxide gas as an arterial contrast agent. Ann Surgery 1993;

217: 688-697.
75. Hawkins IF Jr, Wilcox CS, Kerns SR, Sabatelli FW. CO2 digital angiography: a safer contrast agent for renal vascular imaging ?

Am J Kidney Dis 1994; 24: 685-694.
76. Solomon R, Werner C, Mann D, D’Elia J, Silva P. Effects of saline, mannitol, and furosemide on acute decreases in renal

function induced by radiocontrast agents. N Engl J Med 1994; 331: 1416-1420.
77. Kurnik BR, Weisberg LS, Cuttler IM, Kurnik PB. Effects of atrial natriuretic peptide versus mannitol on renal blood flow during

radiocontrast infusion in chronic renal failure. J Lab Clin Med 1990; 116: 27-36.
78. Weisberg LS, Kurnik PB, Kurnik BR. Dopamine and renal blood flow in radiocontrast-induced nephropathy in humans. Renal

Failure 1993; 15: 61-68.
79. Weisberg LS, Kurnik PB, Kurnik BR. Radiocontrast-induced nephropathy in humans: role of renal vasoconstriction. Kidney Int

1992; 41: 1408-1415.
80. Anto HR, Chou SY, Porush JG, Shapiro WB. Infusion intravenous pyelography and renal function. Effect of hypertonic manni-

tol in patients with chronic renal insufficiency. Arch Intern Med 1981; 141: 1652-1656.
81. Eisenberg RL, Bank WO, Hedgock MW. Renal failure after major angiography can be avoided with hydration. Am J Radiol

1981; 136: 859-861.
82. Carraro M, Stacul F, Collari P, Toson D, Zucconi F, Torre R, Faccini L, Dalla Palma L. Contrast media nephrotoxicity: urinary

protein and enzyme pattern in patients with or without saline infusion during digital subtracting angiography. Contrib
Nephrol 1993; 101: 251-254.

83. Kerstein MD, Puyau FA. Value of periangiography hydration. Surgery 1984; 96: 919-922.
84. Louis BM, Hoch BS, Hernandez C, Namboodiri N, Neiderman G, Nissenbaum A, Foti FP, Magno A, Banayat G, Fata F, Manohar

NL, Lipner HI. Protection from the nephrotoxicity of contrast dye. Renal Failure 1996; 18: 639-646.
85. Weinstein JM, Heyman S, Brezis M. Potential deleterious effect of furosemide in radiocontrast nephropathy. Nephron 1992;

62: 413-415.
86. Golman K, Cederholm C. Contrast medium-induced acute renal failure. Can it be prevented ? Invest. Radiol. 1990; 25(Suppl

1): S127-S128.
87. Neumayer HH, Gellert J, Luft FC. Calcium antagonists and renal protection. Renal Failure 1993; 15: 353-358.
88. Russo D, Testa A, Volpe LD, Sansone G. Randomised propspective study on renal effects of two different contrast media in

humans: protective role of a calcium channel blocker. Nephron 1990; 55: 254-257.
89. Carraro M, Mancini W, Artero M, Stacul F, Grotto M, Cova M, Faccini L. Dose effect of nitrendipine on urinary enzymes and

microproteins following non-ionic radiocontrast administration. Nephrol Dial Transplant 1996; 11: 444-448.
90. Spangberg Viklund B, Berglund J, Nikonoff T, Nyberg P, Skau T, Larsson R. Does prophylactic treatment with felodipine, a

calcium antagonist, prevent low-osmolar contrast-induced renal dysfunction in hydrated diabetic and nondiabetic patients
with normal or moderately reduced renal function? Scand J Urol Nephrol 1996; 30: 63-68.

91. Khoury Z, Schlicht JR, Como J, Karschner JK, Shapiro AP, Mook WJ, Weber RJ. The effect of prophylactic nifedipine on renal
function in patients administered contrast media. Pharmacother 1995; 15: 59-65.

92. Hall KA, Wong RW, Hunter GC, Camazine BM, Rappaport WA, Smyth SH, Bull DA, McIntyre KE, Bernhard VM, Misiorowski RL.
Contrast-induced nephrotoxicity: the effects of vasodilator therapy. J Surg Res 1992; 53: 317-320.

93. Chertow GM, Sayegh MH, Allgren RL, Lazarus JM. Is the administration of dopamine associated with adverse or favorable
outcomes in acute renal failure? Auriculin Anaritide Acute Renal Failure Study Group. Am J Med 1996; 101: 49-53.

93a. Madyoon H, Croushore L, Weaver D, Mathur V: Use of fenoldopam to prevent radiocontrast nephropathy in high-risk pa-
tients. Cather Cardiovasc. Intervent 2001;53;341-5.

93b. Kini A, Sharma S: Managing the high-risk patients: Experience with fenoldopam, a selective dopamine receptor agonist, in
prevention of radiocontrast nephropathy during percutaneous coronary intervention. Rev Cardiovas Med. 2001;2(s1):S19-
25.

94. Wambach G, Winkert T. Nierenfunktionsstörungen nach Röntgenkontrastmittelgabe: Prophylaxe durch das atriale natriuretische
Peptid? Nieren- und Hochdruckkrankheiten 1990; 19: 312-317.



494

ERLEY & PORTER

95. Kurnik BR, Allgren RL, Genter FC, Solomon RJ, Bates ER, Weisberg LS. Prospective study of atrial natriuretic peptide for the
prevention of radiocontrast-induced nephropathy. Am J Kidney Dis 1998; 31: 674-680.

96. Erley CM, Duda SH, Schlepckow S, Koehler J, Huppert PE, Strohmaier WL, Bohle A, Risler T, Osswald H. Adenosine antagonist
theophylline prevents the reduction of glomerular filtration rate after contrast media application. Kidney Int 1994; 45: 1425-
1431.

97. Erley CM. Prävention des kontrastmittelbedingten Nierenversagens. Intensivmed 1997; 34: 769-777.
98. Tepel M, van der Giet M, Schwarzfeld C, Laufer U, Liermann D, Zidek W. Prevention of radiographic-contrast-agent-induced

reductions in renal function by acetylcysteine. New Engl J MED 2000; 343: 180-184.
98a. Diaz-Sandoval LJ, Kosowsky BD, Losordo DW: Acetylcysteine to prevent angiography-related renal tissue injury (The APART

Trial). Am J Cardiol. 2002;89:356-8.
98b. Adamian MG, Mousssa I, Mehran R: the role of mucomyst administration prior to percutaneous intervention on renal func-

tion in patients with chronic renal failure. J Am Coll Cardiol. 2002;39(sA):1A.
98c. Mouhayar EN, Tadros G, Akinwande AAO: Prevention of contrast-induced renal dysfunction with acetylcysteine in patients

undergoing conronary angiography. J Am Coll Cardiol. 2002:39(sA):1A.
98d. Briguori C, Manganelli F, Scarpato P, Elia PP, Golia B, Riviezzo G, Lepore S, Librera M, Villari B, Colombo A, Ricciardelli B.

Acetylcysteine and contrast agent-associated nephrotoxicity. J Am Coll Cardiol. 2002;40:298-303.
99. Oldroyd S, Slee SJ, Haylor J, Morcos SK, Wilson C. Role for endothelin in the renal responses to radiocontrast media in the rat.

Clin Sci Colch 1994; 87: 427-434.
100. Wang A, Holcslaw T, Bashore TM, Freed MI, Miller D, Rudnick MR, Szerlip H, Thames MD, Davidson CJ, Shusterman N, Schwab

SJ. Exacerbation of radiocontrast nephrotoxicity by endothelin receptor antagonism. Kidney Int 2000; 57: 1675-1680.
101. Lehnert T, Keller E, Gondolf K, Schaffner T, Pavenstandt H, Schollmeyer P. Effect of haemodialysis after contrast medium

administration in patients with renal insufficiency. Nephrol Dial Transplant 1998; 13: 358-362.
102. Berger ED, Bader BD, Bosker J, Risler T, Erley CM. Kontrastmittelinduziertes Nierenversagen läßt sich durch Hämodialyse nicht

verhindern. (Contrast media-induced kidney failure cannot be prevented by hemodialysis). Dtsch Med Wochenschr 2001; 16;
126(7): 162-166 (German).



24

M.E. De Broe, G.A. Porter, W.M. Bennett & G.A. Verpooten (Editors). Clinical Nephrotoxins, 2nd Ed., 495-506

Introduction ___________________________________________________________495

Handling of lead in the human body _____________________________________496
Exposure, absorption, elimination and toxicity 496
Modifying factors 496

Acute lead nephropathy_________________________________________________497

Chronic renal disease due to lead ________________________________________497
Chronic lead nephropathy in Queensland 498
Moonshine 499
Association with gout 500
Association with hypertension 500
Occupational lead nephropathy 501
Assessing the body burden 502

Treatment _____________________________________________________________503

References _____________________________________________________________503

Lead nephropathy

Richard P. WEDEEN1 and Bryan T. EMMERSON2

1New Jersey Health Care System, East Orange, New Jersey, USA
2University of Queensland, Brisbane, Queensland, Australia

Introduction

Because of its stability and malleability, lead has
been used by man for millennia. Although lead

may be found in remnants from primitive societies, it
is present in greater concentrations in industrial soci-
eties. It is widely distributed throughout the earth and
accumulates in most tissues and plants.

Lead has no essential biological role and, in suffi-
cient concentrations, is potentially toxic to many cells
and tissues, including the kidney. That lead absorp-
tion could be associated with clinical symptoms has
been recognized since the days of Hippocrates and the
contribution of chronic lead exposure to the later de-

velopment of granular contracted kidneys has been
recognized since Lanceraux [1]. However, the precise
factors that determine the development of toxic effects
after exposure to lead have been difficult to define and
its metabolism and toxicity have only been defined this
century. Adverse cellular effects of lead have been de-
scribed, including an effect on mitochondrial structure
and the inhibition of susceptible enzymes, particularly
delta-amino levulinic acid dehydratase, the develop-
ment of abnormal porphyrin and heme synthesis and
its binding to phosphatidyl choline membranes. With
the widespread use of lead in industrialized societies,
potential hazards from lead continue to be important.
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Handling of lead in the human body

Exposure, absorption, elimination and toxicity

These terms are often used loosely but each has a
specific meaning, which should be used with precision.

Exposure. This reflects the amount of lead in the
environment to which the particular individual is ex-
posed. Any effects will depend upon the amount of
lead absorbed, which will depend upon the intensity
and duration of exposure.

Absorption. Lead can be absorbed either from the
air or from ingested food or fluid [2]. The amount of
lead absorbed by inhalation increases with increasing
particle size. Much lead, however, is absorbed from
the alimentary tract where food and water may con-
tain lead or be contaminated with lead-containing soil
or dust. The lead content of food will depend upon the
environment in which it is grown. Most ingested lead
traverses the alimentary tract and is excreted in the
faeces, the amount absorbed depending upon the
amount ingested.

Storage. Absorbed lead is stored in all tissues and
is present in most bodily secretions. In the blood, it is
principally found in red cells but some is also present
in the serum. The skeleton and teeth constitute a major
site of storage and lead can readily be found in most
tissues including the brain and the hair.

Although it is likely that there are a large number
of physiological pools, stored lead is chiefly found in
three body compartments [3]. The first rapidly ex-
changeable pool comprises lead in the blood and other
tissues in rapid equilibrium with the blood. Ingested
lead first enters this pool and lead excreted in the urine
comes principally from this pool. It contains less than
1% of the total body lead and has a mean life of 35
days. The second compartment, the intermediate ex-
change compartment, generally comprises the soft tis-
sues and the actively exchanging portions of the skel-
eton, including the lead in hair, nails and bodily secre-
tions and sweat. It too comprises less than 1% of the
body lead content and has a mean life of about 40 days.
The third compartment comprises the slow exchange
pool and includes most of the skeleton. It includes the
vast proportion (greater than 98%) of the body lead
and has an extremely slow turnover, usually quoted
as 30 years. Thus, stored lead has an enormous affinity
for bone, with the precise concentration at any site de-

pending upon the rate of turnover of the bone. These
three compartments are in equilibrium with each other,
with definable transfer coefficients between them. The
lead content of bone increases when the skeleton is rela-
tively inactive, unless it is mobilized by an illness,
which mobilizes bone. Secondary hyperpara-
thyroidism, or the osteodystrophy of chronic renal fail-
ure, can mobilize lead from the skeletal compartment
and return it to the soft tissue and blood compartments
where it may have toxic manifestations. The lead con-
centration of blood can be readily measured, although
most of the lead is attached to the red cells and the
lead content of bone can be measured either at biopsy,
autopsy or by in vivo X-ray fluorescence.

Elimination. Apart from that lost in bodily secre-
tions, most lead is excreted in the urine. Faecal excre-
tion may reflect current exposure more than that which
has been absorbed and stored. Urinary excretion of
ingested lead is rapid at first but gradually diminishes
as more of the absorbed lead is stored rather than ex-
creted. The rate of loss is more related to the duration
of exposure than the quantity accumulated. In a bal-
anced state, elimination of lead is equal to that ab-
sorbed. Chronic renal failure does not cause accumu-
lation of lead in the body [4].

Intoxication. This indicates that the absorbed lead
is having adverse metabolic effects upon a body tis-
sue. The toxicity is proportional to the concentration
of lead at the site. Defining minimal manifestations of
toxicity has extended with our increasing ability to
develop sensitive indices of toxicity. Inhibition of delta-
amino levulinic acid dehydratase with an increase in
urinary amino-levulinic acid is a relatively sensitive
index of toxicity in intoxication, indicating that the lead
is having an adverse effect on porphyrin metabolism
[5]. Lead binding proteins are also being recognized
[6], although they are less well defined that those which
bind cadmium. Increasingly sensitive indices of sys-
temic intoxication are being recognized. Characteris-
tic inclusion bodies may be seen in the proximal tubu-
lar lining cells of the kidney, consisting of a lead-pro-
tein complex [7]. Lead also modifies many aspects of
bone cell function [8].

Modifying factors

Lead can pass across the placenta to affect the foe-
tus, and children appear to be more susceptible to the
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toxic effects of lead than are adults. Thus, the age and
size of an individual may modify the metabolism and
toxicity of absorbed lead. A low dietary calcium in-
creases lead absorption and storage and a high dietary
calcium will reduce lead absorption. This is the reason
usually given for the higher skeletal lead concentra-
tion in cities with soft water supplies. A lower intake
of vitamin D will also promote lead absorption, al-
though it is uncertain whether this is because of an as-
sociated reduced dietary calcium or because of an im-
pairment by lead of the renal biosynthesis of 1, 25 di-
hydroxycholecalciferol. Iron deficiency is also said to
enhance lead retention and toxicity. Although these
have been identified, there are probably many other
unrecognized systemic and endocrine effects, which
can modify the effect of lead on cellular processes.

Acute lead nephropathy

Acute childhood lead poisoning arising from chew-
ing on lead-painted toys and presenting as the “dry
gripes” was first described by John Fothergill in 1775
[9]. In modern times, pica for lead paint has been rec-
ognized as the primary cause of acute lead poisoning
in children, which is characterized by abdominal colic,
encephalopathy and anemia.

In children with lead encephalopathy, a proximal
tubule defect for glucose reabsorption (glycosuria with-
out hyperglycemia) was first noted by McKhann in
1926 and aminoaciduria was described by Wilson et
al. in 1953 [10, 11]. The Fanconi syndrome (aminoaci-
duria, phosphaturia, and glycosuria) has been observed
[12, 13] in the presence of blood lead levels usually in
excess of 150 µg/dl. Loghman-Adham found that a
selective Fanconi syndrome, which correlated with the
blood lead concentration, persisted for up to 13 years
after childhood lead poisoning. Increased uricosuria
was not part of the proximal tubule reabsorptive de-
fect, which may help explain the association of gout
with lead-poisoning in adults [14]. The lead-induced
Fanconi syndrome is rapidly reversed by chelation
therapy designed to treat the far more dangerous en-
cephalopathy [15, 16]. The Fanconi syndrome has been
induced experimentally in rats fed dietary lead [17].
In both children and experimental animals, acute lead
nephropathy is consistently associated with acid-fast
intranuclear inclusions in proximal tubule epithelial
cells [18, 19]. The intranuclear inclusion bodies consist

of a lead-protein complex and may be seen in tubular
epithelial cells in the urinary sediment during acute
poisoning [20]. Lead-containing intranuclear inclusions
have been observed in liver, neural tissue, and osteo-
clasts as well as in kidney.

Chronic renal disease due to lead

Whereas, in an acute intoxication, there is a clear
temporal relationship between the exposure to the toxin
and the toxic effect, and the proximal tubule reabsorp-
tive defect is regularly reproduced during acute lead
intoxication, there is a much greater problem in estab-
lishing an etiological relationship between chronic ex-
posure to a toxin and the subsequent delayed and in-
frequent development of toxic effects on the kidneys.
This has reflected the difficulty in establishing chronic
renal disease as a sequel to prolonged, previous but
remote, absorption of lead. While an association can
be established relatively easily, an etiological relation-
ship between the exposure and a subsequent lesion is
difficult when these are separated in time by many
years, particularly in relation to chronic renal disease.
This is complicated by the relative insensitivity of tests
of early renal dysfunction and the fact that plasma urea
and creatinine concentrations do not detect early de-
grees of renal insufficiency.

Several independent lines of evidence provide
strong support for an etiological relationship between
acute lead intoxication and the later development of
renal disease. These are provided principally from the
follow-up of childhood lead poisoning in Queensland,
Australia, from the studies of “moonshine” (illicitly
distilled liquor) drinkers in the southern States of USA
and from studies of workers industrially exposed to
excessive amounts of lead. At the same time as our
epidemiological techniques are becoming increasingly
refined, high level industrial lead exposure is being
greatly reduced, while low level exposure of the popu-
lation to lead is increasing. It is therefore difficult to
extrapolate the extent of toxicity from chronic low level
environmental lead exposure from the more gross com-
plications caused by higher levels of exposure. It is,
moreover, difficult to document the extent of lead ex-
posure because sometimes excessive amounts of lead
may be absorbed without producing symptoms and
susceptibility to the adverse effects of lead may vary
at different ages and states of health.
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There are, however, several distinctive clinical situ-
ations where excessive and prolonged exposure to lead
has resulted in chronic renal disease and these have
established beyond doubt that an appropriate degree
of lead intoxication can result in chronic renal disease.

Chronic lead nephropathy in Queensland

During the decade after 1890, there were numer-
ous reports of acute lead poisoning in children in
Queensland (Australia). The symptoms were usually
classical and appeared maximally in the sixth year of
life. Ultimately, the source of the lead was identified
as coming from lead paint, which, used on verandas
in the tropical climate, would often powder and flake
and come off on children’s hands. Children who sucked
their thumbs, licked their fingers or licked the raindrops
that would develop on the veranda railings could in-
gest significant amounts of lead over a prolonged pe-
riod. The common design of housing was of a wooden
house which was elevated 2 meters above the ground
on blocks, with open verandas on three sides. This was
in part for coolness and in part to provide a clear and
dry area under the house in wet weather.

Within 10 years of the recognition of this outbreak
of acute childhood lead poisoning, an increase in mor-
tality from chronic renal failure was noted in this com-
munity and a strong belief grew up that this was a se-
quel to the acute childhood plumbism. By 1922, the
greatly increased mortality from kidney disease
throughout Queensland had been established and the
Queensland branch of the British Medical Association
[21] at that time concluded that this high prevalence of
chronic nephritis was likely to be a sequel to the child-
hood lead poisoning. They were able to promote the
enactment of legislation to prohibit the use of lead paint
in any part of a house, which was accessible to chil-
dren, the first place in the world to enact such legisla-
tion. Belief in the durability of lead paint was strong,
however, and implementation of the legislation was
slow and many houses continued to be painted with
lead paint. However, the style of architecture gradu-
ally changed and fewer open verandas were used and
the frequency of childhood lead poisoning steadily fell
in the 1930’s. At that time, the common pattern of
chronic lead nephropathy was of an adolescent who
had never been robust or healthy; hypertension and
uremia were features, the hypertension sometimes be-

ing severe and malignant and at other times being
moderate or indolent [22]. Sibling involvement ap-
peared to be consecutive rather than developing from
a single episode of exposure. Several studies at that
time [23-25] confirmed the high incidence of renal fail-
ure as a sequel to childhood lead poisoning. Nye [23]
found 29 of 34 children with plumbism to had devel-
oped chronic renal disease. An extensive study in 1954
[26] of 401 children who had suffered from childhood
lead poisoning between 1915 and 1935 showed that, of
352 who could be traced, two-thirds had died from
renal or hypertensive vascular disease.

Later epidemiological studies [27] established a
relative as well as an absolute increase in deaths from
renal failure in Queensland in comparison with other
Australian States and showed that this was consistent
with the action of a nephrotoxin which had been op-
erative between 1870 and 1920, which had then started
to decline and which resulted in the development of
chronic renal disease some 10-40 years later. Pathologi-
cal study of the kidneys of these patients dying with
renal failure revealed two groups, one readily diag-
nosable as a definable form of chronic renal disease
and the other two-thirds who could not be classified
into any of these standard varieties. Henderson and
Inglis [28] showed that the lead content of bone was
comparable with that of the rest of the community in
those with diagnosable renal disease whereas it was
significantly increased in those whose renal disease
could not be so classified. There was thus a clear corre-
lation between the frequency of a high bone lead and
excess mortality from chronic renal disease in Queens-
land. Henderson concluded that these studies left no
room for doubt that the excess mortality from chronic
renal disease in Queensland was due solely to lead
absorption in childhood. There has been no comparable
degree and duration of exposure of children to similar
amounts of lead elsewhere, particularly in cold climates
where lead poisoning is principally a summer disease.
Other contributory factors in Queensland were the
design of housing and the frequency with which chil-
dren would play on the open lead-painted verandas.

By the 1960’s, the pattern of patients with chronic
lead nephropathy had changed from being principally
an adolescent condition (as in the 1930’s) so that most
of the patients were in their 40’s. At that time, criteria
for diagnosis were established which consisted of long-
standing chronic renal disease which was only slowly
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progressive and which resulted in equal and usually
severe contraction of both kidneys. Any alternative
cause for the renal disease needed to be excluded and
there needed to be clear evidence of excessive lead ab-
sorption, either from a history of acute lead poisoning
in childhood in the patient or in a sibling or from the
demonstration of an increased lead content in bone. In
order to study the condition more clearly in life,
Emmerson introduced the EDTA test [29] which pro-
vided confirmation of excessive lead stores in these
subjects with chronic renal disease and enabled a lead
etiology to be established even when there was no other
clear evidence of excessive past lead absorption. In
these subjects, the amount of lead excreted after 1 g of
EDTA correlated well with the degree of renal failure,
as reflected in the serum creatinine or serum bicarbon-
ate and this suggested that the associated renal osteod-
ystrophy was contributing to the mobilization of skel-
etal lead. None of the patients, however, demonstrated
any of the biochemical features of lead intoxication at
the time, including excretion of coproporphyrins or
amino-levulinic acid. This EDTA test then provided
objective confirmation of excessive past lead absorp-
tion and storage, whether or not a history of this could
be obtained [30]. Nonetheless, by itself, the EDTA test
cannot prove that the excessive past lead absorption is
etiologically related to another disease in that subject,
such as chronic renal disease.

These studies also established that chronic renal
failure of itself does not retain lead within the organ-

ism or result in an increase in lead excretion after
EDTA. By facilitating diagnosis in life, the EDTA test
made possible the ability to study the renal function of
these patients, particularly in relation to abnormalities
of handling of urate. Study of the pathology at this time
[31] showed granular contracted kidneys with a re-
duced number of functioning nephrons with tubular
atrophy and dilatation and arteriolar and interstitial
fibrosis (Figure 1).

Of particular interest was the fact that the cohort
surviving into the 1960’s had developed a high preva-
lence of gouty arthritis in comparison with patients
with chronic nephritis due to causes other than lead.
There was also a disproportionate hyperuricemia in
these patients with chronic lead nephropathy, which
was caused by a significantly lower urate clearance for
any particular degree of renal insufficiency [32]. Stud-
ies of discrete tubular functions suggest that this was
due to excessive reabsorption of filtered urate [33].

Moonshine

Observations in Birmingham, Alabama in the 1960’s
indicated a high prevalence of chronic lead poisoning
due to illegal alcohol consumption and an association
with unexplained renal failure [34]. The alcohol that
was consumed had been prepared in illicit stills using
lead condensers (often prepared at night by moonlight
- hence “moonshine”) and it contained variable but
generally large amounts of lead, often exceeding 1 mg/

Figure 1. Tubular atrophy and interstitial
fibrosis in a case of chronic lead nephropathy.

H&E staining, orig. magn. x300.
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L. Many of the subjects with excessive lead absorption
showed the continuing toxic effects on hemopoiesis
with anemia and stippling of red cells, together with
impairment of renal function. There were clear signs
of intranuclear inclusion bodies in these renal tubular
cells, implicating lead in the etiology of the renal le-
sion. This situation was quite different from that in
Queensland where the acute lead intoxication had oc-
curred decades before and there were no continuing
signs of lead intoxication except for the storage of lead
in the skeleton. In the moonshine drinkers, thus, the
renal lesion was consistent with a lead etiology with
signs of an acute intoxication superimposed on a
chronic renal lesion. Gout and hypertension again were
features of this syndrome and studies of the pathogen-
esis of the hyperuricemia indicated a renal cause for
the hyperuricemia, sufficient to explain the develop-
ment of gout [35].

Association with gout

An association between lead absorption and gout
has long been recognized. Garrod [36], who in 1854,
had recognized uric acid crystals in the serum of gouty
patients had recognized by 1876 [37] a high incidence
of lead intoxication in patients with gout and there have
been intermittent reports of saturnine gout since that
time [38]. The recognition that half of the patients with
Queensland chronic lead nephropathy suffered from
gout and that it was a common feature in moonshine
drinkers has raised the question of how many patients
suffering from gout have an unrecognized underlying
lead nephropathy. Although hyperuricemia invariably
accompanies azotemia, gout is rare in patients with
renal failure except in those with lead nephropathy.
Half of uremic patients with lead nephropathy have
clinical gout [30, 39], but in the absence of renal fail-
ure, gout cannot usually be attributed to lead despite
coexisting hypertension [40].

It is difficult on clinical grounds to separate un-
equivocally three groups of patients: (i) those with re-
nal disease due to lead; (ii) those with renal disease
due to gout; and (iii) those with gout due to primary
renal disease, and such a differentiation is necessary if
one is to define a lead etiology.

Clinical features, which can enable lead gout to be
differentiated from primary gout, have been described
[41] and include an involvement of a higher propor-

tion of women, a greater incidence of renal disease in
kindred and of hypertension in siblings. The number
of acute attacks of gout was less in the lead gout group
but renal disease was invariably present and antedated
the gouty arthritis. Lead gout also tends to occur in
early adult life, to affect principally the lower limbs,
and to have no family predisposition in succeeding
generations. By contrast, the primary gout group were
obese, consumed alcohol regularly and often suffered
from renal calculi. In this group, all patients with lead
gout had evidence of renal disease prior to the devel-
opment of gout and all patients with primary gout had
gout prior to the development of renal disease.

Studies of patients with gout and/or renal disease
in USA have shown a clear association of an increased
EDTA-induced lead excretion with gout and renal dis-
ease. There was a greater increase in lead excretion af-
ter EDTA in patients with gout and renal disease than
in patients with gout with normal renal function [42].
Thus, an association has clearly been established, al-
though only an epidemiological study can conclusively
establish an etiological basis for the association. None-
theless, the basic mechanism for lead to produce a re-
nal lesion, which reduces renal excretion of urate, lead-
ing to a disproportionate hyperuricemia and gout
clearly has been established as a pathogenetic mecha-
nism for lead-induced gout.

Association with hypertension

There is also clear evidence that the sequel of lead
inducing a chronic nephropathy with hypertension can
occur. At times, this hypertension may be sufficiently
severe to be malignant and may precipitate an early
demise [22]. In more chronic cases, the hypertension
may be of moderate degree and not be sufficient to
cause progressive deterioration of renal function [43].
However, when confronted with a patient with hyper-
tension and mild renal damage, it can be difficult to
determine which came first and particularly difficult
to determine whether lead was a contributor to the re-
nal damage that caused the hypertension. In such cases,
the hypertensive mechanism would be the same as
those associated with other varieties of chronic renal
disease. By contrast, many patients with chronic lead
nephropathy have demonstrated suppressed plasma
renin concentrations indicative of a hyporeninemic
hypoaldosteronism [44].
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A role for lead in hypertension gains further cre-
dence from epidemiologic studies of low-level lead
exposure (i.e., exposure too low in intensity to produce
the classic symptoms of acute lead poisoning). The
Second National Health and Nutrition Examination
Survey performed between 1976 and 1980 included
blood lead and blood pressure measurements in almost
10, 000 non-institutionalized Americans aged 6 months
to 74 years. The correlation between blood lead and
blood pressure was robust even when both measure-
ments were within the accepted “normal” range [45,
46, 46a]. Similar conclusions have been drawn from
studies performed throughout the world [47], although
contradictory findings in small studies have also been
reported. Longitudinal studies of bone lead, blood lead,
and blood pressure in the normative aging study in
Boston demonstrate that low-level lead absorption cor-
relates positively with blood pressure [47a]. Low-level
lead absorption has also been implicated as a cause of
renal dysfunction by the demonstration that chelation
therapy reverses the progression of renal failure in
patients without excessive lead absorption [47b-d].
These studies suggest that environmental exposure to
lead may contribute to the decline in renal function
and rise in blood pressure associated with the aging
process in the general population. Although some
doubts have been raised about the magnitude of the
dose-response relationship, there is a growing consen-
sus that lead contributes to hypertension, particularly
in the presence of renal dysfunction. A meta-analysis
of reports on the relationship of blood lead to blood
pressure through 1992 concluded that a decrease in
blood lead from 10 to 5 µg/dl is associated with a mean
decrease in systolic pressure of 1.25 mm Hg [48]. The
implications of these findings for public health remain
controversial [49, 50].

Alternative explanations have been considered to
determine whether lead can induce hypertension in the
absence of chronic renal disease [47, 51]. One postu-
lated mechanism involves an alteration in intracellu-
lar calcium concentration by lead so as to cause an in-
creased tonic contraction of arterioles leading to hy-
pertension. Others have suggested a direct effect of lead
on juxtaglomerular cells leading to an increase in re-
nin secretion. Others have suggested alterations in re-
nal ion transport, particularly relating to an effect of
lead on sodium potassium ATPase.

Correlations between blood pressure and blood lead

reflect the many factors other than lead that are in-
volved in determining the blood pressure. Thus, an
important question is the extent to which chronic lower
level lead exposure can lead to hypertension; a review
of the evidence is suggestive of a possible causal rela-
tionship, although much more data is needed.

Occupational lead nephropathy

Occupational lead nephropathy has developed af-
ter a little as 3 years of intense exposure [52]. Analysis
of death certificates of 601 men employed at the Bun-
ker Hill Lead Mine and Smelter in Kellogg, Idaho, up
to 1977 indicated a two fold increased risk of dying
from chronic renal disease [57]. The increased risk ap-
proached fourfold after 20 years of occupational expo-
sure. Chronic interstitial nephritis due to lead has also
been seen among American workmen (lead burners,
firing range- and smelter workers), whose exposure
was never severe enough to produce acute symptoms
of lead poisoning [52, 57], and in US Armed Service
veterans suffering from renal failure attributed to gout
or essential hypertension [38, 39]. In the veterans, the
diagnosis was only established by the CaNa2EDTA
lead-mobilization test after renal failure was apparent.
Medical histories were often misleading; patient recall
frequently contradicted the objective evidence of che-
lation testing. In these occupationally exposed indi-
viduals, minimal (about 30%) reductions in glomeru-
lar filtration rate were restored to normal by long-term,
low-dose chelation therapy (1 g of CaNa2EDTA with
local anesthetic thrice weekly until the chelation test
returned to normal). However, this therapeutic re-
sponse in pre-azotemic lead nephropathy may reflect
reversal of functional impairment rather than reversal
of established interstitial nephritis. Renal biopsies in
lead workers with chronic lead nephropathy show non-
specific tubular atrophy and interstitial fibrosis with
minimal inflammatory response as well as mitochon-
drial swelling, loss of cristae, and increased lysosomal
dense bodies within proximal tubule cells [52, 56]. Ar-
teriolar changes indistinguishable from nephrosclero-
sis are found, often in the absence of clinical hyperten-
sion. Intranuclear inclusion bodies are often absent
when the renal disease is long standing or following
the administration of chelating agents. Clumped chro-
matin, and nuclear invaginations of cytoplasmic con-
tents may be found even in the absence of intranuclear
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inclusions. Morphologic alterations are minimal in
glomeruli until the reduction in glomerular filtration
rate is advanced. Animal models of chronic lead in-
toxication have revealed similar tubular findings and
have highlighted the importance of disease in small
and medium sized arteries of the kidney [55a]. Sanchez-
Fructuoso et al. [56] performed EDTA lead mobiliza-
tion tests in 296 Spanish patients selected because of
the absence of known excessive exposure to lead. The
mean blood lead concentration was about 16 µg/dl in
normal controls, hypertensives without renal failure,
and in patients with renal disease of known non-lead
etiology. Compared to the mean blood leads levels of
< 3 µg/dl in the US population in the same time pe-
riod, these blood leads suggest considerable absorp-
tion from the environment in the absence of occupa-
tional exposure in Spain. This study supported the
notion that occult lead absorption in Spain contributes
to hypertension associated with gout and renal fail-
ure. The absence of increased chelatable lead in patients
with renal failure of non-lead etiology confirmed the
observation that renal failure per se does not cause in-
creased mobilizable lead. Similarly, bone lead deter-
mined by transiliac biopsy in 12 Spanish patients with
increased mobilizable lead levels demonstrated a good
correlation between bone lead and both mobilizable
lead and the serum creatinine concentration.

Mortality data show that death from hypertensive
cardiovascular disease was more frequent among lead
workers than among the general population [53, 57,
58]. There is some suggestion that this has disappeared
with the introduction of stricter standards.

The functional changes in chronic lead nephropa-
thy appear to be less specific than those observed in
acute poisoning. As in other forms of interstitial ne-
phritis, proteinuria and glycosuria are initially absent.
In contrast to cadmium nephropathy, the excretion of
urinary marker proteins such as human intestinal al-
kaline phosphatase, total nonspecific alkaline phos-
phatase, Tamm Horsfall glycoprotein, retinol binding
protein, lysozyme, and β2-microglobulin [59-63] is not
increased in the absence of a reduced glomerular fil-
tration rate. However, the urinary excretion of the
proximal tubular lysosomal enzyme N-acetyl-β-D-glu-
cosaminidase, increases with increasing blood lead, an
effect that is independent of bone lead concentrations
[64-66]. The increase in urinary N-acetyl-β-D-
glucosaminidase with increasing blood lead levels may

reflect the Fanconi syndrome of acute lead poisoning
rather than the chronic interstitial nephritis associated
with occupational lead exposure [67]. In contrast to the
predictive ability for progressive renal failure in fol-
lowing exposure to cadmium, enzymuria does not
appear to predict progression to renal failure follow-
ing lead absorption. Nevertheless, observations in men
in the normative aging study conducted in Boston since
1961 indicates that even low-level lead exposure has a
deleterious effect on renal function as reflected by the
serum creatinine concentration [68].

Exhibiting a pattern of eicosanoid excretion noted
in essential hypertension, lead-exposed workers
showed an increase in TxB2 and a decrease in PGE2
and 6-keto-PGF1α in the urine [63]. In contrast to the
reabsorptive defect of acute lead nephropathy, satur-
nine gout is characterized by renal retention of uric acid.
The clearance and maximal secretion rate for para-
aminohippurate have been found to be variable in pa-
tients with occupational lead nephropathy. A reduced
maximal reabsorptive rate for glucose has been re-
ported, but simultaneous, matched controls were not
obtained [69].

Assessing the body burden

The EDTA test is performed in adults by parenteral
administration of 1 to 3 g of CaNa2EDTA over 4 to 12
hours with subsequent collection of 24-hour urine
samples over 1 to 4 days. A dose of 20 to 30 mg EDTA/
kg is generally used in children. Adults without un-
due prior lead absorption excrete up to 650 µg of lead-
chelate in the urine. Neither the dose (1 to 3 g) nor the
route of administration (intravenous or intramuscular)
appears to critically modify the normal response to
chelation testing [70, 71], but in the presence of renal
failure (serum creatinine greater than 1.5 mg/dl) urine
collections should be extended to at least 3 days. The
adequacy of collection can be checked by simultaneous
measurement of creatinine excretion (1.3 g of creati-
nine/day is an acceptable lower limit in normal adult
males).

Since lead in bone has a biologic half-life measured
in decades, compared to a biologic half-life of lead in
blood of only 2-4 weeks [72], the bone more closely
reflects cumulative body lead stores. Chelatable lead
correlates well with bone lead [4, 31]. The decrease in
bone lead stores can be monitored by in vivo tibial K x-
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ray fluorescence, a new, non-invasive technique that
is both safe and accurate at bone lead concentrations
associated with interstitial nephritis due to lead [73-
75].

Treatment

Although chelation therapy effectively reverses
acute lead nephropathy and the preclinical renal dys-
function of occupational lead nephropathy, there is no
evidence that such therapy reverses established inter-
stitial nephritis due to lead. The partial remissions
achieved among moonshiners and symptomatic lead
workers may represent reversal of acute poisoning
superimposed on chronic lead nephropathy. No im-
provement in renal function can be expected once ad-

vanced interstitial nephritis is present and the steady-
state serum creatinine concentration exceeds about 3
mg/dl. Chronic volume depletion and hyporeninemic
hypoaldosteronism may contribute to the reversible
component of renal dysfunction [76].

Although the EDTA test has been shown to be safe
even in the presence of renal failure [77], the cumula-
tive nephrotoxicity of prolonged EDTA therapy in pa-
tients with markedly reduced glomerular filtration
rates is unknown. Reports that CaNa2EDTA therapy
has been followed by deterioration of renal function
warrant careful follow-up of treated patients [78]. De-
spite these caveats, it may be appropriate to perform
EDTA lead-mobilization tests in individuals with gout
or hypertension and renal failure or interstitial nephritis
of unknown etiology since a positive test may provide
the best available indication of etiology.
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Cadmium-induced renal effects
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Introduction

The first report on the adverse health effects of cad-
mium (Cd) exposure was published by Friberg in

1950 [1]. He found a high prevalence of proteinuria
(65% using the nitric acid test and 81% using the trichlo-
roacetic acid test) in Cd-exposed workers.

In Japan, an unusual disease named “itai-itai byo”,
meaning “ouch-ouch disease” was reported in 1955 [2].
This disease is characterized clinically by bone and kid-
ney damage. In 1968, the Japanese Ministry of Health
and Welfare concluded that itai-itai disease was caused
by chronic Cd poisoning [3].

The kidneys are particularly affected by Cd follow-
ing long-term exposure [4]. Studies of workers chroni-
cally exposed to Cd in air report renal effects as well as
respiratory effects. Therefore, the kidneys are consid-
ered the critical target organ for Cd in the general popu-
lation as well as occupationally exposed population.

Exposure

Low concentrations of the element Cd occur natu-
rally in the environment. Human exposure in the gen-
eral environment occurs mainly from ingested foods.
Concentrations of Cd in food items from areas with-

 2003 Kluwer Academic Publishers. Printed in The Netherlands.©
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out industrial contamination are summarized in Table
1.

For basic food items such as rice, potatoes and
wheat, Cd concentrations usually are lower than 0.1
mg/kg, while higher concentrations occur naturally in
certain meats or shellfish. The daily dietary intake of
Cd has been estimated to be 10-20 µg in several coun-
tries of the European Union and in several studies from
the USA [3, 5]. In areas contaminated by emissions from
industrial activities much higher oral intakes may oc-
cur with amounts up to 200-1800 µg in people living in
Japan and China [3, 6, 7].

Cadmium can also occur as an aerosol in air. While
inhalation of ambient air usually does not contribute
significantly to the daily intake of Cd, cigarette smok-
ing does. The content of Cd often is 1-2 µg per ciga-
rette. Based on data concerning the Cd content of ciga-
rettes, it has been estimated that smoking of 20 ciga-
rettes per day results in a daily inhalation of 2-4 µg [3].
Since approximately 50% may be absorbed, this can
result in an uptake of 1-2 µg of Cd per day.

Occupational exposure in the Cd-related industries
can be associated with the inhalation of considerable
amounts of Cd. In the 1950’s, before the health haz-
ards of Cd were recognized, Cd concentrations in the
air of the working environment were sometimes high,
i.e. in the order of milligrams per m3. In recent years,
concentrations in industrial air have been reduced to
5-50 µg/m3, with higher values being reported in some
exceptional cases. Examples of Cd-related industrial
activities include: manufacturing of alkaline (nickel-
Cd) batteries, smelting operations involving copper/

zinc-Cd ores or alloys, soldering with silver-Cd con-
taining solder and welding in Cd-containing materi-
als. In some countries (e.g. Sweden) certain uses of Cd
such as its use in pigments, in electroplating and in
soldering have been banned.

Toxicokinetics

Uptake
Inhalation of airborne Cd leads to variable uptake

depending on size and solubility of particles. The sys-
temic uptake of aerosolized Cd with a particle size of
10 µm has been estimated to be about 7%, while the
uptake following inhalation of a particle size of 0.1 µm
may be as high as 50% [8].

After oral ingestion, systemic uptake has been re-
ported to be 1-6% in animal experiments. Factors that
have been shown to influence oral uptake are dose and
composition of the diet. In humans, the systemic up-
take usually varies between 3 and 7% of the oral in-
take. In individuals with depleted body iron stores,
uptake may be as high as 20% [8].

Transport and distribution
Figure 1 represents the uptake and transfer of Cd

to the kidney. Following uptake, Cd is primarily bound
in serum to albumin, the form in which it is transported
to the various body pools. Cadmium bound to albu-
min (which is the dominating form in plasma shortly
after uptake) is taken up primarily by the liver where
it accumulates, and is dissociated. Released Cd-ions
induce the synthesis of metallothionein which results
in an increasing proportion of liver Cd being bound to
metallothionein. The uptake of albumin-bound Cd by
liver cells may be mediated by albumin receptors on
the sinusoidal surfaces of hepatocytes [9]. In long-term
chronic exposure a slow release of Cd-metallothionein
from liver to blood occurs. During the phase, when
plasma Cd is bound to albumin, there is only limited
uptake of Cd in the kidney. A latent effect of a single
exposure or long-term chronic exposure is concerned
with the fact that a considerable proportion of plasma
Cd is bound to metallothionein. The Cd-metallothion-
ein complex, because of its small molecular size, is fil-
tered by the glomerular membrane and is efficiently
taken up by renal tubular cells. Moreover, metallothio-
nein-bound Cd is taken up more efficiently by renal
cells of Cd exposed animals than by cells from non-

Table 1. Concentrations of cadmium in different
foodstuffs*.

Food Mean mg/kg wet weight

Beef meat 0.005-0.02

Beef kidney 0.2-1.3

Fish meat (other than crab) 0.004-0.1

Oysters 0.1-4.7

Wheat grains 0.005-0.08

Rice (non-contaminated areas) 0.008-0.13

Milk 0.00017-0.002

Potatoes 0.01-0.06

*From Friberg et al. [5].
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exposed animals [10, 11]. After entering renal tubule
cells via pinocytosis [12], the Cd-metallothionein com-
pound is catabolized in lysosomes releasing Cd ions.
Thus any Cd remaining in the kidney bound to met-
allothionein results from de novo synthesis (Figure 1).
This process may account for the long biological half-
life of Cd in the kidney where the element may be re-
tained 10-20 years [8]. Such a long biological half-life
explains why Cd continues to accumulate in humans
up to 50 years of age, reflecting the historical intake
from the environment.

Excretion of cadmium
The daily elimination of Cd (0.01-0.02% of the body

burden per day) via urine and feces is trivial as would
be expected from the element’s long biological half-
life [8]. This implies that there is an age-related accu-
mulation of Cd in the body and the increased urinary
excretion of Cd with age is due to the increasing body
burden. While this interrelationship has been docu-
mented in humans on a group basis, there exists a large
variation among individuals. Cadmium is also excreted
in the feces, but the majority of fecal Cd consists of the
unabsorbed fraction of the metal passing through the
alimentary tract. The fecal content is often a good indi-
cator of dietary Cd intake since about 95% of the in-
gested amount is unabsorbed and eliminated via fe-
ces. True fecal elimination of the body burden of Cd is
difficult to study in humans due to the preponderance
of unabsorbed Cd. Data from animal experiments in-
dicate that fecal elimination is dependent both on dose
and body burden. Thus, in long-term low-level expo-

sures, the fecal excretion may be largely related to body
burden [13]. The daily fecal content of Cd in persons
of which the exposure limited to the general environ-
ment is approximately 50 times higher than the uri-
nary excretion.

Mathematical models of cadmium toxicokinetics
A mathematical model of long-term toxicokinetics

in humans has been developed [14, 15]. Subsequently,
a more detailed description of Cd toxicokinetics was
formulated considering additional events that modify
the behavior of Cd in humans [16, 17]. The kidney and
particularly the cortex, is considered the critical target
tissue for Cd and its accumulation is of decisive im-
portance for risk assessment. In long-term exposures
(life-long) either a simple one-compartment model or
a more multi-compartment model predicts that 1/3 to
1/2 of the total body burden accumulates in the kid-
ney and that the concentration of Cd in the kidney cor-
tex is 1.25 times higher than the average concentration
in the whole kidney [8].

Toxic effects of cadmium

Acute toxicity

Acute effects of excess Cd in the diets of humans
(more than 15 mg Cd/kg) involve vomiting and diar-
rhea [18]. Acute inhalation of high concentrations of
Cd (about 5 mg/m3 or higher) causes pneumonitis and
may be lethal [3].

Figure 1. Pathways of cadmium uptake and interaction with target sites in the kidney.
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Long-term exposure

Pulmonary toxicity may occur after long-term ex-
posure to inhaled Cd. In such situations emphysema
and other chronic pulmonary effects have been ob-
served both in animals and in humans. Respiratory ef-
fects of Cd have not been recorded in the general popu-
lation [3].

Reproductive toxicity

It is well known that the injection of Cd in experi-
mental animals induces testicular placental necrosis in
males and pregnant females respectively. Whether such
effects may also occur after long-term dietary or envi-
ronmental exposure in animals or humans is still a
matter of discussion [19, 20]. A protective role of met-
allothionein in both human placenta and pregnant rats
exposed to Cd may explain the lack of an effect on birth
weights of children from Cd-exposed female Cd bat-
tery workers [20, 21].

Carcinogenicity

Cadmium has been reported to induce cancer in
animals at the site of injection. Respiratory cancers may
occur after inhalation of Cd compounds [22]. There is
also epidemiological evidence of an association be-
tween Cd exposure and cancer in occupational groups
such as smelter and battery workers. Both prostate and
lung cancers have been reported to occur in increased
frequency. The International Agency for Research on
Cancer (IARC) concluded that there was sufficient evi-
dence supporting the carcinogenicity of Cd, although
methodological problems in the interpretation of the
studies have been recognized [23, 24]. Some studies
performed after the IARC assessment have not given
support for carcinogenicity of Cd [25].

The overall standardized mortality and incidence
ratios of all malignant neoplasms among persons pre-
viously exposed to environmental Cd, were not sig-
nificantly increased [26, 27].

Experimental nephrotoxicity

It has long been recognized that Cd exposure ei-
ther after inhalation or ingestion, can give rise to neph-
rotoxicity in humans and that this effect is usually con-

sidered to be the earliest and most important health
effect [28].

In this regard, the dominating effect was recognized
early and consisted primarily of injury to the renal tu-
bules inducing a proteinuria characterized by the ex-
cretion of low molecular weight (LMW) plasma pro-
teins. As noted previously, in long-term exposures to
Cd, both in experimental animals and in humans there
is continuous accumulation of Cd in liver and kidneys.
Nephrotoxicity in animal experiments usually does not
develop until the concentration of Cd in the renal cor-
tex is in the range of 100-400 mg/kg wet weight. In-
creased concentrations of urinary LMW proteins were
found in ±10% of a study population of industrial work-
ers, having a Cd concentration in the kidney cortex ≥
200 mg/kg as assessed by in vivo neutron activation
analysis [29, 30]. Recent reports from Belgium indicate
that, in workers with a urinary Cd excretion lower than
10 µg/g creatinine, renal effects may occur, whilst con-
centrations of urinary Cd as low as 2 to 4 µg/g creati-
nine have been associated with an increased prevalence
of various indicators of renal dysfunction in the gen-
eral population [31, 32]. This concentration in urine cor-
responds to a renal cortical concentration varying be-
tween 50-100 mg/kg wet weight [25].

Although renal cortical concentrations greater than
50 mg/kg wet weight may be accompanied with mild
effects on the renal tubules in humans who have been
exposed to Cd for a long time, it has been demonstrated
in animal models that renal tubular injury can occur
following injection of Cd-metallothionein at concen-
trations as low as 10-20 mg/kg wet weight [33, 34],
whereas in animals with long-term exposure concen-
trations of 100 mg/kg wet weight or higher are re-
quired [3]. The explanation for this discrepancy is most
likely due to differences in metallothionein induction
that may occur in these two situations. Indeed, in the
long-term exposure situation, ample time will be avail-
able for the induction of a protective level of metallo-
thionein synthesis, whereas this will not be the case of
acute exposure after Cd-metallothionein injection. The
acute injection delivers a bolus dose of this complex to
the renal tubule where it is metabolized in the lysos-
omes and toxic Cd ions are released, which will inter-
act with cellular targets, principally the plasma mem-
brane (Figure 1) [35]. Recent studies indicate that in
addition to the protective effect of metallothionein,
stress proteins may also participate in this protection
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[36-38].
Cadmium is the most potent inducer of metallo-

thionein synthesis among others. The mechanisms un-
derlying the induction and regulation of metallothio-
nein synthesis remain to be elucidated, but the met-
allothionein genes have been identified [39]. Reports
concerning metallothionein in plasma and urine of Cd-
exposed persons are limited [40-42]. This is at least in
part due to the fact that the accurate measurement of
Cd and metallothionein levels in plasma appears to be
difficult [43]. The concentration of metallothionein in
urine and blood has to be measured using the Onosaka
saturation method, radio immunoassay (RIA) or en-
zyme-linked immunosorbent assay (ELISA). The de-
tection limits in human serum and urine for metallo-
thionein by RIA is 1 pg [43]. For ELISA the detection
limits are higher. Normal values range between 0.01-1
ng/ml for serum and between 1-10 ng/ml for urine.
Metallothionein concentrations in Cd-exposed work-
ers are reported to vary between 2-11 ng/ml in plasma
and 2-155 ng/ml in urine [40].

Human nephrotoxicity by cadmium
exposure

Sweden

As mentioned in the introduction to this chapter,
chronic Cd poisoning with proteinuria resulting from
occupational exposure was identified in Sweden in the
late 1940’s by Friberg [1]. Subsequently, it was shown
that the proteinuria is of the tubular type and that the
LMW proteins that were plasma proteins were not re-
absorbed because of tubular damage [44, 45]. As a re-
sult of the discovery of the role of metallothionein in
the toxicology of Cd [40, 46, 47] and the recognition of
metallothionein binding as an explanation of the long
biological half-life of Cd, interest was focused on the
long-term intake of Cd via food. Kjellström et al. [48]
assessed the temporal evolution of Cd in Swedish
wheat, sampled from 1880 to 1970, and found a statis-
tically significant time-dependent increase. The possi-
bility of a risk for renal dysfunction and disease as a
result of long-term dietary Cd intake was recognized
and the relationship between occupational Cd expo-
sure, renal accumulation of the element and tubular
proteinuria was established [49]. Based on animal and
human studies investigating long-term exposure to Cd

from food and inhalation, a critical concentration of
Cd in renal cortex was related to the risk of develop-
ing renal effects. These estimates were published in ex-
tensive reviews and evaluation volumes [5, 13-16, 49,
50], confirmed and/or partly revised according to epi-
demiological data from Japan, Belgium, and China (see
the respective separate sections) and later on summa-
rized in a review by Järup et al. [25]. It was concluded
that a small increase (less than one percent above back-
ground) in the prevalence of tubular dysfunction is ex-
pected to occur at renal cortical Cd concentrations ex-
ceeding 50 mg/kg. The corresponding level of urinary
Cd was estimated at 2.5 µg/g creatinine. In a recent
epidemiological study reporting data from subjects pre-
viously exposed to Cd in Sweden [51] a relationship
between current urinary Cd levels and increased ex-
cretion of tubular proteins was demonstrated. Relation-
ships between urinary Cd and occurrence of osteoporo-
sis have also been established [52]. Since the slightly
increased urinary Cd levels observed in these studies
resulted from past exposures whilst recent exposure
to Cd most probably was considerably lower, it is dif-
ficult to estimate from these data at what degree of cu-
mulative exposures and urinary Cd values, one might
expect an increased proteinuria. In general, these stud-
ies give support to the notion that tubular proteinuria
might already be induced at relatively low cumulative
exposures.

Japan

Clinical features of itai-itai disease
The main features of itai-itai disease are osteoma-

lacia and osteoporosis [2]. The patients usually have
several fractures that are caused by events as trivial as
coughing. They suffer from severe pain when sleep-
ing or even breathing. Compression fractures in the
spine resulting in skeletal deformity and eventually
shortening of the stature may occur. Patients also de-
velop a duck-like gait and progressive difficulties in
walking. While most of the itai-itai patients are post-
menopausal women with several pregnancies no he-
reditary factors have been identified. X-ray findings
include marked decalcification and the presence of
‘Looser’s zones’ localized at areas where pressure
causes pain. In severe cases, multiple pathological frac-
tures are found. Skeletal deformities are frequently
observed in pelvic bones, costae, and thoracic and lum-
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bar vertebrae. Blood chemistry showed an increase in
serum alkaline phosphatase and decreases in serum
inorganic phosphorus and calcium, while urinalysis
revealed proteinuria, glucosuria, and aminoaciduria.
The urinary protein excretion is characterized by the
so-called ‘tubular protein pattern’ consisting of mainly
LMW proteins such as β2-microglobulin, retinol bind-
ing protein, and lysosomal proteins. The aminoaciduria
of the patient is of the “generalized aminoaciduria”
type. The Cd content in urine is remarkably high. In-
creased excretion of calcium is also noticed. The prin-
cipal pathological changes in bones are similar to the
combined findings of osteomalacia and osteoporosis.
Nearly 60% of 75 autopsied itai-itai disease patients
had some degree of osteomalacia. All of them had se-
vere to extreme osteoporosis [53]. Although the kid-
ney is contracted, there is no obvious change in the
glomeruli. The tubuli however, show a marked atro-
phy and degeneration. By the end of 1999, 183 inhabit-
ants living in the Jinzu River basin had been diagnosed
with itai-itai disease and 6 were still alive [54].

Renal effects by cadmium exposure
The typical Cd-induced proteinuria reported by

Butler and Flynn resembles that of acquired Fanconi
syndrome [55] and mainly consists of LMW proteins
derived from the plasma [56].

β2-microglobulin excretion is considered as one of
the best indicators of early Cd-induced nephropathy
since serum concentrations are stable and analysis of
β2-microglobulin using radio-, latex-, or ELISA’s is sen-
sitive and accurate [57].

Urinary α1−microglobulin is stable at pH down to
4.5 [14]. It can be analyzed using commercially avail-
able ELISA’s. A significant correlation has been re-
ported between α1−microglobulin and β2-
microglobulin in the urine of Cd-exposed subjects [14,
58].

The urinary excretion of metallothionein parallels
urinary Cd and evidence of early renal dysfunction as
indicated by increased excretion of either β2-
microglobulin and α1−microglobulin. Based on these
results, the urinary excretion of metallothionein reflects
not only the level of Cd exposure but also any renal
dysfunction caused by long-term Cd exposure [15, 25].

Enzymes of higher molecular weight (HMW),
which preclude filtration, enter the urine from renal
proximal tubuli. They are also indicators of Cd-induced

renal damage, which confirm renal tubular damage
even in clinical states where the overproduction of
LMW proteins in blood occurs.

Of all the urinary enzymes, N-acetyl-β-D-glucos-
aminidase is the most widely studied and used indica-
tor of renal tubular damage. An increased urinary N-
acetyl-β-D-glucosaminidase activity has been docu-
mented in Cd-exposed subjects [59]. However, the N-
acetyl-β-D-glucosaminidase activity in urine of itai-itai
patients was less than twice that of the controls, while
β2-microglobulin levels were more than 100-fold those
of the controls [60, 61]. This suggests that urinary N-
acetyl-β-D-glucosaminidase activity decreases when
renal tubular epithelia destruction becomes so severe
that the cells can no longer excrete the enzyme into the
urine. N-acetyl-β-D-glucosaminidase is probably a bet-
ter marker for the acute effects or initial stage of chronic
effects.

Urinary trehalase activity in inhabitants of Cd-pol-
luted areas was significantly higher than in the refer-
ence area [62].

Intestinal alkaline phosphatase is specifically lo-
cated in the S3-segment of the proximal tubuli [63].
Urinary intestinal alkaline phosphatase activity is sig-
nificantly higher in the Cd-exposed subjects than in
the non-exposed subjects [64]. The relationship between
β2-microglobulin and intestinal alkaline phosphatase
can be fit to a fourth-order mathematical function. The
β2-microglobulin level corresponding to the inflexion
point of intestinal alkaline phosphatase activity is
smaller than that for N-acetyl-β-D-glucosaminidase.
This result supports the contention that intestinal al-
kaline phosphatase is more useful for detecting renal
tubular damage in the early stage of Cd exposure.

Higher molecular weight proteins such as albumin
or mucoproteins are also excreted by the Cd-exposed
subjects [65].

Urinary levels of various indicators of Cd exposure
assessed in subjects living near the Kakehashi River
basin (one of the Cd-polluted areas in Japan) and non-
exposed subjects are compared in Table 2.

Some causal relations among various urinary indi-
ces were identified using path analysis method. Cad-
mium-induced renal dysfunction develops in the fol-
lowing order: Cd exposure ➜ increased β2-
microglobulin and/or metallothionein ➜ increased ex-
cretion of amino-nitrogen and/or total protein ➜ in-
creased excretion of glucose [66].
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A decline of the creatinine clearance was also evi-
dent during the early stage of renal dysfunction and a
significant correlation between tubular reabsorption of
phosphate and glomerular filtration rate was reported
in subjects exposed to Cd [67, 68]. These results pro-
vide evidence of Cd-induced glomerular dysfunction.
However, histopathological examination revealed that
while the glomeruli were relatively well maintained
in number and size, renal tubuli were markedly dam-
aged, resulting in obstruction of the lumen [69]. The
mechanism responsible for the changes in glomerular
function following Cd exposure is still uncertain. It has
been proposed that Cd exerts a direct effect on the
glomeruli [70]. It has also been suggested that Cd-in-
duced tubular damage leads to a certain degree of in-
terstitial nephritis, which in turn results in a decreased
glomerular filtration rate [56].

As renal tubular damage progresses, the concen-
tration of serum creatinine increases. One of the most
severe cases in the Cd-polluted Kakehashi River basin
had a serum creatinine value of 4.4 mg/100 ml. Pro-
gression to renal failure was evidenced by high blood
nitrogen, severe anemia, acidosis, hyponatremia, hy-
perphosphatemia and hypocalcemia [71]. It was re-
ported that four out of six itai-itai disease patients died

of uremia [72].

Epidemiological studies
In 1967 and 1968, data of an extensive epidemio-

logical investigation involving 13,183 inhabitants (6,
155 men and 7,028 women) aged 30 years and older
living in the district where itai-itai disease occurred and
adjacent districts were reported [73]. The prevalence
of proteinuria and glucosuria in the endemic area was
found to be markedly higher than that in the non-en-
demic district.

Using the Cd concentration in rice as an index of
exposure and the element’s urinary excretion as an in-
dex of health effect, a significant dose-response rela-
tionship was demonstrated between the two indices.
The allowable values of Cd concentration in rice were
estimated to be in the range of 0.05-0.20 mg/kg, repre-
senting values lower than the 0.4 mg/kg provisionally
adopted by the Japanese government [74].

A large number of epidemiological studies were
subsequently performed in 10 Cd-polluted areas us-
ing urinary protein and glucose levels as indicators of
renal damage [75]. However, statistically significant
differences in the prevalence of proteinuria and gluco-
suria could not be demonstrated in any of the studies

Table 2. Proteinuria and urinary cadmium in cadmium-exposed and non-exposed subjects.

Cadmium-exposed subjects Non-exposed subjects

Sex N Mean S.D. N mean S.D.

β2-microglobulin M  67  7116  6.38** 26 141  387
(µg/g creatinine) F 102 10934  5.11** 55 174  3.47

α1−microglobulin M/F  27 18880 5.5** 10 352 4.2
(µg/g creatinine)

N-acetyl-β-D-glucosaminidase M  39  51.1  2.45** 22  25.3  1.60
(U/g creatinine) F  36  43.9  2.21* 26  27.2  1.88

Human intestinal alkaline M  18  4.62  2.07** 18  1.26  1.75
phosphatase (IU/g creatinine) F  22  4.74  2.99** 22  1.82  2.28

Mucoprotein M  67  228.6  1.82** 26  75.9  1.75
(mg/g creatinine) F 102  309.2  1.84** 55  81.5  1.90

Albumin M  67  93.6  4.79** 26  29.3  2.47
(mg/g creatinine) F 102  140.0  3.60** 55  31.7  2.80

Total protein M  67  185.6  3.62** 26  68.3  1.81
(mg/g creatinine) F 102  251.7  2.73** 55  73.4  2.01

Cadmium M  67  7.5  1.82** 26  2.5  1.58
(µg/g creatinine) F 102  10.1  1.74** 55  4.0  1.45

Mean S.D.: Geometric mean and geometric standard deviation.**: Significant difference from control (p <0.05).**: Significant difference from control (p
<0.01).
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suggesting that this indicator is rather insensitive to
detect early renal effects. It should be noted that the
level of Cd exposure in these area’s was generally lower
than that in the itai-itai disease endemic district.

The LMW protein, β2-microglobulin, which is
considered to be a more sensitive indicator of Cd-in-
duced renal tubular dysfunction was measured in an
epidemiological study in 3, 178 inhabitants over 50
years of age and living in the Kakehashi River basin
[76]. The prevalence of β2-microglobulinuria (β2-
microglobulin ≥ 1000 µg/g creatinine) was significantly
higher in Cd-exposed subjects than in the non-exposed
subjects although no significant difference was noted
in the concurrent prevalence of proteinuria and gluco-
suria, as shown in Table 3.

Ten years after cessation of Cd exposure, urinary
Cd concentrations in men ≥ 40 years and in women ≥
30 years old were significantly higher than those of
younger ages whilst levels of ≤ 50 years were signifi-
cantly lower than those of subjects aged ≥ 60 years [77].

The epidemiological study reported by the Japan
Environment Agency in 1989 failed to detect any renal
tubular dysfunction among 7,196 persons in the Cd
non-polluted areas, while in 202 persons among 13,570
(1.5%) of the Cd-polluted areas, proximal renal tubu-
lar dysfunction was seen [78].

A follow-up survey on 2,101 inhabitants (1,566 men
and 535 women), who participated in a 1967-health
survey and had resided in their actual rural commu-
nity since birth, was conducted to determine the influ-
ence of environmental Cd exposure on the mortality
of the general population in the Jinzu River basin. The
Cox hazard ratio’s for males and females exposed to
Cd concentration in rice ≥ 0.30 ppm, were 1.42 and 1.10,
respectively. Especially, this value is statistically sig-
nificant in men. Since the mean Cd concentration in
rice was closely related to the development of renal
injury, the Cd-induced renal injury is believed to be
the factor underlying the increased mortality observed
[79].

Relationship between cadmium-induced renal and
bone effects

Itai-itai disease is considered the most advanced
stage of chronic Cd intoxication. Cadmium-induced
bone effects are also suggested to occur in the more
advanced stage. Originally, attention was focused on
osteomalacia in the diagnosis of this disease. Recent
studies, however, showed that osteopenia, a main char-
acteristic of osteoporosis, can be detected in the early
stage of chronic Cd intoxication.

Bone density was analyzed in 28 women with itai-

Table 3. Prevalence (%) of abnormal urinary findings in cadmium-exposed and non-exposed subjects.

Cadmium-exposed subjects Non-exposed subjects

Age: 50-59 60-69 70-79 80- Total 50-59 60-69 70-79 80- Total

Male

N 600 494 265 65 1424 62 38 26 7 133

Glucose ≥20 mg/dl with protein ≥5 mg/dl  1.3  2.6  4.2  7.7  2.6  4.8  0  0  0  2.3

Amino acids ≥300 mg/g creatinine  0.0  1.6  3.0  9.2  1.8  1.6  2.6  0  0  1.5

β2-microglobulin ≥1000 µg/g creatinine  4.8  13.0**  28.7  52.3  14.3**  0  0  26.9  14.3  6.0

Metallothionein ≥638 µg/g creatinine  1.5  6.5  7.5  6.2  4.6  4.9  0  0  0  2.3

Female

N 713 591 340 110 1754 64 49 34 14 161

Glucose ≥20 mg/dl with protein ≥5mg/dl  0.6  1.9  7.1  20.0  3.5  0  4.1  0  7.1  1.9

Amino acids ≥300 mg/g creatinine  5.9  7.8  10.6  23.6*  8.6**  1.6  2.0  2.9  0  1.9

β2-microglobulin ≥1000 µg/g creatinine  4.9*  17.1*  36.5**  61.8*  18.7**  0  6.1  5.9  21.4  5.0

Metallothionein ≥693 µg/g creatinine  4.5  10.2  10.9  16.5  8.4*  0  10.2  0  0  3.1
*: Significant difference from control (p<0.05).
**: Significant difference from control (p<0.01).
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itai disease, 92 men and 114 women with Cd-induced
renal dysfunction and 44 men and 66 women living in
non-polluted areas using a microdensitometer [80]. To
assess the degree of bone density by microdensitom-
etry, an X-ray of the hands along with an aluminum
step-wedge was obtained and the bone density was
measured at the middle site of the metacarpal bone 11
[81]. The values of indices for both cortical width and
bone mineral content were significantly lower in itai-
itai disease patients than the Cd-exposed subjects. The
Cd-exposed women also showed a decrease in bone
density compared with the non-exposed subjects. A
significant decrease in bone density was also observed
between Cd-exposed men and the non-exposed sub-
jects, although the difference was not as distinct as in
women. In other Cd-polluted areas such as the Jinzu
River basin or Tsushima Island, a decrease in bone den-
sity in Cd-exposed subjects has also been reported us-
ing the same method [82, 83].

The relationship between the bone density and re-
nal dysfunction was studied in 85 female inhabitants
of the Cd-polluted Jinzu River basin aged 55 to 71 years
who had various concentrations of β2-microglobulin
in urine [82]. A significant negative correlation between
the urinary β2-microglobulin level and indicators of
microdensitometry was found.

In a study involving 203 Cd-exposed subjects with
renal dysfunction and 80 non-exposed subjects an as-
sociation was observed between Cd-induced renal dys-
function and osteopenia [84]. The relationship between
biological parameters such as urinary β2-microglobulin
and serum creatinine, calcium, and phosphorus and
microdensitometric indices were analyzed using mul-
tivariate analysis. Age, urinary β2-microglobulin, and
serum creatinine were significantly associated with in-
dices of osteopenia in Cd-exposed men. In contrast,
age showed the most significant association with the
microdensitometric parameters in women of both
groups. However, only in Cd-exposed women did uri-
nary β2-microglobulin levels significantly correlate
with indices of microdensitometry.

More recently, using ultrasonic equipment, bone
density was measured in 35 Cd-exposed and 68 non-
exposed subjects [85]. The bone density was signifi-
cantly decreased in Cd-exposed subjects as compared
to the non-exposed subjects. Values obtained with this
method (which is considered to be safer since it lacks
radiation exposure) showed a significant correlation

with those measured by microdensitometry.
Bone-G1a protein (osteocalcin) is rapidly emerging

as a clinically important diagnostic parameter of bone
pathology since bone-G1a protein appears to be a
highly specific marker of osteoblast function and is
expressed during bone formation. Serum levels of
bone-G1a protein were evaluated in 76 Cd-exposed
subjects with renal tubular dysfunction and 133 non-
exposed subjects [86]. Serum bone-G1a protein levels
were higher in Cd-exposed subjects than in the non-
exposed subjects. In 29 Cd-exposed men, bone-G1a
protein, % tubular reabsorption of phosphorus (TRP)
and base excess were found to show significant asso-
ciations with the microdensitometry indicators. In 42
Cd-exposed women, parathyroid hormone, age, blood
Cd and bone-G1a protein significantly correlated with
the microdensitometric indicators. Only serum bone-
G1a protein showed a significant correlation in both
sexes of the Cd-exposed subjects, and a sex difference
was found in the relationship between bone metabolic
markers and osteopenia.

Out of these results, one may deduce that itai-itai
disease only represent the tip of the iceberg. Indeed, in
the earlier stage of chronic Cd exposure, the presence
of Cd-induced bone effects such as osteopenia may be
reflected by both microdensitometry and biochemical
indices of bone turn-over. The degree of bone damage
closely parallels the degree of renal damage.

To investigate the mechanism of bone disease
caused by exposure to Cd, 1α, 25-dihydroxyvitamin
D, parathyroid hormone, β2-microglobulin, calcium
and inorganic phosphorus were assessed in serum
samples of 5 itai-itai disease patients, 36 Cd-exposed
residents with renal tubular damage and 17 non-ex-
posed individuals [87]. Measurements of %TRP were
performed only on the Cd-exposed subjects. Serum 1α,
25-dihydroxyvitamin D levels were lower in the itai-
itai disease patients and Cd-exposed subjects with re-
nal damage than in non-exposed subjects. Parathyroid
hormone and serum β2-microglobulin concentrations
were higher in the Cd-exposed subjects [87, 88]. De-
creases in serum lα, 25-dihydroxyvitamin D levels were
closely related to serum concentrations of parathyroid
hormone, β2-microglobulin and %TRP. This study sug-
gests that Cd-induced bone effects were mainly due to
a disturbance in vitamin D and parathyroid hormone
metabolism, which most probably resulted from the
Cd-induced kidney damage.
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mation as indicated by a reduction in lysyl-oxidase ac-
tivity.

To date, however, no clear-cut data are available
that inevitably present evidence for a particular mecha-
nism underlying the development of Cd-induced bone
effects in human subjects.

Dose-response relationship between cadmium
exposure and renal effects

It is assumed that urinary Cd reflects the body bur-
den of Cd at low exposure (environmental pollution),
whilst it might be a valuable index of current exposure
when exposure is high (industrial situation) [90].

In an epidemiological study involving 1,815 Cd-ex-
posed and 240 non-exposed inhabitants of the
Kakehashi River, the significance of the urinary Cd con-
centration as an indicator of the internal dose for sub-
jects living in a Cd-polluted environment was investi-
gated [91]. The mean urinary Cd concentration in-
creased in a dose-related manner as assessed by classi-
fying subjects according to the average Cd concentra-
tion in their rice and to their residence period in the
polluted area. A strong direct correlation was found
(r=0.93 in men and r=0.88 in women) between the to-
tal Cd intake and urinary Cd excretion. This made the
authors conclude that, on a group basis, urinary Cd is
a useful indicator of the internal dose resulting from
environmental Cd exposure.

In another study investigating the dose-effect and
dose-response relationship between the Cd concentra-
tion in rice and urinary concentrations/prevalence of
abnormal levels of markers of renal dysfunction, sig-
nificant correlations between Cd concentration in rice
and concentrations as well as prevalence rates of ab-
normal urinary β2-microglobulin, metallothionein, glu-
cose and amino-nitrogen levels were found. The high-
est maximum allowable concentration of Cd in rice cal-
culated for these indicators was 0.34 mg/kg when the
uncorrected value was used and 0.29 mg/kg when the
creatinine corrected value was used. Both values are
lower than 0.4 mg/kg, the tentative limit prescribed
by the Japanese government [92].

Reversibility of renal effects
The reversibility of β2-microglobulinuria, gluco-

suria and aminoaciduria was evaluated in 74 inhabit-
ants over the age of 50 who lived in the Cd-polluted
Kakehashi River basin [93]. The initiation of the ex-

In a further study, serum concentrations of 25-
hydroxyvitamin D, 24,25-dihydroxyvitamin D and
1α,25-dihydroxyvitamin D were measured in 10 Cd-
exposed subjects and 5 non-exposed subjects [89]. The
Cd-exposed subjects were divided into two groups ac-
cording to serum 1α,25-dihydroxyvitamin D levels. No
significant differences for 25-hydroxyvitamin D were
found between the Cd-exposed group with low or nor-
mal serum 1α,25-dihydroxyvitamin D and the non-ex-
posed group. The concentrations of 24,25-
dihydroxyvitamin D were lowest in the Cd-exposed
group with low serum 1α,25-dihydroxyvitamin D,
highest in the non-exposed group, and significantly
lower in the Cd-exposed group with normal serum
1α,25-dihydroxyvitamin D than in the non-exposed
group. Renal function was substantially worse in the
Cd-exposed group with low serum 1α,25-
dihydroxyvitamin D than in the group with normal
serum 1α,25-dihydroxyvitamin D. These findings sug-
gest that Cd initially disturbs hydroxylation from 25-
hydroxyvitamin D to 24,25-dihydroxyvitamin D and
then disturbs hydroxylation from 25-hydroxyvitamin
D to 1α,25-dihydroxyvitamin D. The decrease of se-
rum 24,25-dihydroxyvitamin D and 1α,25-
dihydroxyvitamin D in Cd-exposed subjects most prob-
ably is not due to a decrease of the serum 25-
hydroxyvitamin D level.

Based on the current knowledge obtained from both
experimental and human studies, three different
mechanisms might be active in development of Cd-
induced bone effects.

Firstly, Cd causes renal damage with effects prin-
cipally on renal tubular cells, i.e. the site of 1α,25-
dihydroxyvitamin D synthesis resulting in an intrinsic
vitamin D deficiency. This will impair the gastrointes-
tinal absorption of calcium, reduce the calcium incor-
poration in bone and ultimately result in the develop-
ment of osteomalacia. It is well known that 1α,25-
dihydroxyvitamin D is the biologically active metabo-
lite of vitamin D. As there is a sequential relationship
between the synthesis of 1α,25-dihydroxyvitamin D in
the kidney and cyclic-adenosine monophosphate, ade-
nylcyclase, parathyroid hormone, a direct interference
of Cd with any of these steps cannot be excluded.

Secondly, Cd directly interferes with the gas-
trointestinal calcium absorption leading to the bone de-
calcification found in osteoporosis.

Finally, Cd may directly affect bone collagen for-
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aminations coincided with the cessation of Cd expo-
sure after which patients were followed-up during 5
years. The geometric mean concentrations of β2-micro-
globulinuria, glucosuria and aminoaciduria indicated
significant increases in excretion during the 5-year fol-
low-up period. In cases where the initial level of β2-
microglobulin in urine exceeded 1000 µg/g creatinine,
almost all individuals showed a further increase of β2-
microglobulinuria, whereas in the cases in which the
urinary excretion of β2-microglobulin was less than
1000 µg/g creatinine, no progression was observed. A
15-year follow-up study in the Jinzu River basin and a
10-year follow-up study in Nagasaki also confirmed
the irreversibility of β2-microglobulinuria when the
initial urinary level of β2-microglobulin was over 1000
µg/g creatinine.

In 21 Cd-exposed subjects who had renal tubular
dysfunction, serum creatinine and arterial blood pH
were measured annually during 9-14 years [71]. Dur-
ing this time period, mean serum creatinine increased
significantly, from 1.19±1.28 mg/100 ml to 1.68±1.56
mg/100 ml. Even after cessation of Cd exposure, a pro-
gressive deterioration of glomerular filtration was seen.
The mean arterial blood pH values decreased signifi-
cantly in all subjects (from 7.40±0.02 to 7.36±0.03),
which, in the absence of respiratory disease, was as-
cribed to metabolic acidosis resulting from the severe
renal tubular dysfunction. In Nagasaki, serum creati-
nine levels were followed in 15 inhabitants living in
the Cd-polluted area for 15 years [94]. Although most
of the serum creatinine levels were below 2 mg/100
ml, a gradual increase was noted recently.

Prognosis of cadmium-induced renal effects
Despite the fact that a number of studies on the in-

fluence of environmental Cd exposure on the mortal-
ity of inhabitants of Cd-polluted areas have been con-
ducted, no consensus has been reached so far.
Shigematsu et al. investigated the outcome of residents
of Cd-polluted areas in Akita, Miyagi, Nagasaki, and
Toyama Prefectures and reported lower standardized
mortality rates in these polluted areas as compared to
non-polluted areas with even greater decreases in the
standardized mortality ratios in the most severely pol-
luted areas [95].

However, in contrast herewith, in a 20-year follow-
up study in which (i) patients diagnosed as having itai-
itai disease, (ii) subjects who were suspected of having

the disease, and (iii) controls were included (95 sub-
jects per category matched for age, sex, and residential
area) [96], the cumulative survival rate of the patients
who had a definite diagnosis of itai-itai disease was
significantly lower than that of the control group from
a > 3 year follow-up period on. Moreover, the cumula-
tive survival rate of the subjects who were suspected
of having itai-itai disease with evidence of severe re-
nal dysfunction due to Cd pollution was significantly
lower than that of the control group.

In another 9-year follow-up study of 3,178 persons
living in a Cd-polluted area, the standardized mortal-
ity rates of the urinary β2-microglobulin positive sub-
jects (≥ 1000 µg/g creatinine) of both sexes were higher
than those of the general Japanese population, whereas
the cumulative survival curves were lower than those
of the urinary β2-microglobulin negative group [97].
A significant association was also found between uri-
nary β2-microglobulin and mortality, using a Cox’s pro-
portional hazards model.

In multiple comparisons using four indices of re-
nal dysfunction (i.e. urinary β2-microglobulin, protein,
glucose and amino acid), urinary protein and β2-
microglobulin in women and urinary protein in men
were the most contributive factors to the mortality rates
[98].

Data from a 7-year follow-up study in another Cd-
polluted area (Nagasaki) showed that, in both men and
women, serum β2-microglobulin and creatinine, as well
as urinary total protein and β2-microglobulin were sig-
nificantly related to mortality independent of age as
assessed by the Cox’s proportional hazards model [99].
In advanced cases, the excess mortality of subjects with
Cd-induced renal tubular dysfunction is, to some ex-
tent, might be ascribed to a reduction in GFR.

In conclusion, these results suggest that the prog-
nosis of subjects with Cd-induced renal dysfunction is
unfavorable. The mortality rate tended to become
higher as the severity of renal dysfunction progressed.
Moreover, isolated increase in urinary β2-microglobulin
is an important factor in assessing the prognosis of per-
sons with mild proximal tubular dysfunction.

Belgium

Cadmium is an important occupational and envi-
ronmental pollutant in Belgium. This is mainly due to
the long-standing commercial production of this metal
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as a “by-product” of the mining and refining of zinc
ores, which contain minor quantities of Cd (0.1–0.3 %).
Because of the presence of zinc/lead ores, non-ferrous
metallurgy workshops developed in the Meuse–Vesdre
Valley near Liège as early as the 18th century. After
Canon Jean-Jacques Dony discovered in Liège a coal-
based thermic process to extract zinc from zinc blende
(ZnS), an industrial revolution occurred in the zinc met-
allurgy from the 1850’s on. This industry expanded rap-
idly in the Liège area concomitantly with coal mining
and iron and steel works. After the 1st world war, in-
creasing amounts of imported zinc ores were refined
using the DONY-process, which in 1972 was replaced
by electrolytic zinc refinery. Dust and waste from the
primary zinc industry constituted the bulk of the basic
material for the production of Cd using thermic refin-
ery processes. After the 2nd world war, however, the
heavy industrial activity in the Meuse Valley basin de-
clined which resulted in a progressive shut down of
non-ferrous industries of which all activity ceased in
the early 1980’s.

In 1888, a similar non-ferrous metallurgical activ-
ity developed in the northeast of Belgium, a rural re-
gion near the Dutch border (Noorderkempen), where
during the 20th century several primary zinc smelters
and Cd refineries were in operation. Thermic processes,
such as the horizontal retort zinc furnace for reduction
of zinc calcine with coal at 1100-1300°C (DONY-pro-
cess), were widely used in zinc refineries. As the boil-
ing point of Cd (765°C) is much lower and the technol-
ogy to recover Cd fume/dust from zinc furnaces was
not very efficient, thermic processes were one of the
main causes of the large scale dispersion of Cd in this
rural area comprising about 200 km2. For instance, the
Lommel-Overpelt smelters refined 250 metric tonnes
of Cd in 1950 whereby 340 kg Cd/day were emitted in
the air. Technological improvements raised the Cd pro-
duction to 300 metric tonnes in 1970 while the atmo-
spheric Cd losses, though still high, had dropped to
200 kg Cd/day. By 1974, the ore-roasting/electroly-
sis-based zinc refining process had replaced the zinc
furnaces and in the 1980’s the electrolytic Cd refinery
process, used since 1935 in the Balen smelter, was gen-
eralized and the re-melting and casting ovens were
modernized. Hence, for 600 metric tonnes of Cd pro-
duced in 1989 only 0.35 kg Cd/day was lost in the air.
In 1992, the two remaining smelters in the
Noorderkempen produced 1000 metric tonnes of Cd

whereby barely 0.04 kg Cd/day escaped in the atmo-
sphere [100]. Belgium has always been a major Cd pro-
ducer in Europe and by 1997 its share of the European
Union Cd production was 20%. To date, one high-per-
forming big zinc smelter (Umicore-Balen) remains and
there are plans to shut down its Cd refinery facility.

Although cases of acute Cd intoxication were first
recorded in 1858 in Belgium (domestic servants pol-
ishing silverware with Cd carbonate) [101], it should
be pointed out that before 1970 systematic epidemio-
logical studies had never been conducted in Belgium
to assess health risks of Cd exposure in the industrial
setting or the general population. For historical rea-
sons, however, it is interesting to mention the 1953-
report of the occupational physician of the Vieille
Montagne plant (Balen) dealing with clinical observa-
tions made in a group of 30 workers who were exposed
to fume and dust of Cd in the Cd production facility of
this plant [102]. In 10 workers with less than 2 years of
exposure, a slight reticulocytosis was seen and the uri-
nary Cd concentrations ranged 10-20 µg Cd/L as as-
sessed by the dithizon method. In 8 workers with 2-8
years of exposure, the characteristic yellow dental Cd
line was noticed together with a reticulocytosis exceed-
ing 2%, a mild hyperchromic anemia, and a urinary
Cd varying from 20 to 90 µg Cd/L. The same observa-
tions were made in twelve workers with 8 to 30 years
of exposure and urinary Cd levels that usually
amounted to 60 µg Cd/L. Interestingly in 7 of them a
proteinuria was found which displayed the same LMW
protein characteristics as the Cd proteinuria already
described by Friberg in 1948 [103].

Occupational exposure to cadmium in Belgium

Critical cadmium concentration in kidney and urine
In the early 1970’s, Lauwerys et al. conducted the

first cross-sectional epidemiological survey ever in Bel-
gian factories. Here workers (31 women, 49 men) were
exposed to Cd dust and fume, in an electronic work-
shop, a nickel-Cd storage battery factory, and a Cd pro-
ducing plant [104]. At the time of the study, the aver-
age airborne Cd ranged from 31 to 134 µg Cd/m3 (to-
tal dust), which was below the American Conference
of Governmental Industrial Hygienists’ (ACGIH)
threshold limit value (TLV) being 200 µg Cd/m3 in
1972. The kidney was found more sensitive to Cd ex-
posure than the lung. Proteinuria showed abnormal
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electrophoretic patterns of LMW and/or HMW pro-
teins in 4/27 male workers with less than 20 years of
exposure and in 15/22 with more than 20 years of ex-
posure. Moreover, on the basis of the correlation be-
tween total proteinuria and cadmium concentration in
urine (CdU), it was suggested that the risk of renal
damage would be low when CdU is kept below 15 µg
Cd/g creatinine [104]. In addition, blood Cd was found
to reflect current exposure to Cd, whereas Cd in urine
would reflect body burden of Cd when industrial ex-
posure is low to moderate, but it would reflect current
exposure when industrial exposure is high [104].

Subsequent studies in male workers of two Cd re-
fineries confirmed previous findings of other investi-
gators [105-107], in that prolonged Cd exposure is usu-
ally characterized by microproteinuria due to impair-
ment of the tubular reabsorption of plasma-derived
LMW proteins, e.g. β2-microglobulin and retinol bind-
ing protein [108]. An isolated glomerular effect with
increased permeability of HMW proteins, e.g. albumin
and transferrin, was less commonly found [108, 109].
To obtain a reliable and direct estimate of the critical
body burden of Cd in relation to Cd nephropathy, the
Cd concentrations of liver and left kidney were deter-
mined in 1978 in about 300 male workers from two Cd
refineries using in vivo neutron activation analysis; the
urinary β2-microglobulinuria concentration was mea-
sured as well. A dose-response relation between liver
Cd and prevalence of increased β2-microglobulinuria
was found, indicating an increased prevalence (>5%)
of abnormal β2-microglobulinuria when hepatic Cd

was exceeding 30 µg Cd/g wet weight (Table 4). Un-
like liver Cd, renal Cd was found to drop in workers
with abnormal urinary β2-microglobulinuria concen-
trations and a concomitant steep rise in urinary Cd ex-
cretion may be seen. This study established that ab-
normal β2-microglobulinuria is likely to occur when
Cd in the renal cortex or in the urine exceeds the criti-
cal concentrations of 216 mg Cd/g wet weight and 10.8
mg Cd/g creatinine respectively [30, 110].

Predictive significance of tubular proteinuria
Further research on occupational Cd nephropathy

aimed at a better understanding of the predictive value
of Cd-induced microproteinuria and explored under-
lying features of early glomerular impairment seen in
a few Cd-exposed workers. A retrospective examina-
tion of serum creatinine, total proteinuria, aminoaci-
duria, albuminuria, retinol binding proteinuria, and β2-
microglobulinuria was carried out in a group of nine-
teen workers (40 to 60 years old) with 16 to 42 years of
occupational Cd exposure. These renal markers were
measured on average 1.2 years before and 4.2 years
after removal from exposure and showed in this group
of workers that the Cd-induced nephropathy was not
reversible when exposure ceased, that the micropro-
teinuria in particular exacerbated, and that serum crea-
tinine tended to increase [111]. A few workers turned
into end-stage renal insufficiency (unpublished data).
To better assess the health significance of Cd-induced
microproteinuria in male Cd workers three studies
were carried out.

Table 4. Dose-response relation between cadmium concentration in liver and abnormal β2-microglobulinuria in a
group of 148 workers from two zinc/cadmium smelters in Belgium.

Cadmium in livera Number of Prevalence of abnormal Mean βββββ2-microglobulinuria
workers βββββ2-microglobulinuriab in workers with abnormal values

(µg/g) n % (mg/g creatinine)

10-19 54 0 0

20-29 27 1 4 7.30

30-39 28 3 11 0.28

40-49 18 3 17 1.42

50-59 8 2 25 7.00

60-69 5 2 40 4.89

70-160 8 8 100 6.45

Adapted from Roels et al. [30].
aCadmium concentration measured in vivo by neutron activation analysis.
bβ2-microglobulinuria was considered abnormal when exceeding 0.20 mg/g creatinine.
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The first study was a 5-year prospective study con-
ducted in 23 Cd workers removed from exposure be-
cause of the discovery of microproteinuria [112]. They
were exposed for 25 years on average and at the time
of the first examination the mean age of the group was
59 (46-68 years). The mean ± SEM CdU in the subjects
amounted to 22.2±2.9 mg Cd/L, the geometric means
of urinary retinol binding and β2-microglobulin were
1.57 and 1.77 mg/L respectively whilst serum creati-
nine was normal (<1.4 mg/100 ml) in all subjects, ex-
cept in two (2.0 and 2.2 mg/100 ml). This longitudinal
study corroborated not only the irreversibility of Cd-
induced microproteinuria (about 30 and 50% increase
in urinary retinol binding proteinuria and β2-
microglobulin respectively at the end), but unequivo-
cally showed that creatinine and β2-microglobulin in
serum significantly increased with time indicating a
progressive reduction of the GFR. The estimated GFR
was found to decrease five times more rapidly than
what could be expected due to aging alone. Elevated
microproteinuria predicts thus an exacerbation of the
age-related decline of GFR and, hence, it should be re-
garded as an early adverse health effect in occupational
exposure to Cd. This finding raised the question
whether a CdU threshold value of 10 mg Cd/g creati-
nine would not only prevent the occurrence of micro-
proteinuria, but also the loss of nephron mass. In other
words, does an increased CdU not yet sufficient to
modify the urinary excretion of plasma-derived pro-
teins, impair the renal filtration reserve capacity ?

The second study addressed this point by investi-
gating the GFR in Cd workers without (n=31) or with
(n=12) increased microproteinuria, i.e. urinary β2-
microglobulin or retinol binding proteinuria > 0.30 mg/
g creatinine, and whose geometric mean (range) of CdU
was 4.7 (2.1-8.8) and 11.1 (5.8-21.7) µg Cd/g creatinine
respectively. The subjects in both groups aged on av-
erage 55 years (50 to 64 years), all had a normal serum
creatinine (< 1.4 mg/100 ml) [113]. GFR was estimated
as the creatinine clearance under baseline conditions
and after an acute oral protein load to assess the hy-
perfiltration capacity of the kidney. The baseline crea-
tinine clearance was normal in both groups (mean 116
ml/min). The creatinine clearance after protein load,
however, failed to rise in the group with microprotein-
uria (mean 114 ml/min) and remained significantly
lower than that in the group without microproteinuria
(mean 124 ml/min). The mean creatinine clearance af-

ter protein load in the latter group was similar to that
of an age-matched control group (n=35; CdU < 2 µg
Cd/g creatinine). This study showed that the filtration
reserve capacity of the kidney is lost when elevated
microproteinuria is present, but that there was no func-
tional impairment at a renal Cd burden not yet caus-
ing microproteinuria. Implicitly, it validated the pro-
posal of a CdU of 10 µg Cd/g creatinine as biological
exposure limit to prevent microproteinuria in male Cd
workers.

The third study was prospective (observation peri-
ods 1980-84 and 1990-92) and aimed at an evaluation
of Cd-induced microproteinuria by assessing its evo-
lution in 32 Cd workers as a function of CdU and se-
verity of the microproteinuria at the time exposure was
substantially reduced or had ceased [114]. The finding
that 15/24 workers with historical CdU > 10 µg Cd/g
creatinine had an elevated β2-microglobulinuria (> 0.30
mg/g creatinine) corroborated our earlier finding,
namely that the risk of abnormal microproteinuria may
dramatically increase when CdU regularly exceeds 10
µg Cd/g creatinine. However, when reduction of Cd
exposure took place at the time β2-microglobulinuria
did not exceed 0.30 mg/g creatinine, the risk of devel-
oping tubular dysfunction at a later stage was low, even
in cases with historical CdU values occasionally > 10
but always < 20 µg Cd/g creatinine. There was also
indication that the tubulotoxic effect of Cd may be re-
versible, provided that the historical CdU values never
exceeded 20 µg Cd/g creatinine and the β2-microglo-
bulinuria was mild (< 1.5 mg/g creatinine) at the time
the Cd exposure was reduced. When a β2-microglobu-
linuria > 1.5 mg/g creatinine was found in combina-
tion with historical CdU values above 20 µg Cd/g crea-
tinine, Cd-induced tubular dysfunction exacerbated in
spite of reduction or cessation of Cd exposure. The lat-
ter condition was present in 10 of the 15 above-men-
tioned workers who compared well with the Cd-ex-
posed workers of our previous studies [111, 112, 115].
Their past Cd exposure was characterized by a mean
CdUmax of 35 µg Cd/g creatinine (range: 19-83) and in
1980-84 a frank microproteinuria was diagnosed which
in the observation period 1990-92 exacerbated for β2-
microglobulin from 8.96 to 18.1 mg/g creatinine (mean
values) and for retinol binding proteinuria from 4.28
to 6.81 mg/g creatinine. The severe microproteinuria
was thus irreversible and still progressive 15 years af-
ter removal from exposure. That only 5 workers were
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identified with a reversible microproteinuria was af-
ter all not surprising, because in the 1980’s technologi-
cal improvements, industrial hygiene controls, and sys-
tematic health surveillance were implemented in the
Cd-producing plants to reduce overexposure and to
prevent health risks. It should also be noted, that the
exact point in time at which the first sign of a Cd-in-
duced microproteinuria would appear in a subject is
yet unpredictable and that the accumulation of Cd in
the kidney and the ability to develop a concomitant
tubulopathy are time-dependent processes likely to
display inter-individual variability [30]. Hence, in on-
going Cd exposure variable time windows would ex-
ist within which abnormal microproteinuria would
show up and remain “reversible” before it would turn
into a progressive exacerbation. Interestingly, the five
Cd workers with reversible microproteinuria had a
mean historical CdUmax = 16.6 µg Cd/g creatinine
(range: (mean values) 14-19) which was half that of the
workers with irreversible and more severe micropro-
teinuria. Mean age (57 vs. 61) and mean duration of
exposure (26 vs 28 years) did not differ significantly
between both subgroups. Thus, age and the years of
exposure did not seem to play a role, but it would rather
be the cumulative exposure of the past (body burden
of Cd) in combination with the severity of the tubul-
opathy at the time exposure was reduced or ceased
that were the determining factors. The past Cd expo-
sure of the 5 workers with reversible microproteinuria
apparently did not result in a renal cortex Cd level suf-
ficient to induce progressive tubulopathy, 7-12 years
after cessation of exposure.

Target-segment nephrotoxicity of cadmium
One of the characteristics of the kidney is its ability

to compensate for renal damage and for this reason
classical function tests, for example serum creatinine
or endogenous creatinine clearance, are insensitive
since they only deviate late in the cascade of damage
events when there is a large reduction in nephron mass.
The last decade has seen a lot of effort in developing
diagnostic tests that are sensitive enough to assess
changes in renal integrity at an early stage that is be-
fore clinical manifestations. In the frame of a large col-
laborative network-project, involving laboratories of 5
countries of the European Union, the diagnostic po-
tential of more than 25 urine or serum markers of kid-
ney function/integrity was evaluated in a cohort of

male Cd workers (n=37; CdU=2-16 mg Cd/g creati-
nine) and an age-matched control group (n=43; CdU <
2 µg Cd/g creatinine). The aim was to assess whether
one or more of the anatomical regions of the nephron
segments (glomerulus, proximal or distal tubule, loop
of Henle, and interstitium) may be targets of Cd toxic-
ity. The tests comprised functional markers (e.g., crea-
tinine and β2-microglobulin in serum; LMW and HMW
proteins in urine), cytotoxicity markers (e.g., tubular
antigens or enzymes in urine), and biochemical mark-
ers (e.g., glycosaminoglycans, kallikrein, sialic acids,
and eicosanoids in urine) [116]. The results demon-
strated a target-segment nephrotoxicity and the first
Cd-induced alterations were at the proximal tubule as
evidenced by increased urinary excretion of brush-bor-
der antigens and lysosomal as well as brush-border
enzymes such as N-acetyl-β−D-glucosaminidase and
intestinal-type alkaline phosphatase, a specific and sen-
sitive marker of the S3-segment of the proximal tubule
[63]. Cadmium exposure was found to have an early
effect on the urinary excretion of 6-keto-prostaglandin
F1α of which the glomerulus is the principal site of syn-
thesis. Nearly half of the subjects had abnormally in-
creased urinary values of this eicosanoid. As long as
the biological significance and implication(s) of this
marker in Cd nephropathy are not elucidated, it would
be premature to propose a biological exposure thresh-
old based on this highly sensitive marker. An increased
urinary excretion of HMW proteins (transferrin and
albumin) occurring at a Cd body burden where the
protein reabsorption capacity of tubular cells does not
yet seem to be impaired was shown as well, which
would indicate a slight loss of the glomerular barrier
function. This glomerular-type proteinuria may be as-
cribed to a depletion of the glomerular polyanion
charge [117, 118] and suggests that in some subjects
subtle alterations of the glomerular filter may precede
the onset of tubular-type proteinuria. Traditional mark-
ers indicative of tubular damage, i.e. a rise in urinary
excretion of plasma-derived LMW proteins like β2-
microglobulin and retinol binding proteinuria, are
likely to be affected at a higher Cd body burden. As a
cumulative nephrotoxin, Cd can thus produce a broad
spectrum of site-specific dose-related effects on the
nephron over a wide range of Cd body burden, as esti-
mated on the basis of CdU. Logistic regressions showed
significant dose-response rate (CdU-%) curves for re-
nal marker values (cut-off: 95th centile of values ob-
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served in control group) and allowed to determine
marker-specific CdU threshold values which were ar-
bitrarily set at a response rate twice the background of
elevated values (Table 5). Three main groups of CdU
thresholds could be identified: one around 2 mg Cd/g
creatinine associated with biochemical alterations (6-
keto-PGF1α and sialic acids in urine), a second around
4 mg Cd/g creatinine associated with cytotoxic effects
(renal brush-border antigen, intestinal alkaline phos-
phatase, and N-acetyl-β-D-glucosaminidase in urine)
or glomerular barrier dysfunction (albumin and trans-
ferrin in urine), and a third around 10 mg Cd/g creati-
nine associated with tubular reabsorption dysfunction
(microproteinuria), or changes in other markers (e.g.
glycosaminoglycans in urine). In this study, a few other
renal markers were tested as well, including the struc-
tural protein fibronectin in urine as a marker of the
integrity of the extracellular matrix of the glomerulus,
the renal kallikrein activity in urine as a structure/func-
tion marker of the distal tubule, and anti-glomerular
basement membrane antibodies in serum as a marker
of dysfunction of the glomerular basement membrane.
None of these last three markers was disturbed in the
present group who got a rather moderate Cd exposure
and whose current CdU averaged 5.4 mg Cd/g creati-
nine (range: 2.1-16.4). Previous studies in male work-
ers with much higher Cd exposure, however, showed

a significantly decreased urinary kallikrein activity
[119] in a group with a mean CdU of 10.4 mg Cd/g
creatinine and in another group a significantly in-
creased prevalence of circulating anti-laminin antibod-
ies [120] was found at CdU > 20 mg Cd/g creatinine.

Conclusion
The studies in the occupational setting of Cd-ex-

posed male workers in Belgium carried out in the pe-
riod 1970-2000 validated that the critical Cd concen-
tration in the renal cortex lies around 200 µg/g which
is associated with an increased risk of microprotein-
uria and a CdU threshold of 10 mg Cd/g creatinine.
So far, Cd-induced LMW proteinuria is the only renal
effect of Cd with documented health risk significance.
Indeed, ongoing overexposure to Cd may lead to irre-
versible renal damage predictive of a severe exacerba-
tion of the age-related decline in GFR and a decrease
in the filtration reserve capacity. However, for several
reasons like the long biological half-life of Cd, the safety
margin, the occurrence of other renal effects of which
the health significance is still unknown, and the fact
that no treatment to remove Cd from its storage sites
is presently available, several investigators proposed
to revise the health-based limit for CdU of 10 mg Cd/
g creatinine recommended by the World Health Orga-
nization [121] for occupational exposure to Cd. The

Table 5. Thresholds of urinary cadmium concentration for abnormal values of urinary markers of renal effects
found in male workers with chronic occupational cadmium exposure.

Urinary markers Cut-off valuesa Threshold effect concentration of
urinary cadmium (µg Cd/g creatinine)

Biochemical alterations
6-keto-prostaglandin F1α 280 ng/L 2.3
Sialic acid 501 mg/L 2.4

Cytotoxic effects/enzymuria
Brush border antigen BBA 6.70 U/L 3.7
N-acetyl-β-D-glucosaminidase 2.19 U/L 4.0
Intestinal-type alkaline phosphatase 2.72 U/L 4.1

Renal function changes
Glomerulus

Transferrin 0.90 mg/L 3.6
Albumin 19 mg/L 4.1

Proximal tubule
Retinol binding protein 0.19 mg/L 10.4
β2-microglobulin 0.32 mg/L 11.5

Adapted from Roels et al. [116].
aUpper limit of normal, defined as the 95th centile of the values in control workers with a urinary cadmium concentration < 1 µg Cd/g creatinine.
BBA: Brush border antigen
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adoption by the ACGIH of 5 mg Cd/g creatinine as
biological exposure index for Cd seems for the time-
being justified [122]. Studies on the predictive value of
renal changes other than microproteinuria are needed
to assess the validity of this biological exposure index.
It is interesting to note that recently suggestive evidence
of an excess of neurotoxic complaints has been shown
in Cd smelter workers before signs of Cd-induced mi-
croproteinuria occurred [123].

Environmental exposure to cadmium in Belgium

First, it should be pointed out that the severe renal
and skeletal outcomes of the endemic Cd exposure in
Japanese people [78] had never been reported in the
Belgian general population. Nevertheless, at the end
of the 1970’s a few pilot surveys were conducted in the
Liège area, the first epidemiological studies ever done
in groups of the Belgian general population environ-
mentally exposed to Cd. In the wake of the experience
with exposure to Cd in Belgian industries a crucial
question emerged, whether the health conservation
strategies, as applied to 20-55 year-old men in the in-
dustry to avoid nephrotoxic effects of Cd exposure,
could be extrapolated to the general population with
long-term low-level exposure to historical Cd contami-
nation of their environment ? In other words are more
stringent exposure guidelines justified for the general
population, for example as to the urinary Cd excre-
tion, and which are the critical adverse effects to be
taken into account ?

Pilot studies in the Liège area
Aged women who had lived in the contaminated

Liège area (n=60) were compared with a group from a
‘control’ industrial area (Charleroi, n=70) who were
matched for age and socioeconomic characteristics.
Only women of Belgian nationality were recruited.
They were non-smokers, not bedridden, more than 60
years old (mean about 80), and resided in the respec-
tive areas more than 25 years (mean about 70). They
were not suffering from diabetes mellitus or clinically
confirmed renal disease and had not been treated in
the past for renal diseases (e.g. glomerulonephritis,
pyelonephritis, ...) [124, 125]. The median values for
the estimated urinary excretion of Cd were 2.02 µg/
24h (range: 0.36-8.76) in the Liège group against 0.79
µg/24h (range 0.05-3.74) in the Charleroi group, and

for the urinary excretion of β2-microglobulinuria it was
0.18 against 0.12 mg/24h respectively. The prevalence
of women with a β2-microglobulinuria exceeding 1.2
mg/24h was 18% in Liège and 7% in Charleroi. This
study suggested that living in the Liège area might sig-
nificantly increase the body burden of Cd, though the
CdU values were much lower than in Japan. The higher
β2-microglobulinuria in Liège suggested further that
the critical level of urinary Cd (thus also in the renal
cortex) might be much lower in groups of the general
population than in middle-aged male workers. A ret-
rospective mortality study in the same two areas
showed that in both males and females the standard-
ized mortality ratios from nephritis and nephrosis (ICD
580 and 584) for the years 1969-1976 were twice as high
in Liège compared to Charleroi [126]. This finding,
which did not seem to be confounded by a difference
in analgesic consumption between the two areas [127],
supported the hypothesis that Cd may be a contribut-
ing environmental factor of renal insufficiency. Post-
mortem analysis of Cd in liver and kidney cortex of
Belgian citizens corroborated that people who had lived
in the industrial area of Liège had accumulated sig-
nificantly more Cd in their tissues than those who re-
sided in Brussels or the southern provinces of Belgium.
In the age group 40-49 years, the Cd concentration in
the renal cortex of nonsmoker women was about 40
µg Cd/g wet weight in the Liège area against 14 µg
Cd/g wet weight in the other areas [128].

Cadmibel study
The outcomes of these three pilot studies provided

the incentive to carry out a large scale cross-sectional
population-based investigation in Belgium. Hence,
from 1985 to 1989 the Cadmibel study was conducted
in about 2,300 subjects to assess the extent of exposure
and health effects associated with low-level environ-
mental Cd pollution. Citizens of Belgian nationality
were randomly recruited from four areas: Liège (ur-
ban) and Noorderkempen (rural), two areas docu-
mented with records of environmental Cd pollution
due to the activities of various zinc/Cd smelters in the
past, and Charleroi (urban) and Hechtel-Eksel (rural),
two areas without such industries [129]. Some selec-
tion criteria were applied so that the statistical analy-
sis pertaining to renal effects was carried out on about
1, 700 adults (males and females aged 20-80 years) who
had never been occupationally exposed to heavy met-
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als and who resided the last 8 years in the respective
areas. After allowing for major co-variates like age and
smoking habits, the 24-hour urinary Cd excretion av-
eraged 25% higher in women than in men and was
found 20 to 60% higher in both genders living in the
polluted areas Liège or Noorderkempen [130]. Stepwise
multiple regression analysis showed that only mark-
ers of tubulotoxicity (e.g. 24-hour urinary excretion of
calcium, N-acetyl-β-D-glucosaminidase, retinol bind-
ing proteinuria, β2-microglobulin, and amino acids)
were significantly and positively associated with CdU.
In logistic regression, the likelihood of 10% abnormal
values for these tubular effect markers (cut-off: 95th cen-
tile of values observed in an “internal control group”)
would occur at urinary Cd excretion values different
from those seen in male Cd workers (Table 6) [31]. For
example, the threshold effect level of urinary Cd ap-
proximates 3 µg Cd/g creatinine for microproteinuria
(retinol binding proteinuria and β2-microglobulin) in
the general population, whereas it is 10 µg Cd/g crea-
tinine in adult male Cd workers. Järup et al. [130a] also
reported that renal tubular damage due to exposure to
Cd develops at lower levels of Cd body burden than
previously anticipated. A 5-year follow-up of a subco-
hort from the Cadmibel study (about 1100 subjects from
the rural area) suggested that the subclinical renal ef-
fects seen at baseline were not progressive and that
tubular effects were not necessarily associated with a
subsequent deterioration in glomerular function [131].

A striking and unexpected outcome of the Cadmibel
study was the clear-cut interference of the low-level
Cd exposure with calcium metabolism. For example,
when urinary Cd excretion increased twofold, serum
alkaline phosphatase activity and urinary calcium ex-

cretion rose by 3-4% and 0.25 mmol/24h respectively
[132]. The dose (CdU)-response rate of increased calci-
uria (> 9.8 mmol/24h) suggested a 10% prevalence of
hypercalciuria when CdU exceeded 1.9 µg Cd/24h [31].
Hypercalciuria should be considered an early adverse
tubulotoxic effect, because it may exacerbate the de-
velopment of osteoporosis, especially in the elderly. A
prospective study from 1992-1995 (median follow-up
of 6.6 years) in the above-mentioned Cadmibel subco-
hort from the rural area showed for a two-fold increase
in urinary Cd a significant (p<0.02) decrease of 0.01 g/
cm2 in forearm bone density in post-menopausal
women. In addition, the relative risks associated with
doubled urinary Cd were 1.73 (95% CI 1.16-2.57;
p=0.007) for fractures in women and 1.60 (0.94-2.72;
p=0.08) for height loss in men. Cadmium excretion in
the four districts near the smelters was 22.8% higher
(p=0.001) than in the six other districts, with fracture
rates of 16.0 and 10.3 cases per 1000 person-year, re-
spectively, and a population-attributable risk of 35%
[133]. Low-level environmental exposure to Cd may
thus promote skeletal demineralization, which may
lead to increased bone fragility and raised risk of frac-
tures. Therefore it has been proposed that a CdU value
of 2 µg Cd/g creatinine should be regarded as the
maximum tolerable internal Cd dose for individuals
from the general population. Hence, one may assume
that in the early 1990’s about 10% of the general popu-
lation in Belgium exceeded this threshold value and
that it amounted to 20% in the rural area with histori-
cal pollution by Cd from non-ferrous smelters. In this
area, a clear-cut impact of a preventive action to de-
crease the Cd transfer from the environment to the in-
habitants was observed, because the Cd concentration

Table 6. Thresholds of urinary cadmium concentration for abnormal values of urinary markers of renal tubular
effects found in the Cadmibel study population with long-term low-level environmental cadmium exposure.

Urinary markers Cut-off valuesa Threshold effect urinary cadmium
excretion (µg /24h)

Calciuria 9.8 mmol/24h 1.9

N-acetyl-β-D-glucosaminidase 3.6 U/24h 2.7

Retinol binding protein 0.34 mg/24h 2.9

β2-microglobulin 0.28 mg/24h 3.1

Aminoaciduria 357 mg α−N/24h 4.3

Adapted from Buchet et al [31].
aUpper limit of normal, defined as the 95th centile for an “internal control group” of Cadmibel participants without diabetes or urinary tract diseases and
who did not regularly took analgesics.
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had decreased by about 30% in blood and 15% in urine;
the decrease was, however, less pronounced in sub-
jects living closer to the smelters and in pre-menopausal
women [134].

Conclusion
The results of the various epidemiological investi-

gations performed since the 1970’s by the Unit of In-
dustrial Toxicology and Occupational Medicine,
Université Catholique de Louvain, Brussels, indicate
that in Belgium the efforts made by industries and the
health authorities to reduce occupational and environ-
mental exposure to Cd are fully justified. As practical
guidelines to control kidney effects at an early stage in
occupational or environmental exposure to Cd, the uri-
nary Cd concentration should not exceed 5 µg Cd/g
creatinine in male workers and 2 µg Cd/g creatinine
in the general population.

Other countries

A relationship between urine Cd levels and in-
creased excretion of tubular proteins in long-term oc-
cupationally exposed workers has been reported from
USA [135]. In Germany, Jung et al. [136] reported in-
creased prevalence of elevated urinary excretion of N-
acetyl-β-D-glucosaminidase and retinol binding pro-
teinuria both in occupationally and non- occupation-
ally Cd exposed groups. In occupationally Cd exposed
workers in Singapore [137] elevated levels of β2-

microglobulin, N-acetyl-β-D-glucosaminidase and α1−
microglobulin were reported. The latter two indicators
were positive at urinary Cd levels of only a few µg per
gram creatinine.

In China, increased occurrence of tubular pro-
teinuria has been reported in Cd contaminated areas.
In an area in southeast China, high dietary exposure
via the intake of high cadmium containing rice, con-
taminated by the effluents of a smelter, an increased
excretion of tubular proteinuria was reported that for
β2-microglobulin and albumin correlated in a dose-re-
lated pattern with the urinary Cd excretion [7]. Uri-
nary β2-microglobulinuria and N-acetyl-β-D-glucos-
aminidase excretion was evident also at relatively low
urinary Cd concentrations [138].

In Chinese Cd-exposed workers it was demon-
strated that those with a high ability to induce met-
allothionein suffered less tubular damage than those
with a low ability to induce metallothionein in periph-
eral blood lymphocytes [139]. This observation gives
support for an important role of metallothionein in-
duction in humans and that such induction in periph-
eral blood lymphocytes can be used as a sensitive bio-
marker of renal damage.

The observations of dose-response relationships
between cumulative absorbed dose of Cd, urinary Cd
levels, and occurrence of tubular proteinuria in other
countries, support the relationships observed in Swe-
den, Japan, and Belgium and thus give further sup-
port to the conclusions given in the respective sections
of the present chapter.
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Physical and chemical properties of
mercury

Mercury (Hg, CAS Number 7439-97-6) is a natu-
rally-occurring metal that has an atomic num-

ber of 80 and an atomic weight of 200.6. Many differ-
ent organic and inorganic mercury compounds are
found in nature because of mercury’s ability to form
covalent and ionic bonds with other chemicals. Mer-
cury exists in three forms in three oxidation states (0,
+1, +2): elemental mercury (Hg0), organic mercury
(e.g., methyl mercury), and inorganic mercury (e.g.,
Hg1+, Hg2+). Elemental mercury is a silvery, white liq-
uid at room temperature, and because of this, Aristotle
named mercury “quicksilver.”

History of human use of mercury

Mercury has been used by humans since antiquity.
More than 10, 000 years ago, prehistoric humans used
the bright red stone of mercury ore (cinnabar, mercury
sulphide, HgS) to color cave drawings. Theofrastos, the
disciple of Aristotle, described the production of me-
tallic mercury from cinnabar. Egyptians and Romans
identified several of the occupational hazards in mer-
cury mines. During the Roman period, slaves, convicts,
and political enemies were sent to the mercury mines
in Almadén in Spain where they succumbed to the toxic
effects of mercury. In 1700, the Italian physician
Ramazzini, regarded as the founder of occupational
medicine, in his classical book ‘De Morbis Artificum’
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(Diseases of Workers) described several signs of mer-
cury poisoning, which he observed not only among
miners but also gilders, mirror makers, and syphilis
patients given treatment with mercury ointments. It
was not uncommon for the doctor who administered
mercury ointment to also suffer from mercury poison-
ing.

The use of mercury in the treatment of diseases such
as syphilis, psoriasis, and congestive heart failure be-
gan more than two centuries ago. Although mercury’s
medicinal use has tapered off in recent years, mercury
compounds such as thimerosal and phenylmercuric
nitrate still have a limited use in human and veteri-
nary medicines to prevent bacterial growth in injec-
tion solutions (e.g. vaccines), antiseptics, and skin oint-
ments. The United States Food and Drug Administra-
tion [1] estimates that approximately 200 human and
veterinary drug products marketed in the U.S. contain
mercury as an active or inactive ingredient.

The unique physical properties of metallic mercury
led to its widespread industrial use during the 19th
century. Because of this, epidemics of occupational
poisonings were documented in the mirror and felt hat
industries. Symptoms and signs of severe poisoning
included pneumonitis, tremor, inflammation of the
gums with excessive salivation, and psychiatric symp-
toms such as excitability, insomnia, irritation, and shy-
ness.

Worldwide production of mercury has declined in
recent years. Total world production of mercury was
1, 400 tons in 2001, compared to 2, 750 tons in 1997 [2,
3]. Mercury recovered from primary sources accounts
for about 60% of world consumption, with the remain-
der being supplied from recycled sources [4]. Spain,
Kyrgyzstan, and Algeria accounted for approximately
70% of the world’s mined mercury in 2001 [2].

Mercury compounds continue to have numerous
commercial uses. Besides its use as a preservative,
mercury is used in the manufacture of many technical
and medical instruments including blood pressure
measurement devices, manometers, thermometers, and
barometers. Mercury is also used in production of cer-
tain types of fluorescent lamps and in the chloralkali
industry, where chlorine and caustic soda are produced
using brine electrolysis in mercury cells. Metallic mer-
cury is used in the production of precious metals such
as gold and silver. As part of the production process,
metallic mercury can be used to concentrate gold from

crushed ore or sediments. This method, also known as
the amalgamation method, results in occupational and
environmental exposures to vaporized mercury, pos-
ing an immediate health threat. Such a health hazard
was a common occurrence in the in the 1850s during
the California gold rush. Although phased out by most
gold producing countries, the amalgamation method
is still used in several countries. It has been estimated
that some 500, 000 gold miners in Brazil are exposed to
liquid mercury during the concentration of gold from
sediments [5, 6].

Mercury has been used for more than 150 years in
dental silver amalgams. Dental silver amalgams in
tooth fillings are composed of a mixture of 50% metal-
lic mercury and metal powder, usually silver, tin, cop-
per and zinc.

Exposure

Humans can be exposed to mercury compounds
via the oral, inhalation, and dermal routes. The pri-
mary sources of mercury exposure among the general
population are dental amalgams and the diet, with
amalgam fillings being the most important source of
inorganic mercury, and fish and other seafood (ma-
rine mammals, crustaceans) the principle sources of
methylated or organic mercury.

The release of mercury from amalgam fillings is
proportional to both the number of fillings and the to-
tal amalgam surface area. It has been challenging to
accurately estimate the release from amalgam fillings,
but according to the National Research Council, esti-
mates of average daily mercury intake from dental
amalgams range from 3.8-21 µg/day [7]. Measure-
ments of urinary excretion of mercury have revealed
that individuals with a habit of tooth grinding or ‘Brux-
ism’ release considerably more mercury from their
dental fillings compared to persons who do not grind
their teeth [8]. Most of the exposure from amalgam fill-
ings probably comes from release of mercury vapor
(Hg0) but uptake from amalgam particles in the gas-
trointestinal tract, at least after dental treatment, may
contribute [8a].

The concentration of mercury in most foodstuffs is
generally below the reported limit of detection, which
is usually 20 µg/kg fresh weight [9]. Fish and other
seafood products are the primary dietary sources of
mercury, and scientists have determined that mercury
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concentrations in fish and shellfish are approximately
10 to 100 times greater than in other foods, including
cereals, potatoes, vegetables, fruits, meats, poultry,
eggs, and milk [10]. It only takes a small amount of
mercury to pollute aquatic organisms, and render them
unfit for consumption. Mercury in fish and seafood is
almost completely in the form of methyl mercury,
which is a particular health threat to infants and the
developing fetus [11]. Certain marine fish, (e.g. shark,
swordfish, king mackerel, and tuna), as well as certain
freshwater fish (e.g. pike, walleye and bass) may con-
tain high concentrations of mercury. Levels of mercury
among these marine fish species range from 0.05-4.54
mg methyl mercury/kg fish (wet weight), while mer-
cury levels in these freshwater fish species range from
0.5 to 2 mg methyl mercury/kg fish (wet weight) [10,
12]. Daily consumption of 100 g of fish possessing an
average mercury concentration of 1 mg methyl mer-
cury/kg results in an intake of 100 µg methyl mercury,
which exceeds the tolerable limits recommended by
the World Health Organization, the United States En-
vironmental Protection Agency, and the United States
Food and Drug Administration [13, 14].

Besides dietary and dental amalgam exposure to
mercury compounds, accidental exposure to mercury
vapors may occur among the general population (e.g.,
from breakage of a mercury-containing thermometer),
or from use of metallic mercury or mercury containing
ointments, creams, and drugs.

Occupational exposure to inorganic mercury is
quite common, and occurs in the dental and chloralkali
industries, as well as in thermometer factories, and in
mercury mines. Approximately 70, 000 workers in the
United States are regularly exposed to mercury [15].
Measurements of mercury in blood and urine are use-
ful in quantifying the magnitude of exposure (see sec-

tion about biological monitoring below). In most in-
stances there is a linear relationship between ambient
air and urine concentration of mercury, where the urine
concentration (µg/L) corresponds to air concentration
(µg/m3) multiplied by 1-2 [16]. In dentistry, ambient
mercury vapor concentrations during the1960s-1970s
were often around 25 µg/m3. Due to improved venti-
lation and handling of amalgam, most dental offices
have reduced levels below 5 µg/m3.

Ambient mercury vapor concentrations of 100 µg/
m3 or higher have been measured during chloralkali
production and mercury mining [17]. Adverse health
effects were common sequelae from such exposures.
During recent years, most countries have reduced
mercury’s occupational threshold limit value to 50 µg/
m3 or less.

Toxicokinetics

The toxicokinetics (i.e., absorption, distribution,
metabolism, and excretion) of mercury is highly de-
pendent on the form of mercury to which an individual
has been exposed [14]. This difference in toxicokinet-
ics is illustrated in Figures 1 and 2, where intravenous
administration of 10 ml (135 grams) of elemental mer-
cury distributed in the lung, while oral ingestion of
236 ml (3212 grams) of elemental mercury distributed
in the large intestine. The subject in Figure 1 attempted
suicide by injecting elemental mercury intravenously
because elemental mercury is poorly absorbed via other
routes, such as the gastrointestinal route, as illustrated
in Figure 2.

Figure 1. Elemental mercury embolism to the lung
(Reproduced from Gutiérrez and Leon [18], with permission).

Figure 2. Elemental mercury distribution in the intestine
(reproduced from Diner and Brenner [19], with permission).
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Mercury vapor (Hg°)

While pulmonary absorption of mercury vapor is
high (75-85%) [20], this particular chemical form of
mercury is poorly absorbed from either the gastrointes-
tinal tract or across the skin. The gastrointestinal ab-
sorption of mercury from amalgam powder in humans
has been estimated as 0.04% [8a]. The kidney is the
major site of mercury deposition following mercury
vapor exposure [14]. The half-life of mercury in kid-
neys following inhalation has been calculated [21] to
be approximately 64 days in humans. The half-life of
mercury in blood of workers following an acute high
dose exposure was reported [22] to be biphasic with a
fast phase (3.1 days) and a slow phase (18 days). A
significant fraction of the inhaled mercury vapor is
eliminated during exhalation with a majority of the
absorbed remainder eliminated in the feces.

Ionized inorganic mercury (Hg1+, Hg2+)

As with other metals, the pulmonary absorption of
Hg1+ and Hg2+ varies with particle size [23]. Clarkson
[24] reports a 40% pulmonary absorption of mercuric
chloride in dogs. The gastrointestinal absorption of
Hg1+ or Hg2+ is approximately 15%. The kidney is the
major site of deposition following inorganic mercury
exposure. Inorganic mercury has a relatively long half-
life in the body, and has been estimated to be 40 days
[25] and 67 days with a range of 49-96 days [26]. Uri-
nary and fecal elimination are the major routes of re-
moval from the body. Concomitant exposure to sele-
nium results in the formation of Hg-Se intranuclear in-
clusion bodies in renal proximal tubule cells [27]. The
formation of these complexes may temporarily prevent
mercury-induced tissue damage as well as delay ex-
cretion [14].

Organomercurials

Organomercurials can be found in three forms: aryl
compounds (aromatics containing mercury atoms, such
as phenyl mercury), and short- and long-chain alkyl
compounds (aliphatic compounds containing carbon,
hydrogen, and mercury atoms, such as methyl mer-
cury). The absorption of organomercurials from the
gastrointestinal tract and skin varies with the nature
of the organic moiety and stability of the organomer-

curial bond. Alkyl mercurials such as methyl mercury
are highly absorbed. Humans absorb approximately
95% of methyl mercury contained in contaminated fish
[28, 29]. Alkyl mercurials are dealkylated [30]. This
dealkylation process is extremely slow, as evidenced
by continued inorganic mercury excretion among
Macaca fascicularis monkeys administered oral doses
of methyl mercury [31] (the inorganic mercury was
thought to have been demethylated in the brains of
monkeys). Methyl mercury has a relatively long half-
life of 70-80 days in the human body [29]. While the
kidney is a major site of deposition, the hair and cen-
tral nervous system are other important sites of depo-
sition. There also exist sex-related differences in the
handling of organomercurials by rodents [32, 33]. Me-
thyl mercury is primarily excreted in the feces but
dealkylation reactions result in sex-related differences
in urinary excretion of Hg2+ [34].

Biological monitoring of mercury

Analytical methods are available to measure mer-
cury in blood, urine, tissue, hair, and breast milk [10].
Biological monitoring of mercury is very useful for
assessing exposure as well as risk for health effects [16],
but complicated by the fact that both organic and inor-
ganic forms of mercury occur in the body and can be
identified in blood and urine. Mercury concentration
in individuals who are not occupationally exposed, and
whose fish intake is moderate or low, varies between
0.1 and 7 µg/L. The lower values are found in urine
and the higher in blood. Urinary mercury is thought
to indicate most closely the mercury levels present in
the kidneys [35]. The concentration of mercury in urine
relates primarily to an exposure to metallic mercury
vapor or inorganic mercury compounds. There is a re-
lationship between the number of amalgam fillings and
the excretion of mercury in urine. However, for people
who are not occupationally exposed, the urinary lev-
els are seldom higher than 10 µg/L. In the case of oc-
cupational exposure, there is a linear relationship be-
tween air and urine concentrations of mercury. Urine
concentrations (µg/L) correspond to air concentrations
(µg Hg/m3) multiplied by 1–2. If mercury concentra-
tions in urine exceed 100 µg Hg/g creatinine, the risk
of adverse effects in the nervous system becomes sig-
nificant. Tremor, nervousness, irritation and kidney
damage with proteinuria may be observed. At expo-
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sure levels between 50 and 100 µg Hg/g creatinine in
urine, these symptoms are less pronounced. Some stud-
ies indicate that early signs of adverse effects relating
to the nervous system or kidneys can be observed even
at urinary levels between 25 and 35 µg Hg/g creati-
nine [36]. There is a general consensus that if 24-hour
urine levels of mercury are greater than 50 µg Hg/g
creatinine, nephrotoxicity is probable, comprising cy-
totoxic effects at the proximal tubule (e.g. enzymuria
and increase in tubular antigens) and functional
changes (e.g. proteinuria, increase in serum β2-micro-
globulin) [37, 38].

Because methyl mercury freely distributes through-
out the body, monitoring of mercury in the blood is
usually carried out to identify exposure to methyl mer-
cury. The concentration of total mercury in blood
among people who are not occupationally exposed is
influenced by their consumption of fish. Heavy con-
sumers of lake fish have higher blood mercury levels
than those who eat fish only rarely. People who never
eat fish have blood levels of around 2 µg Hg/L, while
the mercury concentrations of those who eat fish three
times a week may reach close to 10 µg Hg/L.

During long-term constant exposure (several
months) to methyl mercury in food, there is a linear
relationship between daily intake of methyl mercury
and the concentration of mercury in blood. The mer-
cury concentration in blood (µg/L) corresponds to the
daily intake of methyl mercury (µg/day) multiplied
by 0.5–1. When exposure is continuous, the blood mer-
cury concentration is proportional to the concentration
in the brain, the critical organ for methyl mercury tox-
icity. Because of mercury’s short half-life in the blood
(2-4 days), evaluation of blood mercury is of limited
clinical value if a substantial amount of time has passed
since time of exposure [39].

Analyses of methyl mercury in scalp hair can be
used to make a retrospective estimation of maternal
exposure during pregnancy. It has been found that
children born to mothers whose hair mercury concen-
trations ranged between 70 and 640 µg Hg/g, show a
considerably higher prevalence of developmental
changes than controls. Scalp hair levels exceeding 6 µg/
g are considered elevated and should be confirmed by
a 24-hour urine collection.

Studies from New Zealand and the Faroe Island
indicate that adverse effects in children can be corre-
lated with maternal hair levels as low as 10–20 µg/g
[40].

As identified in Table 1, the most common meth-
ods used to determine mercury levels in blood, urine,
and hair of humans and animals include atomic ab-
sorption spectrometry (AAS), neutron activation analy-
sis (NAA), x-ray fluorescence (XRF), and gas chroma-
tography (GC).

Roels et al. [38] points out that the analytical tech-
niques identified in Table 1 are not easily available and
are not well-suited for routine biomonitoring of occu-
pational or environmental exposures. Instead, indirect
biomarkers such as urinary enzymes are often used
with success to evaluate mercury exposure and injury.
Zalups [35] identifies numerous methods used to de-
tect renal tubular injury induced by mercury. These
methods monitor the urinary excretion of enzymes that
leak from injured and necrotic proximal tubules, in-
cluding lactate dehydrogenase (LDH), aspartate ami-
notransferase (AST), alanine aminotransferase (ALT),
and N-acetyl-β-D-glucosaminidase (NAG). Although
advocated by Zalups (35) to detect renal tubular in-
jury, Mason et al. (48) questions the practical utility of
such biomarkers in occupational surveillance. Accord-
ing to Mason et al., small increases in NAG, leucine

Table 1. Analytical methods for the detection of mercury in biological samples.

Method Able to distinguish Detection Reference
methyl mercury? limit (ppm)

NAA No 0.1 Byrne and Kosta [41] WHO [42]

AAS No 2 ppb range Hatch and Ott [43]
 Noa Magos and Clarkson [44]

GC-Electron Capture Yes 0.1 Von Burg et al. [45] Cappon and Smith [46]

XRF No “Low ppm” Marsh et al. [47]
aThe Magos and Clarkson method estimates methyl mercury by subtracting the inorganic mercury content from the total mercury content. Adapted from
U.S. EPA [14]
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aminopeptidase (LAP), and other markers of renal tu-
bular cell function are of unclear significance in the
prediction of clinical renal disease among occupation-
ally-exposed workers.

General human toxicity

In the assessment of patients with possible mercury
exposure, the three key determinants of clinical toxic-
ity are the form of mercury, the route of exposure, and
the dose [49]. Diagnosis of mercury poisoning is usu-
ally made by obtaining a patient’s complete history and
performing a physical examination. In addition, labo-
ratory tests may demonstrate increased mercury lev-
els [50]. In 1998, there were 3, 861 documented cases of
mercury-related poisonings in the United States [51].
Among these cases, 1 death was reported, while 6 and
52 cases of major and minor illnesses were reported,
respectively. Toxic effects from mercury exposure can
result from mercury inhalation, injection, ingestion, or
dermal absorption. Because of the importance of the
chemical form of mercury, toxicity is discussed sepa-
rately for mercury vapor, inorganic, and organic mer-
cury compounds. Adverse renal effects from all forms
of mercury are presented in detail in the next section.

Mercury vapor
The inhalation of mercury vapor at concentrations

exceeding 1 mg/m3 produces a severe and sometimes
fatal interstitial pneumonitis. At air concentrations be-
tween 100 to 1000 µg/m3, a variety of signs and symp-
toms occur after mercury vapor exposure. Typically
the mercury-poisoned subject displays severe intention
tremor involving the fingers and hands, which make
handwriting difficult. In the mouth, gums become ten-
der and inflamed. Salivation is excessive and the sali-
vary glands often are swollen. The third hallmark in
mercury poisoning comprises personality changes and
psychiatric symptoms that include: anxiety, erethism,
irritability, excitability, fearfulness, shyness, memory
loss, depression, fatigue, weakness, and drowsiness [6,
20, 52].

Recent occupational health studies have focused on
detecting early effects from mercury on the central
nervous system. A dose-response relationship between
subjective symptoms and/or impaired performance on
psychological tests has been reported [53-56]. It is now
conceded that an increased prevalence of neurotic

symptoms may occur following long-term exposure to
mercury vapor at concentrations exceeding 25 µg/m3

[20]. An air concentration of 25 µg/m3 roughly corre-
sponds to a urinary excretion of 50 µg Hg/L.

Small children who are accidentally exposed to high
concentrations of mercury vapor may develop acro-
dynia, or Pink disease. This is a syndrome character-
ized by a body rash, swelling and irritation of palms
and feet followed by skin desquamation, irritability,
photophobia, fever, insomnia, and perfuse sweating
[52, 57]. Curtis et al. [58] describes a typical case. A
healthy 18-month old boy moved with his family to
another house. After one month, he became irritable
and anorexic. He developed a cough and dribbled sa-
liva. His hands and feet were swollen. On examination
his hands and feet were bright pink with peeling skin.
He could not sit up because of profound proximal
muscle weakness. Pink disease was suspected and con-
firmed by measuring mercury in urine and detecting a
concentration of 70 µg Hg/L. Subsequent analysis of
mercury at the boy’s home revealed high air levels, in
particular near the floor level (up to 300 µg/m3). Lift-
ing the carpet displayed droplets of mercury under-
neath. The former occupant of the house had used
metallic mercury when building silver telescopic mir-
rors. Although it has been suspected and claimed by
some there are no hard scientific evidence that mer-
cury released from amalgam fillings may cause sig-
nificant health effects. In a thorough examination of
more than 400 individuals with suspected adverse
health effects from release of mercury from amalgam
fillings not a single case of toxicity from mercury could
be confirmed [58a].

Inorganic mercury compounds
Mercuric mercury compounds are inorganic salts

with mercuric ions (Hg2+), e.g. mercuric chloride and
mercuric iodide. Mercurous mercury compounds are
salts with Hg2+ ions having an apparent valence of +1,
e.g. calomel (mercurous chloride, Hg2Cl2).

Previously, inorganic mercury compounds were
used as medicines. For example, calomel was used as
a teething powder in small children, and in the treat-
ment of severe congestive heart failure, but today its
use is rare. Accidental and suicidal intoxications have
occurred. Generally, the ingestion of inorganic mer-
cury compounds is associated with acute toxicity char-
acterized by erosive damage in the gastrointestinal
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tract, accompanied by severe abdominal pain, gas-
trointestinal bleeding, and in severe cases circulatory
collapse. Also, kidney lesions with tubular necrosis and
oliguria may develop following ingestion of high doses
of soluble inorganic mercury [20, 52].

Acrodynia, or Pink disease, discussed above, was
common among infants in the UK and USA until the
late 1940s when it became evident that the condition
was caused by exposure to calomel in teething pow-
ders and in antihelmintic preparations. An allergic re-
action towards mercury with variable susceptibility is
considered to be involved in the pathogenesis of Pink
disease because the syndrome develops in only a small
proportion of all exposed (less than 1%) [57]. Further-
more, only infants and small children are affected.

Organic mercury compounds
For organic mercury compounds, the mercury is

covalently bound to carbon in compounds of the R-
Hg+ and R-Hg-R type where R represents the organic
moiety. With regard to human exposure and health
effects, methyl mercury is most important. Consump-
tion of methyl mercury-contaminated seafood and
grain products (e.g., bread) has been associated with
severe epidemics of poisonings in both Japan and Iraq,
respectively [13, 52]. Such epidemics were caused by
industrial discharge of methyl mercury in Minimata
Bay, Japan, and the accidental ingestion of bread baked
from methyl mercury-treated grain in Iraq. As is the
case with mercury vapor, the central nervous system
is affected, albeit the symptoms slightly different.
Symptoms of poisoning include paraesthesia, notably
around the mouth, malaise, constriction of the visual
field, deafness, and ataxia. The fetus is particularly
vulnerable to methyl mercury, and may succumb to
the neurotoxic effects of methyl mercury even if the
pregnant mother shows no signs of toxicity [40].

Although there is experimental evidence of
nephrotoxicity from methyl mercury in animals, no
reports of human renal toxicity from methyl mercury
exposure have been identified [13].

Certain organic mercury compounds, such as phe-
nyl mercury and methoxyalkyl mercury, are metabo-
lized relatively fast in the human body and are excreted
in urine. In contrast to methyl mercury, these com-
pounds do not accumulate in the body nor do they
cause toxicity in the central nervous system. On the
other hand they affect renal function, and mercury-

containing diuretics have been used in the manage-
ment of congestive cardiac failure. Membranous glom-
erulonephritis with nephrotic syndrome and severe
tubular damage complicating the nephrotic syndrome
have been reported as side effects during the treatment
of heart failure with organic mercurials [59, 60].

Immunotoxicity

Over the past decade there has, as result of experi-
mental studies, been a growing appreciation that mer-
cury may exert an effect on the immune system. As
summarized by Silbergeld and Devine [61], mercury
has at least two types of effects on the immune system.
First, mercury induces autoimmunity to renal basement
membrane proteins, causing mercury-induced glom-
erulonephritis in certain strains of mice and rats. Sec-
ondly, mercury exposure impairs cell-mediated and
humoral immunity by affecting Th1 and Th2 responses,
which in turn impairs the body’s ability to effectively
respond to antigens or pathogens.

However, most studies on humans occupationally
exposed to mercury identify no effects on immunologi-
cal markers such as serum immunoglobulins and au-
toantibodies [62, 63], albeit Ellingsen et al. [64] noted
subtle elevations in plasma antibodies against myeloid
peroxidase (anti-MPO) and proteinase 3 (anti-PR3).

Adverse renal effects

Bioaccumulation of mercuric ions occurs preferen-
tially in the kidney after exposure to inorganic or el-
emental mercury. At sufficiently high concentrations,
profound nephrotoxicity can occur after exposure to
inorganic or elemental mercury. Organic mercurials,
such as methyl mercury are much less nephrotoxic,
although they do have the potential to cause adverse
effects, secondary to other effects such as neurotoxic-
ity. As illustrated in Figure 3, the pars recta of the proxi-
mal tubule (the S3 segment) is most vulnerable to the
toxic effects of mercury, particularly at the junction of
the cortex and the outer medulla [35]. This can be ex-
plained in part because tubular transport of heavy
metals (and subsequent accumulation) is localized pri-
marily in the proximal tubule. The S3 segment of the
proximal tubule comprises proteins that contain sulf-
hydryl groups, which bind readily to heavy metals such
as mercury. It is hypothesized that interaction between
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protein sulfhydryl groups and mercury may result in
cellular dysfunction and death.

Experimental studies

Mercury vapor (Hg°)
Prolonged exposure to Hg° is known to result in

renal damage characterized by proteinuria and edema.
This effect involves both tubular and immunological
mechanisms [66].

Ionized inorganic mercury (Hg1+, Hg2+)
For many years, acute administration of either Hg1+

or Hg2+ has been known to produce necrosis of the
third segment of the proximal tubule [67-73]. The
mechanisms that lead to these effects appear to involve
alterations in intracellular calcium concentrations sec-
ondary to membrane damage. In addition, exposure
to Hg2+ also produces immunological effects in rodents
[74-80] with glomerular lesions since proteinuria is
composed mainly of albumin. The inducibility of such
immune lesions appears to be highly strain dependent.

Organomercurials
A number of animal studies confirm that high con-

centrations of mercury accumulate in the kidneys fol-
lowing acute [81] or chronic exposure to methyl mer-
cury [32, 34, 82] and produce renal tubular toxicity.
Similar results have been reported using aryl mercury
[83]. At present, it is unclear whether these effects are
the result of the inorganic mercury yielded by dem-
ethylation of methyl mercury in the kidney or the com-
bined action of both organic and inorganic mercurials
in renal proximal tubule cells. There are data suggest-
ing that pretreatment with agents that stimulate mi-
crosomal drug metabolizing enzyme systems reduce
the nephrotoxicity of methyl mercury by increasing
urinary excretion of Hg2+ [30, 32]. There is also evi-
dence of marked differences in gender sensitivity be-
tween male and female animals to methyl mercury
nephrotoxicity [32, 33]. Alterations in renal heme bio-
synthesis following prolonged exposure to methyl
mercury cause a relatively specific porphyrinuria pat-
tern [74].

Kidney toxicity – The human experience

Mercury gives rise to different types of renal effects
in humans, including acute renal failure, and tubular
and glomerular damage with a nephrotic syndrome.
In 1818, Blackall documented that mercury caused pro-
teinuria in humans (cited in [60]). A nephrotic syn-
drome characterized by edema, marked proteinuria
and a pronounced decrease in plasma albumin, may
develop from mercury exposure and result in a com-
bination of either predominantly tubular or glomeru-
lar lesions. The tubular lesions appear early and are
dose-related, whereas the glomerular ones may have
an immunologic basis. The risk for glomerular dam-
age giving rise to a nephrotic syndrome increases with
dose.

Ingestion of large doses of soluble mercuric salts
causes acute renal failure with tubular necrosis and
possibly coexisting renal vasospasm [52]. In the 1950’s,
when acute treatment with dialysis was not available,
the lethal dose of mercuric bichloride, was estimated
to range from 2 to 3.5 g [84]. Long-term ingestion of a
laxative containing mercurous chloride by two de-
mented patients resulted in renal impairment with el-
evated serum urea and creatinine [85]. Microscopic
examination of renal biopsy tissue revealed chronic
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tubular lesions. Analysis of mercury in tissues con-
firmed the diagnosis of mercury poisoning with high
concentrations of mercury in the kidney. One of the
patients also had moderate proteinuria.

In addition to tubular lesions, a classic nephrotic
syndrome may develop following mercury exposure
[59, 86-88]. Preddy and Russel [89], describe a 54-year
old woman who developed severe tubular damage
with excessive urinary losses of sodium and a neph-
rotic syndrome, but with trivial morphological glom-
erular damage (i.e., minimal change nephropathy) af-
ter 68 weeks of treatment with an intravenous mercu-
rial diuretic. Six similar cases of nephrotic syndrome
and tubular damage following mercurial diuretics are
presented by Burston et al. [87] and Riddle et al. [59].
Williams and Bridge [90] present a 52-year old man
with nephrotic syndrome after prolonged use of a
mercury containing ointment in the treatment of pso-
riasis. Diagnosis was confirmed by a urinary mercury
excretion of 240 µg Hg/24h. After treatment with a
chelating agent, dimercaprol, and withdrawal of the
mercury skin ointment, the nephrotic syndrome re-
solved. Five cases of mercury-induced nephrosis in
infants were reported by Wilson et al. [91]. The chil-
dren had been given mercury containing teething pow-
ders or drugs for at least three months, with cumulat-
ive mercury doses in the order of several grams. Uri-
nary excretion of mercury was excessive in all cases, in
the order of 1000 µg/L. Four of the infants recovered
completely, three of them after treatment with dimer-
caprol.

Nephrotic syndrome with specific histopathologi-
cal signs of a primarily glomerular damage has also
been seen after mercury exposure. Becker et al. [88]
report on five cases of biopsy proven membranous
glomerulonephritis after exposure to ammoniated
mercury ointments (3 cases), mercury paint additive
(1 case), and mercury diuretics (1 case). The tubular
lesions were not prominent and the authors suggested
that mercury induced an autoimmune response that
in turn caused the glomerular lesions. Cameron and
Trounce [60] present a 64-year old man with heart fail-
ure who developed a full blown nephrotic syndrome
with urinary excretion of up to 44 g protein daily after
receiving injections of organic mercury (chlormerodrin
Mersalyl®). The glomerular filtration rate, estimated
by creatinine clearance, was 40 ml/min. Postmortem
examination of renal tissue revealed a typical mem-

branous glomerulonephritis with no signs of tubular
damage. Two cases of membranous nephropathy and
a nephrotic syndrome were recently reported from a
fluorescent-tube recycling industry in Germany  [91a].
Heavy occupational exposure to mercury was evident
from markedly elevated urinary excretion of mercury;
118 and 158 µg Hg/L respectively. After withdrawal
from exposure and treatment with 2,3 dimercaptopro-
pane-1 sulphonate (DMPS) urinary excretion of mer-
cury and protein in one patient was almost normal-
ized after two years whereas the second patient was
also treated but lost for follow.

From Nairobi, nephrotic syndrome has been re-
ported in young females who used mercury contain-
ing skin lightning creams. Most of those affected had
minimal changes in the kidney (50%) at renal biopsy
examination. Urinary excretion of mercury was exces-
sive in most of the nephrotic patients, and it was sus-
pected that the mercury containing cream was involved
in the pathogenesis of the nephrotic syndrome [92].
Another case of nephrotic syndrome possibly attribut-
able to the use of a skin lightning cream was reported
by Olivera et al. [93]. A 46-year old female developed
a membranous glomerulonephritis after using a cream
containing 1% mercury. The urinary excretion of mer-
cury was markedly elevated. Although no kidney tox-
icity was reported, Weldon et al. [94] reported elevated
urine mercury concentrations among a predominantly
female, Hispanic population living in the Southwest-
ern portion of the United States who used a Mexican
mercury chloride-containing creme called “Crema de
Belleza-Manning.” Median urinary mercury levels
were 79 µg/L, with individual values as large as 1, 170
µg/L, providing clear evidence that systemic absorp-
tion mercury can occur via topical application of a cos-
metic containing mercury.

Pink disease in children may be accompanied by a
nephrotic syndrome [95]. Two sisters developed severe
proteinuria four days apart a few weeks after that their
parents had spilled metallic mercury in the bedroom.
The younger girl had typical red-colored palms.

Albuminuria and nephrosis may also follow
occupational exposure. Friberg et al. [96] found two
such cases in a group of 50 workers exposed to metal-
lic mercury. Both men recovered after the exposure was
eliminated. Likewise, Kazantzis et al. [97] describe four
cases from two factories where 72 men were exposed
to mercury compounds. The urinary excretion of mer-
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cury was excessive in most of the workers, ranging
from not detectable to more than 1000 µg Hg/L. Re-
covery from the nephrotic syndrome was complete
after removal from exposure.

There are also data showing more subtle effects of
mercury on the kidneys after occupational exposure.

Roels et al. [55] and Buchet et al. [98] observed a
slightly higher prevalence of elevated urinary excre-
tion of albumin, transferrin, retinol binding protein and
the tubular enzyme β-galactosidase in chloralkali work-
ers with a urinary excretion of mercury exceeding 50
µg/g creatinine.

Analysis of the tubular enzyme N-acetyl-β-D-glu-
cosaminidase appears to be particularly effective in
detecting early evidence of adverse renal effects from
mercury [99, 100]. In an extensive cross sectional ex-
amination of chloralkali workers exposed to mercury
at air concentrations around 25 µg/m3, Langworth et
al. [101] noted a significant correlation and dose-re-
sponse relationship between urinary excretion of mer-
cury and N-acetyl-β-D-glucosaminidase (Figure 4). No
significant correlation was evident for other renal pa-

rameters: U-albumin, U-orosomucoid, U-β2-microglo-
bulin, U-copper, S-creatinine, and S-β2-microglobulin.

There are no reports of human nephrotoxicity
caused by release of mercury from amalgam fillings.
This is supported by experimental data from ten hu-
mans where standard measurements of renal function
(glomerular filtrate rate, urinary albumin excretion, β2-
microglobulin, N-acetyl-β-D-glucosaminidase) were
monitored before and 60 days after the removal of
mercury amalgam fillings [102].

Treatment

Treatments currently available for mercurial poi-
soning in humans involve the use of thiol-based chelat-
ing agents such as British Anti-Lewisite (BAL), peni-
cillamine [52] and more recently, agents such as 2, 3
dimercaptopropane-1 sulphonate (DMPS) [103]. Che-
lation is the formation of a metal ion complex in which
the metal ion is association with a charged or un-
charged electron donor. Studies by Bluhm et al. [104]
compared the efficacy of D-penicillamine with
dimercaptosuccinic acid (DMSA), and demonstrated
that DMSA was able to increase the excretion of mer-
cury to a greater extent than D-penicillamine. Studies
in humans demonstrate that chelation therapy success-
fully lowers body burden of mercury and increases
urinary mercury levels [105, 106]. However, the im-
pact of chelation on long-term outcome of parenteral
mercury exposure remains uncharacterized [107]. Stan-
dard dose regimens for the above chelators are as fol-
lows: penicillamine given with paradoxen at doses of
500 mg P.O., every 6 hours for 5 days; DMPS given at
total a dose of 250 mg I.M. or I.V./4 hours on day 1, 6
hours on day 2, and on 6 to 8 hours on day 3 for the
remaining course; DMSA given at 10 mg/kg P.O. ev-
ery 8 hours for 5 days. Although DMPS has been used
in Europe for the past 25 years (under the names
Unithiol and Dimaval), it is not widely used in the
United States because it is not approved as a drug.

Figure 4. Box-plots showing the relation between U-Hg
and U-NAG in the exposed group (10th, 25th, 50th, 75th,
90th percentiles, and outliers indicated). (Reproduced
from Langworth [101], with permission).
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Hydrocarbons, silicon-containing
compounds and pesticides

Summary

Environmental/industrial exposure to heavy metals, light hydrocarbons, pesticides and
silicon-containing compounds all have been associated with the development and/or

progression of renal failure. Occupational exposure to heavy metals, more particularly
lead, cadmium and mercury has been linked with the development of acute or chronic
renal failure. Indeed, the current literature contains a growing body of information link-
ing solvent exposure with renal injury. To what extent exposure to environmental/occu-
pational contaminants such as pesticides play either a causal or contributive role in the
development of chronic renal failure is less clear. Recently reported observations suggest
either a primary or secondary role of silicon-containing compounds in the development of
anti-neutrophil cytoplasmic antibody-positive rapid progressive glomerulonephritis and
Wegener’s granulomatosis. Such observations deserve further confirmation as do recent
studies suggesting a particular sensitivity of the diabetic kidney for the damaging effects
of certain occupational exposures.
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Introduction

Despite the overwhelming amount of information
concerning the nephrotoxic effects of particular envi-
ronmental/occupational exposures that have appeared
in the literature, to date no data have been reported on
the incidence of renal diseases resulting from exposure
to particular toxins and chemicals. In view of this it is
worth noting that recent data (year 2000) from the Bel-
gian Society of Nephrology finds that the cause of the
disease is not known or unclear in up to 22% of cases
of end-stage renal disease. This allows us to suggest
that the impact of exposure to environmental and oc-
cupational toxins on the development of renal disease
probably is more important than generally assumed.
Hence, better information as to the impact of such ex-
posure is of paramount importance because it can lead
to both primary or secondary prevention, a rather ex-
ceptional privilege in nephrology. With the exception
of lead [1], the failure to demonstrate an etiological role
for other potential “environmental/occupational neph-
rotoxins” in the development or progression of renal
disease is due, in fact, to the lack of well elaborated
clinical or epidemiological studies.

In the search for a role for such exposure, the fol-
lowing questions need to be answered: (i) does occu-
pational/environmental exposure to a potential neph-
rotoxic substance play a direct etiological role in the
induction of a particular renal disease, (ii) does the ex-
posure correlate with an increased risk for the progres-
sion of renal damage already present in patients with
glomerulonephritis, diabetic nephropathy, hyperten-
sive renal disease etc. (iii) do both possibilities have to
be considered concomitantly or separately?

Some interesting observations have been published
recently. While some authors confirm the role of previ-
ously identified risk factors others have, based on some
experimental evidence, put forward an additional num-
ber of potential occupational/environmental nephro-
toxins. Also a contributory role for specific occupational
exposures, such as organic solvents, on the progres-
sion of diabetic nephropathy been suggested. Finally,
recent studies reporting a striking association between
exposure to silicon containing compounds and the oc-
currence of Wegener’s granulomatosis may contribute
better insight to the pathogenesis of this disease.

Organic solvents

Hydrocarbons: What’s in a name?

The term “hydrocarbon” refers to any aliphatic, ali-
cyclic, aromatic, halogenated and oxygenated hydro-
carbons, glycols and organic solvents of either abuse
or chemicals used in various industrial processes and
household activities. Halogenated hydrocarbons (carbon
tetrachloride, chloroform) are contained in cleaning
agents, insecticides, plastics, degreasers, paint remov-
ers, household cleaners. Aromatic hydrocarbons are
additives in glues and plastics while the aliphatic com-
pounds occur in fuels. The oxygenated hydrocarbons
include alcohols, ketones and ethers and are mostly
contained in paint removers, varnishes and glues. Gly-
cols (e.g. ethylene glycol, diethylene glycol, dioxane,
glycerol) are used in household and industry. Solvents
of abuse are e.g. toluene and xylene.

As can be appreciated, solvents possess a wide va-
riety of chemical and physical properties. Because of
this diversity there are many different health effects
associated with excessive exposure to solvents. While
acute renal failure has been documented following
exposure to halogenated hydrocarbons [2], glycols [3]
and aromatic hydrocarbons, those attributed to light
petroleum hydrocarbon exposure are restricted to iso-
lated clinical case reports [4]. More important, but less
well proven, is the role of organic solvents in the devel-
opment or progression of glomerulonephritis or other
types of renal diseases.

Exposure to organic solvents

Exposure to organic solvents can occur either
through inhalation, skin and/or mouth contact. For
most solvents, inhalation is considered the most im-
portant route of exposure. Once inhaled, the solvent
vapors directly irritate the upper respiratory tract (nose,
throat and bronchial tubes) and the lungs. Solvent va-
pors are easily absorbed from the lungs into the blood-
stream and are distributed to other parts of the body
to produce additional toxic effects. Solvents can also
be absorbed through the skin and thus be distributed
to various organs. Although not a common route of
entry, mouth contact with contaminated hands, food
and cigarettes may provide solvents entry into the body
and the bloodstream via the digestive system.
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The route of entry of any solvent depends, to a cer-
tain extent, on the chemical group involved. Thus, al-
cohols enter the body through inhalation, skin absorp-
tion, and ingestion. Aromatic hydrocarbons are readily
absorbed through the skin, whilst chlorinated hydro-
carbons vaporize, presenting an inhalation hazard. Gly-
cols are water-soluble and glycol ethers and several
ketones are absorbed through the skin; an exposure
route which can be more serious than inhalation.

Nephrotoxicity

Epidemiological studies
Sprecace [5] was the first to suggest an association

between gasoline exposure and the pulmonary renal
presentation of “idiopathic pulmonary hemosiderosis”,
more commonly known as Goodpasture’s syndrome.
Following this observation several cross-sectional [6, 7-
14] and case-control [15-29] studies investigating the re-
lation between renal impairment and occupational hy-
drocarbon exposure have been published.

Cross-sectional studies [6, 7-14] mainly involve the
determination of a few up to 23 urinary markers of
early tubular or glomerular changes/dysfunction in in-
dividuals chronically exposed to organic solvents with
various compositions. In these studies renal effects
were defined as early subclinical effects. Overt clinical
problems have not been reported. In a critical litera-
ture review on cross-sectional epidemiological studies
of gasoline associated glomerulonephritis Churchill et
al. [30] concluded that based upon study design and
execution only the study by Ravnskov et al. [18] made
a compelling case for a causal association. Furthermore
they judged that neither a cohort analytical study nor
randomized clinical trial hold a feasible approach to
confirm a suspected association. Here, additional case-
control studies are recommended [30].

From 1975 on, fifteen case-control studies [15-29] di-
rected at the nephrotoxic effects of occupational expo-
sure to solvents have been reported. Although in gen-
eral the reported findings are highly suggestive of a
relation between hydrocarbon exposure and glomeru-
lonephritis, the applied methodology and statistical
power have been criticized. These shortcomings are
summarized in two excellent reviews by Churchill et
al. [30] and Angell [31] who identify four areas of meth-
odological weaknesses: (i) inappropriate control
groups, (ii) use of unblinded interviewers, (iii) no con-

sideration of recall bias and (iv) failure to define a cred-
ible measure of the degree and duration of solvent ex-
posure. In addition, epidemiological studies should
consider the magnitude of the observed effect and
weigh it against the “biological plausibility”. It must
be noted that experimental models are not available
which possess the genetic and/or environmental fac-
tors that make specific individuals susceptible to sol-
vent nephropathy.

Based on epidemiological studies the relation be-
tween hydrocarbon exposure and glomerulonephritis
seems to be well established by both case-control and
cross-sectional studies. However, at present it is un-
clear which solvents are associated with which type of
glomerulonephritis. The studies by Stengel et al. [29]
and Porro et al. [25] suggest that the risk is highest for
IgA nephropathy and that the possible role of oxygen-
ated solvents in the development of this particular re-
nal disease should be further investigated. Yaqoob et
al. [26] found risk factors of 15.5, 5.3, 2.0 for respec-
tively aliphatic, halogenated (greasing/degreasing
agents) and aromatic and oxygenated (glue/paints)
compounds. Furthermore, they demonstrated a direct
correlation between the intensity of hydrocarbon ex-
posure and the appearance of (early) markers of renal
dysfunction such as serum creatinine, proteinuria, uri-
nary N-acetyl-β-D-glucosaminidase, leucine ami-
nopeptidase, and γ-glutamyl transferase [6].

An accelerated progression of glomerulonephritis
has been reported in patients with intense and contin-
ued solvent exposure [32, 33]. A recent cohort study
has investigated the contributive role of solvent expo-
sure in the progression of primary glomerulonephritis
[6]. Yaqoob et al. found that progressive renal failure
was associated with a greater exposure to organic sol-
vents when compared to individuals presenting with
stable or improving renal function. Moreover patients
whose occupational solvent exposure continued fol-
lowing the diagnosis of glomerulonephritis, presented
with heavy proteinuria and more severe hypertension.
In two recent reviews, Ravnskov [34, 35] considered
both the hypothesis of a direct casual effect of solvent
exposure and the hypothesis that the exposure wors-
ens renal function separately. Results from 14 cross-
sectional, 18 case-control studies, 2 cohort studies and
15 experiments on laboratory animals and 2 on humans,
together with many case reports satisfied all but one
(lack of specificity) of Hill’s criteria for both hypoth-
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eses prompting the author to conclude that early elimi-
nation of the exposure may prevent the progress of re-
nal failure in many patients.

Aside from glomerulonephritis, the impact of
solvent exposure in other renal diagnoses needs to be
explored. Indeed, it is of particular note that all these
studies are limited to the former type of renal disease
while the role of hydrocarbons in the other renal diag-
noses such as diabetic nephropathy should be consid-
ered [27, 28]. Interestingly in this context is the recent
observation by Nuyts et al. [28] in a group of patients
with diabetic nephropathy where hydrocarbon expo-
sure was found in 39% of the patients with that par-
ticular type of renal disease. This corroborates the re-
sults of Yaqoob et al. [27] who found higher exposure
scores to hydrocarbons in patients with incipient (odds
ratio 4.0) and overt (odds ratio 5.8) diabetic nephropa-
thy as compared to diabetic individuals without clini-
cal evidence of nephropathy.

Pathology and mechanism(s) of solvent induced
nephrotoxicity

Whereas acute renal failure has been documented
following exposure to halogenated hydrocarbons [2],
glycols [3] and aromatic hydrocarbons, episodes attrib-
uted to exposure to light hydrocarbons are restricted
to isolated clinical case reports [4]. More important, and
less well proven is the role of organic solvents in the
development or progression of glomerulonephritis or
other types of renal diseases.

One of the portals for entry of volatile hydrocarbons
is the lung. Lipophilic hydrocarbons rapidly penetrate
the lipid membranes thus gaining intracellular access.
The link between pulmonary and renal lesions is be-
lieved to result from the antigenic similarity shared by
the basement membranes of the alveolus and the glom-
erulus. The immunodominant or epitope is located
within the glomerular non-collagenous domain of type
IV collagen. It has been proposed that organic solvents
or other environmental agents may expose the otherwi-
se cryptic Goodpasture antigen (type IV collagen α 3
chain) to the immune response system in susceptible
individuals [36, 37].

The major pathologic presentation of solvent asso-
ciated nephropathy is that of anti-glomerular basement
membrane disease [38] but epimembraneous and sub-
acute proliferative glomerulonephritis have also been
demonstrated. In addition, Narvarte et al. [39] reported

on a patient with ulcerative colitis in which chronic
interstitial nephritis developed that later was attributed
to long-term exposure to organic solvents.

The histological severity of tubulointerstitial dam-
age in primary glomerular disorders appears to corre-
late with severity of renal impairment and can predict
the future outcome of renal disease [40]. Recent data
correlating solvent exposure with morphological pa-
rameters of tubulointerstitial damage in 59 patients
with biopsy-proven primary glomerulonephritis
showed that solvent exposure correlated significantly
with relative interstitial volume and serum creatinine.
Solvent exposure, relative interstitial volume, degree
of interstitial fibrosis and magnitude of chronic inflam-
matory cellular infiltrate in the renal cortex at the time
of renal biopsy were higher in these glomerulonephritic
patients developing progressive renal failure as com-
pared to those presenting a stable or improving renal
function [6].

Since, in solvent associated nephropathy, the renal
injury is insidious its accurate detection/diagnosis re-
mains an intriguing challenge. Indeed, to be of clinical
value methods of detection must be sensitive, quanti-
tative, and correlate with the usual parameters of re-
nal impairment. Measurements of enzymuria,
proteinuria and specific tubular antigens have all been
proposed. However, until now there is no consensus
on their diagnostic sensitivity, specificity and predic-
tive value [12, 41-44]. At present albuminuria, compat-
ible with altered membrane permeability [44], turns
out to be the most consistent renal abnormality in sol-
vent-associated nephropathy.

The issue of coexisting solvent-associated tubular
damage is more controversial. While a urinary increase
in tubular derived enzymes has been reported by some
authors [12, 42, 43], others have failed to detect any
change using either β2-microglobulin or retinol bind-
ing protein excretion [13, 42, 44].

The mechanism underlying solvent-induced glom-
erulopathy remains speculative. Possible pathways
have been proposed Roy et al. [4] (Figure 1). Concep-
tually it is proposed that when a genetically sensitive
individual is exposed to environmental hydrocarbons,
any or all three of the pathways could induce a hyper-
sensitive reaction leading to glomerulonephritis. Glom-
erulonephritis appears to be mainly an immune-me-
diated disease and some solvents are found to act as
immunosuppressants [45-47]. Experimentally, solvent
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induced glomerulonephritis was characterized by rapid
crescent formation, fragmentation of the capsular base-
ment membrane and early obliterative glomeruloscle-
rosis. The site of action of N,N’-diacetylbenzidine ap-
peared to be localized at Bowman’s capsule and was
not dependent on either deposition of fibrin or coagu-
lative mechanisms [52]. Zimmerman and Norbach [53]
demonstrated mesangial proliferative glomerulone-
phritis with focal glomerulosclerosis after long-term
administration of carbon tetrachloride to rats. Although
the pathogenesis of the glomerular lesion was not clear,
glomerular deposits of antigen-antibody complexes did
not accompany the observed lesions. In addition to the
glomerular lesions the same workers also noted tubu-
lointerstitial damage in a similar experiment [53].

Silicon containing compounds

Silicon: Occurrence, uses and essential chemistry

Silicon (Si) is the second most abundant element in
the earth’s crust, contributing around 28%. Silicon acts
as a nonmetal in its chemical behavior but its electrical
and physical properties are those of a semimetal. Crys-
talline silicon is a gray, lustrous solid. The chemistry
of silicon is dominated by compounds that contain the
silicon-oxygen (Si-O) linkage.

The element is used in ceramic industries and for
the fabrication of semiconductors. Silicon-based poly-
mers (silicones: polymeric chains containing alternately
linked silicon and oxygen atoms) have wide applica-
tion in industry as well as for clinical and pharmaceu-
tical purposes.

In the literature the nomenclature used to describe
the various silicon containing compounds is confus-
ing. In nature silicon does not occur as the free ele-
ment; rather it is either found as silicon dioxide (SiO2),
the so-called silica, in an enormous variety of silicates
or in its carbide form i.e. carborundum (SiC). The soil
water or the so-called ‘soil solution’ [54] contains sili-
con as silicic acid (H4SiO4). In the form of silicic acid
silicon is readily absorbed by plants and all soil grown
plants contain it as an appreciable but variable frac-
tion of the dry matter [54]. Particularly the hulls of
grains and the macrohairs of a number of grasses may
contain high concentrations of the element (up to 10%
of the plant’s dry weight).

Hydrocarbon
exposure
(environmental)

Immuno-
suppression

Direct
tubular
toxicity

? Type II and III
hypersensitivity reactions

genetically
predisposed

individual

Altered
membrane

permeability

Glomerulonephritis

Figure 1. Possible mechanism of hydrocarbon associated
glomerulonephritis (adapted with permission from Roy et
al. [4]).

exposure results in glomerular and tubulointerstitial
injury [48] which can be explained since membranous
glomerulonephritis can be induced by administration
of proximal tubular brush border antigens [49], thus
suggesting that solvent exposure may induce a low-
grade tubular injury. This tubular injury could provoke
local autoimmunity by releasing tubular or basement
membrane antigens (antibodies to proximal tubular
changes, laminin, Goodpasture’s antigens) with acti-
vation or damage of the underlying endothelium re-
sulting in the induction of glomerulonephritis. Alter-
natively potential glomerulotoxic immune factors may
arise independently of solvent exposure. Also, the im-
munosuppressant action of solvents may facilitate the
deposition of these mediators of immune damage in
renal tissue.

Experimental studies
Several animal models have been used for study-

ing the nephrotoxic effects of solvent exposure. Using
rats exposed to petroleum vapors Klavis and Drommer
[50] demonstrated renal lesions similar to those noted
in Goodpasture’s syndrome. In another study 60% of
rats fed N,N’-diacetylbenzidine [51] had an increased
blood urea nitrogen level. The N,N’-diacetylbenzidine
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Exposure to silicon containing compounds

Due to the element’s abundance in nature, human
beings are exposed to relatively large but variable
amounts of silicon through food, drinking water and
dust. In the human body, however, the element is only
present in trace amounts. The prolonged inhalation of
crystalline silica dust is associated with silicosis. Amor-
phous silica is considered much less pathogenic than
crystalline forms. In occupational settings, the main
concern regarding exposure to silicon containing com-
pounds with inhalation of silica and silicate-contain-
ing mineral dust. Since silica is such an abundant min-
eral, there are multiple industries in which exposure
may occur. However, in modern, industrialized soci-
eties, due to the extensive enforcement of occupational
health standards, exposure from well recognized
sources such as mining and quarrying activities, sand-
blasting, stonecutting, ceramics, glass, abrasives etc. …
is well controlled, while other sources such as cosmet-
ics, electrical and electronic machinery, grain dust and
cotton or wool textiles are less well recognized.

Nephrotoxicity of silicon containing compounds

Epidemiology
Silicon toxicity is virtually limited to occupational

exposure to silicon compounds e.g. miners, sandblast-
ers, bricklayers, pottery workers in which inhalation
of the compounds has been associated with the dis-
eases of the lung. The later being evidenced by nodule
formation and acute silicosis, mixed dust fibrosis and
diatomite pneumoconiosis.

Knowledge regarding renal injury and the devel-
opment of anti-neutrophil cytoplasmic antibody
(ANCA) positivity associated with silica exposure is
rudimentary. Moreover, information about the health
significance of the occupational exposure to other sili-
con containing compounds apart from silica and crys-
talline silicates is lacking.

During the past decade a number of case reports
have described the occurrence of different forms of re-
nal disease in patients exposed to silica [55-63]. How-
ever, only a few reports concerned subjects exposed to
silica but without silicosis. Most of the cases demon-
strated renal lesions compatible with rapidly progres-
sive glomerulonephritis with a necrotizing component
present in most cases. Crescent formation was de-

scribed in a patient with proliferative glomerulonephri-
tis [56] and three individuals with IgA nephropathy
[57].

In recent reports renal lesions observed after silica
exposure were associated with ANCA positivity sug-
gesting a pathogenetic role of ANCA [61-63]. Other au-
toimmune manifestations have been reported in a co-
hort of 50 workers after occupational exposure to a
scouring powder mainly containing silica [64]. Sys-
temic symptoms were present in 32 of these subjects
including Sjögren’s syndrome (n=6), systemic lupus
erythematosus (n=3), “overlap” syndrome (n=5) and
with undifferentiated findings (n=13) not meeting the
criteria for a defined disease (Table 1). In most patients
renal disease occurred after a long latency period. In
the reports where the information is available, renal
symptoms occurred 3 to 27 years after silica exposure.
Data of a recent retrospective cohort study including
2412 white male gold miners which had been working
underground for at least 1 year between 1940 and 1965
showed an elevated relative risk for non-systemic end-
stage renal disease (i.e. glomerulonephritis or intersti-
tial nephritis) of 4.22 (95% CI: 1.54-9.19) increasing to
7.70 (95% CI: 1.59-22.48) among workers with 10 or
more years of employment [65] when compared to the
incidence of end-stage renal disease in the US popula-
tion. Recent observations revealed increased levels of
early markers of renal dysfunction even in currently
exposed workers [66, 67]. The cross-sectional observa-
tions in workers exposed to silica confirmed signs of
renal impairment in patients with silicosis [66, 68] as
well as in workers exposed to silica dust for less than 2
years and without lung injury [69].

In a cross-sectional study by Boujemaa et al. [67],
who evaluated early indicators of renal dysfunction in
silicotic workers (n=116), recorded a delay after cessa-
tion of exposure up to 30 years (mean 23 years). The
silicotic subjects excreted, on average, slightly higher
amounts of albumin, retinol binding protein and N-
acetyl-β-D-glucosaminidase [66, 67, 69].

A survey of the literature [28, 55-62, 66, 67, 69-74]
indicates that the most frequent exposure to silicon in-
volves exposure to silica and silicates mainly in their
crystalline forms. Health risks associated with the ex-
posure to other silicon containing compounds were re-
ported in the mortality study of 16.661 man-made min-
eral fiber workers employed during 1945 to 1963 at one
of 17 U.S. manufacturing plants [70]. Fiber exposure
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Table 1. Observations in silica exposed workers.

CROSS SECTIONAL STUDIES

Reference Exposed workers Non-exposed workers Lung Early markers of renal dysfunction:
increased compared to controls

Ng et al. 33 drillers/crushers 19 age-matched Silicosis (7) Albumin
1992 [66] in granite quarries non-exposed workers α1-microglobulin

current exposure β-N-acetyl-glucosaminidase

Hotz et al. 86 workers in quart- 86 age-matched No silicosis Albumin
1995 [69] zite rock quarry non-exposed workers Transferrin

current exposure Retinol-binding protein
β-N-acetyl-glucosaminidase

MORTALITY STUDIES

Reference Exposed workers Non-exposed workers Disease Standardized
mortality ratio

Marsh et al. 16661 man-made / Malignant neoplasms 108.3
1985 [70] mineral fiber workers Respiratory cancer 112.1

Goldsmith Man-made / Renal disease /
1993 [71] mineral fiber workers

Steenland et al. 4626 workers in US population Renal disease 161.0
2001 [75] sand industry

COHORT STUDIES

Reference Exposed workers Non-exposed workers Disease

Prospective
Sanchez-Roman 50 scouring powder  / Systemic illness (32)
1993 [64] producing factory - Sjörgen (6)

- Systemic sclerosis (5)
- Overlap syndrome (5)
- Systemic lupus erythematosus (3)
- Undifferentiated findings (13)

Retrospective
Calvert et al. 2412 silica exposed US population Non-systemic end-stage renal disease
1997 [65] gold miners - Glomerulonephritis or interstitial nephritis

  Standard incidence ratio 4.22 (1.54-9.19)

CASE CONTROL STUDIES

Reference Cases Controls Occupational exposure OR (95% CI)

Steenland et al. 325 end-stage renal 325 age-matched Silica 1.67 (1.02-2.74)
1990 [70] failure patients general population Brick and foundry 1.92 (1.06-3.46)

Gregorini et al. 16 patients with ANCA- 32 age-matched Silica dust 14.0 (1.7-113.8)
1993 [73] positive rapidly progres- other renal failure

sive glomerulonephritis patients

Nuyts et al. 272 renal failure 272 age-matched Silicon containing compounds 2.51 (1.37-4.60)
1995 [28] patients general population Grain dust 2.96 (1.24-7.04)

Nuyts et al. 16 patients with Wege- 32 age-matched Silica 5.0 (1.4-11.6)
1995 [74] ner’s granulomatosis general population Silicon containing compounds 6.5 (1.3-13.5)

Stratta et al. 31 cases of biopsy 58 age/sex residence- Silica 2.4 (p=0.04)
2001 [76] proven vasculitis* matched controls

Hogan et al. 65 cases with ANCA- 65 age/sex-matched Silica dust 4.4 (1.36-13.4)
2001 [76a] associated small vessel other renal failure

vasculitis** patients

OR = Odds ratio  ANCA = anti-neutrophil cytoplasmic antibody   CI = Confidence interval   GN = glomerulonephritis
*18 pauci-immune crescentic glomerulonephritis, 9 microscopic polyangitis, 4 Wegener’s granulomatosis
**all patients had pauci-immune necrotizing glomerulonephritis
(Adapted with permission from De Broe et al. [106])
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in the plants producing fibrous glass or mineral wool,
or both, was associated with increased standardized
mortality ratios for overall mortality as well as for
mortality from nephritis and nephrosis. Further evi-
dence of the nephrotoxic role of these and other kinds
of silicon containing compounds was reported by Gold-
smith and Goldsmith [71]. They argued that in Cali-
fornia an increased mortality from diseases of the uri-
nary system was observed for farmers and farm wor-
kers. More recently, Steenland et al. [75] examined renal
disease morbidity and mortality as well as arthritis
mortality in a cohort of 4.626 silica-exposed workers
in the industrial sand industry (an industry previously
unstudied). Comparison of the cohort with the US
population revealed an excess mortality ratio from
chronic renal disease of 1.61 [95% CI = 1.13-2.22]. Link-
ing of the cohort with the US registry of end-stage re-
nal disease for the years 1977-1996 demonstrated an
excess of end-stage renal disease incidence (standard-
ized incidence ratio: 1.97, 95% CI: 1.25-2.96), which was
highest for glomerulonephritis (3.85, 95% CI: 1.55-7.93)
and increased with increasing cumulative exposure.

The most firmly based epidemiological observa-
tions are derived from recently published case-control
studies [72-74]. Two studies, based on a large sample
size, retrospectively examined occupational exposures
of renal failure patients. Amongst others, an increased
odds ratio’s for silicon-containing compounds was also
observed [28, 72]. Nuyts et al. [28] were the first to
demonstrate an increased risk for the exposure to grain
dust that potentially may contain high amounts of sili-
con. Other studies only [73, 74] focused on a small
sample of patients with rapidly progressive glomeru-
lonephritis and the specific exposure to silicon contain-
ing compounds. Gregorini et al. [73] selected only
ANCA positive patients and Nuyts et al. [74] inves-
tigated patients with Wegener granulomatosis, 80% of
who were ANCA positive. Studying a group of 31 cases
of biopsy proven vasculitis (18 pauci-immune crescen-
tic glomerulonephritis, 9 microscopic polyangitis, 4
Wegener granulomatosis) Stratta et al. [76] also found
an increased odds ratio (2.4) for exposure to silica whilst
no other significant association with a series of other
exposures could be found. More recently, Hogan et al.
[76a] studying 65 patients with ANCA-associated
small-vessel vasculitis (all of them having biopsy-
proven pauci-immune crescentic glomerulonephritis)
also demonstrated the odd’s ratio of silica dust expo-

sure in the development of the disease to be 4.4 times
greater as compared to control subjects. In contrast to
an increased risk for the development of ANCA-asso-
ciated small-vessel vasculitis, exposure to silica could
not be associated with systemic lupus erythematosus
[76a] .

Pathology and mechanism(s) of silicon-induced
nephrotoxicity

Data presented above are highly indicative for an
association between silica and renal disease. The un-
derlying pathophysiological mechanisms, however, are
far from clear. At least two mechanisms have been pro-
posed. A direct nephrotoxic effect of silicon has been
suggested by Hauglustaine et al. [77]. Recently, Hotz
et al. [69] reported on subclinical renal effects as indi-
cated by an increased excretion of albumin, transfer-
rin, retinol binding protein and N-acetyl-β-D-glucosa-
minidase following short time (less then 2 years) ex-
posure to silica in non-silicotic workers. In a recent
review on the association between renal disease and
silica exposure Kallenberg [78] suggested that the tu-
bular dysfunction observed in silica workers resulted
from a direct nephrotoxic effect of the silicon com-
pound. Experimentally, the nephrotoxic potential of
silica has been demonstrated in the dog [79].

The exact mechanism responsible for the nephro-
toxic effect of silicon remains to be elucidated although
membrane damage possibly related to oxidant gener-
ation [78] or inhibition of superoxide dismutase activ-
ity [80] might be rational explanations. Based on re-
ports on lung toxicity related to the chemical, mor-
phological and surface characteristics of the various
silicon compounds, it is not known yet to which extent
these exhibit direct toxic effects at the level of the kid-
ney [79, 81].

A second possible mechanism consists in the
interaction of the inhaled silicon compounds with the
cell membrane particularly that of macrophages. Once
engulfed a series of events may ensue resulting in an
important inflammatory reaction at the alveolar level.
In addition silica particles have been shown to induce
rupture of phagosomes of macrophages [82] with the
release of lysosomal enzymes such as proteinase 3 or
myeloperoxidase the antigens of ANCA into the
microenvironment that in turn may be followed by the
generation of the autoantibodies. Recently, increasing
interest has been raised in the role of apoptosis in the
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induction of autoimmunity [83]. There is growing evi-
dence that apoptotic antigens are the natural targets
for many autoantibodies [84]. The possibility that silica,
in vitro, may induce apoptosis of monocytes or mac-
rophages and possibly neutrophils may represent an
alternative mechanism that is operative in the induc-
tion of ANCA-associated vasculitis [84, 85]. Surface ex-
pression of ANCA antigens proteinase 3 and myelo-
peroxidase have been demonstrated during apoptosis
of neutrophils [84, 86]. Therefore, ANCA’s may bind
to their target antigen on apoptotic cells and via an Fc-
dependent bridging, the antibodies may amplify the
release of cytokines, oxygen radicals, and lysosomal
enzymes.

To which extent the generated ANCA’s are respons-
ible for initiating vasculitis, or may increase or even
perpetuate vasculitis remains to be determined. Since
ANCA (i) may directly activate neutrophils in vitro,
(ii) may damage endothelial cells expressing the pro-
teinase-3 antigen, (iii) are capable of inducing in vitro
adherence of neutrophils to endothelial cells, (iv) block
(c-ANCA) the inactivation of proteinase-3 by α-1 an-
titrypsin, a pathophysiological role may be suggested.

Based on experimental studies it has been suggested
that silicates may stimulate lymphocytes via a T-cell
receptor Vβ-specific T-cell activation pathway result-
ing in the production of autoantibodies or autoimmune
diseases [83, 87, 88]. In this context it must be noted
that not only ANCA’s but also other autoantibodies
such as antinuclear antibodies and rheumatoid factors
frequently occur in workers heavily exposed to silicon-
containing compounds [64, 75].

An intriguing observation made from case-control
studies remains the controversy that exists between
silica exposure and the development of a particular re-
nal disease. Indeed, in a recent case-control study on
occupational risk factors for chronic renal failure, Nuyts
et al. [28] demonstrated exposure to silicon containing
compounds to be related to the development of virtu-
ally all diagnostic groups of chronic renal failure. On
the other hand, in two other studies [73, 74] silicon ex-
posure was linked to a significantly higher relative risk
for the development of ANCA-associated rapidly pro-
gressive glomerulonephritis or Wegener disease. These
observations might indicate that silicon-containing
compounds may act as a contributive as well as a caus-
ative factor in the development of renal disease. A simi-
lar observation has also been made in subjects taking

analgesics. Here, besides the development of the so-
called analgesic nephropathy identifiable with high
accuracy by the visualization of renal papillary necro-
sis [89], analgesic abuse also seems to hold an increa-
sed risk for the development of the other types of re-
nal diseases [90]. In a recent study it was demonstrated
that acetaminophen and aspirin exhibit exacerbating
effects on the development of all types of chronic re-
nal failure [91].

Pesticides

The information linking environmental/occupa-
tional exposure to pesticides (including herbicides/
fungicides/insecticides) is confined to some case re-
ports and an occasional retrospective review on occu-
pational exposure and acute renal failure [92]. Serious
exposure to pesticides is usually accidental although
suicidal ingestion’s have occurred [92, 93]. Since many
of these compounds have both commercially and do-
mestic application exposures usually occur when
proper protective precautions are ignored. Usually the
acute renal failure following pesticide poisoning turns
out to be multifactorial. For example, poisoning by the
now banned pesticide Lindane® caused both acute vol-
ume depletion [94] and rhabdomyolysis [95], either of
which could account for the subsequent acute renal
failure. Other examples of multifactorial causes of acute
renal failure due to pesticide exposure are reviewed
by Abuelo [92].

Due to the increased litigation based on premise of
product liability a renewed interest in the renal effects
of herbicides, fungicides, pesticides, and insecticides
has been noted during the last years. However, because
of the lack of a valuable experimental animal model
the current knowledge of the pathophysiologic mecha-
nisms of the pesticide-induced renal injury is highly
limited. The possibility that these pesticides act simi-
lar to that of light hydrocarbons is worthwhile to be
considered, however, at the present is at is still highly
speculative.

Little is also known of the long term renal effects of
chronic low dose exposure to pesticides. Chronic ex-
posure to the now banned dichlorodiphenyltrichloro-
ethane (DDT), a lipophilic compound with prolonged
body fat retention, has been associated with renal in-
jury [94].

Insights in the renal handling of 2,4-dichlorophe-
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Conclusion

Recent literature clearly points to a role for exposure to solvents in the development or
progression, or both, of chronic renal failure. With regard to long-term exposure to pesti-
cides no clear-cut evidence for a linkage with renal disease has been presented to date.
Furthermore, a number of observations of the past two years suggest a primary or second-
ary role of substances such as silicon-containing compounds in the development of ANCA-
associated rapidly progressive glomerulonephritis or Wegener’s granulomatosis as well
as an increased susceptibility of the diabetic kidney to the toxic effects of particular occu-
pational pollutants. Further experimental studies are required to gain insight in the un-
derlying mechanisms by which the environmental/occupational contaminants exert their
toxic action at the level of the kidney.
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Introduction

Since its introduction several decades ago for the oc-
casional treatment of “psychotic excitement”,

lithium is still a mainstay in the treatment and pro-
phylaxis of manic-depressive disorders [1]. The bio-
logic basis for the clinical efficacy of lithium is not com-
pletely known. Interestingly, the agent relieves both
mania and depression, states which appear to be op-
posites. Its therapeutic range, however, is narrow, and
even at the lowest effective dosage, some unwanted
side effects may occur [2]. Serum levels above 1.5 mEq/
L often result in acute intoxication, which may be se-

vere. The therapeutic range varies, depending on meth-
odology, but it is advisable to target a level of about
0.5 mEq/L, with an upper range at 1.0 mEq/L. Values
above this level signify a warning range of impending
toxicity.

An equation to predict daily lithium dose has been
recently suggested:

daily lithium carbonate dose (mg) =
100.5

+ 752.7  x desired lithium concentration (mEq/L)
– 3.6  x  age (years)
+ 7.2  x  weight (kg)
– 13.7  x  blood urea nitrogen [BUN] (mg/dl) [3].
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Lithium is one of the smallest elements, between H
and Na in the Periodic Table of elements, and is al-
ways ionized (Li+) in watery solutions [1]. In living or-
ganisms it has strong pharmacologic and toxic activ-
ity. Lithium occurs in two isotopic forms of mass num-
ber 6 and 7, with natural abundances of 7.4 and 92.6%
respectively [4]. Pharmaceutical lithium is prepared
from the isotope mixture [4]. The smaller 6Li has higher
charge to mass and radius ratio. This can produce dif-
ferences in the isotopes’ electrostatic interactions with
water molecules and negatively charged membranes.
An increase in the rate of 6Li transport, compared to
7Li transport, across membranes is expected [4]. Ac-
cordingly, elimination or reduction of 6Li from phar-
maceutical preparations may merit further evaluation
as a way to develop potentially less nephrotoxic form
of lithium [4].

The red blood cell, which is a convenient model,
shows a cell-to-plasma lithium ratio of 0.3-0.6, whereas
the Nernst equation would predict a 1.6 ratio. When
red blood cells are loaded with lithium in vitro its ex-
trusion is accomplished by a Na+/Li+ countertrans-
porter (SLC), the physiological role of which is unclear,
but some believe it represents a mode of operation of
the Na+/H+ exchanger. Interestingly, a recent paper
suggested that red cell SLC may be a marker of the
activity of Na+/H+ exchanger-3 the isoform expressed
in the kidney proximal tubule rather than the ubiqui-
tous Na+/H+ exchanger-1 isoform [5].

Because lithium is cleared from the body by the kid-
neys, its blood level at a given dosage depends criti-
cally on renal excretion, which is subject to various
physiological and pathological influences. An insight
into renal “lithium handling” is a prerequisite for ef-
fective prevention of complications and treatment of
lithium intoxication when it occurs. Another reason
why lithium is of interest to nephrologists is that its
clearance has been used as a tool to investigate seg-
mental tubular function [6-9].

With the widespread use of lithium in the treatment
of affective disorders, many questions have centered
on its long-term effect on the kidneys. Of particular
interest is the action of lithium at distal nephron sites
where it inhibits water transport, hydrogen secretion,
and possibly potassium secretion as well [10, 11]. The
most common side effect of chronic lithium therapy is
an impairment of renal concentrating ability [11].
Lithium therapy is also associated with side effects re-

lated to hormonal alterations and changes in calcium
metabolism.

Lithium transport along the nephron

Lithium is freely filtered by the glomeruli, whereas
excretion into the urine is 20-30% of that amount [2].
Thus, at least 70% of the filtered load undergoes tubu-
lar reabsorption. Lithium clearance closely parallels
changes in natrium delivery from the proximal tubule
(Figure 1).

a. Proximal tubule. Early micropuncture studies
reported Lithium concentration at the end of the con-
voluted proximal tubule to be close to unity [12]. Sub-
sequent recent studies [13-19] using lower lithium
plasma concentrations and more sensitive methods all
found filtrate-to-plasma ratios to be definitely higher,
the average value being 1.14. This value was not influ-
enced by various manipulations such as natrium deple-
tion, osmotic diuresis, prostaglandin inhibition, or in-
fusion of acetazolamide, furosemide, or angiotensin
[13, 14, 16]. Lithium can enter the cells via the Na+/H+

exchanger (Na+/H+ exchanger-1 isoform) but it is not
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Figure 1. Scheme
of Li+ transport
along different
nephron segments.
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clear how it may leave these cells. Although some pos-
sibilities in this regard have been suggested, the trans-
cellular transport of lithium if it occurs at all is likely
to be much less than that of natrium.  Importantly, the
remarkable constant fluid to blood ratio for lithium,
despite large changes in proximal fluid reabsorption,
suggests that lithium delivery from this part of the
nephron, while systematically overestimating natrium
delivery, can be considered a marker of proximal
natrium reabsorption [13, 18]. It is generally believed
that this also is true for the straight part of the proxi-
mal tubule, because paracellular transport in this part
is even more important than in the convoluted tubules.
However, because of their inaccessibility to micropunc-
ture no direct evidence exists.

b. Henle’s loop. Earlier investigations suggested
that the amount of lithium arriving at the early distal
tubule was the same as the amount calculated to enter
the loop of Henle [12]. Recent studies, however,
showed that the difference between the amounts of
lithium reaching the late proximal and early distal tu-
bule is about 25% of the filtered load [13-17]. This does
not necessarily indicate that lithium is actively trans-
ported by the thick ascending limb. In the thick ascend-
ing limb of Henle’s loop, a Na+/K+/2Cl– cotransporter
is responsible for NaCl reabsorption. Lithium may sub-
stitute for natrium in isolated cell models including
rabbit thick ascending limb cells. It has been shown
that lithium can be reabsorbed through a paracellular
pathway with an affinity 1.5 that of Cl– and 65% that
of Na+ [20]. Moreover, some lithium might be reab-
sorbed through Na+/K+/2Cl– cotransporter and ex-
truded at the basolateral site through a K+/Cl– cotrans-
porter [20]. It is likely that transport also occurs in the
highly lithium permeable thin descending limb along
the osmotic gradient to the hyperosmolar inner me-
dulla [21]. Indeed, studies using loop diuretics suggest
that lithium is concentrated in the medulla to the same
extent as natrium and this accumulation is largely abol-
ished by such diuretics.

About 5% of the filtered lithium may be actively
reabsorbed in the thick ascending limb [19]. This ac-
tive “reabsorption” can increase to about 15% after
prostaglandin inhibition [9, 17]. These observations
suggest that lithium clearance cannot be used as a pre-
cise marker of proximal fluid reabsorption.

c. Distal tubule. Micropuncture studies have shown
that urinary excretion of lithium is almost equal to the

amount reaching the early distal tubule, indicating no
further reabsorption beyond this point [12]. The per-
meability and transport characteristics of this “tight”
epithelium also suggest no active or passive lithium
transport. Thiazide diuretics whose action is confined
to the distal tubule did not affect lithium clearance in a
recent micropuncture study since identical amounts of
lithium were found at the beginning and at the end of
this segment [19].

d. Collecting duct. Although this is also a “tight”
epithelium with high electrical resistance and low
natrium permeability, there is evidence that lithium
can be transported under certain conditions. In rats and
dogs lithium clearance drops markedly on severe salt
restriction (a reflection of enhanced proximal reabsorp-
tion) and increases after the diuretic amiloride, which
acts in the cortical collecting tubule. This drug, though,
does not affect lithium clearance on a normal diet [22,
23]. The limitation in reabsorption of Li+ during Na+-
replete conditions may be either the cellular influx
across the apical membrane or extrusion through the
basolateral membrane making the rate of distal tubu-
lar Na+ delivery a crucial determinant for reabsorption
of Li+. Under Na+-depleted conditions, the apical mem-
brane becomes hyperpolarized due to a low-Na+ in-
flux, and distal Li+ reabsorption can occur [23]. How-
ever, an acute decrease in urine volume induced by
antidiuretic hormone administration causes a definite
but limited fall in lithium excretion particularly dur-
ing a low sodium diet.

This effect likely results from enhanced reabsorp-
tion in the cortical collecting tubule.

In normal humans, values for fractional excretion
of lithium varying from 19 to 38% have been reported
[9]. These marked discrepancies are probably due
mainly to variable experimental conditions such as
natrium intake and urine flow rate. Of note also are
the marked inter-individual differences in lithium
clearance documented by Boer et al. [18, 24]. Fortu-
nately, intra-individual variability is small. Thus,
lithium clearance is still a sensitive tool to detect
changes in tubular sodium handling for a given indi-
vidual studied on different occasions. The limitations
and advantages of this method have been discussed
elsewhere [6-8, 14, 18]. The use of lithium clearance as
a research tool to analyze segmental tubular sodium
reabsorption has been controversial. Recent investiga-
tions, while refuting the claim that it is an absolute
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Colussi et al. [25] reported the effect of furosemide and
acetazolamide to be additive, indicating a dual site of
action (i.e., inhibition of lithium reabsorption in both
the proximal tubule and the loop of Henle).

Thiazide diuretics predictably increase serum
lithium levels. However, they differ among themselves
in that they may or may not have a carbonic anhydrase
inhibitory action. Those which have such an activity,
e.g. chlorothiazide, inhibit proximal reabsorption and
thus may increase lithium excretion, at least when given
acutely. Those devoid of such an effect (such as ben-
droflumethiazide) may not change lithium clearance
[22]. Potassium-sparing drugs (spironolactone, triam-
terene and amiloride) have no obvious action on
lithium excretion in humans. Amiloride enhances
lithium excretion in rats and dogs only during sodium
restriction under conditions, where natrium uptake by
distal tubule is more abbit. In humans, however, no
effect has been reported even when natrium retention
was severe [12]. However, small changes in distal and
cortical collecting tubule lithium reabsorption could
easily be missed by clearance studies. Amiloride seems
to prevent lithium uptake in the cortical collecting tu-
bule [26].

b. Antihypertensives. Angiotensin II and norad-
renaline infusions reduce lithium excretion [27]. Al-

Table 1. Drug interactions with lithium.

Drug Effect on serum lithium
concentration

Thiazide diuretics Increase

Acetazolamide and other Decrease*
carbonic anhydrase inhibitors

Osmotic diuretics Decrease

K+ sparing Minimal decrease or no effect

Methyl xanthine inhibitors Decrease

Loop diuretics Decrease*

ACE inhibitors Increase

NSAIDs:
Indomethacin Increase
Ibuprofen Increase
Mefenamic acid Increase
Naproxen Increase
Sulindac No effect

Asprin No effect

* when given acutely for lithium intoxication

measure of fluid delivery from the proximal tubule,
have confirmed its value as a directional, non-quanti-
tative marker of proximal fluid and sodium reabsorp-
tion [13, 18]. Indeed, in clinical practice it provides in-
formation which cannot be obtained by any other non-
invasive method [13].

Effects of drugs on lithium excretion

As can be expected, many drugs that interfere with
renal function also influence lithium excretion. This and
other drug interactions are listed in Table 1.

a. Diuretics. All diuretics cause a negative natrium
balance and various degrees of contraction of the ex-
tracellular volume. The extent to which this occurs is
dependent on the dose of the drug and the level of so-
dium intake. Extracellular volume contraction caused
by thiazide diuretics predictably decreases lithium
clearance by increasing proximal reabsorption. For
clinical purposes, there is an important risk of causing
lithium intoxication when diuretics are administered
to patients on maintenance lithium therapy, and they
should be given under close control of serum lithium
levels or avoided altogether. Loop diuretics (furo-
semide, ethacrynic acid, torsemide and bumetanide)
all have a powerful enhancing effect on lithium excre-
tion. At their usual dosage they double lithium clear-
ance when given acutely [8, 25]. This has been ascribed
to the combined effect of increasing glomerular filtra-
tion rate and decreasing proximal reabsorption. Their
marked effect, however, clearly suggests inhibition of
lithium reabsorption in the loop of Henle as well. Re-
cent micropuncture studies [14, 16] indicate that they
inhibit 10-12% of filtered lithium reabsorption in this
region. If lost salt and water are replaced concurrently
these drugs have a role for treating lithium intoxica-
tion. Because of their short duration of action, this will
be followed by a period of lithium retention which is
dependent on the frequency of the dosage. The net ef-
fect may be no change in 24-hour lithium excretion.

Acetazolamide, and probably other diuretics which
inhibit carbonic anhydrase, cause a strong inhibition
of proximal NaHCO3 reabsorption and lithium reab-
sorption. However, unlike loop diuretics, acetazola-
mide does not interfere with tubuloglomerular feed-
back and causes a 20% decrease in glomerular filtra-
tion rate. The increase in absolute lithium excretion is
somewhat lower than that caused by loop diuretics [22].
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though no systematic experimental studies or con-
trolled clinical observations are available, lithium is
known to activate the renin-angiotensin system
through several mechanisms. This effect can be re-
versed by converting enzyme inhibitors.  When given
alone, however, converting enzyme inhibitors have
little influence on lithium excretion. Anecdotal obser-
vations suggest that renal dysfunction may occur when
unadjusted doses of angiotensin converting enzyme
inhibitors are administered to patients on long-term
lithium treatment [27]. Potential mechanisms involved
in this are: a) Lithium causing volume loss and activa-
tion of RAS by interfering with H2O reabsorption and
to a lesser extent Na+; b) Effects of lithium on cellular
events including reduced specific angiotensin II bind-
ing, inhibition of sympathetic transmission and phos-
phatidylinositol signalling [27]. In addition, direct in-
teractions between lithium and angiotensin II may take
place at a cellular level.

Renal function should be closely monitored when
patients on lithium treatment are given angiotensin
converting enzyme inhibitors. Doses of both drugs
should be chosen with caution to avoid serious drug
interaction [27].

c. NSAIDs. These drugs, in particular indometha-
cin, have a depressing effect on lithium clearance which
is enhanced by salt restriction [28]. Micropuncture stud-
ies showed that an additional 13% reabsorption of fil-
tered lithium is caused by these drugs, probably half
of it in the thick ascending limb, the rest in the thin
limb of Henle [17]. Therefore, when drugs of this group
are given to patients on lithium treatment, close con-
trol of blood levels is recommended.

d. Other drugs. Of some practical importance is the
finding that cyclosporine A decreases lithium clear-
ance. This likely reflects enhanced proximal fluid re-
absorption secondary to vasoconstriction caused by this
drug.

Other situations

a. Volume status. Salt intake is an important deter-
minant of lithium excretion. Acute as well as chronic
NaCl loading increases absolute as well as fractional
lithium clearance, while salt restriction causes a marked
decrease. Upright posture and tilt also cause a decrease
in absolute as well as fractional lithium excretion, while
head-out water immersion increases it.

These investigations of lithium handling by the kid-
neys have provided information which is useful for
prevention and treatment of lithium intoxication. In
general, all conditions associated with salt depletion
strongly impair renal capacity to eliminate lithium.

Abnormal values of fractional lithium excretion
have been reported in a variety of conditions. In hy-
perthyroidism and Bartter’s syndrome fractional
lithium clearance is increased. After unilateral nephre-
ctomy, lithium clearance by the remaining kidney in-
creases. After two weeks, fractional lithium clearance
returns to normal. Rombola et al. [8] reported mark-
edly increased fractional lithium clearance values in
patients with Fanconi syndrome, renal glycosuria, and
hypercalciuria.

b. Pregnancy. After investigations in animals sug-
gested the potential of lithium to disrupt embryonic
development, questions arose regarding the safety of
lithium in human pregnancy [29]. These concerns
emerged as data from anecdotal case descriptions and
a registry of infants born to women treated with lithium
during pregnancy indicated that such treatment might
pose a substantial risk of cardiovascular anomalies.
More recent controlled epidemiologic investigations
demonstrate that most women who are treated with
lithium during pregnancy have normal infants and that
the risk to the fetus is less than previously believed.
This more modest risk estimate may have a dramatic
effect on clinical management of women with bipolar
disorder, given the morbidity associated with discon-
tinuation of lithium therapy [29].

Hormonal effects of lithium

It has been long recognized that prolonged lithium
therapy can cause hypothyroidism. In fact, determi-
nation of serum thyroid-stimulating hormone once a
year is recommended in all subjects on prolonged
lithium therapy [30, 31]. Lithium perturbs receptor-
mediated signaling events such as cyclic adenosine
monophosphate and inositol phosphate accumulation
[32]. These effects likely explain many hormonal side
effects of lithium.

Lithium can increase the Ca2+ set-point for inhibi-
tion of parathyroid hormone secretion during both in
vitro and in vivo studies [33]. The calcium receptor plays
a central role in calcium sensing by the parathyroid
gland and other organs, including the brain. Chronic



564

NAAZ, LERMA & BATLLE

lithium therapy causes a significant alteration in cal-
cium-sensing by the calcium receptor-expressing par-
athyroid chief cells through an unknown mechanism.
As a result of this the parathyroid hormone set-point
(the level of calcium that half-maximally suppresses
parathyroid hormone secretion) is shifted to the right
[33] (Figure 2). In other words, it takes a higher serum
calcium concentration to inhibit parathyroid hormone
secretion, a phenomenon known as a reset of the “set-
point” [33, 34].

A causal relationship between lithium treatment
and hyperparathyroidism has been suggested [35].
Lithium seems to induce morphological changes in the
parathyroid glands with an increase in parathyroid
volume, and an increase in cellular DNA synthesis [35-
37], which may explain why its effects may not be com-
pletely reversible. It is not rare to find patients with
hypercalcemia, usually mild, after discontinuation of
prolonged lithium therapy. A number of cases have
been reported where hypercalcemia and hypocalciuria
persisted even after discontinuation. We also have seen
persistence of hypercalcemia and hyperparathyroid-
ism several years after discontinuation of lithium
therapy [Batlle et al unpublished, 2000].

Most cases of lithium-induced hyperparathyroid-
ism are mild [38]. Both pre-existing parathyroid ab-
normalities which may have been unmasked by lithium
therapy and de novo hypercalcemia and hyperparathy-
roidism have been documented [39]. Parathyroid hy-
perplasia [33%] and adenomas [67%] were reported in
one series of hypercalcemic patients treated with
lithium [40]. Bilateral neck exploration has been pro-
posed as an appropriate management approach be-
cause of a relatively high frequency of multi-gland in-
volvement. However, parathyroid resection should be
limited to evident disease [41].

Features of lithium-induced hyperparathyroidism
include: a) a low urinary calcium excretion and the ab-
sence of nephrolithiasis; b) normal urinary cyclic ad-
enosine monophosphate excretion; and c) normal
plasma inorganic phosphate [30]. In lithium-induced
hypercalcemia, a higher frequency of conduction de-
fects has been noted [42]. Lithium also inhibits parathy-
roid hormone-mediated renal reabsorption of Ca2+ and
Mg2+ and blunts parathyroid hormone–mediated phos-
phaturia [43]. Lithium interferes with the formation of
renal cyclic adenosine monophosphate, which is regu-
lated by parathyroid hormone. Levels of urinary cy-

clic adenosine monophosphate are typically normal in
patients with elevated levels of parathyroid hormone
related to lithium maintenance, rather than high, as in
cases of primary hyperparathyroidism [30].

In lithium treated subjects, there is no evidence of
reduced bone mass at any of the measured sites in re-
lation to that of control subjects. The mechanism re-
sponsible for the maintenance of bone mass despite bio-
chemical evidence of hyperparathyroidism is not clear
[40]. We suspect that it is due to renal calcium reten-
tion. Indeed, in dogs lithium administration for only 3
days causes a striking decrease in urinary calcium ex-
cretion which is independent of the presence of par-
athyroid hormone and occurs despite the concurrent
development of metabolic acidosis [Batlle D, Arruda J,
and Kurtzman NA 1981 unpublished observations].

Effect of lithium on water transport

Overview of experimental studies

Polyuria is a common side effect associated with
lithium use, and is often found in patients whose lev-

Figure 2. Inverse correlation between serum calcium
concentration and serum immunoreactive parathyroid
hormone (iPTH) level when patient was on lithium (Li)
treatment (solid line). The square denotes the normal
range for serum calcium and iPTH. Solid circles denote
when patient was taking lithium and open circles when
lithium had been withdrawn. HCTZ= hydrochlorothiazide.
(Reproduced with permission from Shen et al. [33]).
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els are within the therapeutic range [10, 11]. The mecha-
nism whereby lithium causes polyuria has been stud-
ied extensively in humans, experimental animals, and
epithelial analogs of the mammalian collecting tubule
[26, 44-54]. In the aggregate, these studies have pro-
vided compelling evidence for a direct inhibitory ef-
fect of lithium on arginine vasopressin-mediated wa-
ter reabsorption by renal tubules.

In the toad urinary bladder, an experimental model
of the mammalian collecting tubule, addition of lithium
to the mucosal surface (but not to the serosal surface)
markedly inhibited both basal and arginine vaso-
pressin-stimulated water flow [45]. The concentration
of mucosal lithium used in these studies (10 mEq/L)
was comparable to or even lower than that usually
found in the urine of patients on well-controlled lithium
therapy (that is, 10 to 40 mEq/L) [55]. Fernandez et al.
[48] confirmed the inhibitory effect of lithium on wa-
ter flow in toad urinary bladders exposed only sub-
maximal concentrations of arginine vasopressin. Inhi-
bition of cyclic adenosine monophosphate-stimulated
water flow when lithium (2 mEq/L) was applied to
the serosal surface of the toad bladder was reported in
one study. Such an effect of lithium, when applied to
the serosal surface has, to our knowledge, not been
found by any other investigators. As herein discussed,
the bulk of evidence supports the notion that the ac-
tion of lithium on water transport is the result of its
cell uptake from the luminal (apical) surface of the col-
lecting tubule.

The mechanism of the action of lithium on H2O
transport lies at some point along the arginine vaso-
pressin-mediated transport process, either before or
beyond the formation of cyclic adenosine monophos-
phate. Forrest et al. [46] suggested that lithium inter-
ference with the cellular action of arginine vasopressin
occurs, in part, at a step beyond the formation of cyclic
adenosine monophosphate. This was deduced from
their findings that infusions of dibutyryl cyclic adenos-
ine monophosphate to lithium-treated rats had only a
marginal effect on urine osmolality. Another study in
rats treated with intraperitoneal lithium injections sug-
gested that lithium impairs the action of arginine va-
sopressin on water transport at steps both proximal
and distal to the intracellular formation of cyclic ad-
enosine monophosphate [47].

Cogan and Abramow [50] addressed this issue more
directly. These authors showed that addition of lithium

to the luminal perfusion solution of isolated cortical
collecting tubules reduces the hydro-osmotic action of
arginine vasopressin. This effect persisted after removal
of lithium from the luminal fluid, which strongly sug-
gests that its inhibitory effect on H2O transport is ex-
erted only after cell uptake from the luminal site. To
determine whether the lithium-arginine vasopressin
interaction affected the generation of cyclic adenosine
monophosphate or the effect of this second messenger
in the cell, these authors investigated the effect of
lithium on the hydro-osmotic action of 8-Br-cyclic ad-
enosine monophosphate, a derivative of cyclic adenos-
ine monophosphate resistant to the action of phos-
phodiesterase. The hydro-osmotic action of 8-Br-cyclic
adenosine monophosphate was not diminished by the
presence of lithium in the lumen of cortical collecting
tubules perfused in vitro. This finding strongly sug-
gests that the inhibitory effect of lithium on the hydro-
osmotic action of arginine vasopressin occurs at a step
preceding the formation of cyclic adenosine monophos-
phate [50].

These in vitro findings were expanded by Christien-
sen et al. [51] using an experimental model that closely
resembles the clinical setting of chronic lithium therapy.
In this model, lithium was administered to rats for sev-
eral weeks in conjunction with a NaCl drinking solu-
tion to prevent sodium depletion. At serum lithium
levels within the accepted therapeutic range (0.7 to 1.5
mEq/L), marked polyuria and polydipsia developed
after four weeks of lithium administration. Cortical col-
lecting tubules isolated from lithium-treated rats dis-
played decreased ability to generate cyclic adenosine
monophosphate in vitro in response to arginine vaso-
pressin stimulation. In contrast, tubules from polyuric
rats with hypothalamic diabetes insipidus (Brattleboro
homozygotes) had intact arginine vasopressin-depen-
dent cyclic adenosine monophosphate generation. The
activity of cyclic adenosine monophosphate phos-
phodiesterase was not affected in lithium-treated rats.
Hence, it seems that the main cellular effect of lithium
involves impairment of arginine vasopressin-sensitive
adenylate cyclase and that this results in impairment
of intracellular cyclic adenosine monophosphate for-
mation.

Other studies also support lithium’s primary effect
at the level of cyclic adenosine monophosphate gen-
eration [52, 53]. Though the greatest effect of arginine
vasopressin is in the cortical collecting tubule, an argi-
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nine vasopressin-mediated cyclic adenosine mono-
phosphate response has been demonstrated through-
out the distal nephron. Jackson, Edwards and Dousa
[53] evaluated the effects of lithium on the medullary
thick ascending limb and medullary collecting tubule.
Isolated tubules perfused in a hyper-osmotic medium
(800 mOsm) displayed a significant rise in arginine va-
sopressin-dependent cyclic adenosine monophosphate
generation. In contrast, in tubules exposed to lithium
there was a significant decrease in arginine vaso-
pressin-dependent cyclic adenosine monophosphate
formation in both the medullary ascending limb and
medullary collecting tubule segments when compared
to controls [53]. This study also showed a dose-depen-
dent decrease in cyclic adenosine monophosphate lev-
els with increasing lithium concentrations [53]. Thus,
reduced arginine vasopressin-sensitive adenyl cyclase
activity in the medullary collecting tubule of lithium-
treated polyuric rats may contribute to the observed
reduction in concentrating ability. In other work, mi-
cro-dissected medullary collecting tubules from rats
chronically treated with lithium responded to pertus-
sis toxin, an inhibitor of inhibitory GTP binding pro-
tein, with an increase in arginine vasopressin depen-
dent cyclic adenosine monophosphate production simi-
lar to that seen in control rats [54]. This finding suggests
that lithium may inhibit arginine vasopressin depen-
dent cyclic adenosine monophosphate formation by
activation of inhibitory GTP binding protein [54].

Renal urinary concentration is associated with en-
hanced expression of rBSC1, a rat sodium cotrans-
porter, in the thick ascending limb of Henle. In two
recent studies by Kwon et al [54a] and Michimata et al
[54b] dehydration or high plasma AVP resulted in an
enhanced expression of rBSC1 in rats with lithium in-
duced nephrogenic diabetes insipidus . rBSC1 expres-
sion was closely associated with the adverse effects of
Li ions on collecting duct function [54a, 54b].

Role of aquaporin-2

In recent years our understanding of the mecha-
nism of H2O transport and concentrating ability has
widened with the discovery of aquaporin-2. The gene
for aquaporin-2 [AQP2], a member of the aquaporin
family of water channels, has been identified and se-
quenced [55-57]. Several studies have shown that AQP2
is the predominant vasopressin-sensitive water chan-

nel of the renal collecting duct [55-57]. AQP2 is selec-
tively localized in the collecting duct principal cells,
mainly in the apical plasma membrane and intracellu-
lar vesicles. Vasopressin acutely increases the water
permeability of the collecting ducts by stimulating in-
sertion of AQP2 water channels from intracellular
vesicles into the apical plasma membrane [58]. Nor-
mally, the expression of AQP2 was increased by dehy-
dration or chronic vasopressin administration, provid-
ing a long-term regulatory mechanism in antidiuresis.
Mutations of AQP2 can result in severe nephrogenic
diabetes insipidus, thus demonstrating that AQP2 is
necessary for urinary concentrating ability [58].

Chronic lithium administration to rats results in
marked downregulation of AQP2 expression in med-
ullary collecting ducts, parallel with the development
of severe polyuria [58]. This effect of lithium therapy
on AQP2 expression is only partially reversed by thirst-
ing, intravenous 1-desamino-8-D-arginine-vasopressin
[dDAVP], or return to a lithium-free diet [58]. After a
one-week cessation of lithium administration, AQP2
was only partly reversed, consistent with the clinical
findings of slow recovery of concentrating ability after
lithium therapy [58].

In contrast to the process of spontaneous recovery
after downregulation of AQP2 expression, which ap-
pears to be a slow process, upregulation in response to
a stimulus such as thirsting occurs within 1-2 days de-
spite continued lithium treatment [58]. The level of
AQP2 expression was still below control levels, pre-
sumably reflecting a continued effect of lithium. It is
to be noted that thirsting induces a considerably greater
increase in expression of AQP2 than with dDAVP, but
fails to induce significant redistribution of AQP2. This
raises the possibility of a differing mechanism involved
in water channel delivery to the plasma membrane
during thirsting and dDAVP administration [56, 58]
(Figure 3).

 In rats treated with lithium, dDAVP, a specific V2
agonist, produced an increase in urine osmolality as-
sociated with increased apical plasma membrane AQP2
labeling. The action of dDAVP was likely due, at least
in part, to its ability to overcome the block of adeny-
late cyclase caused by lithium. This may cause reloca-
tion of AQP2 to the apical part of the cell, and presum-
ably induction of water channel insertion into the
plasma membrane may be restored [55, 58]. The stimu-
latory effect of dDVAP in the presence of lithium, to
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our knowledge, has not been shown to be clinically
useful for treating the polyuria associated with long-
term lithium therapy.

Clinical data

An early study by Forrest et al. [46] demonstrated
a significant decline in maximal urinary osmolality
(from 1,110 to 854 mOsm/kg H2O) in ten patients stud-
ied before and after only eight weeks of lithium
therapy. Since urine osmolalities around 800 mOsm/
kg H2O after fluid deprivation are in the low range of
normal, this investigation also demonstrated the im-
portance of having information on urinary osmolality
prior to lithium use. A subtle but significant decrement
in concentrating ability caused by lithium could other-
wise go unnoticed. This early and mild impairment in
concentrating ability appears to be, at least in part, a

functional defect caused by the temporal exposure of
distal tubular cells to lithium [10].

The prevalence of polyuria among unselected
lithium-treated patients has been difficult to ascertain
[11]. Polyuria, as defined by a 24-hour urine output
exceeding 3 L, varies considerably among patients on
chronic lithium therapy [59-72]. In a review of a total
of 841 unselected patients evaluated for 24-hour urine
volume, we found that 160 (or 19%) had polyuria as
defined by these criteria [11]. It was found that 85% of
lithium treated patients have a normal glomerular fil-
tration rate and that the remaining 15% have only mild
reductions in renal function [11]. After fluid depriva-
tion of approximately 24-hours duration, normal indi-
viduals should be able to raise urinary osmolality above
800 mOsm/kg H2O. In a survey of a total of 1,105
lithium-treated patients [61-66], we found that at least
602 (or 54%) had a subnormal concentrating ability de-

Figure 3. Immunofluorescent localization of AQP2 in cryosections of kidney inner medulla. (a) In control rats, collecting
ducts labeled prominently with antibodies against AQP2. No other structures were labeled. (b) After lithium treatment,
only traces of labeling remained. (c) Thirsting for 48 h in the continued presence of lithium increased expression relative
to lithium alone, but levels are still lower than seen in controls. Labeling was widely distributed throughout the cells.
(d) After 7d of dDAVP treatment in the continued presence of lithium, there was some increase in labeling, which was
concentrated very close to the apical surface of the cells. x840. (reproduced with permission from Nielsen et al. [56]).
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fined by this criterion [11].
The impairment of concentrating ability was re-

ported to be mild or moderate in many studies [64, 66-
69]. However, maximal urine osmolalities below 400
mOsm/kg H2O were not infrequent [64]. Difficulties
in completing 24-hour urine collections may also ex-
plain the relatively low prevalence of urine outputs ex-
ceeding 3 L/24-hours in relation to the high prevalence
of reduced concentrating ability disclosed by urine os-
molality measurements. Nocturia, an indirect but use-
ful marker of polyuria, is a frequent complaint among
lithium-treated patients [11]. For instance, of 153
lithium-treated patients, 105 (or 68%) reported at least
one urination per night. Of these 105 subjects, 50 re-
ported one urination, 35 reported two urinations, and
the remaining 20 reported more than two urinations
per night [62]. Several studies have shown that impair-
ment of concentrating ability directly correlates with
the duration of lithium therapy [59, 60, 64-67].

Persistence of a concentrating defect despite the dis-
continuation of lithium therapy is common [73-78]. In
a study including 87 patients, maximal urine osmolal-
ity measured 8 weeks after discontinuation of lithium
increased only slightly (from 517 ± 197 to 658 ± 203
mOsm/kg H2O) [79]. These investigators also de-
scribed a persistent defect in concentrating ability (uri-
nary osmolality 800 mOsm/kg H2O) in 17 of 27 pa-
tients who were studied one year after discontinua-
tion of lithium. Although concentrating ability
improved significantly during the first two months
after lithium was stopped, there was no further im-
provement thereafter [79]. Persistence of nephrogenic
diabetes insipidus following the discontinuation of
lithium has been associated with renal biopsy findings
consistent with chronic interstitial nephritis. The im-
pairment in concentrating ability which is evident
shortly after initiation of lithium therapy is usually mild
and reversible [11]. Over the course of long-term
therapy, the impairment in concentrating ability may
be progressive and non-reversible as it is caused by
structural tubulo-interstitial damage [11].

Treatment of lithium-induced polyuria

The management of lithium-induced polyuria in-
cludes the use of either thiazide diuretics alone, amilo-
ride alone, or a combination of both. The use of thiaz-
ide diuretics to treat the polyuria induced by lithium

therapy has had the problems of potentiating overt
lithium toxicity by contracting the extracellular space,
thereby causing compensatory proximal reabsorption
of sodium and lithium. In the toad urinary bladder, an
epithelium that transports water in a manner analo-
gous to that of the mammalian collecting duct, amilo-
ride blocks the entry of lithium across the apical sur-
face, much as it does that of sodium [45]. Importantly,
the addition of this agent to the mucosal side of this
membrane markedly diminishes the inhibitory effect
of lithium on arginine vasopressin-mediated water
transport.

We utilized the above principle to treat lithium-in-
duced polyuria [26]. This reduction in urine output
could not be ascribed to increased proximal fluid re-
absorption and decreased delivery of fluid to the dis-
tal nephron as a result of the volume contraction caused
by amiloride. Fractional lithium excretion, a marker of
proximal sodium reabsorption, did not fall during ami-
loride treatment, arguing against volume contraction
induced by amiloride as possible mechanism [26]. In
lithium treated patients, urinary osmolality increased
when treated with amiloride (Figure 4). Amiloride at-

0

200

400

600

800

1000

Li Li + A

P< 0.005

M
a

x
im

a
l
u

ri
n

e
o

s
m

o
la

lit
y

(m
O

s
m

/k
g

/H
O

)
2

Figure 4. Maximal urine osmolality after fluid deprivation
and vasopressin administration during (closed circles) and
before (open circles) amiloride administration. The shaded
area shows the range of urine osmolality in normal subjects
tested after fluid deprivation and vasopressin administra-
tion in our laboratory. Li denotes lithium and Li +A lithium
plus amiloride (reproduced from Batlle et al [26]).
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tenuates the inhibitory effect of lithium on vasopressin-
mediated water reabsorption [26].

In cases where sufficient tubulointerstitial damage
causing impaired concentrating ability has occurred,
amiloride is less effective; still, it can be used in combi-
nation with a thiazide diuretic to reduce polyuria [2].
Moreover, hypokalemia, a common side effect of thi-
azides, is not observed with amiloride [26]. Amiloride
obviates the need for potassium supplementation,
which is required when thiazide diuretics are used to
treat polyuria and, in addition, is less likely to cause
lithium intoxication. Although both lithium and ami-
loride interfere with distal urinary acidification, the
development of metabolic acidosis is uncommon with
therapeutic dosages of either drug. Further, no signifi-
cant change in plasma bicarbonate levels was noted
when given in combination [26]. This suggests that the
suppressive effect of these two agents on distal acidifi-
cation is not additive.

Effect of lithium on distal nephron
acidification

The administration of large doses of lithium to ex-
perimental animals consistently results in hyperchlo-
remic metabolic acidosis and inability to normally
lower urine pH, features that are characteristic of the
distal form of renal tubular acidosis [80, 81]. In humans
on well-controlled lithium therapy, however, metabolic
acidosis usually does not ensue. None of the 14 pa-
tients studied by us had metabolic acidosis, and they
were all able to lower urine pH below 5.5 after the ad-
ministration of ammonium chloride for three consecu-
tive days [82]. The capacity of the collecting tubule to
secrete hydrogen ions was examined further using the
urine PCO2 in a highly alkaline urine as an index of
urinary acidification. Urine PCO2 examined as a func-
tion of urine bicarbonate concentration was found to
be reduced in lithium-treated individuals. This defect
was apparent in patients with near normal and in those
with frankly reduced urine osmolality [25]. The find-
ings of a reduced urine PCO2 was taken as evidence
that lithium administration, at therapeutic doses,
causes a mild distal acidification detect. Since meta-
bolic acidosis did not spontaneously develop in these
patients, it was proposed that lithium therapy results
in a variant of incomplete distal renal tubular acidosis
[82].

In the turtle bladder, mucosal lithium inhibits hy-
drogen ion secretion by reducing the transepithelial
electrical potential [83]. Laski and Kurtzman [84] in-
vestigated the effect of lithium on bicarbonate trans-
port and transepithelial voltage in both the cortical col-
lecting tubule and medullary collecting tubule. Acidi-
fication in the cortical collecting tubule is facilitated
by the active reabsorption of sodium, which results in
the formation of a transtubular voltage (lumen nega-
tive). When sodium reabsorption is inhibited acidifi-
cation declines, and vice versa. If, however, sodium
reabsorption is inhibited while the lumen is kept at a
constant negative potential, acidification proceeds. This
effect is seen in the cortical collecting tubule but not in
the medullary collecting tubule where acidification
occurs without active sodium absorption [84]. When
lithium is substituted for sodium in the bath of iso-
lated rabbit cortical collecting tubules, the potential
difference decreases. This effect is associated with a
reduction in the rate of bicarbonate (TCO2) transport.
In contrast, neither an effect on potential difference nor
TCO2 transport is seen in medullary collecting tubules
exposed to lithium. Thus, this study demonstrated a
nephron segment-specific site of action for lithium
within the collecting tubule [84]. In a more recent study,
Kurtzman’s group has shown that lithium administra-
tion to rats also inhibits H+/K+ ATPase activity in the
cortical but not in the medullary collecting tubule [85].

Potassium balance

The effects of lithium on potassium balance have
not been well characterized. Galla et al. [86] suggested
that distal potassium secretion is impaired in rats given
lithium to produce high serum levels (2 to 5 mEq/L).
We found similar results under acute potassium load-
ing conditions [87]. Prior to potassium loading, how-
ever, potassium excretion was higher in lithium-treated
rats than in controls. These two findings can be ex-
plained by postulating that potassium reabsorption in
the proximal tubule is inhibited by lithium, while po-
tassium secretion in the distal nephron is impaired.
These two effects may offset each other so that plasma
potassium does not need to change under ordinary con-
ditions. The inhibitory effect of lithium on distal po-
tassium secretion is likely to occur in the cortical col-
lecting tubule where it decreases Na+ uptake and the
transepithelial voltage (lumen-negative) that normally
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favors potassium secretion.
Usually neither hyperkalemia nor hypokalemia

pose a problem for the management of lithium treated
patients. However, in lithium-treated subjects given
thiazide diuretic, hypokalemia often develops [88]. This
is due to the diuretic-induced increase in sodium de-
livery to the collecting tubule combined with the
lithium-induced increase in urine flow.

Renal histological findings

Kidney biopsy findings consistent with chronic in-
terstitial nephritis were first described by Hestbech et
al. [89] in 14 patients who were selected on the basis of
impaired concentrating ability or previous episodes of
lithium intoxication. Renal function as judged by
plasma creatinine was normal in all but one patient.
The abnormalities described in this study included tu-
bular atrophy, cortical and medullary fibrosis, sclerotic
glomeruli, tubular dilatation, and cyst formation. Simi-
lar lesions were subsequently described by the same
investigators in patients selected for biopsy on the ba-
sis of either impaired concentrating ability or reduced
glomerular filtration rate [90] and confirmed by other
investigators [59, 60, 91, 92]. A significant positive cor-
relation between the duration of lithium therapy and
the extent of tubular atrophy and interstitial fibrosis
has been noted by other investigators [85, 88]. One of
the most consistent findings observed in biopsies from
lithium-treated patients is microcyst formation and dis-
tal tubular dilation [59, 90-94].

An important issue is whether this type of tubulo-
interstitial lesions develop in individuals not selected
on the basis of abnormal clinical findings. In a group
of 23 nonselected lithium-treated patients reported by
Jorgensen et al. [72], focal interstitial fibrosis and glom-
erular sclerosis were found. These changes were more
pronounced than those found in a ‘’control” group of
patients who had been biopsied for either acute olig-
uria or proteinuria. However, tubular atrophy and to-
tal fibrosis did not differ between the two groups.
Rafaelson et al. [95] performed biopsies in 37 randomly
chosen lithium-treated patients. Analysis of their data
reveals that in nine of 12 patients who had polyuria
(>3 L/d), kidney biopsies disclosed either borderline
or advanced tubulointerstitial changes. Renal biopsies
were normal in most patients who were not polyuric
(18 of the remaining 25 patients). These observations

suggest that the impairment of concentrating ability
has, at least in part, a structural basis. The impairment
in concentrating ability, which is evident shortly after
initiation of lithium therapy, is usually mild and prob-
ably reversible. Over the course of long-term therapy,
the impairment in concentrating ability may be pro-
gressive and related to structural tubulointerstitial al-
terations as discussed below.

In a study of 24 biopsies performed on bipolar dis-
order patients with lithium–associated chronic tubulo-
interstitial nephropathy was characterized by tubular
atrophy and interstitial fibrosis, typically out of pro-
portion to the extent of glomerular or vascular disease
with tubular cysts in 62.5% and lesser degrees of tubu-
lar dilatation in additional 33% of biopsies [92]. All
these patients had serum creatinine of >2.5 at time of
biopsy. Another important but unexplained finding
was that lesions of FSGS were present in 50% of their
biopsies, with a strong correlation between the FSGS
lesions and presence of proteinuria >1.0 g/d [92]. This
could indicate a potential direct glomerular toxicity of
lithium. The presence of significant foot process fusion
in some cases and recurrence of FSGS in the single
transplant patient in whom lithium was not withdrawn
lend further support to the above hypothesis. By cox
regression analysis, it was found that a serum creati-
nine > 2.5 at the time of biopsy was a reliable predictor
of progression to end-stage renal disease, even on dis-
continuation of lithium in 42% of patients [92]. Immu-
nohistochemical and lectin staining revealed tubular
cysts of predominantly distal tubular and collecting
duct origin and rare cysts of proximal propagation of
the distal portions of the cysts of the nephron [92].

The specificity of the chronic tubulointerstitial
changes ascribed to lithium administration has been
rightfully questioned because similar lesions have been
described in psychiatric patients not receiving lithium
[59, 96-98]. Walker et al. [59] compared biopsies from
47 patients treated with lithium for an average dura-
tion of 5 years to 32 patients with affective disorders
who had never been treated with lithium. Using a semi-
quantitative analysis, they found no difference in in-
terstitial fibrosis between the two groups even though
the lithium group had a significantly lower glomeru-
lar filtration rate. Therefore, psychiatric patients, with
or without the use of lithium, may develop chronic tu-
bulointerstitial changes as compared to healthy con-
trols. This may explain the reduced concentrating abil-
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ity demonstrated in many psychiatric patients not re-
ceiving lithium therapy [65, 66, 99, 100].

Of interest is the finding of a lesion confined to the
distal nephron that has been described in patients tak-
ing lithium but not in psychiatric controls [59, 94-97].
Several studies from Australia have reported this le-
sion, which appears to involve the distal convoluted
tubules and collecting ducts of lithium-treated patients
[94-98]. Their findings include cytoplasmic swelling
with the accumulation of glycogen deposits, dilated
tubules, and microcyst formation. The lesion appears
to be specific for lithium in that a similarly localized
accumulation of glycogen has not been found in kid-
ney biopsy material obtained from either psychiatric
patients who have never taken lithium or from normal
subjects donating a kidney for transplant [97]. Walker
et al. [93] described a similar lesion in rabbits and specu-
lated that the accumulation of glycogen in the distal
nephron might be related to decreased intracellular for-
mation of cyclic adenosine monophosphate by lithium.
If this hypothesis were true, one could anticipate that
the lesion should be reversible once cyclic adenosine
monophosphate formation normalized after removal
of lithium from distal tubular cells. Various studies
have shown that the distinctive distal tubular lesion
ascribed to lithium therapy appears very early after
therapy is started and is reversible [97-99]. Burrows et
al. [99] observed this lesion in two patients who had
been on lithium for less than a year. Renal biopsies from
patients who had discontinued lithium for 2 months
to 5 years prior to biopsy did not show this type of
distal tubular lesion [98].

In a study using rabbits, renal biopsies were per-
formed at 1, 3, 6 and 12 months of lithium administra-
tion [93]. Cytoplasmic vacuolization and glycogen ac-
cumulation in cells lining distal convoluted tubules and
collecting ducts was found. Thus, lithium induces a
tubular lesion in rabbits which resembles the lesion
described in humans. McAuliffe et al. [100] examined
kidney specimens from rats given lithium for 7 weeks
whose lithium levels were within the therapeutic range.
They found glycogen deposits, cellular edema, and cel-
lular detachment from type I basement membrane in
cells lining the collecting tubule. The aggregate of these
observations suggests that this specific lesion associ-
ated with lithium is manifested functionally by inhibi-
tion of H2O transport in the collecting tubule, appears
very early in therapy, and is likely to be reversible.

In a recent study using male Wistar rats fed lithium
containing diet for 16 weeks postnatally, a marked
decrease in glomerular volume was found [100a]. This
was not associated with detectable changes in struc-
tural parameters. Moreover, no effect of ACE inhibitor
treatment could be demonstrated on glomerular vol-
ume [100a].

Effect of chronic lithium therapy on
glomerular filtration rate

In rats with lithium-induced tubulo-interstitial
damage, a rise in plasma urea levels after 16 weeks of
treatment has been demonstrated even though plasma
lithium levels were in the accepted therapeutic range
for humans with mood disorders [101]. In contrast to
this finding in rats, progression of the chronic tubulo-
interstitial lesion towards renal insufficiency is unusual
in humans.

In our analysis of glomerular filtration rate data
available from reports published up to 1986 we found
only minor changes in glomerular filtration rate de-
spite prolonged lithium therapy [11]. The majority of
studies used endogenous creatinine clearance as a
marker of glomerular filtration rate. Of 491 patients
investigated using this method, 78 (or 15%) had a some-
what reduced glomerular filtration rate [64, 68, 71, 102-
103]. In one study, glomerular filtration rate measured
by the EDTA clearance method was found to be re-
duced in 39 of 179 patients (or 22%) [66]. A study in-
volving 153 patients revealed that 31 patients (20%)
had an EDTA clearance below the 95th percentile con-
fidence limits corrected for age and sex [62]. Combined
analysis of data from six studies using EDTA clear-
ance showed that glomerular filtration rate was re-
duced in 92 of 538 patients (17%) [61, 62, 66, 72, 104,
105]. Of a total of 1,172 patients in whom glomerular
filtration rate was measured by different methods we
found it to be reduced in only 15% [11].

The overall prevalence (15%) of reduced glomeru-
lar filtration rate among unselected lithium-treated pa-
tients probably overestimates the proportion of patients
in whom such reduction can be ascribed to lithium [11].
First, a sizeable number of patients had prior episodes
of lithium intoxication [68, 72, 103-105]. A reduced
glomerular filtration rate could be related to factors
other than lithium, such as the common use of other
psychotropic drugs. The latter possibility is suggested
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from studies that found tubulo-interstitial damage in
psychiatric patients taking drugs other than lithium
[87].

Of particular importance is the level of glomerular
filtration rate among the patients in whom it was felt
to be reduced. The distribution of glomerular filtration
rates in the large series of patients studied by Wallin et
al. [65] and Lokkegaard et al. [62] revealed that the re-
duction of glomerular filtration rate in lithium popu-
lations, when present, is very moderate. If lithium
therapy were to result in lowering of glomerular fil-
tration rate, it would be expected that there would be
a progressive decline with the continuation of lithium
therapy. A significant correlation between reduced
glomerular filtration rate and the duration of therapy
has not been found in the majority of studies that ad-
dressed this issue [59, 61, 67, 70, 100, 104, 106]. A sig-
nificant but weak correlation (r= 0.29) between glom-
erular filtration rate and time on lithium was found
among 231 patients on lithium for an average of 6.5
years [66]. Lokkegaard et al. [62] studied 153 patients
treated for a mean duration of 10 years, a substantially
longer period than all previous studies. A significant
but also weak correlation between declining EDTA
clearances and the duration of treatment was also found
by these authors (r= 0.29).

While a review of the information available up to
1986 argues against a major effect of lithium in reduc-
ing glomerular filtration rate in most patients, there
are reports of chronic renal impairment occurring af-
ter many years of lithium administration [107-109].
Moreover, cases of end stage renal disease presumably
secondary to lithium therapy have been reported [110-
111]. It seems likely that at least in some susceptible
individuals, prolonged lithium administration results
in chronic renal failure, although this is relatively rare.
In such patients, after discontinuation of lithium
therapy the renal function often stabilizes or deterio-
rates very slowly, consistent with other kinds of chronic
interstitial nephritis.

Clinical side-effects of lithium
intoxication

Symptoms of lithium toxicity can be expected when
serum lithium level increases above 1.5 mEq/L. Most
patients receiving lithium have side effects, reflecting
the drug’s narrow therapeutic index [1]. Many symp-

toms and signs of toxicity correlate with serum lithium
concentrations (Table 2). The amount of lithium inside
the cells, however, may be more predictable for lithium
toxicity. Equilibration between intra- and extracellu-
lar lithium occurs rather slowly. Therefore intoxication
develops more easily during chronic therapy, while af-
ter an acute high intake symptoms may be less despite
higher serum levels.

Typical symptoms of lithium intoxication are sum-
marized in Table 2 [112-117]. The clinical picture of
lithium intoxication is dominated by neuromuscular
and cerebral symptoms: in mild cases apathy, muscle
weakness, tremor, and unsteady gait are seen. In more
severe cases speech disturbances, myoclonic twitching,
coma and convulsion can occur. Pulse irregularities and
circulatory collapse may supervene. Lithium often
causes T-wave flattening or inversion on the electro-
cardiogram, but clinically important cardiovascular ef-
fects are rare, with sinus-node dysfunction reported
most often [113]. Residual neurological sequelae con-
sisting of cerebellar dysfunction with ataxia, neuropa-
thy and supra-bulbar symptoms are not unusual.

As discussed above, lithium inhibits the synthesis
of thyroid hormone and its release from the thyroid,
and stimulates the formation of antithyroid antibod-
ies in susceptible subjects [112]. Lithium-induced hy-
pothyroidism responds to thyroxine therapy. Lithium
can increase the secretion of parathyroid hormone and
therefore can increase serum calcium concentrations,
but symptomatic hypercalcemia is rare (see hormonal
effects).

Acute renal insufficiency with or without oliguria
can occur, usually in association with severe volume
depletion in, which case renal function is rapidly re-
stored with appropriate fluid therapy. The picture may
resemble that of acute tubular necrosis but prerenal fail-
ure seems more likely. Histological biopsy findings
show remarkably few abnormalities.

Lithium poisoning can be categorized into two
groups:
(1) Acute poisoning, in patients who are not actually

being treated for lithium, but have obtained the
medication either voluntarily (e.g. suicide
attempts) or involuntarily (e.g. accidental child-
hood mishaps). Usually, these patients have an
excellent prognosis as a result of normal baseline
renal functioning, hence not interfering with the
renal elimination of lithium.
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Table 2. Clinical symptomatology associated with lithium poisoning.

Organ System Acute Poisoning Chronic Poisoning

Endocrine None Hypothyroidism,  Hyperparathyroidism

Gastrointestinal Nausea, vomiting Minimal

Heart Prolonged QT interval, ST Myocarditis
and T wave changes

Hematologic Leukocytosis Aplastic anemia

Neurologic

a. Mild Fine tremor, lightheadedness, weakness Same

b. Moderate Apathy, drowsiness, hyper-reflexia, Same
muscle twitching, slurred speech, tinnitus

c. Severe Choreoathetoid movements, clonus, coma, Memory deficits, Parkinson’s disease,
confusion, muscle irritability, seizures pseudo-tumor cerebri, psychosis

Neuromuscular Myopathy, peripheral neuro-pathy Same

Renal Urine concentrating defect Chronic interstitial nephritis, nephrogenic
diabetes insipidus, end stage renal disease[rare]

Skin None Dermatitis, localized edema, ulcers

(2) Acute on top of chronic poisoning occurs in
individuals who have been on a chronic lithium
prescription, and who in one way or another
ingest an overdose of the lithium, or are given
medications that increase lithium levels. Condi-
tions where sodium conservation is stimulated,
such as low salt intake, loss of body fluid by way
of vomiting, diarrhea, or use of diuretics which
decrease lithium clearance (thiazides) are usually
the precipitating factors.
The polyuria which often accompanies lithium

Table 3. Management of lithium intoxication.

1. Protect oral airway if consciousness is impaired

2. Volume resuscitation

3. Gastric lavage, whole bowel irrigation with polyethylene glycol to prevent continued absorption of lithium

4. Lithium removal:

• Serum lithium level >3.5-4 mEq/L: Most patients require hemodialysis.

• Serum lithium levels 2-4 mEq/L: Unstable patients and patients with severe nephrologic signs of renal insufficieny
require hemodialysis.

• Serum lithium levels 1.5-2.5 mEq/L:

o Hemodialysis indicated for patients with renal failure or if patients fail to reach a lithium level below 1 mEq/L.

o Fluid therapy or forced diuresis treatment should be recommended in patients with early signs of lithium
intoxication and normal renal function, and when it is known that lithium levels have been elevated for only a
few days.

treatment is normally compensated for by drinking
water, but when consciousness is impaired severe hy-
pernatremia may develop. When any acute illness (par-
ticularly if associated with gastrointestinal symptoms)
occurs or when new medication is given, lithium blood
levels should be closely monitored, and the lithium
dose adjusted.

Management of lithium toxicity

 Regardless of the manner of presentation, the ini-



574

NAAZ, LERMA & BATLLE

tial management is the same. If the patient presents
with mental status changes (e.g. decreased conscious-
ness), an oral airway must be secured in the immedi-
ate instance. Volume status should be assessed and iso-
tonic saline administered for volume repletion. A se-
rum lithium level and a serum chemistry panel (serum
sodium, potassium, chloride, CO2, BUN and creatinine,
and calcium) should be drawn immediately to assess
the degree or level of intoxication, as well as underly-
ing renal function.

Volume resuscitation is the cornerstone of manage-
ment of lithium toxicity (Table 3) [114, 115]. Patients
with underlying lithium-induced diabetes insipidus
may initially present with volume depletion. It must
be borne in mind, however, that hypernatremia [115]
is a potential complication, especially in those with un-
derlying diabetes insipidus. Forced saline diuresis is
expected to increase lithium clearance by decreasing
proximal tubular reabsorption. With normal renal func-
tion, lithium can be cleared at a rate of 10-40 mL/min
[115]. The excretion of lithium can be further increased
acutely by using acetazolamide and/or loop diuretics

[114, 115].
Peritoneal dialysis clears only 9-15 mL/min of

lithium, and is therefore not recommended for the treat-
ment of acute lithium toxicity [115, 116]. Conventional
hemodialysis, on the other hand, decreases serum
lithium levels at a rate of 1 mEq/L with every 4 hours
of treatment [116]. Several treatment sessions of he-
modialysis may be required, and serum lithium levels
need to be checked frequently even after hemodialy-
sis, because of the shifting of lithium from inside the
cells (lithium rebound phenomenon). In those patients
who may have ingested the sustained-release form of
lithium, continued absorption from the GI tract may
cause a rise in serum lithium levels between hemodi-
alysis sessions [118].

Continuous arteriovenous hemodialysis and con-
tinuous venovenous hemodialysis can clear 60-85 L per
day of lithium [119]. The main advantage of this treat-
ment is that it decreases chances of lithium rebound.
The disadvantages pertain to the fact that such con-
tinuous therapies do not reduce levels as quickly as
hemodialysis and are often limited by the need for an-
ticoagulation.
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Introduction

Numerous myths have grown around medicinal
herbs and their healing powers [1].  The myth of

beneficent nature is resistant to the accumulated evi-
dence of health problems resulting from unknown or
underestimated toxicity as well as from adulteration
and misidentification of medicinal herbs [2].  Many
plants contain substances toxic to humans and there-
fore, not surprisingly, to the human kidney.  In early
1993, a rapidly progressive kidney failure leading to
end-stage renal disease was reported in a number of
women who had ingested slimming pills that contained
powdered Chinese herbs [3].  Further investigations
showed that this so called “Chinese herbs nephropa-
thy” was, in fact, secondary to the replacement of one
of the prescribed Chinese herb, Stephania tetrandra, by
other mixtures of Chinese herbs containing Aristolo-
chia Fang chi [4].  The term “Aristolochia nephropathy”
should thus preferably replaced the previously used
term of “Chinese herb nephropathy (CHN)” [5].

History

In early 1992, two women presented to our neph-
rology department  in Brussels (Belgium) with an ex-
tensive interstitial fibrosis of the kidney that rapidly
progressed to terminal renal failure [3].  These two
women who had no previous history of renal disease
had followed, just before the onset of the renal disease,
the same weight loss regimen in the same medical clinic
in Brussels.  This clinic specialized in weight loss regi-
mens for more than 15 years and no renal problems
had been previously encountered.  Interestingly, the
diet regimen was changed in mid 1990 by introducing
powdered extracts of Chinese herbs, nominally Steph-
ania tetrandra and Magnolia officinalis in the slimming
pills [3].  A 1992 – epidemiological survey of the neph-
rology centers of Brussels showed that seven other
women with “interstitial nephritis of unknown origin”
were admitted for dialysis in 1991 and 1992.  They had
all followed the same slimming regimen including the
Chinese herbs in the same medical clinic [3]. Stephania
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tetrandra and Magnolia officinalis were withdrawn from
the Belgian market at the end of 1992.  However, the
outbreak of renal failure after absorption of these Chi-
nese herbs eventually resulted in about 100 cases in
1998, 70 % of them being in end stage renal disease [6].

Phytochemical analyses of 12 different samples of
Stephania tetrandra delivered in Belgium from 1990 to
1992 showed that only one sample corresponded  to
uncontaminated Stephania while the others were most
probably Aristolochia sp [4], confirming the results of
the analyses performed in Hong Kong on a sample sent
by the Belgian importers [7].

After the publication of the index cases [3], similar
cases were reported all around the world: four cases in
France secondary to the intake of Arkomedika n°28
slimming pills containing Stephania tetrandra which
was, in fact, Aristolochia Fangchi [8,9], one case in Spain
after the chronic intake of an infusion made with a
mixture of herbs containing Aristolochia pistolochia [10],
two cases  in United Kingdom after the treatment of
eczema with aristolochic acids containing Mu-tong [11]
and another case following a 5-year period of ingest-
ing a Chinese herbal preparation to treat hepatitis B
[12]. Two series of respectively 12 [13] and 20 cases
[14] were also reported in Taiwan related to the use of
various unidentified herbal medications.  In Japan, four
cases presenting with a Fanconi syndrome were related
to the use of different Chinese herb remedies (Boui and
Mokutsu) containing aristolochic  acids [15,16].  A re-
versible Fanconi syndrome after the intake of a Chi-
nese herbal remedy (Akebia) containing aristolochic
acids was also reported in Germany [17]. Finally, the
case of a woman with interstitial renal fibrosis progress-
ing rapidly to end-stage renal disease after Chinese
herbal medicine was reported in USA [18].

Clinical features and functional aspects

Renal failure was usually not suspected and was,
in most of the cases, discovered by routine blood test-
ing.  Dipstick analysis for proteinuria was negative and
urinary sediment was unremarkable.  Blood pressure
was initially normal in half of the patients.  Anemia
was present and usually more severe that might be an-
ticipated from the degree of renal failure [19].  Further
investigations of renal functions indicated that proxi-
mal tubular cells were a primary target in Aristolochia
nephropathy.  First, some cases presented with a Fan-

coni syndrome [15,16,17].  Second, urinary excretion
of five low molecular weight proteins (β2-microglo-
bulin, cystatin C, Clara cell protein, retinol binding
protein and α 1 microglobulin) was markedly increased
in five patients with CHN and the urinary low mo-
lecular weight protein/albumin ratio was higher than
in control patient with glomerular diseases [20].  Third,
levels of urinary neutral endopeptidase, an ectoenzyme
of the proximal tubule brush border were significantly
decreased in patients with renal failure secondary to
CHN as compared to patients with glomerular dis-
eases.  Moreover, neutral endopeptidase enzymuria
correlated positively with creatinine clearance and
negatively with low molecular weight protein urinary
levels [21].  Finally, the pattern of aminoaciduria in four
cases of CHN with Fanconi syndrome (increased ex-
cretion of proline, hydroxyproline and citrulline with
an almost normal excretion of glycine) suggested that
aristolochic acids would predominantly affect the low
affinity transport system of proline in the brush bor-
der membrane of proximal tubule [16].

Despite the interruption of the exposure to Chinese
herbs, progression of renal failure is usually relentless
over a period of few months to several years.  Six year
after the withdrawal of the incriminated herbs from
the Belgian market, more than 100 patients with CHN
were recorded in Belgium, 30 % of them having a mod-
erate renal failure and 70 % being  treated by mainte-
nance dialysis or renal grafting [6].

A pilot study involving 35 CHN patients showed
that a steroid therapy was able to slow the progression
of the renal failure: after one year, only two of the 12
CHN patients treated with steroids required dialysis
as compared with 16 of the 23 CHN control patients
[22].  The beneficial effect of steroid therapy was con-
firmed 8 years later in a larger group of patients [23].
Curiously, an asymptomatic aortic insufficiency was
observed in one third of the patients with CHN [19,
24].  This cardiac complication was supposed to be the
result of an extrarenal toxicity of Chinese herbs [25].
However, the attention was drawn to the role of appe-
tite suppressants in the development of valvular heart
diseases [26].  Since most of the CHN patients we have
seen have been given appetite suppressants (fenflu-
ramine, dexfenfluramine, phentermine alone or in com-
bination) besides the Chinese herbs, the puzzling as-
sociation of aortic insufficiency with CHN may more
likely be linked to the concomitant use of (dex)-fenflu-
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ramine than to an extrarenal effect of the Chinese herbs
[24]. In fact, the presence of aortic regurgitation was
detected in 21 out of 40 CHN patients and was signifi-
cantly correlated in a dose-response relationship with
the cumulative dose of fenfluramine [27].

Pathology

Macroscopically, the kidneys were shrunk, asym-
metric in about half of the cases with irregular outlines
in one third [25].

Microscopically, the description of the pathologic
aspects were derived from the analysis of 4 pieces of
native nephroureterectomies obtained at the time of
transplantation [28] and of 33 renal biopsies performed
at different levels of renal failure [29].

As shown on Figure 1, extensive interstitial fibro-
sis with atrophy and loss of the tubules was the major
lesion.  It was predominantly located  in superficial
cortex.  The glomeruli were relatively spared.  They
nevertheless showed a mild collapse of the capillaries
and a wrinkling of the basement membrane.  Thicken-
ing of Bowman’s capsule was the rule.

Interlobular and afferent arterioles showed thick-
ening of their walls due to a swelling of the endothe-
lial cells.  These aspects suggest that the primary le-
sions could be located in the vessel walls leading to
ischemia and interstitial fibrosis [29].  In one case, an
extension of the fibrotic process to the pelvis and the
ureter was observed [28], what may explain the un-
usual presentation of this case with a bilateral hydro-
nephrosis [30].

Association with urinary tract
carcinomas

Moderate atypia and atypical hyperplasia of the
urothelium were first described in 4 pieces of nephro-
ureterectomies performed in 3 CHN patients prior or
at time of transplantation [28].  Then, three cases of
cancers of the urinary tract were reported: the first case,
a 28 year old woman with CHN, developed two papil-
lary transitional cell carcinomas in the posterior blad-
der wall 12 months after a renal transplantation [31];
the second case, a 42 year old woman with CHN, pre-
sented with hematuria secondary to a papillary transi-
tional cell carcinoma of the right pelvis [32].  The third
case was a 49 year old woman previously published as

a CHN case in UK [11]. She developed a hydroneph-
rosis of the left native kidney after a successful renal
transplantation. The piece of nephroureterectomy
showed a multifocal transitional cell carcinoma of the
ureter [33]. Patients with CHN in end-stage renal dis-
eases treated by dialysis or renal grafting were there-
fore systematically offered bilateral removal of their
native kidneys and ureters.  Doing that, multifocal high
grade transitional cell carcinomas, mainly in the up-
per urinary tract, were observed in four patients among
10 in one series [34] and in 18 among 39 in an other
series [35].  The cumulative dose intake of Stephania
(in fact, Aristolochia) was shown to be a significant risk
factor for the development of urothelial carcinomas
[35].

Urothelial cancer seemed to be a late complication
of CHN since all the cases had been detected in pa-
tients with ESRD. However, the observation of a gen-
eralized urinary tract cancer in a 69 year old woman
after intake of Chinese herbal medicine containing aris-
tolochic acids but without a significant renal failure
suggests that a dissociation between carcinogenicity
and nephrotoxicity of aristolochic acids is possible [36].

Pathogenesis:
The role of aristolochic acids

The time between the introduction of Chinese herbs
in weight loss regimens and the outbreak of renal dis-
eases in Brussels (Belgium) circumscribed the search
for the culprit to the Chinese herbs [3].  Further epide-
miological survey demonstrated that only the so-called
Stephania was associated with all the cases of renal in-
terstitial fibrosis [29].

Replacement of Stephania by Aristolochia was sus-
pected [3] because : 1) Stephania tetrandra (Han Fang-
ji) belongs to the family of Fang-ji besides Aristolochia
Fang chi (Guang Fang ji); 2) pathological aspect of CHN
is very similar to that of Balkan endemic nephropathy
[3,28,29], the cause of which is still under controver-
sies but some suggested causes included fungal and
plant toxins such as ochratoxin A from Penicillium and
aristolochic acids from Aristolochia clematis [37].

Actually, the replacement of Stephania by Aristolo-
chia species was confirmed on different batches of pow-
ders delivered in Belgium under the name of Stephania
tetrandra. Most of these batches did not contain tetran-
drine but aristolochic acids (0.65 ± 0.56 mg/g) [4].
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Aristolochic acids (AA) were thus considered as the
offending substance because AA induced  nephrotoxic
effects in experimental animals [38] as well as in hu-
man beings [39].  They also induced carcinomas in ro-
dents [40].

However, some controversies were raised against
the AA hypothesis.  First, promoters of Chinese herbs
claimed that the renal disease originated, in fact, for
the injection of a “hidden” serotonin-like substance,
with the mesotherapy which was a part of the slim-
ming regimen [41, 42].  Serotonin was indeed shown
to induce ischemic renal lesions progressing in a short
time to renal fibrosis [43].  Moreover the Belgian pa-
tients were also given (dex)fenfluramine which is a se-
rotonin agonist [44].  Second, Chinese herbs originated
from batches imported in Belgium at the same time
were used without apparent untoward effects [44].
Third, similarities with Balkan endemic nephropathy
suggested that ochratoxin A could be an alternative
hypothesis.

However, further evidences support the AA hy-
pothesis.  The presence of 7(desoxyadenosin-N6-yl)
aristolactam I DNA adducts (dA-AAI) was demon-
strated in renal tissue samples obtained from five pa-
tients with CHN while dA-AAI was absent in the re-
nal tissue of six patients with other renal diseases [45].
That was also the case for 7(deoxyguanosine-N²-yl)
aristolactam I DNA adducts (dG-AAI) and 7(deoxy-
adenosin-N6-yl) aristolactam II DNA adducts (dA-
AAII) [46].  A larger series of kidney samples from 38
patients with CHN confirmed the presence of DNA
adducts six year after the exposure to Chinese herbs;
the levels ranging from 1.2 to 165 per 109 normal nucle-
otides for dA-AAI, from 0.6 to 6.8 per 109 normal nucle-
otides for dA AAII and from 0.4 to 8.2 per 109 normal
nucleotides for dG AAI.  These adducts were absent in
kidney samples obtained in eight patients with renal
diseases of other origin [35].  The renal tissue sample
of 25 among these 38 patients with CHN were also ana-
lyzed for ochratoxin A related adducts.  Levels of these
adducts were low and close to the background level of
the assay [35].  On the other hand, for 71 patients with
CHN followed in our department, a comprehensive
analysis of the medical charts and of the prescriptions
filled between 1990 and 1992 directly obtained from
the pharmacists was conducted.  This survey showed
that eleven patients with Chinese herbs - related end
stage renal disease did not receive mesotherapy.  More-

over, with a multiple regression analysis, the cumula-
tive dose of Stephania (in fact, Aristolochia)  appeared
as the only significant factor predicting the slope of
the time course of the inverse of plasma creatinine lev-
els [47].  Although these observations can not rule out
a possible potentiating effect of anorexigens [44], the
description  of similar renal diseases after the intake of
Stephania without slimming pills [48, 49] as well as in
different clinical settings all around the world [8-18]
indicates that (dex)fenfluramine should not be neces-
sary to induce renal disease. Moreover, dexfenflu-
ramine did not enhance the nephrotoxicity of AA in a
rat model of CHN [50].

On the other hand, AA are activated by nitroreduc-
tion in aristolactams which form DNA adducts with
adenosine and guanosine. The formation of AA-DNA
adducts was studied in vitro: cytochrome P450 1A1 and
1A2 [51] as well as prostaglandin H synthetase [52]
were shown to be involved in the metabolic activation
of AA. These observations could explain variations be-
tween individuals in the susceptibility to aristolochic
acid toxicity as well as the preferential localization in
the kidney and the urinary tract. Carcinogenicity of
AA DNA adducts has been related to the mutation in
the codon 61 of the protooncogen Ha-ras [53] as well
as in a mutation of p53 [34]. Finally, the effects of AA
on proximal tubules were investigated on the opos-
sum kidney (OK) cell line. Aristolochic acids impaired
the process of receptor-mediated endocytosis of albu-
min and β2-microglobulin, decreased megalin expres-
sion and formed specific DNA adducts in OK cells.
These data support the involvement of AA in the proxi-
mal tubule dysfunction found in CHN patients [54].

Experimental aristolochic acid
nephropathy

First attempts to experimentally reproduce CHN
failed: two groups of seven Wistar rats were orally
given either pure aristolochic acids  (10 mg/kg for 5
days a week during 3 months) or herbs powders (con-
taining aristolochic acids) mixed with fenfluramine.  At
sacrifice animals in both groups had developed the ex-
pected tumors but not fibrosis of the renal interstitium
[55].  On the contrary, when 12 female New Zeeland
white rabbits were injected intraperitoneally with 0.1
mg aristolochic acids per kg, 5 days a week, for 17 to
21 months, they developed a severe hypocellular in-
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Figure 2. Photomicrographs of renal cortex. A. For a control rat on day 35, no abnormalities were noted.
B. For an aristolochic acid-treated (10 mg/kg bw) rat on day 35, severe tubular atrophy and interstitial fibrosis
( ) were observed. Goldner's trichrome staining, orig. magn. x100.

A B

terstitial fibrosis, urothelial atypias and, in 3 of them,
tumors of the urinary tract [56].

In the salt depleted Wistar rat model, the daily ad-
ministration of 10 mg per kg body weight of aristo-

lochic acids induce after 35 days, renal failure with in-
terstitial fibrosis (Figure 2) as well as a papillary uro-
thelial carcinoma of the pelvis in some of them [57].

Figure 1. Pathological aspect of Chinese herb
nephropathy. Paucicellular interstitial fibrosis
around atrophic tubules ( ). Fibrous thicken-
ing of the arteriolar walls ( ). No glomerular

lesion. H&E staining, orig. magn. x300.
By courtesy of Dr. M. Depierreux.
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Conclusion

From an outbreak of end stage renal disease occur-
ring around a slimming clinic in Brussels [3] a new
cause of renal interstitial fibrosis [3,28,29] complicated
by urinary tract carcinomas [34, 35] was identified.  Fi-
nally, the disease was related to the intake of Chinese
herbs containing aristolochic acids (see above).  After
the publication of the Belgian cases, other similar cases
were reported all around the world [8-18].  The exist-
ence of more cases should be suspected.  Indeed, Fang
ji, a commonly used traditional Chinese medicine, pur-
chased from herbs shops in Hong Kong contained aris-
tolochic acids [58] as well as Akebia used in traditional
Sino Japanese prescriptions (“Kampo”) [59].  Indian
traditional medicine used more than 7500 plant spe-
cies which include Aristolochia bracteata, Aristolochia
tagala and Aristolochia indica and chronic interstitial
nephritis of unknown origin is a frequent cause of ter-
minal renal disease in Indians [60].

Table 1. Botanicals known or suspected to contain or to be adultered with aristolochic acids.

Botanical names

Aristolochia sp (n=30), Asarum sp (n=6), Akebia sp (n=3), Bragantia sp (n=1), Clematis sp (n=6), Cocculus sp (n=17),
Sinomenium sp (n=1), Stephania sp (n=1).

Common names

• Aristolochia, Akebia, Clematis, Clematidis, Cocculus, Serpentaria, Stephania

• Dutchman’s pipe, Birthwort, Snakeroot, wild (Indian) Ginger, False Coltsfoot, Colic root, Chocolate vine, Virgin bower,
Indian cockle, Colombo, Columba, Ukulwe, Orient vine,

• Fang-ji 1, Mu-tong 1, Boui, Mokutsu, Saishin, Mokku, Ma dou ling, Tian Xian teng, Mokuboi, Kwang banggi, Moktong,
Yu Zhi zi, Bei Xi Xin, Xin Xin, Ireisen, Wojoksum, Weiling Xian, Fengteng, Kanboi.

1 Fang-ji and Mu-tong are ingredients in the following products : Ba Zheng Wan, Chan Yang Zheng Ji Wan, Da Huang Quing Wei Wan, Dang Gui Si Ni
Wan, Dao Chi Wan, Dieda Wan, Fu Ke Fen Quing Wan, Guan Xin Su He Wan, Ji Sheng Ju He Wan, Kat Kit Wan, Long Dan Xie Gan Wan, Quell Fire, Shi
Xiang Fan Shen Wan, Xin Yi Wan (From ref. 61 in which more details can be found).

Nephrotoxins are usually easy to identify when de-
riving from well known therapeutic agents.  However,
their identification requires a detective work when
causes involve the uncontrolled  use of herbs ingredi-
ents in home remedies or folk medicine.  The difficulty
is compounded by the fact that patients do not men-
tion their regular use of herbal powders or infusions
because they consider these natural products to be
harmless [1].

Faced with a case of interstitial renal nephritis of
unknown origin, all nephrologist should be encouraged
to examine with the utmost care whether herbal rem-
edies containing aristolochic acids as depicted by the
US Food and Drug Administration [61] (Table 1) can
genuinely be ruled out. Moreover, taking into account
that herbal remedies containing plant species of the
genus Aristolochia are carcinogenic to humans [62], this
attitude should be extended to the diagnosis of uri-
nary tract carcinoma.
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Introduction

Balkan (or endemic) nephropathy is a chronic tu-
bulo-interstitial disease of unknown, presumably

exotoxic etiology. It has been shown to exist only in
some parts of the southeastern Europe.

There were about 30 scientific meetings on Balkan
nephropathy. Over 500 papers on the disease were
published by the year 1970 [1]. By late 1980's, this num-
ber rose to 3000 [2]. Sociopolitical turmoil, including
wars, and economical hardship prevented any serious
research on the problem during the 1990's. In spite of
numerous proceedings and a large number of publica-
tions on the subject, many features of Balkan nephr-
opathy, its etiology and natural history in particular,
remained nearly as mysterious as when described in
the mid-fifties.

Meetings organized by international organizations
[3-7] had a key role in informing the international sci-
entific community on the disease. An updated source
of information is a bilingual (in English and Serbian)
monograph published in 2000 [8].

Epidemiological features

Distribution and frequency

Though exclusive geographical restriction of the
agent(s) of Balkan nephropathy is not very likely, the
disease has been diagnosed only among people living
(or those who used to live) in more or less well defined
areas of the Balkans. Along with Bulgaria and Roma-
nia, three republics of the former Yugoslavia have been
affected: Bosnia, Croatia and Serbia (Figure 1).

As recently summarized [9], the affected territory
has a shape of a rhomboid. Its longer diameter spreads
over 500 km (from the Vratza municipality in Bulgaria
to villages west of Slavonski Brod in Croatia), while its
transversal diameter has about 300 km (from endemic
foci in eastern Romania to Vitina municipality in
Kosovo). The disease affects individuals who live (or
used to live) in rural environment. There are some
spared households even in the most affected areas,
leading to frequently cited remarks on mosaic distri-
bution of the disease.

Figure 1. Medical geography of Balkan nephropathy.
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Topography of the terrain differs between endemic
regions. All 14 endemic villages in Croatia are located
in a single lowland municipality, at an altitude of about
100 m, while Bosnian foci are found up to 130 m. About
90% of all endemic settlements in Serbia are also situ-
ated at a low altitude, below 200 m [10], either in large
plains, river valleys or, much more seldom, in hilly re-
gions. There have been no studies of medical geogra-
phy of Balkan nephropathy in Romania for the last 30-
35 years and endemic localities are yet to be determined
[11], but the original findings pointed to hilly areas,
with endemic villages laying at the bottom of valleys
eroded by flooding, at an altitude of 200-300 m. The
endemic regions in Bulgaria are described as moun-
tainous or semi-mountainous, without any relationship
between endemicity and altitude. Hydrogeological fea-
tures [12] and lack of floods differ (at least some) Bul-
garian foci from other typical endemic regions.

Controversial data on the frequency of Balkan neph-
ropathy are mainly the result of methodological short-
comings [9]. A main obstacle is the operational defini-
tion of the disease, leading to huge differences in esti-
mated prevalence rates. The highest reported average
annual incidence rate is 16.6 per 1000 in Cakonica, Bul-
garia. The average cause-specific mortality rate over
15 years in one of the most affected Serbian foci was
3.3 per 1000 [13].

Demographic data

During initial Balkan nephropathy research, pa-
tients were frequently in their thirties [14], and it was
widely accepted that azotemia usually affects the age
group 30-50 [3]. Later an apparent shift towards the
older ages occurred, with most identified patients be-
ing above the age of 60 [9]. The diagnosis of clinical
forms before the age of 20 was rare and never inde-
pendently confirmed. Despite occasional statements on
laboratory and bioptic abnormalities in the first decade
of life among clinically healthy children from endemic
areas, no follow up study ever confirmed that these
children developed subsequent kidney disorder.

Both genders are similarly affected, especially con-
sidering mortality. As explained in details elsewhere
[9], higher prevalence rates among women reported
by some authors appears to be a consequence of unre-
liable diagnostic criteria.

A vast majority of experts believe that a link exist

between agricultural activity and exposure to the
agent(s) of Balkan nephropathy. There is also near con-
sensus on the absence of ethnic and/or religious dif-
ferences as a risk factor for developing the disease. The
most convincing data come from Croatia, where the
large group of Ukrainians who settled a century ago
had the same odds of being affected as the indigenous
population. In addition, the first generation immigrants
also develop Balkan nephropathy, usually a couple of
decades after moving into an endemic region.

Initial studies of affected households show a low
standard of living, poor hygienic level, and insufficient
nutrition. However, socio-economic factors, including
living conditions and well water quality, did not dif-
fer between contiguous affected and non-affected
households, or between endemic and neighboring non-
endemic villages.

Chronological characteristics

The initial description of Balkan nephropathy emi-
nated from Bulgaria [15, 16] and Serbia [17-19]. By 1957,
the disease was recognized in Bosnia and Croatia, and
by 1958 in Romania [20].

On retrospect, it was not a newly emerging condi-
tion but rather recognition of an already existing en-
demic process, a previous epidemic wave having oc-
curred in the early forties. Unfortunately, attempts to
trace the disease prior to World War 2 are speculative,
due to the absence of reliable data and a high frequency
of the competing causes of morbidity, notably tuber-
culosis and malaria.

Data on the secular trend of the disease are contra-
dictory. The earliest affected Romanian endemic vil-
lage, Ergevitza, now appears disease-free; however, the
village was almost deserted and later repopulated by
relatively young people (C. Tatu – personal communi-
cation). The duration of exposure is too short to make
any judgement. The other extreme is the population of
two best-known Serbian foci, Sopic and Petka, where
the intensity of endemic process is unchanged (D.
Bukvic – personal communication). In spite of such con-
troversies, two facts, common to all endemic areas, are
crucial in assessing any future trends. These are, an
apparent shift of the age distribution of the incidence
towards the older age groups, and a much longer natu-
ral history of the condition compared to previous data
[9].
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Other epidemiological characteristics

Clustering of cases within a household is one of the
most conspicuous features of the disease. It is gener-
ally agreed that the disease affects both blood related
and non-blood related family members. The “phenom-
enon of simultaneous deaths” (dying of parents and
their children within a short interval) has also been ob-
served.

Between 1/3 and 1/2 of patients with Balkan neph-
ropathy develop urothelial tumors [21]. An exception-
ally high frequency of these tumors was also observed
in the general population of endemic regions [22]. The
attributive risk of developing upper urothelial tumors
in inhabitants of endemic foci amounts to several dozen
[23] or even to as much as 100-200.

There is no evidence that domestic and/or wild ani-
mals in endemic regions develop a similar condition.

Overview of the descriptive epidemiological
research

There is general agreement on the following de-
scriptive-epidemiological characteristics of Balkan
nephropathy [9]: The disease is known to exist only in
some parts of the southeastern Europe, with Central
Serbia as the most affected region. Balkan nephropa-
thy has not spread beyond its already defined foci; the
disease is distributed mosaically: non-endemic villages
exist in the most affected regions, and there are spared
families and households in the most affected settle-
ments. There are clustering of cases in families and
households. Children and adolescents are spared the
clinical disease. Incidence is proportional to age, ex-
cept for the oldest age groups. There are no clear dif-
ferences in the cause-specific mortality rates. The ex-
cess risk of developing transitional cell urothelial tu-
mors is expressed by two- or even three-digit numbers.

The large majority of researchers support the fol-
lowing statements [9]: autochthonous urban popula-
tion is spared; rural way of life, i.e., agricultural activ-
ity is needed for exposure to the agent(s). Separation
from an endemic focus early may prevent the disease,
while immigration to an endemic area provides risk of
disease development, providing that the exposure was
sufficient. Prevalence of the disease has been stable over
many years, but now appears to decline in most af-
fected settlements. Incidence rates are shifting towards

the older age groups, and the clinical course is much
more protracted, suggesting a less intensive contact
with the agent(s) and, consequently, possible future
spontaneous disappearance of Balkan nephropathy
(providing, of course, that standard of living does not
deteriorate too much).

Etiology

Genetic factors

The most elaborate and, seemingly consistent, hy-
potheses regarding etiology come from proponents of
heredity as an explanation of the disease occurrence.
These authors assume that the risk of developing the
disease is restricted only to specific, ethnically distinct,
population groups, irrespectively of their place of birth
and residence history. Wider acceptance of these hy-
potheses has been hampered by the different percep-
tion of descriptive epidemiology of Balkan nephropa-
thy by a majority of researchers on the topic.

Currently one research group argues in favor of a
crucial role of genetic factors. They identified a spe-
cific chromosome marker (3q25) in Balkan nephropa-
thy patients [24-26]. Another research team saw some
aberrations of the X chromosome, but they resembled
changes occurring after exposure to ocharatoxin A [27].

Some authors described major anomalies of urinary
organs in a high percentage of otherwise healthy chil-
dren from affected households. "Foetal" and abnormal
glomeruli were also observed among these children.
Unfortunately no explanation exists for how severe
anomalies, notably renal agenesis or double ureters,
might disappear in adult life.

Genetic epidemiological approach suggest two pos-
sibilities, either polygenic type of inheritance with an
insufficient expression of the main gene [28], or mono-
factorial model with a crucial role of a single gene of
incomplete penetrance [29]. In both cases, a contribut-
ing environmental factor is needed.

There is no evidence supporting an immunologi-
cal mechanism in Balkan nephropathy.

Biological agents and their products

Unspecified viral particles [30], an unidentified cy-
topathogenic agent, serially propagated slow viruses
[31], and an unknown virus associated with foci of
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natural infection [32] have been mentioned in the con-
text of Balkan nephropathy etiology. Several specific
viruses, notably West Nile [33], coronavirus [34], and
papova virus [35], were also suggested as a causative
agent. A common feature of all these hypotheses was
the unimpressive supporting evidence and ignorance
of basic epidemiological features of the disease, in par-
ticular its absence of spreading [36].

Bacteria received particular attention in initial
stages of the Balkan nephropathy research but, for the
last 20 years, their possible etiological importance has
been unanimously ruled out [2]. Protozoa have never
attracted any attention.

Toxic fungal products are the principle and prime
potential culprits. Most efforts have concentrated on
ochratoxin A, a mycotoxin responsible for porcine
(swine) nephropathy [37]. The substance is found in
endemic foci but is also present in neighboring non-
endemic areas, and the differences are not statistically
significant [38, 39]. Still, the consistent isolating of och-
ratoxin A in greater frequency and higher concentra-
tions from food and sera samples obtained from en-
demic, compared to control villages, provides strong
support for this hypothesis.

Association of ochratoxin A with chronic intersti-
tial nephropathy in Tunisia [40] and its relation to re-
nal tumors [41] provides additional support for the idea
of the etiological role of this mycotoxin. Other fungal
toxins such as zerealenone, citrinin [42] and aflatoxin
were also isolated in endemic foci. Experimental mod-
els suggested that a combination of mycotoxins, rather
than a single one, might be involved in the etiology of
Balkan nephropathy [43].

Aristolochic acid and its salts, originated from a
weed, Aristolochia clematitis, have toxic and carcinogenic
effect to the kidneys and urothelium [44], respectively.
Ivic [45] postulated that this plant may be a cause of
Balkan nephropathy, but failed to provide convincing
evidence from field surveys. Considerable evidence
that A. clematitis plays a central role in the etiology of
Chinese herb nephropathy [46-48], a condition similar
to Balkan nephropathy, requires a second look at this
previously abandoned hypothesis.

No local practice, in terms of the use of teas or folk
medicine, could be implicated. No one has ever stud-
ied flora of the local wells.

Agents from the inanimate environment

Chronologically, lead poisoning was first offered
as an explanation for the occurrence of Balkan nephr-
opathy [17-19]. The idea on lead-contaminated flour
led to abandonment of water mills in a part of Central
Serbia. This energetic public health action had no im-
pact on the disease frequency.

Effects of non-occupational exposure to cadmium
[49], itai-itai disease in particular [50, 51], were occa-
sionally compared with kidney damage seen in Balkan
nephropathy patients. In spite of some resembling fea-
tures, the idea of a common etiology between cadmium
nephropathy (including itai-itai disease) and Balkan
nephropathy was refuted [50, 52].

Many other metals, including radioactive ones such
as uranium [53], were also suggested as possible caus-
ative agents of the disease. Results were both non-con-
vincing and non-reproducible.

Inability to identify a single toxic effect of any metal
or metalloid as a cause of Balkan nephropathy led re-
searchers to two alternative approaches. First, defi-
ciency, rather than abundance of such a chemical ele-
ment was proposed [54], with selenium as the most
likely candidate [55]. Second, attention was paid to a
combined adverse effect of several elements. Synergism
of uranium and some other elements, none of which
exceeding maximal allowed levels, was proposed [56].
It was also noted that criteria used in occupational
medicine (exposure only during working hours) have
been applied to an ecological problem (constant expo-
sure) and that concentrations of lead or cadmium
within formally acceptable levels, combined with other
factors, such as selenium deficiency, might lead to the
disease [56]. All these suggestions remained specula-
tive.

As for non-metals, there were attempts to relate
Balkan nephropathy to silicon [57-60]. However, when
affected and non-affected households were compared,
there was even an inverse relationship between the
silica content and endemicity. On one occasion, small
differences in silica content happened to reach the level
of statistical significance but the association was ex-
plained as a result of confounding variables [61].

A common hydrogeological characteristic of en-
demic foci [12] and an inverse relationship to altitude
of wells and disease frequency in a longitudinal (co-
hort) study [61], point to potable water as a vehicle of
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the agent(s). However, none of the previously men-
tioned or several dozen other non-organic substances
were associated with the disease [62].

Organics in water have been investigated and pro-
vided some interesting data [63]. Except for nitrites [64],
chemically unstable substances have not been studied.
Wells associated with the disease are situated on al-
kali soil [65], but the finding was restricted to a single
endemic area and has not been reproduced.

Based on chronological data, it is clear that no pes-
ticides, fertilizers or chemicals introduced during the
last few decades can be blamed for the occurrence of
Balkan nephropathy. Except for exposure to agricul-
tural activities, no occupation, habit (e.g., smoking, al-
cohol consumption), or hobby (e.g., hunting, fishing)
has been shown to precede the disease onset.

Overview of the etiological research

Genetic factors may play a role, given the same ex-
posure, in developing Balkan nephropathy, upper
urothelial tumors, both diseases, or none of them [66].
However, epidemiological data indicate that one or
more external, environmental factors are crucial for the
occurrence of both Balkan nephropathy and excessive
frequency of these tumors in endemic areas.

Among biological agents and their products, prob-
able candidates for etiological agents are mycotoxins
and possibly viruses. Toxic role of a plant, notably Aris-
tolochia clematitis, is less likely, but cannot be excluded.

As for inanimate environment, there is no chemi-
cal element that could be singled out but two facts ap-
pear likely. First, insufficient rather than abundant con-
centrations should be looked at, and second, a combi-
nation of factors rather than a single one should be
searched for. Organics in water and/or soil are an in-
teresting track to be followed. The same applies to
chemically unstable substances.

Pathomorphological changes

Balkan nephropathy is non-destructive and non-in-
flammatory tubulointerstitial renal disease [67]. The
changes are non-specific and in the chronic, sclerotic
phase they are similar to changes observed in other
chronic interstitial diseases such as analgesic nephr-
opathy [68], vascular nephrosclerosis [67] cyclosporine-
induced nephropathy [69], radiation nephritis [70, 71]

and aging [70], intoxication with silicate, cadmium,
lead, uranium [72], Aristolochia clematitis [45], myc-
otoxin ochratoxin A [73], and Chinese herbs [46, 48].

Macroscopic features

Before introduction of hemodialysis in the treat-
ment of chronic renal patients, the kidneys of patients
who died of Balkan nephropathy used to be the small-
est seen at post mortem examinations, weighing 14.8-
80 g each (Figure 2A), the differences between the left
and right kidneys being small (5-20 g) [72, 74-76]. Sur-
face of the kidneys is smooth, occasionally wavy, but
never granulated or roughly nodular. The section
shows markedly narrowed cortex, pyramid and
Bertin’s columns are fairly well preserved, and corti-
comedullary border is well differentiated. Papillary
necrosis of the pyramids has not been found.

Small, papillary, usually multiple tumors of the re-
nal pelvis and ureters are also one of the characteristic
findings (Figure 2B). In post-mortem studies tumors
were reported in 8-50% of cases [72, 77].

Figure 2. A. Macroscopic appearance of the right kidney
weighing 35 g in a case of BN, surface is smooth,
occasionally mildly wrinkled (autopsy, a man aged 48).
B. Multifocal papillary tumor of the right ureter (autopsy).

A

B
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Morphological studies of renal changes in post
mortem material

Diffuse fibrosis of cortical interstitium and tubular
atrophy may be observed in the absence of significant
cellular interstitial infiltration. In contrast to the cor-
tex, Bertin’s columns are less markedly affected. Even
in severe tubulointerstitial cortical changes, glomeruli
are well preserved, partially collapsed, and subse-
quently subjected to focal or generalized sclerosis caus-
ing collapse. Glomeruli in Bertin’s column are occa-
sionally compensatorily enlarged. Pyramids are pre-
served or less markedly affected [72, 74, 77]

Blood vessels, arcuate or interlobular arteries, and
arterioles are affected in the form of intimal sclerosis
and thickening of lamina elastica interna. In addition,
the blood vessels are compressed and torsioned [77].

In cases of tumors of the renal pelvis and ureters,
morphological signs of pyelonephritis are recognized
[72].

Optic microscopic, immunofluorescent and
electron microscopic studies of renal biopsies

In oligosymptomatic clinical cases, rare dissemi-
nated foci of interstitial fibrosis and tubular atrophy
with preserved glomeruli are seen. These changes have
no special predilection of distribution and are not in-
flammatory. They tend to be triangular, with the base
oriented toward the renal surface [67, 77]. In cases with
initial renal failure, the fields of acellular interstitial fi-
brosis are larger and diffuse.

The striking atrophic process observed in Balkan
nephropathy suggests that apoptosis may play a role
in this disease. In this context it is of interest that Savin
et al. observed an increased apoptosis to proliferation
ratio at the level of the tubuli [78].

The glomeruli are usually affected by generalized
[80%] or segmental sclerosis [10%] and only in 8% is
hyalinosis recorded. Double contour glomerular base-
ment membrane occurs in 22% of the cases. In 2.7-6%
of cases fetal-like glomeruli can be seen in the kidneys,
while glomerular hypercellularity was recorded in 4%
[70, 77, 79].

The most interesting changes are present in pre- and
postglomerular blood vessels. In about 50% of cases
PAS positive proteins are deposited in vasa afferens
walls in a focal segmental or circumferential manner

in the form of droplets, bands or granules [70, 77, 79].
No tissue reaction is seen around these arterioles.

Interlobular capillaries are filled with thick, pro-
teinaceous substances that are also deposited below the
capillary endothelium and may even be found free in
the interstitium. These changes are described as capil-
lary sclerosis [68]. Although renal vascular changes in
Balkan nephropathy have been pointed out as very
important, they are not specific and can be encountered
in other renal diseases. Ferluga et al. [70] and Sindjic
[77] point out to similarities in early changes encoun-
tered in Balkan nephropathy with cyclosporine-in-
duced nephrotoxic changes.

Immunofluorescence revealed irregular and scarce
deposits of C3, fibrin and IgM, and occasionally IgA,
C1q and C4, mainly on the vascular walls, Bowman’s
capsule and some sclerotic glomeruli [67, 80, 81].

Electron microscopic findings are either normal or
correspond to degenerative and sclerotic changes.
While some authors describe virus-like particles [34,
82, 83], others point out that such particles were not
found [70, 71].

Despite these findings, some authors described
Balkan nephropathy as a form of glomerulonephritis
[79, 84]. However, the lack of reliable evidence sup-
porting glomerulonephritis has lead to it being dis-
carded [71, 75] and abandoned even by its advocates
[85].

Optic microscopic, immunofluorescent and electron
microscopic studies of renal biopsies in children aged
5-15 from affected families in endemic regions failed
to detect any Balkan nephropathy related changes [77].

Overview of morphological studies

It is generally agreed that the morphologic changes
of Balkan nephropathy are not specific and correspond
to non-destructive, non-inflammatory kidney disease
accompanied by marked changes on the blood vessels
in both early and late stages of the disease, interstitial,
multifocal fibrous expansion and severe tubular atro-
phy mainly in the upper cortex [67, 70, 71, 77, 79].

Changes on kidney arterioles have been described
suggesting that the changes in early stage of the dis-
ease may be responsible for the development of multi-
focal, ischemic, vascular nephrosclerosis encountered
in chronic stages of the disease [67, 70]. On the other
hand, close similarity of Balkan nephropathy with an-
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algesic and cyclosporine-induced nephropathy has
been recognized [69, 70, 77]. All this leads to a sugges-
tion that Balkan nephropathy develops following a
model of toxic nephropathy, targeting primarily the
vascular endothelium where the tubular epithelium is
affected either directly or indirectly due to accompa-
nying ischemia.

Clinical features, diagnostics and
treatment

Clinical picture and course

Balkan nephropathy is a chronic tubulointerstitial
disease with occult, insidious onset, usually progress-
ing slowly without apparent signs and symptoms. Af-
ter a long asymptomatic period, the disease is mani-
fested as chronic renal failure. Less commonly blunt
lumbar pain or renal colic may develop or, occasion-
ally, dysuric symptoms induced by urinary tract in-
fection. If hematuria exists, urothelial tumor should be
suspected. In an advanced case polyuria and nocturia
are present due to impaired concentrating ability of
the kidneys. The disease is tolerated well and the pa-
tients preserve their working ability until advanced
stages of renal failure [18, 74, 86, 87].

Objective examination reveals a characteristic skin
tan of Balkan nephropathy patients: a pale yellow with
copperish glow on the cheeks has been recognized since
the augural reports on the disease [18, 86]. Besides, xan-
tochromia of the palms and soles is also frequently ob-
served.

Patients with Balkan nephropathy do not suffer
from edema, and their blood pressure is usually nor-
mal [18, 86-88]. In the advanced phase of the disease
physical examination detects signs of dysfunction of
other organs or systems as a consequence of chronic
renal failure [19].

As Balkan nephropathy is characterized by a slow
asymptomatic course, most authors identify two main
stages of the disease: the first, asymptomatic (latent,
subclinical) and second, manifest (symptomatic). The
latter is usually subdivided into the stage without re-
nal failure (early, compensated Balkan nephropathy,
with no azotemia) and chronic renal failure (decom-
pensated Balkan nephropathy, uremia) [19, 86, 87].

An important feature of Balkan nephropathy is its
association with a high incidence of tumors of the re-

nal pelvis and ureters [22, 89]. Controversially, urinary
bladder tumors are not more frequent in the regions of
Balkan nephropathy compared to non-endemic ones
[90]. Upper urothelial tumors of patients originating
from the region with Balkan nephropathy differ from
the same tumors identified in patients from other re-
gions because of their similar incidence in both sexes,
bilateral occurrence, slower evolution and more com-
mon association with chronic renal failure [90].

Laboratory findings

Appearance and urine color are unchanged in most
patients with Balkan nephropathy. Urine sediment is
usually scarce; when microhematuria or leukocyturia
are encountered they are usually associated with the
occurrence of tumors or urinary tract infection [86, 87].

Bacteriological studies usually reveal sterile urine,
but in 8.3-31.8% significant bacteriuria was confirmed
and considered due to superimposed urinary tract in-
fection [86, 87].

Proteinuria is a common finding in patients with
Balkan nephropathy [18, 86]. It is usually intermittent,
less than 1 g per day but becomes permanent in ad-
vanced renal failure [91]. Although proteinuria is one
of the criteria for diagnosis of Balkan nephropathy, it
has been reported in healthy members of endemic fami-
lies [29, 91, 92]. Tubular proteinuria is most common
and increased excretion of low-molecular weight pro-
teins such as beta2 -microglobulins, lysozyme, ribonu-
clease, light chains of immunoglobulin, retinol-bind-
ing protein has been reported [93-98]. Beside tubular
proteinuria, smaller numbers of patients manifest
mixed proteinuria, while in patients with renal failure,
glomerular proteinuria may be encountered [96, 98].

Anemia has been noted in patients with Balkan
nephropathy in early studies [18] and described as nor-
mocytic and normochromic or mildly hypochromic
[86]. It has been suggested that anemia occurs earlier
in the course of the disease progression than is the case
in other renal diseases and that it precedes azotemia
[86, 99], however, recent studies have failed to substan-
tiate this claim [91, 100]. Also, there is no evidence that
the anemia in Balkan nephropathy differs from ane-
mia accompanying other renal diseases in either fea-
tures [100] or rate of deterioration in the progression
of renal failure [101]. Nevertheless, anemia in Balkan
nephropathy patients treated with hemodialysis is
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Figure 4. Interlobar artery showing intimal fibrosis. PAS,
x240.

Figure 6. Extensive interstitial scarring associated with
severe arterio and arteriolosclerosis. PAS, x120.

Figure 3. Interstitial fibrosis and tubular atrophy; glom-
erulus with mild mesangial hypercellularity and another
with incomplete hyalinosis. PAS, x120.

Figure 5. Reduced number of tubules; fibrotic inter-
stitium; few infiltrating cells. Masson’s trichrome, x120.
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more severe than in patients with other renal diseases
[101].

The leukocyte count in the peripheral blood of pa-
tients with Balkan nephropathy is normal and with-
out pathological changes in the differential count and
bone marrow [19, 86].

Investigation of renal function in patients with en-
demic nephropathy has revealed tubular dysfunction
in the earliest stage of the disease: renal glycosuria, in-
creased uric acid and amino acid excretion [94], as well
as increased excretion of low molecular weight pro-
teins [97]. Significantly higher activity of cellular en-
zymes in the urine and increased urinary excretion of
Tamm-Horsfall protein have been described in patients
with Balkan nephropathy, as well as in healthy mem-
bers of endemic families [102]. Findings of a distal tu-
bular disorder (impaired urinary acidification, im-
paired urine concentrating ability) were described in
earlier studies [86, 87] but could not be confirmed in
studies conducted in larger groups of patients with
normal or mildly impaired glomerular filtration rate
[91, 103]. The occurrence of certain disorders of the
tubular function recorded in the course of chronic re-
nal failure (increased natriuria, phosphaturia) can be
considered as the result of kidney adaptation to the
lost nephron mass, instead of Balkan nephropathy
properties [103].

The immunological studies have failed to indicate
that immune disorders participate in the pathogenesis
of Balkan nephropathy, with some of the detected
changes having been attributed to advanced renal fail-
ure [104].

Imaging methods

Different methods of kidney imaging have shown
that Balkan nephropathy patients with chronic renal
failure have symmetrically shrunken kidneys with
smooth surface and no calcifications [88]. The time at
which the shrinking occurs remains to be determined.
While some authors suggest that the size of the kid-
neys remains normal in patients in the latent phase of
the disease and with normal renal function, others re-
port cases of shrunken kidneys in patients in an early
phase with normal glomerular filtration rate, and it was
even proposed that the disease was characterized with
primarily small kidneys [91, 103, 105].

Excretory urography does not reveal changes in the

pyelocaliceal system, except in cases with secondary
infection or urothelial tumors.

Radionuclide methods have shown that renal
plasma flow impairment is the first sign of the early
phase of renal failure. Glomerular and tubular func-
tions correspond to the severity of the disease.

Diagnosis

The most commonly used criteria for the diagnosis
of Balkan nephropathy are those proposed by
Danilovic et al [99]. They include: (1) farmers in the
endemic villages, (2) familial history positive for en-
demic nephropathy, (3) mild proteinuria, (3) low spe-
cific gravity of the urine, (4) anemia, early occurrence,
normochromic or hypochromic, (5) retention of nitrous
compounds in the blood (urea > 50 mg/dl, creatinine
> 1.5 mg/dl), (6) symmetrically shrunken kidneys.
Using these criteria, Danilovic classified patients into
the following groups:
1. potential, a group with intermittent proteinuria

and positive familial history, including those that
fulfill at least the first three criteria;

2. suspected, a group that in addition to the first
three fulfill at least one of the remaining three
criteria;

3. affected, a group that fulfill at least 5 out of 6
criteria;

4. decompensated patients that fulfill at least 5 out of
6 criteria and have urea values > 150 mg% and
manifested signs of uremia.
Analysis of these criteria leads to the conclusion that

they enable detection only of patients with overt dis-
ease, and the criteria are not sufficiently specific to en-
able a reliable diagnosis. Therefore, numerous studies
have focused on developing sufficiently sensitive and
specific criteria to allow diagnosis in the early phase.
Although indications of tubular disorders, particularly
tubular proteinuria, may be used as sufficiently spe-
cific diagnostic criteria, so far no single clinical or labo-
ratory finding is considered pathognomonic for Balkan
nephropathy when differentiate it from other tubulo-
interstitial diseases.

The diagnosis of Balkan nephropathy is now estab-
lished according to epidemiological criteria suggested
by Danilovic (criteria 1-3) [99], presence of tubular pro-
teinuria and ruling out other renal diseases.

Histopathological analysis makes the diagnosis of
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Balkan nephropathy much easier [70, 77], and it is con-
sidered indispensable in classifying the following
groups of patients with urinary abnormalities sugges-
tive of endemic nephropathy:
1. Patients from families that were not previously

been affected with endemic nephropathy, but live
in an endemic village;

2. In cases of nephropathy of unknown etiology in
villages close to endemic foci;

3. In immigrants to endemic regions and in emi-
grants from these regions [104].
Differential diagnosis of Balkan nephropathy

should include all chronic, slowly progressive renal
diseases, primarily chronic tubulointerstitial diseases.
Although no specific indicators of Balkan nephropa-
thy have been recognized, epidemiological data, famil-
ial history as well as clinical characteristics of the dis-
ease enable differential diagnosis. Thus, shrunken kid-
neys with smooth surface are characteristic of Balkan
nephropathy and they differentiate it from analgesic
nephropathy, pyelonephritis or reflux nephropathy
that are characterized by shrunken kidneys with un-
even surface. Pyelocaliceal system of the kidneys re-
mains unaffected in patients with Balkan nephropa-
thy, unlike the characteristic changes observed in
pyelonephritis or obstructive nephropathy. Absence of
papillary calcifications also enables differentiation of
Balkan nephropathy from analgesic, obstructive, reflux
nephropathy [103, 106].

Recently similarity of Balkan nephropathy and
nephropathy induced by Chinese herbs used in slim-
ming diets have been suggested [47]. Nevertheless,
Chinese herb nephropathy is a rapid progressive tu-
bulointerstitial disease with pronounced fibrosis and
progression towards end-stage renal disease within few
years, clearly different from the protracted clinical
course of Balkan nephropathy.

Prevention and treatment

Balkan nephropathy is a disease of unknown etio-
pathogenesis, so that recommendations regarding ef-
fective prevention are not possible. Efforts have been
made to improve the living conditions, bring high qual-
ity drinking water to endemic villages and undertake
other hygienic measures. Treatment is planned accord-
ing to the stage of renal impairment. In principle, the
treatment involves treating any reversible factors,

which deteriorate the renal function and measures ap-
plied in chronic renal failure [107].

End-stage renal disease is treated with dialysis and
kidney transplantation. Hypertension and cardiovas-
cular diseases affect the Balkan nephropathy patients
less frequently, so they tolerate hemodialysis rather
well compared to patients with other renal diseases.
The Balkan nephropathy patients on long-term hemo-
dialysis frequently develop upper urothelial or urinary
bladder carcinoma.

Although the number of reported cases with kid-
ney transplant is small, neither specific post-transplan-
tation problems nor disease recurrence on the trans-
planted kidney have been described.

Overview of clinical and laboratory studies

Balkan nephropathy is a chronic tubulointerstitial
disease with insidious occult onset which progresses
without symptoms. Agreement as to how to define the
early asymptomatic phase of the disease is lacking,
since no specific indicators for the diagnosis have been
recognized. The diagnosis is established according to
epidemiological criteria (farmers in endemic villages,
familial history positive for endemic nephropathy),
presence of tubular proteinuria, findings of symmetri-
cally shrunk kidneys with smooth surface, without cal-
cifications and ruling out of other renal disease. Renal
biopsy may make the diagnosis easier, although the
changes are non-specific. One important feature of
Balkan nephropathy is the associated high incidence
of tumors of the renal pelvic and ureters.

So far, laboratory studies have failed to detect any
disorder as a specific marker for early detection of the
disease or a reliable indicator for differential diagno-
sis. Laboratory studies have confirmed that Balkan
nephropathy is a tubulointerstitial disease so that tu-
bular disorders precede impairment of glomerular fil-
tration. Although anemia is one of the criteria for the
diagnosis of the disease, it has not been evidenced that
pathogenesis and features of this anemia differ from
that observed in other chronic renal diseases. It is only
more severe in end-stage Balkan nephropathy patients
than in patients with other kidney diseases.
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Introduction

Toxin-induced acute renal failure (ARF) is a com-
mon cause of morbidity and mortality in Africa.

However reports in the medical literature are limited
because in the majority of cases, identification of toxin
is missing [1].

A majority of the toxin induced acute renal failure
in South Africa follows a visit to the traditional diviner
(the “sangoma”). This often results in a conspiracy of
silence; the patients are reluctant to admit such a visit

and in most instances deny both the consultation, and
subsequent ingestion of prescribed herbal therapy [2].
This handicaps the planning of management, particu-
larly as some toxins have multi-system effects, e.g.
acute renal failure accompanied by hepatitis and coli-
tis, as occurs in dichromate poisoning [3]. While the
majority of patients admitted with poisoning have been
prescribed by traditional healers, approximately 12%
of the patients have obtained their medications from
“African” shops (equivalent of a western–style chem-
ist) [1]. It is not always the diviner who is responsible

 2003 Kluwer Academic Publishers. Printed in The Netherlands.©
1
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for the prescribing these toxins, but rather the patients
who buy medicines without completely understand-
ing their content.

De Smet [4] and others [5] have advocated the need
to disseminate knowledge about the risks and benefits
of herbal and alternative medicines. Such information
would allow ‘ingestors’ of such medicines the knowl-
edge to decide whether or not to consume herbal con-
coctions.

The ingestion of alternative medicines for the im-
provement of well-being is a global problem. This prob-
ably reflects, in part, the dissatisfactions many patients
express concerning western style medical practice.
Larrey [6] points out that the trend in the use of herbal
medicines is growing due to a belief that natural prod-
ucts are both good and innocuous when compared with
western style medicines. De Smet [4] summarized this
global problem using a series of selected case reports.
In the summary he described the intake of herbal tea
(contained the toxic pyrolizidine alkaloids) leading to
hepatotoxicity and death. Another example was the
use of azarcon in Mexico (lead tetroxide) causing se-
vere lead poisoning with resultant seizures, encephal-
opathy and death in a three-year old child. Further-
more, he presented another tragic case of a woman,
whom, despite repeated warnings, had continued to
eat raw dried rattlesnake meat, contaminated with Sal-
monella Arizona. She succumbed from sepsis. He con-
cludes that there is a strong placebo effect derived from
the ritual of taking herbal medicines and this entices
many to try alternative treatments.

Psychosomatic complaints may in fact benefit from
this ritual and where health resources are restricted –
as in South Africa - may save the State millions of rands
in health costs! Chan [7] supports this view and men-
tions that in many developing countries, traditional
methods of treatment (as opposed to the conventional
western style prescription methods) are the only af-
fordable and available forms of health care for the
majority of the population.

We are all aware of the substantial benefits patients
have derived from the use of botanical derivatives to
treat medical conditions (digitalis comes to mind im-
mediately). The clinical results with feverfew, which
has benefits as an anti-migraine agent is but one ex-
ample [4]. However, the acceptability of these plant
extracts arose only after safety and efficacy was as-
sured. An example is research conducted by the Chi-

nese on the leaves of Artemisia annua and the discov-
ery of a new and exciting anti-malarial artemisinin.
While the anti-febrile effects of Artermisia annua herb
have been recognized in China since the 4th century
AD [8], it was only in 1972 that the research into the
anti-malarial properties began.

A starting point would be to assemble a catalogue
of safe herbal remedies, which the traditional healers
could use for their patients. Watt and Breyer-Brandwijk
[9] published such a catalogue and listed the local
names of numerous medicinal plants. The poisonous
ones were also identified in their publication. How-
ever, insuring that this information is easily accessible
to the traditional healers is challenging. In addition to
the need for a revised, updated and expanded version,
the document must be written in the language of the
traditional healer and be user friendly.

Bye and Dutton [2] have researched the culture of
the Zulu people (concentrated mainly in the KwaZulu/
Natal region) and the use of traditional remedies. The
Zulu believe that disease is a reflection of disharmony
between an afflicted person and his/her ancestors. The
sangoma (diviner) diagnoses the problem by consult-
ing with the spirits and thus identifies the source of
the disharmony. The inyanga prepares and dispenses
the herbal treatment required to dispel the disharmony
and in so doing hopes to cure the affliction. Although
this work concentrated on the Zulu population [2],
there exists this common thread of belief, in the need
for ancestral placation, during times of illness amongst
the blacks in Africa. Therefore, the administration of
toxic herbal substances (or chemical substances e.g.
mixtures of solutions with battery acid and others with
dichromates) is intrinsic to the whole African continent.

The lack of good toxicological services in a large
part of the African continent is a major contributor to
the inability to identify most of the culprit toxins. An-
other major problem is that the registration of herbal-
ists has not been uniform, which can lead to a situa-
tion where ignorant persons are dispensing substances
of which they, and anyone else for that matter, know
little. When herbal remedies are recommended, there
are no checks and balances in the treatment protocols.
Unhappily, fatalities expected to be the result of herbal
use are a major problem in infants including the death
of healthy babies. Similar to western-type medical prac-
tice, charlatans are encountered amongst the sangomas
and inyangas. These quacks are usually ignorant of the
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safer, tried and tested traditional remedies. They may
prescribe the hard-core, more toxic substances. An ex-
ample of such an occurrence is a case of cresol poison-
ing discussed below.

This chapter will attempt to outline the extent of
the problem in the major provinces in South Africa.
We have confined our comments to toxins that have a
major impact on renal dysfunction – although some (if
not most!) toxins have secondary effects with conse-
quent kidney failure.

We have also incorporated a description of specific
problems, which do not involve diseases as such (and
therefore the sangoma and inyanga is definitely inno-
cent in this instance). These specific problems fall into
the category of cosmetics used as hair-dyes and skin-
lightening creams (in the Sudan and from Kenya).

Toxins in the different regions

Western Cape

This region has two major referral hospitals for
treating those people in renal failure. It is our opinion
that in the majority of toxin induced acute renal fail-
ure ‘unknown’ toxin is by far the commonest etiologi-
cal agent! In a minority of cases the definite agent is
know. One of these is potassium dichromate. The ex-
cellent work done by Wood et al [3] in describing the
extent of the toxicity of potassium dichromate has been
of great educational value.

Potassium dichromate

Potassium dichromate is the principal active ingre-
dient in purgative solutions; the indications for its use
are broad and may encompass any complaint. The sub-
stance is toxic in the hexavalent state but metallic chro-
mium is inert. It is used in the leather industry for tan-
ning, as an industrial cleaning agent and in electro-
plating. It is a bright yellow crystalline substance in its
natural state.

When taken orally or rectally it is irritant to the
mucosa and can cause acute tubular necrosis, hepati-
tis and colitis. The toxic hexavalent chromium becomes
rapidly bound to tissue (in the trivalent form). There-
fore clinical measures to reduce absorption must be
administered immediately in order to have an effect.
When inhaled, it causes chronic bronchitis, interstitial

pneumonitis and fibrosis. The indications for which
dichromates may be prescribed are numerous. Figure
1 is an example of a purgative, the contents of which,
on analysis was found to have a mixture of dichromates
and faeces. This mixture was given to a patient to re-
lieve mild constipation. The patient initially denied that
she had consulted a sangoma but later, after she had
undergone dialysis for two weeks followed by com-
plete recovered from her acute tubular necrosis (ATN),
brought in the medicine bottle and admitted that she
had taken the substance orally on prescription of a
healer. This had produced severe diarrhea and dehy-
dration with subsequent ATN. Note (Figure 1) the
healer has used western-style prescription methods in-
cluding standard abbreviations such as t.d.s. and p.o.
Furthermore note that the indications for use of the
medicine range from “blood” disorders to diarrhea to
libido problems!

Wood has presented several cases of known dichro-
mate poisoning [3]. In six of the seven cases, the pa-
tients were able to produce the ingested compound for
analysis and dichromate proved to be the principal ac-
tive ingredient. All his patients had blood levels of chro-
mium well in the toxic range. They all required dialy-

Figure 1. Medicine bottle containing dichromates. Note
indications for use. By courtesy of Prof Wood.
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sis support and in one tissue was obtained at post-
mortem examination. This patient died from sepsis and
massive gastrointestinal hemorrhage. It is noteworthy
that the liver had the highest chromium content fol-
lowed by the kidney and this was found 26 days after
the initial presentation!

The clinical presentation of these 7 cases was that
of a spectrum involving the kidneys with GIT mani-
festations in all, as well as hepatic failure in two. Sep-
sis and hemorrhage were secondary manifestation of
mucosal damage and in one case, rectal perforation
(probably traumatic enema) was an additional find-
ing.

Treatment consists of early hemodialysis to remove
a larger amount of chromium (due to the rapid tissue
binding). There is no role for chelating agents. Other-
wise, treatment for dichromate poisoning is entirely
supportive. Fortunately, the renal failure is reversible.
It is interesting to point out that the chromium is taken
up by the kidneys and produces a good nephrogram
on straight abdominal X-ray!

Cresols

Transcutaneously absorbed substances may lead to
severe toxic systemic effects. Substances, which fall into
this category, include the phenols and the closely re-
lated compounds, cresols.  The commercially available
Jeyes fluid is a cresol. Jeyes fluid ingestion and admin-
istration by enema are well-documented forms of poi-
soning in South Africa. Berg et al. (personal communi-
cation) are the first in South Africa to describe the de-
velopment of ATN following the transcutaneous
absorption of a cresol. The case was a woman who may
have presented to a healer (Berg cannot be sure that it
was not a charlatan that was consulted) complaining
of nausea. She was “painted” with a solution of Jeyes
fluid. Whilst being painted she immediately lost con-
sciousness and was taken to a nearby hospital. In ad-
dition to being deeply comatose, superficial chemical
burns where noted on admission. Her vital signs were
normal including a normal blood pressure. She re-
gained consciousness after approximately 3 hours; her
urine was bloody and she became oliguric. It was
thought that she had aspirated and she was subse-
quently treated for pneumonia (confirmed on X-ray
and located to the right upper lobe).

Examination of the urine revealed macroscopic

blood and granular casts. Her serum biochemistry re-
vealed hyperkalemia and elevated urea and creatinine
levels. She ultimately required dialysis and recovered
sufficient renal function within 3 days to allow cessa-
tion of dialysis therapy. In view of the close associa-
tion between the exposure to the Jeyes fluid and the
development of ATN, a renal biopsy was not per-
formed and a causal role was assumed.

It appears that cresols are absorbed across intact
skin. Once absorbed, phenols are widely distributed
throughout the body and are toxic to various cell types.
Green reports on a one-year old child who died 4 hours
following the accidental application of a phenol solu-
tion to his head. At post-mortem examination, the pres-
ence of the phenols in the internal organs was detect-
able by the typical odor of phenol [10]. ATN was also
documented histologically. Bruce et al. document 2
cases of cresol poisoning and their resultant deaths [11].

Tygerberg Hospital, the other reference hospital in
the Western Cape, provides an additional toxin, which
has caused ATN. This toxin is cantharidin.

Cantharidin

Is commonly known as Spanish fly and is derived
from blister beetles. Karras speculates that it may be a
more common cause of morbidity than is recognized
[12]. It is used as a sexual stimulant and is an ingredi-
ent in some wart removal remedies [13]. Poisoning is
noteworthy for its dramatic effect on the gastrointesti-
nal and urinary tracts, as well as occasionally induc-
ing cardiac abnormalities and seizures [12, 13]. The
patient may present with massive hematemesis and
hematuria. The kidney is often involved with ATN and
glomerular damage. Treatment is supportive and in-
cludes dialysis when indicated.

Kwazulu-Natal

Seedat, in 1978 [14], concluded that the common-
est medical causes of acute renal failure in Natal were
toxins. The toxins were mainly herbal in nature and
the composition of the majority was unknown. How-
ever the best studied toxin from this area is the ox-eye
daisy or impila (Callilepsis Laureola) [15].

The impila (which means health in Zulu) bears a
root similar to a sweet potato. It is harvested in winter
and stored after drying and crushing. The solution is
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administered after 30 min in boiling water either rec-
tally or orally [2]. It is a multi-purpose muthi (medi-
cine) and is given for general health, impotence and
HIV symptoms. It is also believed that if the root is
buried near a person’s home, then it will intercept any
evil directed towards that household [2].

Impila causes massive centrilobular liver necrosis
with hypoglycemia and liver failure. It also causes acute
tubular necrosis [16, 17]. Watson described 50 black
children who had died at the King Edward VIII Hos-
pital [16]. Post-mortem examination was conducted in
all cases confirming the diagnosis of impila poisoning.
No common trend was noted in the clinical presenta-
tion of these children. They all thus concluded that hy-
poglycemia and evidence of hepatic and renal dysfunc-
tion, were strong indicators of impila poisoning.

Atractyloside is a component in the root of the
impila and it is this substance, which has been demon-
strated to cause acute tubular necrosis in rats [17].

Gauteng

A substantial experience of toxin induced renal fail-
ure has been gained at the Chris Hani Baragwanath
Hospital. This 3000 – bed teaching hospital serves ap-
proximately 4 million people from Soweto. Once again
patients often visit traditional healers, usually prior to,
or instead of consultation with a medical doctor [1, 18].
A recent study done at the hospital [Katz - personal
communication] revealed that 13% of cases of ARF
were caused by herbal toxins. Segal and others reported
on ritual–enema-induced colitis [19]. Their report in-
corporates 11 patients where the clinical hallmarks of
the injury were peritonitis and rectal bleeding. The in-
jury in some cases extended to involve the whole co-
lon. Of the enema ingredients, potassium dichromate
was prominent. Therefore this is a ubiquitous toxic
substance used widely throughout South Africa. Other
ingredients were vinegar, caustic soda and dettol. The
severe cases were complicated by renal failure. Obvi-
ously – with the exception of the dichromates, which
we know are directly nephrotoxic - the cause of the
renal impairment was multifactorial. Sepsis probably
played a major role in the pathogenesis of the acute
renal failure.

In the experience of Katz (personal communication),
males predominate in the group with herbal induced
ARF. This observation is supported by a report from

Zimbabwe describing the pattern of poisoning from
traditional medicines in that country [20]. Apparently
men resort to taking muthi because it is perceived as
being manly and also because they have easier access
to the sangomas than do women. Interestingly, from
the Katz group again, comes a recent report (personal
communication), which described a male who pre-
sented in ARF after drinking one spoonful of a sangoma
prescription. He had visited the sangoma with the com-
plaint of vomiting and abdominal cramps. He required
2 months of dialysis and – although no longer dialysis
dependent - the latest biochemistry shows incomplete
recovery. A sample of the ingested compound was
found to contain Cape Aloe. This was a surprise find-
ing, since the aloe is considered to be safe. Therefore
one must be cautious in interpreting this as the agent
responsible for the ARF, since there may have been
other substances present in the concoction, which could
not be detected. An unanswered question here is what
was the cause of the vomiting and cramps, which led
the man to consult the sangoma in the first place? Did
that have any deleterious, causal effect on renal func-
tion?

Aloes occur throughout the world. The genus Aloe
includes herbs, shrubs and trees. The leaves are used
for the preparation of medicine or cosmetics [9, 21, 22].

Cape aloe

This is a common species of aloe and is derived from
Aloe ferox. It is reported to be the most extensively
used plant substance as an herbal remedy in South
Africa [9]. The aloe is also identified as one of the most
commonly used herbal propriety products [21]. It is
not considered toxic. Therefore the case from the Chris
Hani Baragwanath Hospital discussed above, must
have had other additives that were not measurable or
the “dose” may have been too high. Or, as must al-
ways be considered, did the original disease for which
help was sought from the sangoma, not play a role in
causing the ARF  [31]?

To support its safety, Van Wyk [22] mentions the
medicinal uses of the Cape aloe. The yellow juice from
the leaves is dried and a small crystal (the size twice
that of a match head) of the dried substance is taken
orally as a laxative. Its use as a laxative has also been
important from a commercial point of view. The ex-
port market has been a valuable source of revenue for
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SA. It may also be used for arthritis, but at a much
smaller dose than that required for a catharsis. Van
Wyk mentions that eczema, hypertension and stress
have also been included in the list of indications for
this product. One is uncertain as to how these indica-
tions were arrived at and whether there is any sub-
stantive evidence of efficacy, with the use of aloes, in
the treatment of these conditions.

The active purgative ingredient in the aloe is called
barbaloin. The barbaloin is a prodrug and once in the
colon is it converted to the active substance, aloe-emo-
din anthrone [21, 22]. The conversion to active drug is
facilitated by the colonic flora. The laxative action re-
sults from the inhibition of colonic Na–K-ATPase with
the resultant increase in the water content of the colon.

Eastern Cape

Rose described the toxicity of the senecio plant in
1972 [23]. It is the most common plant species to con-
tain the pyrolizidine alkaloids. Toxicity includes he-
patic necrosis and later intrahepatic veno-occlusion. A
major secondary component is ATN.  There are over
50 species of senecio plants in the Eastern Cape. The
plants are used extensively as enemas and purgatives.
Rose mentions that, despite the deaths resulting from
the use of these plants, the local inhabitants are not
aware of the danger these plants pose to their well-
being.

Figure 2 is a photograph of a cow horn and seg-
ment of hollowed out reed. These objects in the photo-
graph have actually been used in sangoma/inyanga
treatment procedures. They were obtained (after much
negotiation!) from a sangoma practicing in Cape Town.
They are the standard instruments used by the sango-
mas to administer the various herbal remedies, via the
rectum.  The Higginson’s syringe has also been used
[3]. The funnel-shape of the cow horn makes it easy to
use this form of treatment – however we must remem-
ber the report from Segal [19] in which the complica-
tions of rectal perforation and colitis are ascribed to
the instruments and methods used to administer treat-
ments rectally. The hollowed out reed is only used in
children. Here the prescribed solution is first aspirated
into the hollow reed and the blackened tip is inserted
into the rectum. The sangoma will then blow through
the hollow reed forcing the herbal medicine into the
rectum of the child.

The following discussion relates to renal disease
occurring as a consequence of substances used for cos-
metic reasons.

Kenya

Barr in 1972, discussed the nephrotic syndrome in
adult Africans in Nairobi [24]. In this report he reported
that young, English-speaking women, with the neph-
rotic syndrome, were in the majority. They were able
to separate these patients from the rest by the cosmet-
ics that they used. In fact, more specifically, by the habit
of applying skin lightning creams. On further analy-
sis, it was found that they had used creams containing
amino-mercuric chloride. Analysis of the urine re-
vealed high levels of mercury. After cessation of the
mercury containing creams, the urinary mercury lev-
els rapidly fell to normal. This study was of interest in
that only 12% of the biopsies obtained were diagnosed
as membranous nephropathy. The majority (50%) had
minimal change disease.

The mean duration of use of the creams before pre-
sentation with leg edema, was 13 months. The remis-
sion rate was 50% in those with minimal change dis-
ease after withdrawal of the creams.

Mercury

Human exposure is either to mercury vapor or me-
thyl mercury compounds [25]. See also chapter 26.

Both of these forms of mercury can lead to kidney
involvement with nephrotic range proteinuria. The ef-

Figure 2. Cow horn and hollow reid used by the tradi-
tional healers for the administration of herbal enemas.
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fect on the kidney is suggested to be on the basis of
mercury-stimulated T lymphocytes [25]. These T lym-
phocytes produce damaging antibodies to the base-
ment membrane with consequent heavy proteinuria.
The damage may manifest as membranous nephropa-
thy with the nephrotic syndrome [26, 27] or as mini-
mal change disease [24]. Of importance, there are no
case reports of nephrotoxicity resulting from exposure
to mercury from amalgam tooth fillings [28].

There is no specific treatment for mercury poison-
ing of the kidneys but removal of the source of the metal
is important. This maneuver may result in spontane-
ous improvement in 50% of cases [24]. Brown, in a
study from Malawi, described the failure to improve
in 2 out of 6 patients with membranous nephropathy
who were known to have used skin creams [27]. This
occurred despite removal from exposure to the mer-
cury as well as the administration of steroids.

The Sudan

In a personal communication, Sulieman from the
Sudan described renal toxicity of a particular hair dye
[29]. This dye contains paraphenylenediamine and
when mixed with henna, blackens the hair in a very
short time. The substance is a common cause of ATN
in the Sudan. It is also toxic to the heart and liver. It is
absorbed through the skin but people have ingested
the dye in suicide attempts. Within 3-4 hours after in-
gestion they develop angioneurotic edema soon fol-
lowed by renal failure. Renal biopsy shows the typical
features of acute tubular necrosis. See chapter 32.

Discussion

The study and identification of all the herbal medi-
cines in South Africa will be an important contribu-
tion to the well-being of the majority of our popula-
tion. In this regard, the University of Cape Town’s de-
partment of Pharmacology has set up a unit to study
herbal medicines. They are collaborating with the
sangomas in an exciting exchange of information. The
benefits from such collaboration are not limited to de-
fining a therapeutic option point of view, but also will
provide an understanding of the culture behind the
sangoma/inyanga influence. Suspicion and distrust
between the western-style doctors and traditional heal-
ers needs to be eliminated.

Savage and Hutchings, in their thought provoking
article in 1987, pointed out the failings of the western-
style doctors [30]. They made the valid point that much
of the adverse publicity given herbal remedies was as
a result of guesswork. Doctors often ascribed the vari-
ous disease manifestations to herbal treatment with-
out confirmation. The finding that the original prob-
lem for which the patient consulted the sangoma was
not pursued, was a cause for concern for these research-
ers.

Their statement of an “aloof attitude of mild con-
tempt” on the part of the medical staff says it all [30].
The sangoma/inyanga influence must be understood;
solutions to end this poisoning of, in many instances,
healthy patients must be found. The problem will only
be solved once trust between the two (traditional and
western-style) healthcare givers is established.
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Introduction

Since 1883, paraphenylene diamine (PPD) has tra-
ditionally been used for dyeing (dark color) hair in

Europe [1- 2] as a fresh preparation mixed with hydro-
gen peroxide (H2O2) [3]. In Sudan PPD is used by
women to color their hair and as a body dye when
added to henna (Lawasonia alba). Henna on it’s own
need to be applied two or three times for several hours
to give the desired color (dark red or black). In con-
trast this can be achieved with one single application
in less than one hour by adding PPD to the henna. The
toxicity of PPD, when added to henna occurs through
skin absorption. This toxicity can not be attributed to
henna, (L. Alba) which is a herb used for cosmetic pur-
poses and also used in folk medicine for the treatment
of some skin diseases, as an antiinflammatory, anti-

pyretic and analgesic agent [4-5]. In Morocco, Takaout
beldia indicates a non-toxic vegetable product extracted
from the gallnut of Tamaris Orientalis (Figure 1). This
non-toxic substance is highly appreciated by woman
for its hair dyeing properties. Its rarefaction resulted
in the use of paraphenylene diamine as substitute un-
der the name of Takaout Erroumia. If nowadays acci-
dental ingestion is exceptional, its use for suicidal at-
tempt in young woman in Morocco and Tunisia be-
come highly prevalent [6].

For the last seventy-five years the dermatological
effects of PPD are well studied and as a result of these
studies the European Union restricted the concentra-
tion of PPD in hair dye formulations to a maximum of
6% [3]. Systemic intoxication is not well studied al-
though there are many studies of its mutagenicity and
carcinogenicity [7-8]. Its ingestion is responsible for a
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respiratory (cervico-facial edema), muscular (rhabdo-
myolysis) and a renal syndrome (acute renal failure
due to hypovolemia and myoglobulinuria). The respi-
ratory syndrome mainly determines its prognosis.

Paraphenylene diamine (PPD)
characteristics

PPD [C6H4 (NH2) 2] is an aromatic amine not found
in nature. It is a derivative of paranitroanaline and it is
available in the form of white crystals when pure and
rapidly turns to brown when exposed to air [9]. Para-
phenylene diamine has a molecular weight of 108
Dalton; its boiling point is 267°C and melting point
140°C. It is soluble in ethanol, ether, benzene, chloro-
form, and acetone and with agitation in water [10].

Rinne and Zinke first prepared PPD in 1874 by re-
ducing 1, 4 dinitrobenzene with tin and hydrochloric
acid. Now it is produced commercially by reducing 1-
amino-4-nitrobenzene by (1) iron and hydrochloric acid
or (2) iron, ammonium polysulphide and hydrogen or
(3) iron and ferrous chloride [2].

PPD is used in a variety of industrial products.
Along with its derivatives, it has important antioxidant
actions - used in the manufacturing of synthetic and
natural rubbers, petroleum products, cellulose ethers
and alfalfa meals [2]. PPD also has commercial appli-
cation as photographic developers and in a variety of
antioxidants and is also used in dyeing furs and for
printing of cellulosic textile materials. PPD hydrochlo-
ride has been used as an analytical reagent in the test-
ing of blood, hydrogen sulphide, amyl alcohol and milk
[11].

PPD is used in hair dye formulations and can pro-
duce a variety of shades depending on the formula-
tion. The concentration of PPD in hair dye formula-
tion range from 0.20% in golden blond dyes to 3.75%
in black hair dyes. Exact concentrations of PPD in dif-
ferent formulations are not known because most hair
dye formulations are proprietary.

For safety reasons, different occupational health
authorities, in the countries where PPD is produced,
have developed standards regarding the degree of air
contamination. It has been stated that employees’ ex-
posure to PPD should not exceed 0.1 mg/m2 in the
working atmosphere in any eight-hours work shift of
forty-hour week. This is the maximum allowable con-
centration in Germany, Japan and UK [9].

Pharmaco-toxicology

PPD has two modes of reactions by which it has a
biological effect:

Oxidation: PPD gives benzoquinone imines as a re-
sult of oxidation. The imines react rapidly with the cou-
plers (another chemical material in the formulation)
and/or an oxidized PPD to produce indo dyes. The
most frequent couplers are 2, 4-diaminoanisole (blue
forming coupler), resorcinol (green brown), metami-
nophenol (magenta/brown) and 1- naphtol (purple
blue color). The most commonly used oxidant is hy-
drogen peroxide. Free ammonia is present to promote
the oxidation reaction and the pH of the mixture on
the dyed area is about 9.5 [3].

Deamination: Deamination has been suggested as
a mode of action of PPD, which results in the produc-
tion of aniline, which may contribute in part to the toxic
effects of the compound [12].

PPD induces one of the most striking experimental
edema. The edema appears to be grossly specific and
selectively localized in the head and neck. It was sug-
gested that the toxic effect of the PPD might be pro-
duced by the conversion of the PPD on mucus surfaces
to its oxidation product quinondimine, which is respon-
sible for intense local irritation [13]. Some authors be-
lieved that PPD toxicity is due to some effect either on
the blood colloids or on vascular permeability [15]. Also
it was believed that the PPD toxicity is due to altered
vascular permeability and involvement of the parasym-
pathetic nervous system [13]. Deamination and forma-
tion of analine is claimed to be responsible in part for
the toxic symptoms [12]. These different views as to
the cause of PPD edema appear to be due to the fact
that the exact number and nature of the oxidation prod-
ucts is not known [14].

At high concentrations and after a long period of
exposure PPD produces cell death. This effect together
with lipid peroxidation can be the cause of the pro-
duction of superoxide and hydrogen peroxide by the
autooxidation of PPD [15].

It was proved that at non-toxic doses, PPD induces
intercellular adhesion molecule-1 (ICAM-1) expression
on the keratinocytes [16]. These results were consis-
tent with the view that oxidative stress may be an es-
sential part of the pre-immunological phase in the in-
duction of the allergic contact dermatitis by PPD [16].

PPD can cause methemoglobinemia by oxidation
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of the ferrous form (Fe2+) of haemoglobin to the ferric
(Fe3+) form. Aniline, nitrobenzene, phenacetin and
other nitro and amino organic compounds are power-
ful methemoglobin formers.

From the studies of the intracutaneous sensitiza-
tion of guinea pigs using PPD, hydroquinone, quinhy-
drone and benzoquinone it has been suggested that
benzoquinone formation plays an important role in the
allergic action of PPD [15].

Studies in rats demonstrate that subcutaneous ad-
ministration of 3 mg of the PPD hydrochloride induces
skeletal muscle lesions in the form of rhabdomyolysis
with infiltration of inflammatory cells, necrosis, accu-
mulation of neutral lipids and dilatation of sacroplas-
mic reticulum [17].

In rats, teratogenicity was studied by testing four
commercially available hair dye formulations contain-
ing 1, 2, 3 and 4% PPD and several aromatic amine
derivatives among their constituents [18]. No abnor-
mal foetal effects were noted, except with the formula-
tion containing 2% PPD, which induced skeletal de-
formities [18].

Experimental studies in guinea pigs revealed that
there is an increase in malondialdehyde, which indi-
cates lipid peroxidation, suggesting that increased free
radical formation is responsible for the histopathologi-
cally demonstrated tissue damage [15]. The increase
in histamine level in the blood as a sign of hypersensi-
tive reaction results in increased permeability and the
increased activities of the cytoplasmic enzymes AST
and ALT and that of tyrosinase, observed in skin fol-
lowing repeated exposure to PPD. This indicates a
metabolic disturbance in amino acid metabolism, which
may be responsible for the epidermal thickening and
erythematous changes [15].

There are many reports about the dark coloration
of urine after topical application of commercial hair
dye formulations containing PPD. It was shown that
PPD is excreted in urine after topical application [19].
It is believed that the darkening of urine was caused
by oxidizing agents and was taken as evidence of the
excretion of unchanged PPD [19].

It was found that the LD50 of PPD was 250 mg/kg
BW in rabbits and 100 mg/kg BW in cats. The subcu-
taneous LD50 was found to be 170 mg/kg BW in rats,
200 mg/kg bw in rabbits and 100 mg/kg BW in dogs.
The intraperitoneal LD50 was found to be 37 mg/kg
BW in rats [3]. The lethal dose for humans was esti-

mated to be 10 grams of pure PPD [6].

Clinical presentation

Epidemiology

In Sudan, PPD in its pure form (90-99%) is avail-
able in the local markets and there are no restrictions
for its use or trade (Figure 2).

The major problem of PPD toxicity results from the
ingestion of the compound accidentally, in suicidal or
homicidal attempts. However, there are some reported
cases of severe intoxication after topical application of
the pure PPD mixed with henna or for dyeing hair [20]
(Figure 3). Samples of the PPD collected from the local
market were found to have a purity of 97% when ana-
lyzed [6]. A survey of suicidal attempts in Khartoum,
the capital of Sudan, in the period 1987-1990 revealed
a number of 264 cases, with an age range between 10
to 30 years. In 35% of these cases PPD was used [21].

In reported series of 24 patients who presented with
PPD intoxication and were admitted to Om Durman
hospital in Sudan within a period of 12 months, twelve
patients took the PPD intentionally and eight of them
died [22].

Over a period of 2 years a series of 18 cases were
reported in Khartoum North Hospital and there were
two babies among them aged eighteen months, 70%
were suicidal attempts. The mortality rate in this se-
ries was 22% [6]. A number of 150 cases with PPD in-
toxication had been admitted to the renal unit in
Khartoum Teaching Hospital from 1985 to 1995. Sixty
percent of them developed ARF requiring dialysis [23].

Recent statistics from the ENT teaching hospital in
Khartoum showed that the number of patients admit-
ted with PPD intoxication has risen from 45 cases in
1995 to 289 (87% in the context of a suicidal attempt) in
1999 giving a rise of around six folds over 5 years with
an average of about 110% per year. The majority of the
cases were in the age group of 15-24 years and more
than 90% of them were females. Mortality rate was
12.5% over the 5 years peaking up to 27% in 1995 and
falling to 9% in 1999. Patients requiring tracheostomy
averaged 36%.

In Morocco, intoxication with PPD is a major health
problem. A reported series of 171 cases of PPD poison-
ing admitted to the medical resuscitation service in Ibn
Roshd hospital between January 1994 and October



614

HAMDOUK, SULEIMAN, KALLEL, BOUAZIZ, MOUTAOUAKKIL, DE BROE & ZAID

1997. In this series, there were 5 men and 166 women,
with a mean age around 26 years. Twenty four percent
of the patients developed severe ARF and 55 deaths
(38.7%) were observed in this study [24]. In 90% of the
cases PPD was ingested in the context of a suicidal at-
tempt. The amount ingested varied between 3 and 15
grams.

Cases with PPD poisoning were reported in the UK,
France, Israel, Japan and other countries [25-29].

Clinical features and systemic toxicity

Acute systemic toxicity: Cases reported with sys-
temic toxicity of PPD had shown various clinical mani-
festations as well as biochemical and histological
changes.

The intoxication represents 30% of the intensive care
admittance during the last 4 years. On admission the
clinical presentation consist mainly in edema, impor-
tant and/or sudden onset of the cervico-facial region.
Facial dermatitis is observed in the case of application
of the toxin (Table 1) [30].

Chronic systemic toxicity: Repeated and prolonged
exposure to PPD is believed to increase the risk of non-
Hodgkin’s lymphomas and multiple myeloma and can-
cer of the bladder [31–32]. Hair dye formulations con-
taining PPD was incriminated in the increased risk of
systemic lupus erythematosus (SLE) and breast can-
cer, however other studies, showed that there is no sig-
nificant relationship [33-34]. Aplastic anemia due to
PPD exposure also has been reported [35].

Determination of PPD has a great value in diagno-
sis, follow up of the treatment and also for medico-
legal purposes.

PPD was detected first in the urine of experimental
animals [19] and in urine of humans by Yagi and col-
leagues [6], using thin layer chromatography. Deter-
mination of PPD in the serum is not mentioned in the
literature.

Nephrotoxicity

The kidneys are particularly vulnerable to effects
of noxious agents because of their high perfusion rate.
Renal damage induced by chemicals is well known.
Renal lesions associated with PPD intoxication received
much attention because most of the clinical investiga-
tors reported renal failure [6, 31-32].

Experimental studies in mice exposed to PPD
showed no histological changes in the kidneys [34].
However, evidence of severe nephrotoxicity has been
reported in humans [22-25]. Histological changes typi-
cal of acute tubular necrosis have been also reported
[36].

A case report of systemic vasculitis and crescentic
glomerulonephritis has been published in patients
chronically exposed to henna containing PPD [37].

In a prospective study performed in Khartoum Kid-
ney Dialysis Centre and Sheffield Kidney Institute 19
renal biopsies out of a series 23 patients with severe
(39%), moderate (35%) and mild intoxication (26%)
were studied under light microscopy. Glomerular in-
jury observed in 94% of the biopsies in the form of hy-
percellularity, membranous proliferation, glomerular
swelling, capsular drop and accentuated lobular archi-
tecture [38].

Tubular lesions were found in 78.9% of the studied
samples. Different epithelial necrosis is the most com-
mon lesion observed (78.9%) while tubular atrophy had
been found in (15.8%) of the studied samples.

Interstitial lesions were observed in 16 samples from
the studied biopsies (84.2%). Focal inflammation (neu-
trophils and eosinophils) was the most common injury
(47.3%).

No vascular injury was observed in all of the stud-
ied biopsies [38].

Other systems involvement

Dermatological manifestations
PPD is a top listed allergen [39-40]. Erythematous

urticarial papules, plaques and target lesions (erythema

Table 1. Frequency of clinical symptoms observed in
171 patients with PPD intoxication in Morocco
between 1991 and 2000.

Edema 94%

Acute respiratory insufficiency 56%
- tracheal intubation (72%)
- tracheotomy (21%)

Signs of rhabdomyolysis 88%

Gastrointestinal symptoms (abdominal pain) 53%

Oliguric acute renal failure 32%

Department of Nephrology, Intensive Care Unit, University Hospital
Averroes, Casablanca, Morocco.
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Figure 4. Glomerular (A) and tubular (B-D) lesions in PPD intoxication. H&E staining. A. Glomerular swelling and
hypercellularity. B. Inflammatory cells are present around eosinophilic intraluminal material (arrow). Some tubular
epithelial cytoplasm is attenuated. C. Tubular basement membrane is distinct in some areas. D. Intraluminal inflamma-
tory cells are seen with a small  proteinaceous casts. The tubular basement membrane is indistinct.

Figure 2. PPD from the local market.

Figure 3. Intoxication due to massive topical use (Sudan).

Figure 1. Natural Takaout beldia (Morocco).
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multiform like eruptions) were described. These skin
manifestations occur as a result of an allergic contact
dermatitis, which generally manifest as an eczematous
rash [41].

Rhabdomyolysis
Cases of rhabdomyolysis following intoxication

with PPD have been reported [25] [27].
Skeletal muscle biopsy of patients showed scattered

coagulation necrosis with associated muscular inflam-
matory cellular infiltration [27]

Cardiovascular system
In many reports of PPD toxicity cardiac arrest was

the main cause of death. In these cases cardiac arrest is
attributed to arrhythmia. Most notably ventricular ta-
chyarrhythmia including ventricular fibrillation has
been the major feature of PPD cardiac toxicity [28-29].
Cases have been also reported of myocardial infarc-
tion associated with cardiac rhabdomyolysis [42].

Respiratory system
Dyspnoea, tachypnoea and asphyxia with chest

pain following acute PPD poisoning have been re-
ported in a number of studies [6] [12] [25]. PPD was
proved to be the cause of asthmatic attacks in the sen-
sitive individuals [43]. A case of Goodpasture’s syn-
drome was reported to be induced by exposure to PPD
[44]. Extrinsic allergic alveolitis also has been reported
[45].

Ophthalmic effects
In animal study it was reported that 89% of the mice

fed PPD developed lenticular changes indicating that
PPD has cataractogenous effects, which are related to
the duration, amount and individual sensitivity [46].
It was concluded that PPD is potentially toxic to hu-
man lens. Exophthalmia and permanent blindness due
to optic nerve atrophy following PPD poisoning were
reported [6]. Using a patch test to determine PPD pho-
totoxicity, it was proved that PPD could cause a pho-
totoxic reaction and photoallergy [47- 48].

Hepatotoxicity
Experimental studies in guinea pigs showed that

the skin absorbs PPD [17]. The histopathological find-

ings of the livers of the sacrificed animals showed signs
of focal and early degenerative changes in hepatocytes,
along with mild fatty changes. There was a moderate
congestion of sinusoids and a focal granulomatous re-
action with occasional Langerhans type giant cells. Sub-
acute toxic hepatitis due to PPD poisoning was early
reported [30]. In contrast others reported that there
were no hepatic changes seen in their patients [6].

Neurotoxicity
In animal studies it was proved that PPD has a toxic

effect on the parasympathetic nerves [14]. In humans,
neurotoxicity consisted in reported cases of mental sta-
tus alterations ranging from drowsiness to coma. Also,
reports of paraplegia and paraparesis have been pub-
lished [6] [23].

Treatment

There is no specific antidote for the PPD. The early
challenge threatening the patient’s life is asphyxia due
to edema of the upper respiratory tract and the air-
ways. Tracheostomy is a life saving measurement in
this condition [6]. Nasotracheal intubation was proven
also to be effective [26].

Vascular refilling is installed promptly in order to
prevent as much as possible the development of acute
renal failure.

Acute renal failure (ARF) was found to be the sec-
ond life threatening effect. Hemodialysis had been used
as a method of treatment with variable success [24-26].
On the other hand, peritoneal dialysis was used in the
treatment of the ARF due to PPD toxicity in other re-
ports [36].

Symptoms related to PPD poisoning seem to be due
to histamine release; the use of antihistamines was sug-
gested [49]. Intensive medical treatment by steroids and
chlorpheneramine maleate was given to all patients to-
gether with prophylactic penicillin in one report [6].
Pethidine was given for relief of muscle pain in an-
other report [27].

Numerous questions concerning PPD remain: phys-
iopathological mechanisms of neurological myocardial
and renal damage induced by the toxin, availability of
an antidote and the extraction by hemodialysis/hemo-
perfusion.
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Introduction

In the broadest sense, biologic markers are substances
present in biologic specimens that, when measured,

help to determine the relationship between xenobiotic
exposures and human diseases. In sum, they are bio-
logical indicators that signal a changed physiological
state, indicate the presence of cell, tissue or organ stress
or are indicative of overt injury. The purposes served
by biomarkers are twofold: firstly, to achieve the earli-
est identification of health impairment resulting from
a xenobiotic exposure; and secondly, to gain insight
into the mechanism(s) responsible for any adverse
impact of such exposure on the health of individuals
or specific populations at risk.

Categories of biomarkers

In 1987, the National Research Council of the Na-
tional Academy of Sciences through its Committee on
Biological Markers developed a model for conducting
environmental health research that defines the progres-
sion from xenobiotic exposure to clinical disease and
identifies four stages during that process [1]. These
stages mark the course by considering the magnitude
of the internal dose, its relationship to the biologically
effective dose, the presence of early biologic effects and
eventually on alterations in the structure and/or func-
tion of the target organ. At each point along this line,
individual susceptibility - which is also subject to vari-
ous external factors - determines whether or not the
process progresses to the development of clinical dis-
ease (Figure 1).

In this schema, biomarkers are considered to fall in
the three general designations. These include biomar-

kers of exposures, biomarkers of effect, and biomar-
kers of susceptibility. Each of these types of biomar-
kers has specific and relevant applications.

Biomarkers of exposure

A biomarker of exposure is defined as “an exog-
enous substance or its metabolite(s) or the product of
the interaction between a xenobiotic agent and target
molecule or cell that is measured within a compart-
ment of an organism” [1]. A marker of external expo-
sure is simply the amount of a xenobiotic substance to
which a person is subjected, whereas a marker of in-
ternal exposure is the amount of a substance absorbed
into the body. Markers of internal exposure are a more
accurate means of estimating exposure than are mark-
ers of external exposure and require the analysis of bio-
logical samples.

Biomarkers of exposure to xenobiotics causing
nephrotoxicity may take one of several forms. The
measurement of blood or tissue levels of drugs known to
have adverse effects on the kidney, such as cyclospo-
rine, aminoglycoside antibiotics, or lithium, is a stan-
dard practice. The awareness of the total amount of drug
administered is frequently important when considering
amphotericin and cisplatin nephrotoxicity. More diffi-
culty is encountered with the determination of the body
burden of a toxicant, although under certain circum-
stances such a value is necessary to determine the
health effects of exposure to heavy metals such as cad-
mium and lead, and some analgesics [2].

Ideally, biomarkers of exposure should have a di-
rect and quantitative relationship to the xenobiotics’
biologically effective dose. This term refers to the internal
dose of xenobiotic that produces a predictable biologic

Internal
dose

Biologically
effective
dose

Early
biologic
effect

Altered
structure/
function

Clinical
diseaseExposure

Susceptibility

Figure 1. Simplified flow chart of classes of biologic markers (indicated by boxes). Solid lines indicate progression, if it
occurs to the next class of marker. Dashed lines indicate that individual susceptibility influences the rates of progression,
as do other variables. Biologic markers represent a continuum of changes, and the classification of change might not
always be distinct (Adapted from Committee on Biological Markers of the National Research Council, USA), 1987.
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effect. To gain an understanding of the biologically ef-
fective dose, several facts are required (Table 1). These
include the knowledge of the amount of xenobiotic
which is present in the external environment, its route
of entry and the extent of absorption, distribution and
accumulation within the body, the target cell or recep-
tor site of the xenobiotic, the route and extent of its
metabolism, the modification of the effective dose by
associated metabolic, physiologic and pathologic con-
ditions, and finally the pathways of elimination.

Biomarkers of effect

A biomarker of effect is defined as “a measurable
alteration of an endogenous component within an or-
ganism that, depending on magnitude, can be recog-
nized as a potential or established health impairment
or disease” [1]. Markers of effect represent points on a
continuum of health impairment and may be measured
qualitatively or quantitatively. Early responses to ex-
posure may include changes in the function of target
tissues or responses in organs or tissues such as chro-
mosomal damage, mutations of critical target genes,
or altered hormone status. Biomarkers of effect are clas-
sified according to their impact on health status. The
utility of a biomarker of effect may range from enabling
prediction of future health impairment to confirming
the presence of clinical disease. The biomarker may
either be an indirect manifestation of a disease process
or may be a direct result of impaired organ function.

An example of an indirect marker of xenobiotic-in-
duced renal disease is the elevated level of red cell con-
tent of either delta amino-levulinic acid dehydrase or
free erythrocyte protoporphyrin in patients with lead
nephrotoxicity [3, 4]. Direct examples of biomarkers of

effect are dependent upon the nature of the disease
process itself. To mention a few, the presence of small
amounts of albumin in the urine of patients with dia-
betes mellitus is an early warning sign of diabetic neph-
ropathy [5] and may also be found in individuals
chronically exposed to cadmium [6]. The appearance
in the urine of abnormal amounts of low molecular
weight proteins such as β-2 microglobulin (β2-m) and/
or retinol binding protein have been useful in the de-
tection and stratification of workers with industrial
exposure to various heavy metals [7-9]. Abnormal pat-
terns of urinary electrolyte excretion and impaired
acidification have long been recognized in patients with
amphotericin-induced renal injury [10]. Structural le-
sions within the kidneys may be found in certain elec-
trolyte depletion syndromes such as in the case of the
prolonged use of potassium-depleting diuretics [11].

Patients with either acute or chronic renal failure
may present with many and varied manifestations of
uremia [12]. In these patients, the application of bio-
markers of effect to detect clinical disease in its earliest
stages is of great importance. Table 2 contains a list of
various groups of xenobiotics associated with acute or
chronic renal disease.

Table 1. Determinants of the biologically effective dose
of a xenobiotic.

Amount in external environment

Route of entry

Extent of absorption, distribution and accumulation

Target cell or receptor site

Modification by associated conditions

Route and extent of metabolism

Pathways of elimination

Table 2. Xenobiotics associated with renal disease.

Occupational and environmental xenobiotics

Organic solvents
Heavy metals
Pesticides

Recreational drugs

Heroin
Cocaine

Diagnostic and therapeutic agents

Antibacterial agents
Antiviral agents
Antifungal agents
Antineoplastic agents
Immunosuppressive agents
Non-steroidal anti-inflammatory drugs
Osmotic agents
Radiographic contrast material

Natural toxic compounds

Aflotoxins

Hemolytic agents and myotoxins
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Early effects
Among the occupational and environmental xeno-

biotics associated with acute renal injury are specific
substances such as toluene (organic solvents), lead
(heavy metals) and chlordane (pesticides). Of the di-
agnostic and therapeutic agents, the aminoglycosides
(antibacterials), acyclovir (antivirals), amphotericin
(antifungals), cisplatin (chemotherapeutic agents), and
cyclosporine (immunosuppressives) stand out. Non-
steroidal anti-inflammatory drugs (analgesic agents)
continue to be associated with acute renal dysfunction
[13]. Notably, people who often take non-steroidal anti-
inflammatory drugs or acetaminophen have an in-
creased risk of developing chronic renal failure [14].
The parenteral administration of high doses of certain
polyols (mannitol, sorbitol), sugars (glucose, fructose,
sucrose, lactose), polysaccharides (inulin), and other
products (e.g. radiocontrast agents) may be associated
with renal injury marked by vacuolation and subse-
quent swelling of renal tubular epithelial cells - the so-
called “resorptive vacuolation”. An increasing concern
is the renal dysfunction associated with the use of
heroin and cocaine (recreational drugs).

Some agents such as arsine may trigger a severe
hemolytic reaction, causing hemoglobinuria and sub-
sequent acute renal failure. Others may lead to the de-
struction of striated muscle, and myoglobinuria will
result. In both cases, the consequent “pigment nephr-
opathy” is not an uncommon cause of acute renal fail-
ure.

Late effects
Chronic renal failure as a result of toxic or environ-

mental exposures usually involve progressive chronic
interstitial nephropathy, which, in addition to pro-
longed analgesic abuse, may result from chronic
lithium ingestion, heavy metal exposure or treatment
with cyclosporine [2]. Exposure to hydrocarbons may
accentuate the renal insufficiency in patients with pre-
existing renal disease or result in the appearance of the
nephrotic syndrome or a form a rapidly progressive
glomerulonephritis.

Highly specific and sensitive chemical and immu-
nologic techniques for identifying biological substances
in urine provide a variety of tests of “tubular pro-
teinuria” for the early detection of kidney damage.
Patterns of biomarkers excretion characterize both spe-
cific toxins and the anatomical sites of damage within

the nephron. Urine biomarkers (high- and low-molecu-
lar weight proteins, enzymes, prostaglandins, and
growth factors) have proven of particular value fol-
lowing industrial exposure to metals and hydrocarbon
solvents (e.g. perchloroethylene, PCE). Renal injury
from heavy exposure to known toxins in the workplace
indicates the potential for environmental renal dam-
age in large populations subjected to long-term, low-
level exposure. Lead causes increased N-acetyl-β-D-
glucosaminidase (NAG), thromboxane B2 (TXB2) and
6-ketoprostaglandin F1a (PGF1a) in the urine. Urinary
NAG correlates directly with blood but not with bone
lead concentration, i.e., current not cumulative lead
exposure. Occupational exposure to mercury results
in increased intestinal alkaline phosphatase (IAP),
NAG, and Tamm-Horsfall protein excretion. Cadmium
leads to diffuse increases in circulating low-molecular
weight proteins and lysosomal enzymes in urine. PCE
results in increased urinary 6-keto-PGF1a. Absorption
of solvents regularly induces tubular proteinuria for a
variety of circulating low molecular weight proteins
and lysosomal enzymes. However, this tubular dys-
function is not clearly related to the solvent nephropa-
thy that presents clinically as immunologically medi-
ated glomerulonephritis. In contrast to cadmium, tu-
bular proteinuria associated with lead, mercury,
chromium, and PCE has not been shown to predict the
later development of kidney failure.

Biomarkers of susceptibility

A biomarker of susceptibility can be defined as “an
indicator of an inherent or acquired limitation of an
organism to respond to the challenge of exposure to a
specific xenobiotic substance” [1]. These markers indi-
cate differences in individuals or populations that af-
fect the body’s response to xenobiotic exposure. They
may include genetic characteristics, preexisting disease
that results in an increase in the amount of agent ab-
sorbed or the target tissue responses, differences in
metabolism, variations in immunoglobulin levels, or
the capacity of an organ to recover from environmen-
tal insult.

The first type of susceptibility marker is based on
the fact that enzymes alter most chemicals, and these
alterations may increase or decrease the ability of a
chemical to interact with DNA, RNA, or proteins. The
balance between enzymes that detoxify or enhance the
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toxicity of chemicals differs among individuals and
ethnic groups. These differences often are inherited and
can lead to pronounced differences in a person’s sen-
sitivity to the effects of chemical exposure.

A second type of susceptibility marker reflects ge-
netic differences in the capacity of cells to repair DNA
damage caused by environmental insult. People defi-
cient in DNA repair genes may exhibit more DNA dam-
age manifest as DNA adducts; alterations in chromo-
some number; structural modifications such as chro-
mosome breaks, rearrangements, and exchanges;
micronuclei, which are fragments of nuclear material
left in the cytoplasm after replication; activated onco-
genes and their protein products; and much higher in-
cidences of cancer.

A third type of susceptibility marker is preexisting
inherited genetic defects that increase the risk of can-
cer. Cancer is generally understood to be a multistage
process, requiring several genetic alterations or muta-
tions to produce a clinically detectable tumor. If a per-
son has inherited one or more of the necessary genetic
alterations, fewer steps are needed for a chemical to
cause cancer, putting this person at a greater risk.

Enzyme metabolism
There is considerable variation among humans in

the production of enzymes that either activate forma-
tion of electrophilic metabolites that covalently bind
to DNA or catalyze detoxification of chemical carcino-
gens. A large number of enzymes involved in regula-
tion of metabolic pathways, many of which originally
evolved in humans to handle naturally occurring toxi-
cants, play an important role in detoxifying compounds
humans are exposed to today as a result of environ-
mental pollution. Within each group of enzymes, there
are many forms that have evolved to metabolize dif-
ferent chemicals. For example, there are approximately
40 cytochrome P450 enzymes that evolved from a com-
mon ancestral cytochrome gene, estimated to be 2000
million years old. Each of the 40 forms is composed of
variants that have different capacities to metabolize
drugs and chemicals.

DNA repair
In addition to signaling exposure or susceptibility

to a mutagenic agent, biomarkers also indicate inabil-
ity to repair damage. DNA has a network of repair
mechanisms to prevent injury and maintain the integ-

rity of the genetic material that drives normal cellular
and biological processes. Under normal circumstances,
during replication of DNA, repair enzymes travel along
the molecule and excise mismatches of nucleotide base
pairs or aberrations in molecular structure, such as
adducts. When there is a deficiency in the system of
repair genes of an individual, that person is predis-
posed to developing cancer. Excision repair enzymes
also provide backup protection for correcting errors in
the genetic code and architectural distortions during
replication. Just as metabolic responses to chemical
exposure vary from one person to another, DNA exci-
sion repair is highly variable among individuals of any
population.

It should be appreciated that a major research goal
is to link markers of exposure with markers of effect.
Unfortunately, for the vast majority of patients with
suspected toxic renal injury the precise knowledge of
the offending agent is speculative and not measurable
by current techniques. As a result, more is known about
the risk factors associated with an adverse health ef-
fects than is known about the parameters of exposure
(Table 3).

Definitions

The usefulness of a biomarker requires that its mea-
surement be standardized, reproducible and conve-
nient. In addition, a correlation must exist between the
assay values and the extent of injury. In strict terms,
the usefulness of a test is related to its ability to deter-

Table 3. Some factors influencing nephrotoxicity.

Urine flow rate

Urine pH

Renal blood flow

Sodium balance

Pre-existing disease

Other drug therapy

Tolerance

Pharmacokinetic factors

Microsomal enzyme activity

Dosage and route of administration

Duration of exposure
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mine whether or not a particular disease is present or
absent. The term true positive (TP) refers to a person
with the disease or condition under investigation who
has a “positive” test result. If the test is “negative” de-
spite the presence of the disease, the result is a termed
a false negative (FN). In the absence the disease or con-
dition under investigation, a “negative” result is termed
a true negative (TN) while a “positive” result is termed
a false positive (FP) (Figure 2). The true positive fraction
(TPF) is expressed as TPF = TP/(TP + FN). The true
negative fraction (TNF) is expressed as TNF = TN/(FP
+ TN). The false positive fraction (FPF) is expressed as
FPF = FP/(FP + TN). The false negative fraction (FNF) is
expressed as FNF = FN/(TP + FN). The false negative
fraction plus the true positive fraction equals one. Simi-
larly, the false positive fraction plus the true negative
fraction equals one.

Test sensitivity indicates the percentage of individu-
als in whom a test is positive for the disease in ques-
tion. It is the same as the TPF. The better the sensitiv-
ity of the test, the fewer are the false negatives. Tests
with a very high sensitivity can, if negative, be used to
exclude the relevant disease. Test specificity refers to
the percentage of individuals without the disease in
question in whom a test is negative. It is the same as
the TNF. The better the specificity of the test, the fewer
are the false positives. Expressed somewhat differently,
the false-positive rate = 1 – (specificity). Also, the false-
negative rate = 1 – (sensitivity).

There are at least two major problems that can cause
errors in the interpretation of the “sensitivity” and
“specificity” indexes of individual tests [15]. Since the
sensitivity and specificity calculated for any diagnos-
tic test are derived from data obtained in a selected
group, it is necessary to choose a large enough sample
of both diseased and nondiseased subjects so that the
test in question does not receive falsely high values for
its sensitivity and specificity. Notably, test performance
in a population changes as the prevalence of the dis-
ease changes. That is, how well a test with a given sen-
sitivity and specificity identifies affected and unaf-
fected persons is itself affected by the prevalence of
disease in the population being studied. There is often
an inverse relationship between the sensitivity and
specificity of a given test whereby an increase in one is
accompanied by a decrease in the other. Thus, for each
‘cut-off’ point or decision threshold, a different sensitiv-
ity/specificity pair may be recorded. That is, a high

sensitivity may be associated with a low specificity.
It is also necessary to establish the true diagnosis

independently. If not, bias may falsely elevate the test’s
efficacy. The diagnostic performance of a test may be
subject to bias when the test has different sensitivity
and specificity in subjects with different manifestations
of the disease, and the study population is not truly
representative. A more accurate approach is to define
a series of sensitivities and specificities which are based
on the clinical features of each subject, with the sensi-
tivity and specificity reported in the evaluation of a
diagnostic test actually representing an “average” of

these values [16].
The clinical performance of a laboratory test can be

described in terms of diagnostic accuracy, or the ability
to correctly classify subjects into clinically relevant sub-
groups. The overall accuracy of a test is the measure of
“true” findings divided by the test results from the to-
tal population (TP + TN)/(TP + FP + FN + TN). This is
also termed the efficiency of the test. Since the diagnos-
tic accuracy refers to the quality of the information
provided by the classification device, it should be dis-
tinguished from the usefulness, or actual practical
value, of the information - although it is true that the
usefulness of a diagnostic test is largely determined
by its accuracy.

One measure of accuracy is the likelihood ratio (LR)
[17]. The likelihood ratio is based on the relationship
between the true positive fraction and the false posi-
tive fraction. Thus, LR = TPF/FPF. Substituting terms,
the LR = sensitivity/(1-specificity). Receiver-operating
characteristic curves are graphical summaries of likeli-

True negatives TN False negatives FN

False positives FP True positives TP+

–

T
E

S
T

DISEASE
+–

Cut-off
value

Figure 2. Illustration of the test/disease concept.
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hood ratios. The Receiver Operating Curve (ROC) plots
the sensitivity versus 1-specificity over the complete
range of decision thresholds [18]. The Receiver Oper-
ating Curve (ROC) originated during World War II
with the use of radar in signal detection. This was ex-
tended to the use of diagnostic tests for identifying
disease states, using plots of sensitivity versus speci-
ficity for each test result in the diagnosis of the disor-
der in question. The area under a ROC curve serves as
a measure of the diagnostic accuracy (discrimination
performance) for a test. Thus, the likelihood ratio is
the slope of the receiver-operating characteristic curve
at that point.

The odds ratio is a ratio of two odds. Odds are the
ratio of the number of people in a group with an event
to the number without an event. Thus, if a group of
100 people had an event rate of 0.20, 20 people had the
event and 80 did not, and the odds would be 20/80 or
0.25. In other terms, it is equal to the probability of dis-
ease divided by 1- the probability of disease. An odds
ratio of one indicates no difference between compari-
son groups. For an undesirable outcome, OR that is
less than one indicates that the intervention was effec-
tive in reducing the risk of that outcome. When the
event rate is small, odds ratios are very similar to rela-
tive risks.

The relative risk (RR) is the ratio of risk in the inter-
vention group to the risk in the control group. The risk
is the ratio of people with an event in a group to the
total in the group. A relative risk of one indicates no
difference between comparison groups. For an unde-
sirable outcome, an RR that is less than one indicates
that the intervention was effective in reducing the risk
of that outcome.

The predictive value of a test relates positive or nega-
tive results to the prevalence of the disease in the popu-
lation. The positive predictive value is true-positive test
results divided by all positive test results (that is, the
sum of true positives and false positives = all positive
test results). This is also referred to as the predictive
value of a positive test. The negative predictive value
is the true-negative test results divided by all patients
with negative results (that is, the sum of false nega-
tives and true negatives = all negative test results). This
is also referred to as the predictive value of a negative
test. A high predictive value for a positive test indi-
cates a strong likelihood that a person with a positive
test result actually has the disease. A high predictive

value for a negative test means that a negative result
virtually rules out the disease.

Prevalence indicates the number of patients per
100,000 population who have the disease at a given
time. That is, prevalence is the sum of the true posi-
tives and the false negatives for the test condition as
proportion of population. Incidence is derived from a
stated period of time. The incidence rate for a disease
is the number of patients per 100,000 population who
develop the disease in a given year.

Translating this concept of progressive appearance
of biomarkers from exposure to disease into actual
practice remains a challenge. The dual aspects of renal
function, i.e., filtration/elimination and reabsorption/
secretion, assure that no single test or measure can
define global renal function. Furthermore, the substan-
tial metabolic and endocrine functions of the kidney
are not considered in the classical techniques used to
analyze renal function. This has led to the use of a sepa-
rate category of tests designed to serve as markers of
renal dysfunction or injury (Table 4). Also, consider-
able attention has been directed to the immunological
responses that follow xenobiotic exposure. Finally, as
the mechanisms responsible for cell injury, death and
regeneration become more apparent, a new and prom-
ising set of biomarkers is emerging.

Table 4. New parameters and techniques applicable to
monitor nephrotoxicity.

Parameters Techniques

Clearance of lithium, High pressure liquid
H2O and N-methylnico- chromatography
tinamide metabolites

Enzymes and antigens Fluorimetric and luminometric
immunoassays

Microproteins 2-Dimensional electrophoresis
Immunoblotting techniques
Nephelometry, turbidimetry

DNA, mRNA Southern blotting
Pulse field electrophoresis

Northern blotting
Restricted fragment length analysis

In vivo imaging Nuclear magnetic resonance
spectroscopy [219, 220]

In vitro imaging Electron probe analysis

Surface markers Cell sorting
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Considerations in the selection of
biomarkers

Performance specifications

There are several performance specifications that
need to be considered in the use of a particular bio-
marker. Each depends on the question being addressed.
Both diagnostic and prognostic biomarkers are used
for patient selection. Diagnostic biomarkers either iden-
tify a disease process, specific patient characteristics,
or establish the severity and extent of involvement, or
disease burden. Prognostic biomarkers help predict
which patients will progress most rapidly, respond to
a particular therapy, or develop complications.

To be useful for monitoring progression or treat-
ment response, markers must change with disease and
therapy. Key metrics of markers for monitoring therapy
include: responsiveness (rate of change) to disease and
therapy, measurement precision, and link to clinical
outcomes (surrogate validity). Complications caused
by therapy must be distinguished from those associ-
ated with the disease itself.

Performance criteria

A fundamental set of performance criteria can be
defined by which the utility of different biomarkers
can be compared. The most important quality of a sur-
rogate endpoint is its link to the “true” clinical out-
come of interest. In fact, very few biomarkers have been
widely accepted as true surrogate endpoints. The use
of a surrogate endpoint assumes that the morphologi-
cal, compositional or physiological feature it represents
lies directly along the disease pathway to the clinical
outcome of interest. To be useful, the surrogate must
also lie on the intervention pathway. Alternative
mechanisms of disease or therapy that bypass this bio-
marker undermine its validity as a surrogate endpoint.

The so-called dynamic range refers to the propor-
tion of change in the “true” outcome that is captured
by changes in the surrogate endpoint. Inability of the
surrogate endpoint to detect early, mild changes in the
true outcome is sometimes referred to as a “floor ef-
fect”. Failure to register late, severe changes is called a
“ceiling effect”. Ideally, any such floors or ceilings lie
outside of the range of changes in the true outcome
that is relevant to the question under study.

The rate of change of the chosen molecular end-
point determines the minimum study duration pos-
sible. Regardless of whether the aim is internal deci-
sion-making about which compounds and doses to test
or to confirm therapeutic efficacy for regulatory ap-
proval, faster readouts accelerate clinical testing and
allow earlier entry into the market and increased rev-
enues over the patent life of a drug. Measurement pre-
cision defines the statistical power with which changes
in the biomarker can be resolved. Three sources of
variation must be considered: biological variability,
variability associated with sample collection, and vari-
ability associated with the sample analysis.

Urinary biomarkers

Urinalysis

Test strip screening: The examination of the urine
using qualitative test strip provides an estimate of glu-
cose, pH, hemoglobin, protein, specific gravity and a
number of other substances including ketones, biliru-
bin, urobilinogen, leukocytes and nitrate. The degree
of sophistication has progressively increased to the
extent that reading of test strips with reflectometers is
possible. There is a good probability that urines nega-
tive by dipstick for protein, blood, leukocytes, nitrates,
glucose and ketones will be negative on microscopic
examination, with only 5.3% having any abnormality.
However, urines positive for one or more of these find-
ings may not correlate well with the microscopic find-
ings due to a number of false positive and false nega-
tive by dipsticks for red cells and leukocytes. Sensi-
tivities for dipsticks have been reported to be 75.3%
and 81.0% and specificities were 88.6% and 64.3% for
red cells and leukocytes, respectively [19]. It is recom-
mended that microscopic analysis be done on dipstick
abnormal urines. Some other limitations occur. For
example, patients with microalbuminuria or tubular
proteinuria are not detected by current test strip meth-
ods. Newer immunological techniques, which enable
the determination of specific protein molecules, may
make this possible [20].

Urine microscopy: The microscopic examination of
the urine sediment provides enhanced diagnostic effi-
ciency. Hematuria: The normal number of erythrocytes
in resuspended urine sediment is no more than 1 to 2
per high-powered field. When an abnormal number
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of erythrocytes are present it is necessary to distinguish
between a renal or non-renal origin. The simultaneous
presence in the urine of casts and protein favor a renal
origin. With phase-contrast microscopy, a high percent-
age of dysmorphic erythrocytes support a renal source
of hematuria [21]. The urine should be examined im-
mediately after voiding. Since erythrocytes may be ly-
sed in low specific gravity urine, a concentrated sample
should be used for analysis. Pyuria: The normal num-
ber of white blood cells in the concentrated, resus-
pended urine sample does not exceed 1 to 2 per high-
powered field. In patients with pyelonephritis or neph-
rotoxic interstitial nephritis, neutrophils may be found
whereas with allergic interstitial nephritis, eosinophils
may appear. Macrophages and lymphocytes can be
found in the urine of some patients with glomerulone-
phritis and be useful in monitoring the activity of the
disease [22]. Tubular epithelial cells: The appearance in
the urine of epithelial cells is most likely a result of
tubular injury. These cells may be present alone or in
casts and be indicative of either acute or chronic tubu-
lointerstitial nephritis. Since casts may dissolve in al-
kaline urine, an acid urine sample is preferred for
analysis.

Eosinophiluria: The finding of eosinophils in the
urine has been suggested to be useful in establishing
the diagnosis of acute interstitial nephritis. However,
the positive predictive value in screening samples may
be too low, and the number of false positives and nega-
tives in selected groups may be too high for eosino-
philuria to stand alone in making the diagnosis of acute
interstitial nephritis [23].

Blood urea nitrogen concentration (BUN) and
urea clearance (Curea)

The BUN is not a satisfactory measurement of the
glomerular filtration rate because the plasma concen-
tration of urea is affected by nitrogen metabolism. In
addition, the Curea is proportional to the urine flow rate.
For example, at low and high rates of urine flow, the
minimal and maximal values of the Curea may vary
from 30% to 60% of the glomerular filtration rate. This
occurs because various tubular segments are perme-
able to urea and allow passive reabsorption to occur
under conditions of antidiuresis. The fractional excre-
tion of urea (FEurea) is calculated as [(urine urea/
plasma urea)/(urine creatinine/plasma creatinine) x

100]. A low FEurea may be used as an index of decreased
renal perfusion [24].

Serum creatinine concentration (Scr) and
creatinine clearance (Ccr)

The Scr is a more commonly used marker for the
estimation of glomerular filtration rate. In addition to
the level of renal function, its absolute value is related
to muscle mass and varies from person to person as a
consequence of differences in age, gender and body
weight. All commonly used methods of creatinine
measurement suffer from a lack of precision within the
normal range. For individuals with glomerular filtra-
tion rate greater than 30 ml/min, the 95% confidence
interval for Scr is ± 22%, whereas it is ± 13% in patients
with glomerular filtration rate less than 30 ml/min [25].
The actual Scr may be increased by blocking renal tu-
bular secretion. For example, trimethoprim and/or tri-
methoprim/sulfamethoxazole have been demon-
strated to cause a 15 to 35% increase in Scr due to an
inhibition of tubular secretion [26]. Also, various drugs
{i.e. cephalosporins) cross react with the Jaffe method
for determining creatinine to cause false elevations of
the Scr.

Using either nomograms or formulae, Ccr can be
estimated and the glomerular filtration rate approxi-
mated [27]. It is possible to estimate the Ccr from a
stable Scr if the age and gender of the patient are taken
into consideration. The most widely used equations
[28-30] are as follows:

Cockroft and Gault, 1976 [27]:
Males
Ccr {ml/min) = (140 -age in years) x (weight in kg)

72 x serum creatinine (mg/100 ml)

Females = males x 0.85

Jelliffe, 1973 [28]:
Males
Ccr (ml/min) = 98 -16 [(age -20) ÷ 20]

serum creatinine (mg/l00 ml)

Females = males x 0.90

Kampmann et al., 1974 [29]:

Ccr (ml/min) =[Ucr (mg/kg/min)] (weight in kg) x 100
serum creatinine (mg/100 ml)
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Levey et al, 1999 [30]:
Estimated GFR  =
186.3 x (sCr)-1.154 x age-0.203 x (0.742 if female) x (1.21 if black)

In general, there is a wide degree of scatter when
values of glomerular filtration rate are predicted by
these equations, although the equation derived from
the MDRD study provides more accurate estimates of
GFR than the other formulae or measured clearances
[30] and is comparable to values obtained using iothala-
mate clearance. The variation in calculated Ccr is par-
ticularly true in the elderly or others with large de-
creases in muscle mass, in patients with liver disease,
and individuals ingesting a high-protein diet or those
receiving parenteral nutrition containing amino acid
solutions. Absolute variation is also more evident at
higher estimated GFR.

The endogenous Ccr gives an acceptable estimate
of the glomerular filtration rate and is the most widely
used method in clinical practice for routine purposes.
However, in normal individuals, the majority of mea-
surements tend to yield values of Ccr that exceed the
actual glomerular filtration rate by a substantial
amount, owing to the fact that there is a small but sig-
nificant amount of creatinine which appears in the
urine as a result of tubular secretion. This problem is
accentuated when the glomerular filtration rate de-
clines. Ccr measurements may be twofold higher than
the actual glomerular filtration rate because of contin-
ued tubular secretion of creatinine at a time when the
rate of filtration is severely curtailed. Indeed, the
amount of secreted creatinine varies inversely with the
glomerular filtration rate [31, 32]. Recently, Coresh et
al [33], using the NHANES III data base identified labo-
ratory calibration of SCr as another factor which sig-
nificantly distorted calculated GFR at values > 30 ml/
min.

Glomerular filtration rate

Any substance used to measure glomerular filtra-
tion rate should be metabolically intact, freely filtered
through the glomerular capillary wall, and be neither
secreted nor reabsorbed by the tubules. Accurate
plasma and urine quantitation also should be easily
achievable. In addition to inulin, several compounds
are useful for the measurement of glomerular filtra-

tion rate. These include the urologic contrast media
diatrizoate, iohexol, 57cocyanocobalamin, 51Cr-ethyl-
enediaminetetraacetic acid (EDTA) or sodium [125I]
iodothalamate and 99mTc-diethylenetriaminepentaace-
tic acid (DTPA) provide reliable measurement of glom-
erular filtration rate [34]. Inulin is a polymer of fruc-
tose and is an ideal glomerular filtration rate marker
because it is freely filtered and neither reabsorbed or
secreted by the tubules. It is widely used as a research
tool but because of a number of technical difficulties,
it is not widely used in clinical settings. Isotopic meth-
ods offer a high level of reliability but the impractical-
ity of using these methods in a clinical setting makes
them unsuitable for routine use. On the other hand,
Iohexol is a convenient, reliable technique for measur-
ing GFR and has the same precision as 125I-Iodothala-
mate [35].

As an alternative to the standard clearance tech-
niques which involve the collection of urine over a
known period of time plus maintaining a constant
plasma level of an appropriate marker, the glomerular
filtration rate can be calculated from the rate of disap-
pearance from the plasma of any tracer, where:

clearance = injected dose
area under plasma concentration curve

Additional techniques to obtain more reliable esti-
mates of glomerular filtration rate without resorting
to steady-state infusions involve the plotting of the
declining plasma level of radio isotopic agents [36] or
non-radioactive iodinated contrast agents [37] if they
are cleared by glomerular filtration. The glomerular
filtration rate as measured with iohexol shows excel-
lent agreement with the values obtained using inulin
and chelates throughout a wide range of kidney func-
tion. As a result, the method is gaining favor [34, 38-
39].

The “renal reserve” is determined by measuring the
percentage increase in glomerular filtration rate follow-
ing ingestion of a high protein meal [40]. The failure of
the glomerular filtration rate to increase in response to
such a challenge suggests that underlying chronic dis-
ease and nephron atrophy has been masked by hyper-
trophy of other nephrons so that overall renal function
seems to be well maintained.
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Renal blood flow

If a marker is extracted from the blood exclusively
by the kidney resulting in a renal venous concentra-
tion of 0% (i.e. the arterio-venous extraction fraction is
100%), then the calculated value of the clearance of the
marker (Cx) is equal to renal plasma flow. In practice,
a compound, such as para-amino hippurate (PAH) with
an extraction fraction of about 87%, is used. To ac-
knowledge the fact that there is discrepancy between
the PAH clearance and renal plasma flow, the term ef-
fective renal plasma flow is used when the extraction
factor is not measured. In sum, renal plasma flow =
effective renal plasma flow + extraction factor and re-
nal blood flow = effective renal plasma flow + the he-
matocrit.

A decrease in the PAH clearance might be due to
either an actual decline in renal plasma flow or a de-
crease in the extraction factor of PAH. The latter oc-
curs when the tubular secretion of PAH in proximal
tubules is impaired due to tubular disease or the pres-
ence of substances, which compete with transcellular
PAH transport. Thus, the PAH clearance cannot be
considered a reliable measure of renal plasma flow,
unless the extraction factor of PAH is measured simul-
taneously. This requires that a sample of renal venous
blood be obtained.

Tubular function

The identification of a reliable and convenient
method for the estimation of the reabsorptive and secre-
tory capacity of the kidney has proven to be a consid-
erable challenge to Nephrology. This is not unexpected
when one considers the complex and integrated func-
tions contributed by the various tubular segments to
insure proper composition of bladder urine. General
estimates of integrated tubular function include the
capacity of the kidneys to concentrate or dilute the
urine in response to water deprivation or administra-
tion; the ability to excrete an administered acid load;
and the precision with which sodium balance is main-
tained. But lacking is a technique for assessing tubular
function, which rivals the measurement of glomerular
filtration rate.

Specific gravity and osmolality: The urinary spe-
cific gravity and osmolality are indicators of the abil-
ity of the kidney to concentrate and dilute the urine.

The urinary specific gravity depends upon the size and
weight of urinary solutes. The normal range is 1.003 to
1.025 whereas the possible range is 1.001 to 1.040. Os-
molarity indicates the total number of solute particles
per kilogram of urine water. The normal range is from
150 to 900 mosm/kg with a possible range from 50 to
1200 mosm/kg.

pH: A hydrogen ion concentration gradient of 1 to
1000 may be established across tubular cell membranes
of the kidney. Since the pH is the negative logarithm
of the hydrogen ion concentration, this translated into
a decrease from the normal plasma pH value of 7.4 to
the minimal urine pH of 4.4.

Lithium clearance: The lithium clearance is a used
to estimate the amount of sodium and water delivery
from the pars recta of the proximal tubule into the de-
scending limb of the loop of Henle [41]. This informa-
tion may be helpful in the assessment of the state of
hydration. The method is based on several assump-
tions the most important of which are that lithium re-
absorption parallels sodium and water along the en-
tire proximal tubule; that lithium is neither reabsorbed
‘in measurable amounts beyond the pars recta of the
proximal tubule; nor is it secreted by the tubular cells
[42]. Recently, Anastasio et al [43] have used LiCl to
evaluate salt and water handling in cirrhotic patients
and found increased sodium reabsorption in the distal
tubule accounts for the salt retention that character-
izes this clinical condition.

Proteinuria

Under normal circumstances, the glomerular filtra-
tion barrier restricts the transfer of high molecular
weight proteins from plasma to the nephron lumen. In
certain pathologic states, the permselectivity of the fil-
tration barrier changes allowing high molecular weight
proteins to appear in the urine. These proteins undergo
pinocytotic reabsorption creating cytoplasmic vesicles
that then fuse with primary lysosomes to form second-
ary lysosomes. In this final form the proteins are hy-
drolyzed to amino acids, which are delivered into the
blood stream. In contrast, under normal conditions a
finite amount of low molecular weight proteins are fil-
tered which then undergo reabsorption by proximal
tubular cells. Exopeptidases situated on the brush bor-
der membrane are responsible for splitting peptides
up to a molecular weight of 10,000 daltons. Following
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metabolic conversion, reabsorption of the amino acids
or dipeptides occurs by specific sodium-dependent
carriers [44]. When the reabsorptive capacity of the
proximal tubular epithelium is disrupted, various low
molecular weight proteins escape reabsorption and can
be measured in the urine. Thus, the distinction between
so-called “glomerular” proteinuria and “tubular” pro-
teinuria is based on both the quantity and quality of
the proteins measured in the urine [45] (Figure 3). A
recent refinement of this differentiation in protein se-
lectivity has been the “so-called” urine protein expert
system [46, 47]. This expert system, which includes total
protein, albumin, α1-microglobulin, IgG, α2-macroglo-
bulin, NAG and creatinine, has proven to be more dis-
criminatory in providing correct clinical diagnoses
which are histologically confirmed, as compared to
human expert diagnosis.  Another approach to differ-
entiating glomerular from tubular disease involves
analyzing urinary proteins with the SDS-PAGE sys-
tem that separates various urinary protein species. In

a recent report, Lau and Woo [48] found an excellent
correlation between SDS-PAGE prediction and find-
ings on renal biopsy. In general, proteins in the urine
may be classified into six main categories according to
their origin (Table 5).

Measuring urinary protein excretion has been sim-
plified by the introduction of the urine protein to crea-
tinine ratio [UP:Ucr] [49, 50]. The advantages to using
the P:Cr ratio are: 1) compliance issues in collecting a
24 hour sample are eliminated, 2) managing large vol-
umes of urine are eliminated, 3) eliminates the need
for accurate timing of the sample collection [51]. To
minimize the effect of the diurnal excretion of protein,
the sample for P:Cr ratio should be collected following
the first morning voiding or before midday [51].

In addition to serving as markers of renal dysfunc-
tion, it is now evident that the filtration of abnormal
amounts and/or types of proteins influences the pro-
gression of renal disease by promoting secondary in-
jury to tubular epithelial cells and interstitial structures.
For example, the upregulation of various cytokines in
tubular epithelial cells may contribute to the develop-
ment of interstitial fibrosis and cell cycle activation
leading to tubular cell proliferation and/or apoptosis
[52-54].

High-molecular weight proteinuria
The appearance in the urine of serum proteins with

a molecular weight (Mr) in excess of 40,000 to 50,000
daltons is an early marker of glomerular damage. The
commonly measured high molecular weight pro-
teinuria includes: albumin (Mr 69,000), transferrin (Mr
77,000) and IgG (Mr 146,000) (Table 6).

A. Albumin is quantitatively the major urinary pro-
tein derived from plasma. Its average concentration in
normal urine is at least 50 times higher than most other
low molecular weight proteins. Albumin’s molecular
size (molecular radius: 3.6 nm) and strong negative
charge, effectively retarded filtration at the glomeru-
lar barrier since the vast majority of pores perforating
the glomerular filtration barrier have a radius of 2.9–
3.1 nm. The loss of negative charges causes the effec-
tive small pore radius to increase to approximately 4.5
nm, which allows the passage of albumin. The small
amounts of albumin that ordinarily escape into the
glomerular filtrate are reabsorbed by the proximal tu-
bule with a presumed efficiency of 99%. Transient and
totally reversible increases in the albumin excretion
may be observed in various “physiologic” situations

Table 5. Classification of proteinuria according to site
of origin.

Plasma proteins

Kidney-derived proteins

Proteins from the urogenital tract

Proteins released from tissue outside the urogenital tract

Pregnancy associated proteins

Tumor-derived proteins

Normal Glomerular Tubular Overflow

u
ri
n
e

proteins > 50 kD
proteins < 50 kD

Figure 3. Three kinds of proteinuria.
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that induce increases in the glomerular filtration rate
such as heavy exercise, fever, or assuming an orthos-
tatic position.

Albuminuria in excess of 3.5 g/day can undoubt-
edly be ascribed to increase in glomerular permeabil-
ity. Glomerular proteinuria can be suspected when the
amount of protein in the urine exceeds 2.5 grams in a
24-hour period [55]. At either level, the proteinuria may
be nonselective in that it contains the spectrum of mo-
lecular sizes. Albuminuria greater than 0.5 g/day is
also likely to be a consequence of enhanced glomeru-
lar filtration since the relative increase in urinary ex-
cretion exceeds that which could be expected from a
complete failure of tubular reabsorption. Recently, tech-
nical advances have allowed for the measurement in
the urine of milligram quantities of albumin i.e. 20 to
250 mg/24 hours [5]. Detection of these small quanti-
ties of albumin - referred to as microalbuminuria - has
become an early biomarker of altered glomerular per-
meability and is considered to be the earliest marker
of developing diabetic nephropathy [5]. It has also been
used as an endpoint in therapeutic intervention stud-
ies [56, 57]. Thus, the definition of “glomerular” pro-
teinuria has shifted from quantity to quality with as-
says of microalbuminuria being conducted in a vari-
ety of glomerular diseases to provide earlier detection
[58]. When microalbuminuria (20 to 200 mg/min) is

observed in the absence of low molecular weight pro-
teinuria, it may be ascribed to enhanced glomerular
permeability. When accompanied by an increased uri-
nary excretion of low molecular weight proteins, mi-
croalbuminuria results wholly or partly from impaired
albumin reabsorption. The significance of microalbu-
minuria in the assessment of nephrotoxicity is pres-
ently unknown. In persons exposed to nephrotoxic
agents, the presence of microalbuminuria may be used
as an indicator of risk for late nephropathy.  Capillary
zone electrophoresis, a recent improvement in measur-
ing small quantities of protein, has been used to moni-
tor renal injury during the administration of nephro-
toxic drugs such as carboplatin, etoposide, and ifosfa-
mide [59].

B. Transferrin, the iron-transporting protein, occurs
in urine at concentrations that are about 15 times lower
than that of albumin. The protein has a slightly larger
effective molecular radius (around 4.0 nm) than albu-
min (3.6 nm). Its detection in the urine allows a more
sensitive indicator of early glomerular involvement in
some nephropathies such as cadmium nephropathy.
A strong association has been found between the pres-
ence of albumin and transferrin in the urine of patients
with the nephrotic syndrome. In these patients, in-
creased transferrin synthesis is insufficient to compen-
sate for urinary losses and plasma levels are reduced

Table 6. Characteristic of urinary proteins [281].

Protein Abbv. Molecular GSC* Normal Urinary Normal Plasma
Weight kD Excretion mg/mmol Levels Mg/l

creatinine

β2-microglobulin β2-m 11.6 18.3 (4.4-32.2) < 0.05 1.3

Retinol-binding protein (free) RBP 21 13.6 (5.1-22.1) <0.017 5.8

Thyroid-stimulating hormone TSH 28 0.99 (0.3-1.68) <0.05 2

α1-microglobulin α1-m 31 21.1 (9.5-32.9) <2 32

α1-acid glycoprotein α1-AG 40 — <0.02 770

Zinc-α2-globulin ZAG 41 — <0.02 140

β2-Glycoprotein I β2-GI 50 12.3 (6.1-18.5) <0.03 150

Vitamin D binding protein DBP 51.3 — <0.01 400

Transthryetin TTR 55 — <0.01 300

Albumin ALB 65.5 13.8 (6.6-21) <0.025 45000

Transferrin TRF 78 1.2 (0.6-1.8) <0.19 2700

Immunoglobulin G IgG 160 58 (34-82) <0.2 120000

*GSC= glomerular sieving coefficient
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[60].
C. Gamma globulins excreted in the urine include

IgG, IgM, IgA, and immunoglobulin light chains. IgG
and IgM are large proteins with molecular radii of 5.5
and 12 nm, respectively. The appearance in the urine
of IgG indicates an increased density of large pores in
the glomerular filtration barrier with a radius of 8 to 9
nm whereas the presence of IgM in the urine indicates
an increased density of shunts in the glomerular capil-
lary wall [61, 62]. Coupled with the measurement of
urinary albumin concentrations, the determination of
urinary levels of IgG and IgM are useful for assessing
the selectivity of the glomerular-type proteinuria [63].
The urinary excretion of IgG is regarded as a reliable
index of a non-selective pathway shunt through the
glomerular capillary wall. In this regard, it has been
reported that proteinuria in patients with type 1 dia-
betes mellitus is mainly due to impaired charge-selec-
tive properties of the glomerular capillary wall, while
proteinuria in type 2 diabetes mellitus is predominantly
caused by a decreases size selectivity of the glomeru-
lar capillary wall [64]. Moreover, proteinuric patients
with a high urinary content of IgG and IgM have poor
renal survival [65]. IgG, transferrin, albumin, and α1
microglobulin were used to predict progression of re-
nal failure and extent of tubulointerstitial disease in
patients with idiopathic membranous nephropathy
[66]. As a result it was found that IgG excretion has a
direct, positive correlation with the extent of tubulo-
interstitial disease and α1-microglobulin excretion
rates. An increased excretion of monoclonal light
chains, i.e. Bence-Jones proteins, is usually the sign of
an overproduction from a neoplastic origin such as
multiple myeloma or Waldenstrom’s macroglobuline-
mia. A variety of new techniques for improving the
detection and diagnosis of monoclonal gammopathies
have been recently reported [67-71]. When multiple
proteins are analyzed in patients with multiple my-
eloma, it is possible to identify patients with minimal
renal impairment and thus initiate early treatment [72].

Low-molecular weight proteinuria
In contrast, “tubular” proteinuria is often less than

1.0 g/24 hours and composed of LMW proteins [55].
Several LMW proteins normally appear in the urine
and have been evaluated as potential biomarkers of
effect in renal tubular damage [9]. Included are β2-mi-
croglobulin (β2-m), retinol binding protein and α-l mi-

croglobulin (αl-m) [73]. Other LMW proteins of inter-
est include protein 1, amylase, lysozyme, ribonuclease
[74] and cystatin C [75]. Combining LMW proteins with
prostanoids, growth factors and enzymes of renal and
non-renal origin, excretory patterns have been identi-
fied which provide insight as to the site and mecha-
nism of nephrotoxic injury [76].

A. βββββ2-microglobulin (β2-m) is a low molecular
weight (Mr: 11,800) globular protein located on the
surface of virtually all nucleated cells. It was the first
low molecular weight protein isolated from the urine
of patients with tubular disease [77]. It is closely re-
lated to the class I histocompatibility antigens which
consist of a heavy, variable chain and a light chain that
binds to the heavy chain domain nearest to the cell
membrane. The light chain consists of the β2-m mol-
ecule. Due to its molecular weight and small radius,
β2-m is readily filtered at the glomerulus. Under nor-
mal circumstances, approximately 99.9% of the filtered
β2-m is reabsorbed by the proximal tubular epithelial
cells and ultimately catabolized. A very small amount,
around 70 to 80 mg/24 hours, appears in the urine.
The urinary excretion of β2-m is considerably increased
in cases of renal tubular impairment. As a result, the,
determination of urinary β2-m has been widely used
for the screening of proximal tubular damage. For ex-
ample, in surveys of occupationally exposed individu-
als, a dose-dependent relationship between the body
burden of cadmium and β2-m excretion has been es-
tablished [12]. However, since β2-m undergoes degra-
dation at urinary pH of 5.5 or less, proteins such as
retinol binding protein or α1-m have been proposed as
preferred biomarkers better suited for epidemiologic
surveying due to their stability and resistance to pro-
teolytic degradation over a wide range of urinary pHs
[9, 78]. The simultaneous measurement of serum and
urinary levels of β2-m permits a determination of its
clearance that provides greater precision regarding
tubular function, but also demands alkalinization of
the urine to insure complete recovery of urinary β2-m
[79]. Despite the technical problems associated with
its measurement, the experience with β2-m far exceeds
that of all other low molecular weight proteinuria as-
says [79].

B. Retinol-binding protein, also called α2-micro-
globulin, is a low molecular weight protein (Mr: 21,400).
It is synthesized in the endoplasmic reticulum of the
liver where it binds to retinol (vitamin A). It appears
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in the plasma bound to transthyretin (or prealbumin).
Once the retinol is given up at the appropriate target
tissue, retinol-binding protein undergoes a conforma-
tional change and looses its affinity for transthyretin.
In its new configuration, it is rapidly eliminated from
plasma by glomerular filtration, then reabsorbed and
catabolized by proximal tubular cells. Retinol-binding
protein reabsorption involves megalin [80], a large gly-
coprotein and member of the low-density lipoprotein
receptor family. Because of its stability in acid urine
and since the serum level of free retinol binding pro-
tein is influenced only by renal function, the assay of
urinary retinol binding protein is preferred over that
of β2-m. It has been considered a good marker of renal
injury in clinical settings evaluating the potential neph-
rotoxic agents [81].

C. ααααα1-microglobulin (protein HC; α1-m) is a
glycosylated protein with a Mr of 27 kD. It has been
shown to be associated with a novel family of small
secretory proteins, the so-called lipocalin superfamily
that includes retinol-binding protein. Protein HC is
mainly synthesized in the liver and occurs in the se-
rum in both a free form (free protein HC) and bound
to several high molecular weight proteins such as im-
munoglobulin A (HC-IgA) and albumin (HC-albumin).
The renal handling of protein HC is less well charac-
terized than that of β2-m or retinol binding protein. It
has a glomerular sieving coefficient close to the bench-
mark separating LMW and HMW proteins. While half
the amount in the plasma is complexed with immuno-
globulin A, the free form is readily filtered through
the glomerular basement membrane. The free form of
this protein has been used as an indicator of proximal
tubular dysfunction [82-84].  It is stable in native urine
and its normal urine concentration is sufficiently high
to be determined with rapid and cheap immunochemi-
cal techniques [85]. Notably, the excretion rate de-
creases with recovery of the damaged tubular cells [86,
87]. In proteinuric glomerular disease, urinary protein
HC concentration correlates to the degree of IgG
present in the urine [88].

Other proteins
Protein 1 is an α-microprotein. It is unique in that

it is a sex-dependent protein excreted in greater
amounts by males than females after puberty. It is ex-
creted in increased amounts in the urine of patients
with proximal tubule dysfunction. The Mr of 18,700

and isoelectric points between 4.6 to 5.2 of rat α2m-
globulin are very close to that estimated for protein 1.

Amylases are excreted in greater amounts in tubu-
lar proteinuria. However, since the fractional uptake
by the proximal tubule is substantially lower than that
of β2-m or retinol-binding protein, they are less sensi-
tive indicators of tubular injury. Serum amylases are
synthesized mainly in salivary glands and the pancreas.
Both isoenzymes have the same molecular size (29A)
but different net charges in plasma. Salivary amylase
is more anionic (pI 5.9 to 6.4) than pancreatic amylase
(pI 7.0). A decrease in the number of anionic proteo-
glycans of the glomerular basement membrane and
subsequent diminished rejection of anionic plasma
proteins would facilitate the excretion of greater quan-
tities of the more anionic isoamylase, salivary amylase.
Thus, the use of the urinary ratio of salivary to pancre-
atic amylase could be useful in exploring changes in
negative charges of the glomerular basement mem-
brane [89].

Lysozyme or muramidase, is an enzyme that ca-
talyses the hydrolysis of the peptidoglycan layer of bac-
terial cell walls. The urinary excretion of lysozyme in-
creases during urinary tract infections, proximal tubu-
lar damage, and excessive endogenous lysozyme
synthesis that overwhelm the absorption capacity of
the proximal tubule.

Cystatin C is a non-glycosylated basic protein with
practically the same Mr (13,300) as β2-m. It is a mem-
ber of the cystatin superfamily and the major inhibitor
of the cysteine proteinases. The cysteine proteinases
are one of four major classes of endoproteinases that
possess the ability to degrade intact glomerular base-
ment membranes [90]. In the rat it has been isolated
from urine after sodium chromate induced tubular
dysfunction. All nucleated cells produce cystatin at a
stable rate that is not influenced by inflammation. Se-
rum cystatin C concentrations change with age in par-
allel with changes in glomerular filtration rate. It has
been suggested that serum concentrations correlate
inversely with the glomerular filtration rate [76]. Au-
tomated techniques for the measurement of cystatin C
are now available [91]. In some circumstances, high
concentrations of potentially bioactive hormones such
as PTH, insulin, IGF-1 and the chemokine monocyte
chemoattractant protein-1 (vida infra) are present and
may themselves contribute to progressive renal fail-
ure [92].
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Tamm-Horsfall glycoprotein
Tamm-Horsfall glycoprotein (THP) is a 616 amino

acid, 80 kD protein with a carbohydrate component
that accounts for nearly 30% of the molecular weight.
It is the most abundant protein of renal origin in nor-
mal urine and is the major constituent of urinary casts.
Synthesis of THP occurs in cells of the thick ascending
limb of the loop of Henle where it is localized on the
epithelial cell membrane. It is excreted in the urine at a
relatively constant rate (20 to 60 mg/24 hours). The
carbohydrate side chains are responsible for binding
certain cytokines while an arginine-glycine-asparagine
sequence is involved in the binding of integrins [93].
The isoelectric point (3.2) is very low, so that the pro-
tein has a net negative charge at physiologic pH. Vis-
cosity of solutions containing this protein increase
markedly when the [NaCl] is > 60 mM. Increasing the
concentration of Tamm-Horsfall glycoprotein, [H+],
and [Ca2+] also increases viscosity [94]. These factors
are determinants of cast formation. The urinary excre-
tion can increase following injury to the distal part of
the tubule, but it can be abnormal when the renal mass
is reduced.

Its unique site of origin provides potential as a bio-
marker of renal tubular dysfunction [95]. The quest has
been aided by the recent development of a simple yet
sensitive radioimmunoassay of human THP [95]. An
inverse relationship between the extent of tubular dam-
age and diminished THP excretion has been described
in a study of biopsy-proven cases of chronic glomeru-
lonephritis [96]. It has been suggested that the lessened
excretion of THP in renal disease may be a result of a
reduction in the number of functional distal tubular
cells [97].

Enzymuria

The acceptance by nephrologists of urinary enzyme
activity as a measure of renal tubular dysfunction has
been limited for several reasons. Paramount among
these has been the difficulty to establish correlations
have been made between specific disease states and
the presence or absence of enzymuria. In addition, a
relationship between the severity of cellular injury and
the magnitude of enzymuria has been difficult to es-
tablish. This has been due in part to the fact that vari-
ous factors alter urinary enzyme activity that are inde-
pendent of cellular integrity, i.e., urinary pH, osmo-
larity, and the presences of various enzyme inhibitors

or activators [98]. Nonetheless, the ease with which
urine can be sampled, the impressive improvements
in the technical aspects of assaying urinary enzyme
activity [99-101] and the more complete understand-
ing of the significance of enzymuria, has rekindled in-
terest in their application as monitors of both acute and
chronic renal injury.

The interpretation of urinary enzyme titers is
founded on the premise that the sole source of high-
molecular weight enzymes is damaged tubular cells
[102]. In addition to normal cell shedding [103-105]
enzymes also gain urinary access because of altered
cell membrane permeability, increased rate of enzyme
synthesis, and cell necrosis. Obviously, extraneous
sources of urinary enzyme activity must be excluded
including filtered plasma enzymes, cells and secretions
from genitourinary tract, non-renal cells escaping into
the urine, and the effect of drugs such as salicylates
which can cause the desquamation of renal cells [106].

The ideal criteria for interpretation of enzymuria
[107] include the following: (i) to evaluate glomerular
function the enzyme should be present in blood, ab-
sent in renal tissue and have a molecular size that pre-
cludes its filtration; (ii) to evaluate tubular reabsorp-
tion the enzyme should be present in blood, absent
from renal tissue, have a molecular weight that allows
it to be freely filtered and be reabsorbed by the tubule;
and (iii) to evaluate anatomical and functional condi-
tion of the tubular epithelium the enzyme should be
restricted to the renal tissue. Other criteria for the di-
agnostic use of enzymuria [108] including various tech-
nical and biological considerations are summarized in
Table 7.

The unique distribution of various enzymes along
the length of the nephron provides the potential for
identifying the specific injury site. Enzymes may not
be uniformly distributed along or between nephrons
thus the site selectivity of single enzymes is question-
able, however it should be possible to localize the area
of kidney damage on the basis of the pattern of en-
zymuria. While over one hundred urinary enzymes
have been evaluated [109], only a small number of en-
zymes, that are well defined and widely reported, are
valuable as biomarkers (Table 8).

When considering the application of urinary en-
zymes to monitor subtle renal dysfunction and/or to
clarify mechanisms of nephrotoxicity, only a limited
number of enzymes have been generally accepted as
valuable urinary biomarkers. These include: lactic de-
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hydrogenase, N-acetyl-β-D-glucosaminidase (NAG),
and alanine aminopeptidase (AAP), while others, such
as intestinal alkaline phosphatase and glutathione-S-
transferase, are emerging as useful markers.

Urinary enzymes have the potential of determin-
ing the primary site of renal damage because different
sections of the nephron have a characteristic comple-
ment of enzymes. In dogs, increases in brush border
enzymes, including γ-glutamyl transferase and alka-
line phosphatase, have been associated with renal
proximal tubular damage, while increases in NAG have
been observed in the early stage of renal papillary ne-
crosis. Urinary enzymes have been particularly useful
in detection of acute renal damage in dogs, specifically
tubular damage: however, it is important to note that
their corresponding value in providing information
about chronic renal damage remains to be established.
Although elevation of certain enzymes appears to be a
relatively sensitive measure of nephrotoxicity in the
dog, there is no current agreement regarding which
enzyme assays are the most appropriate for routine use
in human safety assessment studies. In addition, el-
evation of a single enzyme is of limited diagnostic value
in detection of renal damage because spurious increases
in urinary enzymes sometimes occur in normal dogs.
Therefore, if one wishes to conduct special assessment
of nephrotoxicity in dogs, evaluation of several en-
zymes at multiple time points is needed to compen-
sate for normal enzyme variation and to identify po-
tential anatomic site selectivity of the toxin [110].

In addition to albumin and retinol binding protein,
the Center for Disease Control’s renal battery includes
NAG and AAP, which are used for different reasons.

For example, NAG is a lysosomal bound enzyme that
may indicate an increase in lysosomal activity, while
AAP may indicate turnover of brush-border tissue.
They behave differently in response to the effects on
the kidney of different toxicants and chronic diseases,
each providing potentially valuable pieces of informa-
tion [111].

A. Lactate dehydrogenase. The use of urinary en-
zymes in the investigation and diagnosis of renal in-
jury or disease was initiated by Rosalki and Wilkinson
[112], who reported increased activity in the urine of
patients with renal disease. However, lactate dehydro-
genase soon gave way to more site-specific, easier to
determine urinary enzymes.

B. N-acetyl-βββββ-D-glucosaminidase (NAG) is found
in both the S3 segment of proximal tubular cells and
the distal nephron as a lysosomal enzyme. It has its
highest activity in the straight (S3) location of the proxi-
mal tubule of man, with less activity in the collecting
duct portion of the distal nephron. With a molecular
weight of approximately 150,000 daltons, it is normally
retarded from passage through the glomerulus, and
elevated urinary levels are indicative of tubular cell
injury. The presence of NAG, an intracellular lysoso-
mal enzyme, in the urine indicates organelle damage
within the proximal tubule. In addition to occurring in
the urine of individuals with tubular injury, it has also
been found in the urine of patients with various forms
of glomerular disease, obstructive uropathy and neph-
rosclerosis. Other non-specific increases in urinary
NAG activity have been described. With the refinement

Table 8. Some enzymes used as index of nephrotoxicity.

Enzyme Cellular location

Alanine aminopeptidase (AAP) brush border
Alkaline phosphatase
γ-glutamyltransferase (GGT)
Maltase
Trehalase

Glutamic oxaloacetic transaminase cytosol
Lactate dehydrogenase
Malate dehydrogenase

N-acetyl-β-D-glucosaminidase lysosome
Acid phosphatase
β-glactosidase
β-glucosidase
β-glucuronidase

Glutamate dehydrogenase mitochondria

Table 7. Criteria for diagnostic use of urinary enzymes.

Technical considerations

Precision
Standardization (accuracy)
Interference
Technical performance (automation)
Cost

Biological considerations

Nephron origin
Intracellular site
Mechanisms of release into urine
Stability in urine at 37°C
Factors known to influence sampling conditions
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of the colorimetric assay technique, it is one of the most
useful and best studied of the diagnostic urinary en-
zymes. The enzyme activity is apparently not influ-
enced by variations in urinary pH. Urinary NAG ac-
tivities vary little throughout 24 hours if the urine crea-
tinine concentration of the sample is used to correct
the varying rates of urine flow. Thus, random samples
of urine may be used for enzyme assay. Increased uri-
nary NAG appears to be dependent both upon the ac-
tivity of the disease process and the functioning renal
cell mass. Since the renal cell mass decreases in older
individuals and there is lower excretion of creatinine,
an increased excretion of NAG occurs in individuals
over 70 years of age.

NAG, along with other urinary enzymes, has been
used to evaluate drug induced tubular damage as in
the case of acetaminophen [113], 5-aminosalicyate/
sulfasalazine in patients being treated for inflamma-
tory bowel disease [114], and the relative nephrotoxic-
ity of differing aminoglycoside dose schedules in neo-
nates [115]. Assess of the urinary excretion of NAG
have also been reported in hypertensive patients [116]
and in patients with chronic renal failure due to vari-
ous causes [117]. However, to date, it is considered to
be an ancillary but non-definitive marker of renal dis-
ease.

C. Alanine aminopeptidase is restricted to the
proximal tubule [118-120]. It shares with NAG great
popularity as a measure of tubular injury. Increased
excretion of NAG and alanine aminopeptidase has been
reported in a variety of renal diseases including: pyelo-
nephritis, glomerulonephritis, urologic cancers and re-
nal transplant rejection. In addition, increased excre-
tion has been reported in association with many well-
defined nephrotoxins, i.e., exposure to cadmium,
mercury, lead, cisplatin, aminoglycosides, cyclospo-
rine, tacrolimus (FK-506), non-steroidal anti- inflam-
matory drugs, radiocontrast media in both clinical [40,
79, 121-129] and experimental situations [130-136].
Thus, the experience with N-acetyl-β-D-glucosamini-
dase and alanine aminopeptidase indicates that while
neither is specific with regard to discriminating be-
tween glomerular and tubular disease, they are very
sensitive to acute tubular injury in which either the
offending agent is known or the exposure incident is
well characterized [137].

D. Intestinal alkaline phosphatase and human tis-
sue non-specific tissue alkaline phosphatase are two

urinary isoenzymes that have elicited interest as po-
tential segment specific markers of the human neph-
ron [138]. Both are members of the closely related group
of alkaline phosphatases. Intestinal alkaline phos-
phatase is the intestinal isoenzyme that is localized on
the brush border of human intestinal epithelial cells. It
is also present in normal human kidney, where it is
exclusively expressed on the brush border of tubulo-
epithelial cells of the S3-segment of the proximal tu-
bule. The intestinal alkaline phosphatase, which is re-
leased in urine, has its origin in the kidney. As a result,
intestinal alkaline phosphatase is considered to be a
specific and sensitive marker for alterations of the S3-
segment of the human proximal tubule. Tissue alka-
line phosphatase, in contrast, is localized on the mem-
brane of liver cells, osteoblasts, and fibroblasts, and on
the brush border all along the different segments of
the proximal tubule. By measuring both enzymes, judg-
ments as to the involvement of S1-S2 versus S3 seg-
ments can be achieved during either occupational
screening [139] or when conducting clinical pharma-
cology studies [140]. Their usefulness as markers has
been enhanced because specific monoclonal antibod-
ies have been developed against each and because spot
urine collections using appropriate preservative will
remain stable for up to five months [138]. The two al-
kaline phosphatase isoenzymes have been validated
as independent markers of proximal tubular cell alter-
ations in over twenty occupationally exposed cohorts
and clinical groups [141].

E. Glutathione-S-transferases (GST) are cytosolic
enzymes. Four GST isoenzyme classes have been iden-
tified – alpha, mu, pi and theta [142]. Alpha GST iso-
form is localized to the human proximal tubular cells.
The pi GST isoform is localized in the human distal
convoluted tubules, the thin limb of the loop of Henle,
and the collecting ducts. An increased urinary excre-
tion of alpha GST correlates with brush border dam-
age and decreased staining of proximal tubules for that
isoenzyme [143]. It appears that radioimmunologic or
immunochemical quantitation of alpha and pi forms
of the enzyme can be used as sensitive and relatively
simple markers for early detection of toxic effects with
respect to the renal tubule [144]. The measurement of
urinary glutathione S-tranferases has been used as a
parameter to predict early graft function after trans-
plantation [145], to raise suspicion of graft rejection in
patients with delayed graft function [146], and to dis-
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tinguish between cyclosporine A-induced nephrotox-
icity and acute rejection [147].

Emerging biomarkers

With the rapid increase in understanding of the
mechanisms of cell injury and repair, a number of new
substances have been identified that may prove to be
useful markers of acute injury or disease activity. These
include various cytokines and growth factors, several
lipid mediators, a complex array of extracellular ma-
trix components and cell adhesion molecules, plus a
variety of miscellaneous compounds. At the present
time, the clinical utility of their measurement in bio-
logic samples is unknown, although in selected in-
stances, clinical correlates have emerged. Unfortu-
nately, not all of these markers are present in urine or
blood samples. For some, detection involves histologic
or histochemical techniques applied to renal tissue
samples. Nonetheless, the substances discussed below
are intimately involved in the control and modifica-
tion of cell function, the response to stress and/or the
processes of repair. It is anticipated that with proper
amplification, one or more may be useful as a marker
of susceptibility, exposure or effect.

Cytokines

Cytokines are polypeptides that regulate a num-
ber of important biologic functions. They act as sys-
temic mediators of inflammatory and immune re-
sponses, are closely involved in tissue repair, and un-
der certain circumstances promote tissue destruction
and fibrosis. The cytokines include, among others, the
interleukins and interferons, tumor necrosis factor,
colony-stimulating growth factors and various other
growth factors (Table 9). It is now appreciated that
among the mechanisms responsible for glomerular and
tubulointerstitial disease, cytokines play a prominent
role.

A. Interferons are a group of cytokines that include
interferon-α (IFN-α), interferon-β (IFN-β) and inter-
feron-γ (IFN-γ). The interferons are naturally protec-
tive substances. For example, IFN-α and IFN-β are pro-
duced in response to viral infection and inhibit viral
replication plus assist the induction of viral resistance.
Not only do they possess antiviral activity but they also
mediate the response to other infectious agents, dem-

onstrate antitumor activity, and play a role in the regu-
lation of growth, differentiation and development
[148]. In contrast, IFN-γ has more potent
immunoregulatory effects than either IFN-α or -β.
Among its properties, IFN-γ is capable of activating
human macrophage oxidative metabolism and micro-
bicidal activity.

B. Interleukins are produced by a variety of cells
including lymphocytes and monocytes. They modu-
late inflammatory and immune responses by regulat-
ing the growth, differentiation and mobility of effec-
tor cells. Interleukin-l (IL-l), a pro-inflammatory cy-
tokine, is associated with the systemic acute phase
response producing both fever and neutrophilia. Lo-
cally, it mediates tissue injury and remodeling. In the
kidney, the synthesis and release of IL-l may contrib-
ute to progressive glomerular injury due to its action
on mesangial cells. IL-l has the capacity to stimulate
matrix production by glomerular epithelial cells and
induce proliferation by glomerular mesangial and en-
dothelial cells. Interleukin-6 (IL-6) is a glycoprotein

Table 9. Various cytokines.

Interleukins

Interleukin-1
Interleukin-2
Interleukin-4
Interleukin-5
Interleukin-6
Interleukin-8

Colony-stimulating factors

Interleukin-3
Granulocyte-Macrophage-CSF
Macrophage-CSF
Granulocyte-CSF

Interferons

Interferon-α
Interferon-β
Interferon-γ

Growth factors

Epidermal Growth factor
Insulin-like growth factor
Transforming growth factor β
Platelet-derived growth factor

Tumor necrosis factor

TNF-α
TNF-β
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[149] that also is involved in regulating mesangial cell
proliferation [150]. IL-6 can be measured in the urine
where its presence is a reflection of local production
by either glomerular mesangial cells or by cells that
have infiltrated the glomeruli. In patients with
mesangial proliferative glomerulonephritis [151, 152]
IL-6 can be detected in the urine, presumably as a re-
sult of its production by mesangial cells. Curiously, it
is not found in the urine from patients with other types
of glomerulonephritis. In the patients with mesangial
proliferative glomerulonephritis a relationship exists
between the urinary levels of IL-6 and the level of dis-
ease activity and it has been suggested that the uri-
nary IL-6 levels may be a useful marker for detecting
progressive injury [152]. Recently, IL-6 has been re-
ported to be elevated in the serum of with reflux neph-
ropathy [153] for which a pathogenic role was pro-
posed. Interleukin-8 (IL-8) is a potent neutrophil and
lymphocyte chemotactic cytokine and is the most
widely studied member of the so-called intercrine su-
perfamily of cytokines [154]. Urinary levels of immu-
noreactive IL-8 may be elevated with various glom-
erular diseases. The glomerular production of IL-8 pro-
motes the infiltration of leukocytes - particularly
neutrophils - into glomeruli where they contribute to
progressive renal injury [155]. As can be appreciated,
assays for interleukins are expected to become useful
for evaluating renal damage and monitoring disease
activity. In addition, elevated levels of IL-8 have been
reported in patients undergoing cardiac bypass sur-
gery [156]. These same authors found elevated excrete
of several anti-inflammatory cytokines, IL-10, IL-1ra,
and TNFsf2, and raised the possibility that they were
derived from the kidney as a auto-protective mecha-
nism to limit the extent of renal damage secondary to
the filtration of the inflammatory cytokines.

C. Tumor necrosis factor ααααα is not detected under
normal physiological conditions. Although first iden-
tified for its anticancer activity, in addition to neoplas-
tic cells., TNFα is produced in response to tissue inva-
sion by bacteria, viruses, fungi or parasitic agents. Vari-
ous cells, including glomerular mesangial cells,
synthesize Tumor Necrosis Factor [157]. In the
mesangial cells, tumor necrosis factor may stimulate
the synthesis of various prostaglandins along with
platelet activating factor. It also induces cyclic AMP
and cyclic GMP accumulation, promotes the genera-
tion of reactive oxygen metabolites, upregulates the

expression of intercellular adhesion molecule-l (ICAM-
l) and may have either a stimulatory or inhibitory ef-
fect on mesangial cell proliferation [158]. Some of these
products, including oxygen radicals [159] and various
cytokines [160] may be injurious to the mesangial cells
themselves.

The stimulation of mesangial cells to release and
respond to tumor necrosis factor may accelerate the
glomerular infiltration of polymorphonuclear leuko-
cytes and monocytes. Indeed, the injection of tumor
necrosis factor enhances glomerular damage in some
forms of experimental glomerulonephritis [161]. An-
other important target is the vascular endothelium
where an increase in the local production of tumor
necrosis factor-α may result in the formation of capil-
lary thrombi. An increase in plasma and urinary levels
of two soluble tumor necrosis factor receptors has be
found in patients with chronic renal failure [162].

D. Monocyte chemoattractant protein-1 (MCP-1)
is a chemokine that plays an important role in the re-
cruitment of monocytes/macrophages into renal tu-
bulointerstitium [163, 164].  It is known to be produced
mainly by tubular epithelial cells in kidney [165], and
to contribute to renal interstitial inflammation and fi-
brosis [166].  Furthermore, protein overload in renal
tubular cells is shown to up-regulate MCP-1 gene and
its protein [167, 168].  These lines of evidence collec-
tively suggest that increased urinary protein excretion
probably aggravates renal tubular damage by enhanc-
ing MCP-1 expression in tubular cells. Protein over-
load in renal tubular cells has been found to up-regu-
late MCP-1 gene and its protein [13, 14]. It has been
suggested that MCP-1 expression in renal tubuli is en-
hanced in proteinuric states, irrespective of the types
of renal disease, and that increased MCP-1 expression
probably contributes to renal tubular damage in pro-
teinuric states [169].

Growth factors

Several growth factors have been isolated from kid-
ney tissue. They include, among others, epidermal
growth factor, insulin-like growth factors, transform-
ing growth factors, and platelet-derived growth fac-
tor.

A. Epidermal growth factor is a polypeptide that
stimulates the proliferation and differentiation of epi-
dermal and epithelial cells and is a potent mitogen. In
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the kidney, cells of the distal convoluted tubules and
the thick ascending loop of Henle produce a precursor
molecule, pre-pro-epidermal growth factor. Binding
sites for epidermal growth factor are present in vari-
ous locations of the renal tubules and the glomeruli
[170]. Epidermal growth factor is thought to be impor-
tant both for the maintenance of renal tubule integrity
and for the regenerative response of tubular epithelial
cells to injury [171]. There is little evidence to suggest
that epidermal growth factor plays a role in compen-
satory hypertrophy. In experimental models, changes
in the processing of pre-pro-epidermal growth factor,
and in epidermal growth factor receptor density have
been found along with altered expression and distri-
bution of epidermal growth factor [172, 173]. In hu-
mans, urinary epidermal growth factor concentrations
range from 50 to 70 ng/mg creatinine [174] and are
higher in females than in males [175]. Epidermal
growth factor levels may be reduced in the urine of
patients with chronic renal failure [176].

B. Insulin-like growth factors (insulin-like growth
factor-I and insulin-like growth factor-II) were origi-
nally called somatomedins because of their role in
mediating the action of growth hormone. Growth hor-
mone stimulates the synthesis and release of insulin-
like growth factors that then exert negative feedback
on growth hormone secretion. Insulin-like growth fac-
tors are also produced in a growth hormone-indepen-
dent fashion, acting as local growth factors. In the kid-
ney, insulin-like growth factors-I is synthesized in the
glomerular mesangial cells and in the cortical and med-
ullary collecting duct cells. They are bound to high-
affinity carrier proteins and interact with distinct cell
surface receptors in glomeruli and in all nephron seg-
ments. Insulin-like growth factor-I is a proinsulin-like
peptide that exerts a variety of actions in the kidney
whereas the physiologic role of insulin-like growth
factor-II remains poorly understood. Although the in-
fusion of insulin-like growth factor-I increases the
glomerular filtration rate and renal plasma flow in
humans with normal renal function, the primary physi-
ologic role of the insulin-like growth factors appears
to be the modulation of cell division and growth. In
the fetal kidney, locally produced insulin-like growth
factors-I may be important in organogenesis [177]. In-
sulin-like growth factor-I may also influence the re-
generation of tubular epithelial cells after ischemic in-
jury [178]. However, it may also be involved in me-

sangial proliferation and the expansion of the extra-
cellular collagenous matrix, forerunners of glomeru-
lar sclerosis. Finally, insulin-like growth factors-1 may
play an important role in the late but not the initiating
phase of compensatory hypertrophy and the acceler-
ated renal growth in early diabetes mellitus.

C. Transforming growth factor βββββ is a family of
growth peptides that are intimately involved in extra-
cellular matrix formation, cellular proliferation and
differentiation. It is present in both the renal cortex and
medulla. It is a prototypical cytokine that plays a cen-
tral role in regulating tissue repair and remodeling af-
ter cell injury. Transforming growth factor-β is unique
among the cytokines in that it has a direct effect on the
synthesis of extracellular matrix components such as
collagen and fibronectin, is capable of inhibiting ma-
trix protein degradation by proteases, and modulates
matrix receptors to increase adhesion of cells to ma-
trix. Indeed, the regulation of extracellular matrix ho-
meostasis is thought to represent a major part of its
action [179]. Transforming growth factor-β also con-
trols the interaction of cells with the extracellular ma-
trix by regulating the expression of the integrin family
of cell adhesion receptors. Transforming growth fac-
tor-β stimulates cell proliferation and differentiation
and is involved in the regenerative activity that fol-
lows ischemic injury. It may be a mediator of the renal
fibrosis that occurs in response to the administration
of antiglomerular basement membrane IgG; has been
implicated in the pathogenesis of glomerulonephritis;
and it may contribute to the development of progres-
sive kidney fibrosis.

D. Platelet-derived growth factor: platelet-derived
growth factor is disulphide-bonded dimer composed
of an A and B chain. It exists in three forms (platelet-
derived growth factor-AB, platelet-derived growth fac-
tor-AA or platelet-derived growth factor-BB), each with
different functional properties. The platelet-derived
growth factor family plays a role in cell growth and
differentiation, is involved in tissue repair processes
and is one of the growth factors whose unregulated
activity may be involved in the progression of renal
damage toward sclerosis. It stimulates chemotaxis, in-
fluences the production of extracellular matrix and
regulates its subsequent metabolism. Platelet-derived
growth factor produced by mesangial cells or inflam-
matory cells may contribute to the development of
glomerulonephritis through autocrine or paracrine
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mechanisms [180]. Platelet-derived growth factor ex-
pression has been studied in renal biopsy samples from
patients with mesangial proliferative glomerulonephri-
tis and found to be elevated when compared to nor-
mals or those with nonproliferative forms of glomeru-
lonephritis [181]. Platelet-derived growth factor stimu-
lates the production of transforming growth factors-β
by mesangial cells [182]. Also, an increase expression
of platelet-derived growth factor receptors has been
found at the mesangial level in patients with various
forms of mesangial proliferative glomerulonephritis
[183].

CCN gene family

The CCN gene family encodes multifunctional, ex-
tracellular matrix-associated signaling proteins that
regulate cell adhesion, migration, proliferation, sur-
vival, and differentiation [184]. Six members of this
gene family are known and include Cyr61 (cysteine-
rich angiogenic protein 61). Cyr61 supports the adhe-
sion of fibroblasts, endothelial cells, epithelial cells,
blood platelets, and other cell types and is able to syn-
ergize with other mitogenic growth factors to enhance
growth factor-induced DNA synthesis [185]. The rapid
induced Cyr61 has been reported in proximal straight
tubules following renal ischemia in both rats and mice.
Because it is excreted in the urine, it has been suggested
that it might serve as an early biomarker of renal in-
jury [186].

Lipid mediators

The eicosanoids are locally active hormones
(autocoids) that are derived from precursor polyun-
saturated fatty acids. The rate-limiting step in the syn-
thesis of eicosanoids is the phospholipase-regulated
release of arachidonic acid from membranes. Arachi-
donic acid metabolism may follow one of three pos-
sible pathways. In the first, the cyclooxygenase- per-
oxidase pathway leads to the formation of the
prostenoids - prostaglandins and thromboxanes. In the
second, the lipoxygenase pathway yields the leuko-
trienes and lipoxins. A third pathway, the cytochrome
P-450 mono oxygenase pathway is also involved in the
metabolism of arachidonic acid.

Cyclooxygenase pathway - prostanoids
Prostaglandins and thromboxanes have a number

of important functions that can be of considerable im-
portance in determining the acute or chronic response
to injury. Among their actions, prostaglandins and
thromboxanes either enhance or inhibit inflammation
depending on the specific mediator and its local con-
centration. A ratio of the local synthesis of thrombox-
ane A2 (TXA2), a potent vasoconstrictor, and prosta-
cyclin (PGI2), a potent vasodilator, have been shown
to have a major impact on the hemodynamic changes
observed with certain models of acute renal failure. In
addition, chronically diseased kidneys produce in-
creased quantities of TXA2 and often reduced quanti-
ties of PGI2.

Arachidonic acid metabolites can induce the pro-
duction of tumor necrosis factor-α and may directly
participate in the stimulation of gene expression. On
the one hand, TXA2 stimulates mRNA for the genes
encoding type IV collagen, laminin and fibronectin; on
the other hand, PGI2 appears to suppress expression
of type IV collagen, laminin and fibronectin [187]. As
can be appreciated, stimulation of extracellular matrix
proteins by TXA2 may contribute to the progression
of renal disease. Other potentially deleterious effects
include constriction of glomerular afferent and effer-
ent arterioles, intraglomerular platelet aggregation, and
contraction of glomerular mesangial cells [188].

Glomerular production of TXA2 is increased in a
number of models of renal injury. In addition to its
vascular effects, TXA2 is a potent inducer of platelet
aggregation, with the consequent release of vasoactive
and growth-promoting factors. The vasodilatory pros-
taglandins (such as PGE2 and PGI2 serve as homeo-
static mechanisms to oppose the effects of TXA2. They
maintain blood flow and glomerular filtration in the
setting of decreased renal perfusion or chronic kidney
disease.

Lipoxygenase pathway
A. Leukotrienes: The oxygenation of arachidonic

acid by 5-lipoxygenase enzymes, produce leukotriene
A4 (LTA4) with subsequent production of leukotrienes
B4, C4, D4, and E4, all of which have important bio-
logical effects on the kidney. They are mediators of both
acute inflammation and the slow reacting substances
important in hypersensitivity. The effects of LTB4 tend
to be pro-inflammatory and immunomodulatory even
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though the peptidoleukotrienes, formerly known as the
slow reacting substances of anaphylaxis, have effects
that are primarily vascular and hemodynamic. Lipoxy-
genase products appear to be involved in the recruit-
ment, as well as the attachment, of inflammatory cells
to the glomerulus, thereby providing a potentially
major stimulus for the perpetuation of injury. For ex-
ample, LTB4 is a potent chemotactic agent that pro-
motes adhesion of leukocytes to endothelial cells. LTB4
also induces aggregation of polymorphonuclear cells,
stimulates the generation and release of reactive oxy-
gen intermediates, and enhances the production of
cytokines such as IL-l, IL-2, and IFN-γ. LTB4 is devoid
of constrictor action in the normal rat kidney. How-
ever, the leukotrienes, LTC4 and LTD4, are potent re-
nal vasoconstrictors and can increase the permeability
of postcapillary venules. LTD4 exerts preferential con-
strictor effects on postglomerular arteriolar resistance.
In addition, LTC4 and LTD4 leukotrienes stimulate
contraction of glomerular mesangial cells. They may
be important mediators of inflammation in glomeru-
lonephritis. LTB4 and other products of the
lipoxygenase pathway have been shown to modulate
glomerular filtration, arteriolar resistance, and mesan-
gial contractility.

B. Lipoxins: A combination of actions by 15- 12-
and 5-lipoxygenase enzymes on arachidonic acid leads
to the generation of the lipoxins, LXA4 and LXB4. LXA4
dilates afferent arterioles without affecting efferent
arteriolar tone. This response may be mediated by the
secondary release of cyclooxygenase products such as
PGE2 and PGI2. LXB4 possess vasoconstrictor actions
in the rat kidney.

P-450 Mono oxygenase pathway
P-450 arachidonic acid-derived metabolites have

been identified in human urine [189]. The renal cyto-
chrome P-450 system is involved in catalyzing the en-
zymatic transformation of arachidonic acid. This reac-
tion can involve either an epoxygenase system yield-
ing various epoxides or a mono oxygenase system
yielding other oxidation products. Cells of the proxi-
mal tubule, thick ascending limb of Henle and the col-
lecting duct contain the major amount of cytochrome
P-450 enzyme in the kidney.

Platelet activating factor
Platelet activating factor is a family of phosphocho-

lines produced by inflammatory cells, platelets, endot-
helial cells, isolated glomeruli, mesangial cells, and
renal medullary cells. Platelet activating factor’s bio-
logic effects include platelet aggregation and activa-
tion, chemotaxis and chemokinesis, polymorpho-
nuclear leukocyte aggregation and degranulation,
stimulation of oxygen-free radical formation, smooth
muscle contraction, and increased vascular permeabil-
ity. Due to the concomitant cytosolic release of arachi-
donic acid that accompanies platelet activating factor
biosynthesis, its formation has been linked to the gen-
eration of the biologically active products resulting
from the activation of the cyclooxygenase and lipoxy-
genase pathways.

Extracellular matrix components and cell
adhesion molecules

Extracellular matrix components
In glomeruli, the extracellular matrix is of two types.

In the glomerular basement membrane the major com-
ponents are type IV collagen, heparin sulphate pro-
teoglycans, laminin, nidogen, entactin, and fibronec-
tin. In mesangial cells, type V collagen and chondroitin
sulphate proteoglycans predominant.

A. Collagens are classified as fibril-forming col-
lagens (types I, II, III, V and XI), non-fibril-forming
collagens that form networks (type IV and X), and mi-
crofibrils (type VI collagen). Type IV collagen is the
major component of the glomerular basement mem-
brane where it contributes structural support, provides
a matrix for cell adhesion and is integral to the perm-
selectivity properties of the glomerulus. Type IV col-
lagen has the ability to bind to other matrix proteins,
such as laminin, proteoglycan, and nidogen. It has been
measured in human urine [190] where it is released as
part of its turnover. It has been found to be significantly
elevated in cases of diabetic nephropathy, membranous
nephropathy and rapidly progressive glomerulone-
phritis. Presumably, the increase in urinary type IV
collagen excretion reflects increased glomerular base-
ment membrane degradation by inflammatory cells. It
appears that the assay of collagen IV is a way of inves-
tigating fibrotic changes to the glomerulus.

Type V collagen along with Type VI collagen has
been found in the mesangium, glomerular basement
membrane, and renal interstitium. Type VI collagen is
a ubiquitous protein present in many types of extra-
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cellular matrices. It is a major component of microfibrils
and possesses distinct cell binding properties. Type VI
collagen may be a requirement to provide an appro-
priate extracellular environment for cultured fibro-
blasts to arrest proliferation. An increased deposition
of type VI collagen has been found in the late stages of
nodular glomerulosclerosis [191].

B. Glycoproteins are basic constituents of normal
renal tissue and are structurally and functionally ac-
tive components of basement membranes.

Laminins are the major glycoprotein, with distinct
cell binding properties that account for the ability to
bind to type IV collagen. Indeed, laminins are capable
of many interactions with cell surface receptors. The
major functions of laminin take advantage of the abil-
ity to interact with cells and affect cell behavior. This
may involve increasing cell adhesion, adjusting cell
polarization, or allowing cell spreading, migration, and
differentiation. Breakdown products of laminin are
present in serum as a result of both the normal an ab-
normal turnover of basement membranes. It has been
suggested that these fragments have the potential for
serving as a marker for the progression of renal dis-
ease [192]. It is also the case that changes in the glyco-
conjugates of renal tubules accompany tubular dam-
age.

Fibronectin is a glycoprotein found on the surface
of many cells where it plays an important role in orga-
nizing the extracellular matrix. It is present in many
basement membranes and is especially abundant in the
mesangium and Bowman’s capsule matrices. It is ca-
pable of interacting with proteoglycans, collagens of
extracellular matrices, and various cell surface recep-
tors. Fibronectin may mediate cell adhesion to collagen.
In rats with either immune or toxic glomerular diseases,
increased plasma fibronectin levels may occur in the
early phases prior to the onset of proteinuria and be-
fore the development of widespread glomerular lesions
[193].

A ubiquitous laminin-associated glycoprotein is
entactin (also known as nidogen), a glycoprotein now
thought to provide linkage between laminin and type
IV collagen in basement membranes.

C. Proteoglycans can be found in all basement
membranes. Proteoglycans with three-heparin sulphate
attached to the core protein perlecan predominate. A
decrease in the glomerular content of heparin sulphate
proteoglycans occurs in a number of renal diseases.

This results in a loss of the negative charge of the base-
ment membrane and is viewed as one of the key fac-
tors responsible for high-molecular weight proteinuria.
The chondroitin/dermatan-sulphate proteoglycans,
such as biglycan and decorin, are quite distinct from
heparin sulphate proteoglycans. Proteoglycans are able
to bind to several growth factors such as transforming
growth factors-β. Binding of transforming growth fac-
tors-β to the extracellular matrix proteoglycans decorin
and biglycan serves to neutralize the growth-stimula-
tory effects of transforming growth factors-β. In this
way, these proteoglycans act as negative feedback regu-
lators in the process of extracellular matrix formation
[194].

Cell adhesion molecules
Cell adhesion molecules (CAMs) are transmem-

brane glycoproteins that act at the cell surface to medi-
ate specific binding interactions with other cell adhe-
sion molecules on adjacent cells or with proteins in the
extracellular matrix. They are responsible for the ad-
hesion of various leukocytes with each other, with ex-
tracellular matrix and with other cell types. There are
four families of CAMs that facilitate these interactions.
The classification is based on differences in structure
and includes selectins, cadherins, integrins, and immu-
noglobulin superfamily (Table 9). CAMs play a role in
renal morphogenesis and are expressed in the adult
human kidney. These molecules can influence growth
factor expression, and conversely growth factors can
modulate production of cell surface adhesion molecules
and the expression of extracellular matrix proteins.

A. Selectins are a family of so-called homing re-
ceptors that include P-selectin (platelet selectin), E-se-
lectin (endothelial cell selectin), and L-selectin (leuko-
cyte selectin). They are involved in the homing of lym-
phocytes to lymph nodes. Selectins support leukocyte-
endothelial cell and leukocyte-platelet adhesion and
mediate the migration of neutrophil granulocytes in
developing inflammatory reactions. Selectins bind at
least three broad categories of natural or synthetic car-
bohydrates [195].

B. Cadherins constitute a family of cell-surface gly-
coproteins that mediate cell adhesion in a Ca2+-depen-
dent manner. They tend to concentrate at cell junctions
and require interaction with cytoplasmic-based pro-
tein to function. Three subclasses have been described:
E-cadherins, N-cadherins, and P-cadherins. Mainte-
nance of cell polarity, a critical function that allows for
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vectorial tubular transport in the kidney, appears to
be inducible by E-cadherins.

C. Integrins are a family of large integral transmem-
brane glycoproteins, involved in the adhesive interac-
tions of cells [196]. They consist of two subunits, an α
and β chain. Each subunit is a transmembrane protein
with a large extracellular domain and a small cytoplas-
mic domain. The variability in available α and β chains
allows for a large family of integrins and provides cells
with the ability to recognize a variety of adhesive sub-
strates. They appear to be the primary mediators of
cell adhesion to extracellular matrix adhesion and base-
ment membranes and contribute to cell-cell adhesion
[197]. They are thought to link the cytoskeleton of one
cell with that of another or with the extracellular ma-
trix. Integrins associate with cytoskeletal proteins
viatalin, vinculin, and probably other cytoskeletal pro-
teins [198]. β1 integrins are found on mesangial cells
where they appear to be the principle mediators of cell-
extracellular matrix adhesion, with fibronectin, lami-
nin and collagens as their major ligands. They are

known as the very late activation antigen proteins. β2
integrins are involved in leukocyte cell-cell adhesion.
The very late activation antigen-4 β1 integrin (very late
activation antigen-4) and the CD11-CD18 β-2 integrins
are important in leukocyte-endothelial adhesion. Ad-
hesion molecules may play an important role in
reperfusion injury of the kidney [199, 200].

D. Immunoglobulin superfamily of cell adhesion
molecules are large plasma-membrane glycoproteins,
which function primarily in cell-cell adhesion in a Ca2+-
independent manner. They include among others, in-
tercellular adhesion molecule-1 (ICAM-1) and vascu-
lar cell adhesion molecule-1 (VCAM-1). These two
members of the immunoglobulin supergene family
play an important role in a variety of inflammatory
and immune- mediated mechanisms, mediating both
cell migration and activation. ICAM-1 is a glycopro-
tein expressed on endothelial cells of larger vessels,
glomeruli and peritubular capillaries, epithelial, fibro-
blast and leukocyte cells. ICAM-2 is a glycoprotein
expressed by endothelial cells, lymphocytes and some
other leukocytes. VCAM-1 is a glycoprotein widely
distributed on endothelial, epithelial, macrophages and
dendritic cells. It supports the adhesion of eosinophils,
basophiles, monocytes and lymphocytes. ICAM-1 and
VCAM-1 appear to be particularly important for the
firm attachment and transendothelial migration of leu-
kocytes through their interactions with lymphocytes
via the leukocyte integrins CD11a/CD18 1-2 (LFA-1)
and very late activation antigen-4, respectively.

Recent reports have shown the presence of soluble
forms of ICAM-1 and VCAM-1 in human sera and have
demonstrated increased levels of these soluble mark-
ers in patients with inflammatory diseases as well as
with other immunologic mediated disorders. Changes
in ICAM-1 expression have been reported in glomeru-
lonephritis, tubulointerstitial inflammation, and renal
allograft rejection. Circulating levels of ICAM-1 are
elevated in some forms of glomerulonephritis [201].
Expression of VCAM-1 has been observed on proxi-
mal tubule cells in patients with vasculitis and cres-
centic nephritis, lupus nephritis, IgA nephropathy, and
acute interstitial nephritis induced by non-steroidal
anti-inflammatory drugs [202]. The neural cell adhe-
sion molecules (N-CAM) and the leukocyte-function-
associated antigens also belong to this family.

E. Kidney injury molecule 1 (KIM-1) is a member
of the immunoglobulin gene superfamily. KIM-1

Table 9. Cell adhesion molecules.

Selectins

P-selectin
E-selectin
L-selectin

Cadherins

E-cadherins
N-cadherins
P-cadherins

Integrins

β1-integrins
α4-β1 (VLA-4)
β2-integrins
CD11a/CD18
CD11b/CD18
CD11c/CD18

Immunoglobulin-like molecules

Intercellular adhesion molecule-1 (ICAM-1)
Intercellular adhesion molecule-2 (ICAM-2)
Intercellular adhesion molecule-3 (ICAM-3)
Vascular cell adhesion molecule-1 (VCAM-1)
CD2, CD3, CD4, CD8
Major histocompatibility complex classes 1 & 2
Neural cell adhesion molecule-1 (NCAM-1)
Carcinoembryonic antigen

Kidney injury molecule 1 (KIM-1
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mRNA and protein are expressed at a low level in nor-
mal kidney but are increased dramatically in the kid-
ney following ischemic injury. It is expressed in prolif-
erating and dedifferentiated epithelial cells in regen-
erating proximal tubules. KIM-1 is an epithelial cell
adhesion molecule up regulated in the cells, which are
dedifferentiated and undergoing replication. It has
been suggested that KIM-1 may play an important role
in the restoration of the morphological integrity and
function following renal ischemic injury [203]. In pa-
tients with acute tubular necrosis, the amount of soluble
released form of KIM-1 is markedly increased. Patients
with milder degrees of tubular injury related to con-
trast nephropathy and interstitial nephritis, also had
elevated urinary levels of immunoreactive KIM-1 [204].

Miscellaneous biomarkers

Tubule antigens
Tissue constituents (including enzymes) of the kid-

ney and urogenital tract are physiologically shed into
the urine as a consequence of cell turnover and me-
tabolism. When they are detected by immunochemi-
cal methods, they are referred to as antigens. It has been
demonstrated that urinary excretion of specific proxi-
mal tubular antigens is increased in a variety of ex-
perimentally induced renal diseases. By raising mono-
clonal antibodies to membrane and other cellular de-
rived antigens a new sensitive, specific, and readily
available biomarker of renal cell injury is possible. For
example, increased excretion of tubular antigens oc-
curs in a variety of nephropathies including those due
to exposure to cadmium, hydrocarbons, cisplatin, and
radiographic contrast- media [102]. Monoclonal anti-
bodies to human brush-border antigens (BBA, BB-50)
have been produced [205]. The advantage of tubular
antigen determination is the possibility of detecting
site-specific renal damage. As described above, mono-
clonal antibodies have been produced that react with
intestinal alkaline phosphatase which is specific for the
S3 segment of the proximal tubule. A monoclonal an-
tibody-based assay for adenosine deaminase binding pro-
tein, a proximal tubular antigen present on the brush
border of proximal tubular epithelial cells, has been
described. Adenosine deaminase-binding protein re-
lease appears to result from acute tubular injury, with
the level rising before an increase occurs in the Scr.
Conversely, adenosine deaminase-binding protein lev-

els return towards normal with cessation of proximal
tubular injury, often before the rise in the Scr is re-
versed. Villin is a cytoskeletal protein of brush borders.
It is linked to actin and stabilizes the actin filaments
that anchor the individual microvilli. In conditions of
high Ca2+ concentrations, which are present during
cellular damage such as hypoxia or direct toxic agents,
villin acts as an F-actin severing protein. This causes
the release of brush-border bundles that are shed into
the lumen of the tubule and excreted with urine. The
appearance of villin in the urine is therefore an indica-
tor of renal proximal tubular damage [206].

Endothelins
are a family of locally generated peptides that pos-

sess a number of biological functions. They are potent,
if not the most potent renal vasoconstrictors [207] and
stimulate vascular smooth muscle cell and mesangial
cell proliferation [208]. Four endothelins (ET-1, ET-2,
ET-3 and ET-β) have been identified along with at least
two ET receptor subtypes: the ETA and ETB receptors.
The predominant isotype in humans is ET-1 (“classi-
cal” endothelin). Endothelial cells appear to be the pri-
mary source of ET-1 found circulating in plasma while
glomerular ET is thought to arise mostly from the glom-
erular endothelium and from mesangial cells them-
selves. Endothelin release may be initiated by throm-
bin or endothelial cell damage. Endothelin induces
mesangial cells to contract thus contributing to glom-
erular hypertension and cause expression of genes in
mesangial cells so that matrix proteins are produced.
Endothelins often act via the intermediary of throm-
boxane biosynthesis, and they release platelet-derived

Table 10. Human conditions with elevated urinary
endothelin levels.

IgA nephropathy

Membranous proliferative glomerulonephritis

Focal glomerulosclerosis

Lupus nephritis

End stage renal disease

Acute hemolytic uremic syndrome

Subarachnoid hemorrhage

Normal pregnancy

Cisplatin nephropathy

Cyclosporine nephrotoxicity
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growth factors. In rats following subtotal nephrectomy,
a significant correlation exists between urinary ET-1
levels and the percent of the remaining glomeruli af-
fected by sclerosis.

It has been shown that subjects with renal diseases
such as IgA nephropathy, membranous proliferative
glomerulonephritis, focal sclerosis, and lupus nephri-
tis have levels of endothelin that are significantly higher
than those in healthy subjects [209]. Increased circu-
lating ET-1 concentrations and urinary excretion of ET-
1 have been observed in patients treated with the neph-
rotoxic immunosuppressive agents cyclosporine A and
tacrolimus (FK-506) [210]. Other nephrotoxic agents,
such as cisplatin, also increase urinary excretion of ET
[211]. In patients with chronic renal disease, urinary
excretion of ET-1 is significantly elevated when com-
pared to normal values (Table 10).

Clusterin
Clusterin is a dimeric glycoprotein that has been

isolated from several tissues including the kidney and
is reported to be induced during renal and other tissue
damage [212]. Clusterin production by the kidney has
been associated with a number of physiologic func-
tions, including regulation of complement, reproduc-
tion, cell aggregation and programmed cell death or
apoptosis. In the kidney, clusterin is a component of
immune deposits and its expression is increased after
ischemia or obstruction. In gentamicin-treated rats, an
increase in urinary clusterin protein may provide an
early sign of nephrotoxicity [213]. An increase in uri-
nary excretion may persist after other markers of neph-
rotoxicity – such as urinary NAG – have fallen [214].

Heat shock proteins
Exposure of cells to a variety of stresses induces a

modification of cell metabolism called the heat shock
or stress response [215], which is accompanied by the
rapid synthesis of the so-called heat-shock proteins
(HSPs). HSPs are considered to have essential protec-
tive function in cells. They are classified according to
their function or apparent molecular weight into four
families: the HSP90 family, the HSP70 family, the
HSP60 family and other low-molecular weight HSPs.

Events such as progression through the cell cycle and
differentiation or environmental stresses such as heat,
oxidative injury, heavy metals, inhibitors of energy
metabolism, or pathological conditions such as inflam-
mation, all result in the expression of HSPs which are
considered to have essential protective functions in cells
[216].

Antibody detection
A. Antiglomerular basement membrane antibod-

ies: Some xenobiotics may induce an immune-type
glomerulonephritis associated with the occurrence of
antibodies against some constituents of the glomeru-
lar basement membrane. These antibodies may be di-
rectly responsible for the nephropathy or they may be
produced as a consequence of non- specific alterations
of the normal glomerular basement membrane lattice.

B. Antineutrophil cytoplasmic antibodies
(ANCA) are a class of autoantibodies with varied speci-
ficities against myeloid-specific lysosomal enzymes.
Indirect immunofluorescence microscopy using alco-
hol-fixed neutrophils demonstrates one of two types
of ANCA patterns: one causing cytoplasmic staining
(C-ANCA) frequently reacting with proteinase 3 (PR-
3) of the α granules, and a second causing perinuclear
staining (P-ANCA) that frequently has specificity for
myeloperoxidase. ANCA are associated with necrotiz-
ing granulomatosis and with pauci-immune necrotiz-
ing vasculitis involving many tissues and are useful
for the diagnosis of Wegener’s granulomatosis, micro-
scopic polyarteritis, Churg-Strauss syndrome, systemic
vasculitis and idiopathic necrotizing and crescentic
glomerulonephritis.

Uronic acid
The measurement of urinary uronic acid has been

used as an early indicator in the development of renal
papillary necrosis in rats given multiple doses of N-
phenylanthranilic acid or mefenamic acid [217]. A sig-
nificant elevation of uronic acid in urine occurred was
well ahead of the development of histological evidence
of renal papillary necrosis. The biochemical basis of
these changes appears to be related to acid muco-
polysaccharides accumulation [218].
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Clinically overt nephrotoxicity is the result of the
intrinsic capacity of a toxin to damage renal cells

or tissue, the susceptibility of the patient, and changes
in disposition of the toxin that result in increased de-
livery to the target organ or tissue. In this chapter we
will examine the latter aspect of nephrotoxicity and will
focus on (i) drug interactions that potentially lead to
nephrotoxicity and (ii) changes in drug disposition in-
duced by renal failure.

Drug interactions

Usually a distinction is made between pharmacody-
namic drug interactions, which describes changes in drug
activity or toxicity, and pharmacokinetic drug interactions,
which include changes in drug disposition. Examples
of pharmacodynamic drug-drug interactions that lead
to an increased risk for nephrotoxicity are covered in
the chapters dealing with the individual drugs.

It is now recognized that the majority of drug-drug
interactions are mediated by two intimately related
mediators, the cytochrome P-450 enzyme system and

the drug transporter P-glycoprotein. A considerable
overlap has been found in drugs that act as inducers,
inhibitors or substrates for both systems [1-3].

Cytochrome P-450 (CYP) enzymes are membrane-
bound, heme-containing terminal cellular oxidases that
are part of a multienzyme system that also includes a
FAD/FMN-containing NADPH-cytochrome P-450 re-
ductase and cytochrome b5 [4]. CYP enzymes oxidize,
peroxidize, and/or reduce cholesterol, vitamins, ste-
roids, xenobiotics and numerous pharmacological sub-
stances in an oxygen-and NADPH-dependent manner;
therefore, they play a key role in the metabolism of a
wide variety of endogenous substrates and exog-
enously administered drugs and chemicals. Metabo-
lism of foreign chemicals usually results in successful
detoxication of the irritant. However, the actions of
CYP-450 enzymes can also generate toxic metabolites
that contribute to increased risks of birth defects, can-
cer and other toxic effects. Moreover, expression of
many P-450 enzymes is often induced by accumula-
tion of a substrate.

Currently, CYP proteins are conveniently arranged
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into families and subfamilies on the basis of amino acid
sequence identity: proteins with approximately 40%
homology identity or greater are included in the same
family designated by an Arabic number. Proteins with
greater than 55% homology are grouped together in
the same subclass and designated by a capital letter;
the last number identifies specific gene products. To
date, several hundred CYP genes have been identified
in nature, but only 18 gene families play a role in mam-
malian metabolism [5]. Xenobiotics or foreign chemi-
cals including thousands of environmental pollutants
are metabolized almost exclusively in CYP 1-4 fami-
lies. Expression of the CYP1 gene family is induced by
the arylhydrocarbon receptor, a transcription factor that
is activated by binding of polycyclic aromatic hydro-
carbons [5]; CYP2 is the largest P-450 family in mam-
mals. The CYP3 family has four members. CYP3A4 and
CYP3A5 are most abundantly expressed P-450 en-
zymes in the human liver and gastrointestinal tract and
metabolize more than 120 frequently prescribed drugs
and endogenous substrates such as steroids and bile
acids.

Most CYPs are primarily expressed in the liver, with
significantly lower levels of expression in extrahepatic
tissues. However, some CYPs are predominantly de-
tected in the heart, gastrointestinal tract, lung and even
kidney. The renal cytochrome CYP system catalyzes
the metabolism of a variety of chemicals and drugs with
an activity that may equal that of the liver. Recent data
have suggested that specific CYPs localized in the vas-
cular smooth muscle and endothelium contribute to
the regulation of vascular tone and homeostasis [4].
There is evidence that CYP expression is increased in
the kidney in hypertension [6] and during salt loading
[7]. During infection and inflammation, the expression
of CYP450 and its dependent biotransformation are also
modified at the pre-translational steps in protein syn-
thesis [9].

In addition to an efficient-metabolism phenotype,
variant alleles encode a poor-metabolism phenotype,
with low or no enzyme activity towards a particular
drug. On occasion, because of one or more gene dupli-
cations, a variant genotype might involve a very high
ultra-metabolism phenotype resulting in treatment fail-
ure and toxic effects. Similarly, rates of detoxification
and sometimes of metabolic activation of environmen-
tal chemicals can be strikingly different between indi-
viduals with different CYP haplotypes. Of particular

clinical importance, metabolism of certain antifungal
and immunosuppressive drugs by CYP3A4 and
CYP3A5 could lead to insufficient amounts in exten-
sive-metabolized patients [9], and excessive concentra-
tions in those with the poor metabolism phenotype,
when either type of patient is given the recommended
prescribed dose.

Essentially all families of drug-metabolizing en-
zymes in humans have genetic variants, many of which
translate into functional changes in the proteins en-
coded. Pharmacogenetic monogenic traits of several
CYP isoenzymes are not uncommon and may be
present in a variable percentage of the population (1-
18%) [10]. For instance, subjects who have inherited
two copies of a gene or genes that encode either an
enzyme with decreased CYP2D6 activity or one with
no activity may present with decreased metabolization
of drugs as diverse as codeine, metoprolol or the anti-
hypertensive drug debrisoquin [11]. Many other CYP
enzymes display genetic variation that can influence a
person’s response to drugs including 2C9, metaboliz-
ing the antihypertensive drug losartan, 2C19, which
metabolizes omeprazole and 3A5, which metabolizes
a very large number of drugs.

P-glycoprotein, a 170-kDa glycoprotein encoded by
the human multi-drug resistance-1 (MDR-1) gene, be-
longs to the ATP-binding cassette (ABC) proteins.
These proteins bind ATP and use its energy to drive
the transport of various molecules across plasma as
well as intracellular membranes [12-15]. Initially, P-gly-
coprotein was identified by its ability to confer multi-
drug resistance on tumor cells by acting as a cellular
efflux pump for a variety of anticancer drugs. It was
quickly realized that P-glycoprotein was also present
at high levels in normal tissues including the luminal
membrane of the renal proximal tubule, the biliary can-
icular membrane of the hepatocyte, the apical surface
of the mucosal cells in the small and large intestine
and the capillary endothelial cells of the brain. This tis-
sue distribution suggests that P-glycoprotein plays a
role in the excretion of xenobiotics and metabolites into
the urine and bile and into the intestinal lumen and in
preventing their accumulation in the brain. Several
members of the ABC protein family are involved in
bile formation. In the liver, P-glycoprotein is located
at the canicular hepatocyte membrane and is critical
for the removal of cytotoxic cations [16]. In the gut, P-
glycoprotein is directly involved in drug absorption.
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Its activity results in expulsion of absorbed drug from
the enterocyte back into the lumen. Studies in MDR-1-
knockout mice using the P-glycoprotein probe drug
digoxin have demonstrated in vivo that elimination of
P-glycoprotein activity resulted in increased absorp-
tion and altered pharmacokinetics of P-glycoprotein
substrates [17]. Recent clinical studies have emphasized
the role of human MDR-1 gene polymorphism in the
variable bioavailability of several drugs including po-
tential nephrotoxins like tacrolimus [9, 18-21].

In the kidney P-glycoprotein is expressed at the
brush border of the proximal convoluted tubule. The
physiological role of P-glycoprotein in the kidney is
currently being explored, but it is already clear that it
plays a major role in the tubular secretion of endog-
enous and exogenous substances. There is some experi-
mental evidence that xenobiotic transport is under the
hormonal control of endothelin [22-24]. Digoxin is a
commonly used probe drug to study proximal tubular
P-glycoprotein-mediated transport in vivo. Studies in
humans using concomitant administration of P-glyco-
protein inhibitors like clarithromycin and itraconazole
have shown that P-glycoprotein activity is crucial in
tubular secretion of digoxin [25, 26]. Potential nephro-

toxins like cyclosporine [27], rapamycin [28] and the
HIV protease inhibitors ritonavir and saquinavir [29]
have also been shown to be transported by the renal P-
glycoprotein-mediated transport. Cyclosporine as well
as other P-glycoprotein substrates seem to act as both
substrate and inhibitor, with inhibition leading to up-
regulation of (inactive) P-glycoprotein [27, 30] (Figure
1). One could speculate about the role of the inhibition
by cyclosporine of this detoxifying system in the kid-
ney in the development of cyclosporine nephrotoxic-
ity as well in the additive toxicity observed when cy-
closporine is used concomitantly with other nephro-
toxins like vancomycin and aminoglycosides (see
Chapter 8).

Drug-drug interactions mediated by the CYP and
P-glycoprotein system arise from the induction of the
proteins or from inhibition of their function. While in-
duction may lead to decreased bioavailability and
therapeutic failure, inhibition can give rise to increased
plasma levels, altered tissue distribution and in the case
of nephrotoxic drugs overt clinical toxicity. As previ-
ously noted, there is considerable overlap in the sub-
strate specificity of CYP3A4 and P-glycoprotein. Cer-
tainly at the level of the intestine, both proteins fulfill

Figure 1: Cyclosporine (CsA) as an example of a substrate and inhibitor of cytochrome P450 3A4 (CYP3A4) and P-glyco-
protein (PGP). CYP3A4 and P-glycoprotein share their location in the mucosal cell of the small intestine. Through their
coordinate action they limit the oral bioavailability of cyclosporine. The expression of P-glycoprotein is highly variable and
influenced by genetic factors and induction by other drugs [57, 58]. This may explain the interindividual range from 5% to
89% of the bioavailability of cyclosporine. In the liver cyclosporine undergoes extensive biotransformation again mediated
by CYP3A4. Inhibition of hepatic CYP3A4 by imidazole antifungals or macrolide antibiotics may entail toxic cyclosporine
levels. By inhibiting the hepatocyte P-glycoprotein, cyclosporine may modulate the efflux into the bile of other drugs or
metabolites (e.g. mycophenolate) [59]. In the kidney cyclosporine is transported by glycoprotein into the lumen of the
proximal tubule. Although there is upregulation of the expression of P-glycoprotein at the level of the brush border [30],
transport activity of other xenobiotics may be inhibited.
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a complementary role in the so-called first-pass effect
[31, 32].

Enzyme induction, and subsequent increased en-
zyme activity, may be caused by the administration of
approximately 400 drugs and/or chemicals. Even folk
remedies and herbs, previously regarded safe and well
tolerated, are often overlooked as real drugs and may
have detrimental effects on the levels and the thera-
peutic effect of concomitantly administered drugs. The
intake of St. John’s Wort (Hypericum perforatum), con-
tains naphtodiantrons, potent inducers of CYP3A, may
cause decreased cyclosporine levels and hence organ
rejection in patients who have undergone kidney or
other solid organ transplantation [33].

Inversely, inhibition of drug-metabolizing enzymes
and efflux transporters generally decrease the rate of
metabolism of the object drug. This, in turn, can result
in increased serum concentrations and potential drug
toxicity if the drug has a narrow therapeutic index. For
instance, a major adverse effects of both fibrates and
statins cause myopathy, which is dose related with sta-
tin monotherapy and more frequently observed with
the lipophilic than the hydrophilic statins. If not rec-
ognized, rhabdomyolysis and acute renal insufficiency
may result. Although combination therapy in serious
hyperlipidemia can provide better control of lipid lev-
els, cases of severe rhabdomyolysis, renal failure and
rarely death have been described as a result of the in-
terference with the CYP3A4 system, due to a marked
increase in reductase inhibitory activity [34].  More-
over, the risk for acute renal failure is also significantly
increased when statins are combined with other drugs
such as cyclosporine, macrolides or itraconazole,
known to influence CYP [35].

Grapefruit juice, a beverage consumed in large
quantities by the general population, is a potent inhibi-
tor of the intestinal CYP3A4 and P-glycoprotein sys-
tem, leading to inhibition of the first-pass metabolism
of many medications (Figure 1) and therefore increas-
ing serum concentrations. Long term ingestion of large
amounts may result in enhanced blood pressure re-
duction when co-ingested with certain 1, 4 dihydro-
pyridine calcium antagonists, unpredictable and haz-
ardous interactions with immunosuppressants such as
cyclosporine in solid organ transplant patients and
theoretically increase the risk for HMG-CoA reductase
inhibitors myopathy and rhabdomyolysis [36]. Many
calcium channel blockers inhibit the metabolism of cy-

closporine. In particular, and possibly because of the
metabolite intermediate complex that forms between
diltiazem and CYP3A4, diltiazem in doses as low as 10
mg increased the bioavailability of cyclosporine thus
mandating a lower dose to maintain efficacy or avoid
toxic effects, including renal insufficiency. Similarly,
the change in cyclosporine pharmacokinetics induced
by the P-glycoprotein inhibitor verapamil allows the
dose of cyclosporine to be reduced by one-third to one-
half [37] (Table 1).

Drug disposition in renal failure

The principles of drug dosing in renal failure relate
to the concept of individualization of drug therapy. The
goal of this concept is to achieve the desired intensity
of drug effect in the patient being treated. Dosage ad-
justment to produce the “therapeutic drug level” has
become the major means to achieve this goal. The rea-
son that this is usually effective is that most of the in-
dividual variation in dose-response is due to variation
between individuals in their rates of elimination of
drugs, not in their receptor or tissue sensitivity to drugs.
Thus, individualizing the dose to produce the desired
drug level leaves only the variation in tissue sensitivity
to affect the intensity of a drug’s effect.

In renal failure, there are changes in some aspects
of drug absorption, distribution, and metabolism as
well as excretion that influence the drug level achieved

Table 1. Some cytochrome P450 3A4 enzyme and P-
glycoprotein efflux transporter: inhibitors, inducers,
and shared substrates with nephrotoxic potential.

Inhibitors

Erythromycin

Clarithromycin

Itraconazole

Ketoconazole

Fluconazole

Cimetidine

Diltiazem

Verapamil

Cyclosporine

Grape fruit

Inducers

Amiodarine

Phenytoin

Phenobarbital

Rifampicine

St John’s Wort

Glucocorticoids

Carbamazepine

Substrates

Cyclosporine

Tacrolimus

Rapamycin

Colchicine

Indinavir

Ritonavir

Saquinavir



661

34. Pharmacological aspects of nephrotoxicity

at normal drug doses. There are also changes in sensi-
tivity to some drugs that should be considered in ad-
dition to pharmacokinetic changes produced by renal
failure. An understanding of the changes in drug han-
dling and in drug sensitivity in renal failure enables
one to individualize therapy for such patients.

Absorption

Most orally administered drugs are lipid soluble
molecules that are absorbed in the small intestine by
diffusion. This appears to be normal in renal failure. If
the renal failure is associated with delayed gastric emp-
tying, then drug absorption may be slowed, the maxi-
mum drug concentration achieved in the plasma de-
creased, and the length of time for complete absorp-
tion to occur may be prolonged. The total amount of
drug absorbed, the fraction bioavailable, is usually un-
changed.

A study of D-xylose absorption in renal failure
found that the absorption rate of the xylose was slowed
and the amount absorbed was decreased [38]. This is a
water-soluble rather than a lipid-soluble substance.
What relationship this impaired intestinal absorption
of xylose has to usual drug absorption remains to be
determined.

Recent experimental studies in rats with acute glyc-
erol-induced renal failure and with chronic renal fail-
ure showed a decreased expression of intestinal, renal
and brain P-glycoprotein [39-41]. Other authors could
not confirm this finding [42]. The clinical relevance of
these experimental observations remains unclear.

Distribution

Drugs distribute throughout the body in a hetero-
geneous manner. Their concentrations differ in vari-
ous tissues and organs. But the ratio of the concentra-
tion of a drug in one tissue relative to its concentration
in another tissue is rather constant in one individual
compared to another individual. Furthermore, it is the
concentration of drug in plasma water that creates the
diffusion gradient for the drug to diffuse in all tissues
of the body including its site of action. Thus, under
“steady state” conditions, the ratio of drug concentra-
tion in plasma water to that anywhere in the body is a
constant. If one knows the amount of drug in the body
at any time plus its plasma concentration, then the ra-

tio of these two values, amount/concentration, pro-
duces a value that has units of volume. This ratio of
amount/concentration is known as “volume of distri-
bution”. It is a characteristic of a drug and is the same
from person to person if the people are metabolically
normal and of the same size. The volume of distribu-
tion of a drug depends on the size of the patient, the
smaller the patient, the smaller the volume of distribu-
tion of a drug. Since patients with chronic renal failure
are often smaller than healthy people, their volumes
of distribution of drugs will be smaller. Because of this,
the dose of any drug would produce a higher drug
concentration in plasma water in these patients than
in patients with other illnesses who are of ordinary size.

For drugs that are highly bound to plasma proteins,
anything that lowers the protein binding of the drug
will lower the drug concentration in plasma and thus
the amount of drug in the body. The reason for this is
that the analytical methods used to measure drug con-
centrations usually measure both free drug in plasma
water and drug bound to plasma proteins.  If the drug
bound to proteins is less, then the total amount of drug
in the plasma is less, and since this is the denominator
in the volume of distribution equation, the value for
the volume of distribution is increased.

An important assumption in medical practice is that
normal protein binding exists when interpreting drug
level measurements. Patients with azotemia retain
acidic metabolites that bind to the anion binding sites
on serum albumin. They may also have abnormal al-
bumin [43]. For these reasons, azotemic patients have
decreased binding of anionic drugs to serum albumin
and desirable “therapeutic levels” for these drugs in
plasma or uremic patients will be lower than the “thera-
peutic levels” established for metabolically normal
people. Since it is the drug concentration in plasma
water that sets the diffusion gradient for the drug to
its site of action, this adjustment is an important con-
sideration. These kinetics has been worked out in de-
tail for phenytoin, which is the most common drug for
which protein-binding displacement occurs, and drug
level monitoring is important.

It is also possible that drug binding to tissues rather
than to plasma proteins is decreased in renal failure.
This apparently occurs with digoxin, which has exten-
sive tissue binding but little plasma protein binding.
Under these circumstances, the decreased tissue bind-
ing of digoxin leads to a decreased body content of the
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drug for any drug level in plasma and therefore a low
volume of distribution. The significance of this is that
a standard loading dose of digoxin will produce a
higher drug level and greater intensity of effect in a
uremic patient compared to a metabolically normal
patient.

Metabolism

Investigations of the effect of chronic renal failure
on hepatic enzyme activity in animals have demon-
strated reductions in some, but not all, pathways of
drug metabolism. Evidence in humans of impaired me-
tabolism first emanated from observations of reduced
non-renal clearance in patients with chronic renal in-
sufficiency. Acute renal impairment may not have as
severe a detrimental effect on drug metabolism [44],
although uremic toxins have been shown to modulate
CYP isozyme activity in vitro. Based on studies of the
elimination rates of many drugs in renal failure and
the classification of drugs by their pathways of elimi-
nation, it appears that most drugs are metabolized by
oxidation followed by conjugation. Oxidations appear
to be normal, or in some cases, somewhat faster in re-
nal failure than in normal subjects. Glucuronide con-
jugation, the most frequent conjugation also appears
to be normal, as does sulfate conjugation. Acetylation,
on the other hand appears to be slowed. The hydroly-
ses of peptides are slowed, possibly because a substan-
tial amount of peptide hydrolysis occurs in the kid-
ney. Ester hydrolysis is also slowed [45, 46].

Although studies have shown that hepatic drug
metabolism is predominantly decreased in patients
with end stage renal disease, prediction of the effect of
renal impairment on drug metabolism is difficult. One
reason for this is that the rates of metabolism for most
drugs vary so widely from person to person because
of genetic factors [47, 48] that a disease state like renal
failure only makes a small contribution, if any, to the
interindividual variation in drug metabolism rates.

One drug whose rate of metabolism is increased in
renal failure is phenytoin. Since this drug also has de-
creased protein binding, low total plasma drug levels
are associated with normal “therapeutic” concentra-
tions in plasma water. The net result is that, on aver-
age, patients in renal failure need higher than average
doses of phenytoin to achieve the desired intensity of
effect. They achieve this effect with a lower than aver-

age serum phenytoin level but an average free drug
level in plasma water. Figure 2 shows the desired lev-
els of phenytoin in serum to correct for the decreased
protein binding in renal failure [49].

Excretion

One consequence of drug metabolism in renal fail-
ure is the accumulation of drug metabolites that are
normally rapidly excreted. If these metabolites are
pharmacologically inactive, their build-up will have no
consequences. However, if the metabolites do have ac-
tivity, even if only weakly active, their build-up can
lead to pharmacologic effects that may only occur in
patients with renal insufficiency and may not be rec-
ognized as drug effects. A number of drugs have ac-
tive metabolites and have been reviewed by Drayer
[50]. Two examples are procainamide that has an ac-
tive metabolite, acetylprocainamide, that contributes
to the antiarrhythmic or toxic activity of procainamide
therapy in patients with renal insufficiency [51] and
meperidine whose active metabolite, normeperidine,
causes seizures in patients when the normeperidine
levels get very high. These very high levels only occur
in patients with renal insufficiency [52, 53].

Drug excretion is generally considered to fall in pro-
portion to the fall in glomerular filtration rate. Dettli
was the first to propose the concept that the non-renal

Figure 2. Calculated values of total serum phenytoin
(DPH) concentration that will produce a concentration of
phenytoin in plasma water equal to that in metabolically
normal patients when their total serum phenytoin
concentration is 10-20 µg/ml.
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elimination rates of drugs were not affected by renal
failure [54]. By measuring the total body clearance of a
drug and its renal clearance in normal subjects, the cal-
culated difference is the non-renal clearance. Total body
clearance of a drug can be measured by measuring the
steady state drug level during a constant infusion of
the drug (clearance is infusion rate divided by steady
state level) or the area under the drug level versus time
curve after a single dose (clearance is dose divided by
area under the drug level versus time curve). The non-
renal clearance is considered constant while the renal
clearance falls in proportion to the fall in GFR. One
can then calculate the dose of the drug for a patient
with any degree of renal function from data obtained
from normal subjects. First, take the fraction of non-
renal clearance divided by the total body clearance and
multiply this by the usual dose in metabolically nor-
mal subjects. The result is the dose for anuric patients.
The difference between this dose and the usual dose
for normals is the amount of the usual dose that is ex-
creted by the kidneys. This amount times the patient’s
GFR divided by the normal GFR (120 ml/min for a
normal size adult) is the amount of drug to replace that
amount excreted by the kidneys. Thus, the calculated
dose for a patient with any degree of renal insufficiency
is the sum of the anuric person’s dose plus the dose to
replace the amount renally excreted. This dose is given
at the usual dose interval. The advantage of this con-
cept and calculation is that one can estimate the dose
of a drug for a person with any degree of renal failure
using only data from normal individuals. The weak-
ness is in the assumptions that are made: that non-re-
nal clearance is unchanged in uremia, that active me-
tabolites do not accumulate and produce effects, and
that there is no change in the tissue sensitivity to the
drug in uremia. While these assumptions are true for
many drugs, they are not true for all. One should con-
sider the pharmacology of each specific drug and its
metabolites to estimate the validity of these assump-
tions. More common is the problem of a patient un-
dergoing an extracorporeal procedure such as dialysis
that adds another pathway of drug elimination. The
amount of drug eliminated by this pathway should be
added to the amount of drug eliminated by the other
pathways to determine the new dose.

The concept of Dettli was first used to reduce the
dose of a drug and keep the interval between doses
the same as for metabolically normal people. Another

way is to use the concept to determine the total daily
dose of a drug and then have each individual dose the
same as in normals but prolong the interval between
doses. Either method will work and often a mixture of
the two, reducing the dose a bit and prolonging the
interval a bit, will be the most practical approach. Be-
cause slowed drug excretion prolongs the drug half
life, one cannot reproduce the exact drug level versus
time curve of a normal person in a patient with renal
failure no matter how one adjusts the dose and inter-
val between doses. One can reproduce the overall drug
exposure (area under the drug level versus time curve)
or the peak level and trough level but not both the lev-
els and the total exposure. If the peak and trough lev-
els are wanted, the total exposure will be increased. If
total exposure is wanted, then peak and/or trough lev-
els will be changed. One has to determine which is de-
sired and recognize that the other will be changed.

Tissue sensitivity

Individualizing drug dosage to compensate for
changed pharmacokinetic factors in patients with re-
nal failure will not address changes in tissue sensitiv-
ity to drugs that occur in renal failure. Some effects,
such as lack of sensitivity to diuretics or to the chole-
calciferol form of vitamin D, are direct results of the
diseased kidney being the site for the drug to act or be
activated. Renal failure also produces changes in the
body that modify the sensitivity of other tissues to some
drugs. Some classic examples include increased sensi-
tivity to thiopental anesthesia [55] and decreased sen-
sitivity of skeletal muscle to insulin [56]. Because it is
so much easier to measure drug levels than the inten-
sity of drug effects, most studies of drugs in renal fail-
ure are kinetic studies only. Studies relating drug level
or even dose to intensity of effect are hard to accom-
plish and therefore uncommon. In general, individu-
alizing dose to correct for abnormal kinetics will cor-
rect for most of the variations in dose-response and
only leave the residual variation in sensitivity to the
drug.

Conclusions

In the past, renal failure was a clear predisposing
cause for an increased incidence of adverse drug reac-
tions. Systematic studies of drug kinetics and drug sen-
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sitivity in renal failure have shown how patients with
renal failure differ from metabolically normal patients.
Generalizations developed from these studies have
lead to the principles that enable one to individualize

drug therapy for azotemic patients. Using these prin-
ciples, one can make the response to drugs more pre-
dictable for the patient with renal failure. And more
predictable means safer.
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Introduction

Evolution within the field of dialysis and advances
in surgical procedures providing for superior ac-

cess for shunt placement have made it possible to treat
patients with end-stage renal disease with dialysis
therapy for more than 50 years. Improved pharmaco-
therapy of pre- and post- dialysis has also contributed
to these remarkable advancements. Drug therapy is
also evolving. Health care provider for patients with
renal diseases needs to understand the latest drug

therapy and ensure appropriateness of therapy in each
individual patient [1].

Renal insufficiency and dialysis alter the pharma-
cokinetics and pharmacodynamics of most commonly
used drugs. Most common, an average of eight differ-
ent classes of drugs per patient are prescribed in pa-
tients with renal failure. In comparison to the general
population, patients with renal insufficiency experience
significantly more adverse drug reactions. Therefore,
clinicians should be familiar with the pharmacokinetic
behavior of each agent and of the impact of renal fail-

 2003 Kluwer Academic Publishers. Printed in The Netherlands.©
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ure on the drug elimination process. A particular area
of concern is that many patients with renal insufficiency
are elderly which in itself may effect drug disposition.
Most therapeutic agents or their metabolites are com-
pletely or partially eliminated by the kidneys. In pa-
tients with renal insufficiency both metabolism and
elimination is impaired, therefore, these patients are
at a greater risk of adverse drug reactions or drug tox-
icity. Because of co-morbid conditions, most patients
with advanced renal diseases require multiple medi-
cations for the treatment of hypertension, hyperlipi-
demia, hyperuricemia and congestive heart failure.
Patients with chronic renal failure are at a greater risk
of drug-drug interactions. Finally, depending on vari-
ous factors such as the size of the drug molecule and
degree of protein binding, a significant amount of drug
removal may occur during dialysis. Most drug dos-
ages may be adjusted based on plasma therapeutic
concentrations (Table 1). To prevent toxicity and opti-
mize efficacy, it is critical that these factors be taken
into account and appropriate dosage adjustments made
when prescribing drugs for dialysis patients [2-12]. This
chapter discusses the pharmacological principles for
prescribing drugs in this population and provides spe-
cific dosage recommendations (Tables 2-7).

Principles of pharmacokinetics in
uremia

Pharmacokinetics is the study of drug behavior (ab-
sorption, distribution, metabolism and elimination) in
the body. The ability of the body to remove a drug is
called clearance. Clearance indicates the intrinsic abil-
ity of the body to decrease plasma drug concentration.
The three major processes effecting drug clearance are
metabolism by the liver, metabolism by the gastrointes-
tinal tract (cytochrome P-450 and P-glycoproteins) or
elimination and metabolism by the kidney. At steady
state, the overall rate of clearance is equal to rate of
drug absorption [1]. The important elements of a drug’s
pharmacokinetics are shown in Figure 1.

All important pharmacokinetic parameters, such as
drug absorption, volume of distribution, protein-pro-
tein binding, and drug metabolism must be taken into
account when dose modifications are made in uremic
patients. For example, gastroparesis in diabetic pa-
tients, slow gastric emptying time and edema of gas-
trointestinal tract in patients with advanced renal fail-

ure may affect drug absorption. Iron preparations and
phosphate binders may also alter drug absorption [2].

Absorption

Following oral drug administration, only a certain
proportion of the drug is absorbed reaching systemic
circulation (F or bioavailability). The percentage of a
drug dose that appears in the systemic circulation fol-
lowing oral administration compared with the intra-
venous route for the same drug defines its bioavail-
ability. In general, drugs given by the intravenous route
reach the central compartment directly and usually
have a more rapid onset of action. Drugs given by other
routes must pass through a series of biologic mem-
branes before entering the systemic circulation. For
many drugs, only a fraction of the administered dose
may reach the circulation to exert any pharmacody-
namic effect [3]. Chronic renal failure may influence
drug absorption and bioavailability. The dissolution
rate, chemical forms, rout of administration, the gas-
trointestinal stability and dosage form may alter drug’s
bioavailability. Bioavailability only indicates the extent
of drug absorption not the rate of drug absorption.
Drugs can be highly bound to plasma proteins (e.g.
aspirin) or unbound (free active moiety). Only the free
or unbound concentration of the drug interacts with
specific receptors at the site of pharmacologic action.
The liver can either metabolize drugs in the ‘first pass’
as the drug is absorbed into the portal circulation, or
later when the drug is delivered to the liver via the
systemic blood flow prior to reaching systemic circu-
lation.  First pass metabolism can significantly reduce
the rate and extent of drug absorption. Most often,
gastric pH is high due to the use of antacids or anti-

Figure 1. Interrelationship of absorption, distribution
biotransformation and excretion.

Free drug ExcretionAbsorption

Systemic circulation

Biotransformation

FreeBound

Tissue and receptor sites



669

35. Drug dosage in renal failure

Ta
b

le
 1

. 
Th

er
ap

eu
ti

c 
dr

ug
 m

on
it

or
in

g 
(T

D
M

).

D
ru

g
 N

am
e

Th
er

ap
eu

ti
c 

ra
n

g
e

W
h

en
 t

o
 d

ra
w

 s
am

p
le

H
o

w
 o

ft
en

 t
o

 d
ra

w
 le

ve
ls

A
m

in
og

ly
co

si
de

s
Tr

ou
gh

: 
im

m
ed

ia
te

ly
 p

rio
r 

to
 d

os
e

C
he

ck
 P

 &
 T

 w
ith

 3
rd

 d
os

e 
Fo

r 
th

er
ap

y 
le

ss
(C

on
ve

nt
io

na
l 

D
os

in
g)

Pe
ak

:  
30

 m
in

 a
ft

er
 a

 3
0m

in
 in

fu
si

on
th

an
 7

2h
, l

ev
el

s 
no

t 
ne

ce
ss

ar
y.

  
Re

pe
at

 d
ru

g
  

G
en

ta
m

ic
in

 &
 T

ob
ra

m
yc

in
:

Pe
ak

: 5
-8

 m
g/

L.
 T

ro
ug

h:
  

0.
5-

2 
m

g/
L

le
ve

ls
 w

ee
kl

y 
or

 if
 r

en
al

 f
un

ct
io

n 
ch

an
ge

s
  

A
m

ik
ac

in
:

Pe
ak

: 2
0-

30
 m

g/
L.

 T
ro

ug
h:

 <
10

m
g/

L

A
m

in
og

ly
co

si
de

s
0.

5 
- 

3 
m

g/
L

O
bt

ai
n 

ra
nd

om
 d

ru
g 

le
ve

l 1
2 

ho
ur

s
A

ft
er

 in
it

ia
l d

os
e.

  
Re

pe
at

 d
ru

g 
le

ve
l i

n 
1

(2
4 

ho
ur

 D
os

in
g)

af
te

r 
do

se
w

ee
k 

or
 if

 r
en

al
 f

un
ct

io
n 

ch
an

ge
s

C
ar

ba
m

az
ep

in
e

4-
12

 µ
g/

m
l

Tr
ou

gh
: 

im
m

ed
ia

te
ly

 p
rio

r 
to

 d
os

in
g

C
he

ck
 2

 t
o 

4 
da

ys
 a

ft
er

 f
irs

t 
do

se
 o

r 
ch

an
ge

 in
 d

os
e

C
yc

lo
sp

or
in

e
15

0-
40

0 
ng

/m
l

Tr
ou

gh
: 

im
m

ed
ia

te
ly

 p
rio

r 
to

 d
os

in
g

D
ai

ly
 f

or
 f

irs
t 

w
ee

k,
 t

he
n 

w
ee

kl
y.

D
ig

ox
in

0.
8 

- 
2.

0 
ng

/m
l

12
 h

ou
rs

 a
ft

er
 m

ai
nt

en
an

ce
 d

os
e

5-
7 

da
ys

 a
ft

er
 f

irs
t 

do
se

 f
or

 p
at

ie
nt

s 
w

it
h 

no
rm

al
 r

en
al

an
d 

he
pa

ti
c 

fu
nc

ti
on

;  
15

-2
0 

da
ys

 in
 a

ne
ph

ric
 p

at
ie

nt
s

Li
do

ca
in

e
1 

- 
5 

µg
/m

l
8 

ho
ur

s 
af

te
r 

IV
 in

fu
si

on
 s

ta
rt

ed
 o

r
ch

an
ge

d

Li
th

iu
m

A
cu

te
: 

0.
8-

1.
2 

m
Eq

/L
Tr

ou
gh

: B
ef

or
e 

A
M

 d
os

e 
at

 le
as

t
C

hr
on

ic
: 

0.
6-

0.
8 

m
Eq

/L
12

 h
ou

rs
 s

in
ce

 la
st

 d
os

e

Ph
en

ob
ar

bi
ta

l
15

-4
0 

µg
/m

l
Tr

ou
gh

: 
im

m
ed

ia
te

ly
 p

rio
r 

to
 d

os
in

g
C

he
ck

 2
 w

ee
ks

 a
ft

er
 f

irs
t 

do
se

 o
r 

ch
an

ge
 in

do
se

. F
ol

lo
w

-u
p 

le
ve

l i
n 

1 
to

 2
 m

on
th

s

Ph
en

yt
oi

n
10

-2
0µ

g/
m

l
Tr

ou
gh

: 
im

m
ed

ia
te

ly
 p

rio
r 

to
 d

os
in

g
5-

7 
da

ys
 a

ft
er

 f
irs

t 
do

se
 o

r 
af

te
r 

ch
an

ge
 in

 d
os

e
Fr

ee
 P

he
ny

to
in

1-
2µ

g/
m

l

Pr
oc

ai
na

m
id

e
4-

10
µg

/m
l

Tr
ou

gh
: i

m
m

ed
ia

te
ly

 p
rio

r 
to

 n
ex

t 
do

se
 o

r
Pe

ak
: 8

 µ
g/

m
l. 

Tr
ou

gh
: 4

 µ
g/

m
l

12
-1

8 
ho

ur
s 

af
te

r 
st

ar
ti

ng
 o

r 
ch

an
gi

ng
 a

n
in

fu
si

on
. 

D
ra

w
 w

it
h 

pr
oc

ai
na

m
id

e 
sa

m
pl

e
N

A
PA

 (
n-

ac
et

yl
 p

ro
ca

in
am

id
e)

10
-3

0 
µg

/m
l

a 
pr

oc
ai

na
m

id
e 

m
et

ab
ol

it
e

Q
ui

ni
di

ne
1-

5 
µg

/m
l

Tr
ou

gh
: 

im
m

ed
ia

te
ly

 p
rio

r 
to

 n
ex

t 
do

se

Si
ro

lim
us

10
-2

0 
ng

/d
l

Tr
ou

gh
: 

im
m

ed
ia

te
ly

 p
rio

r 
to

 n
ex

t 
do

se

Ta
cr

ol
im

us
 (

FK
-5

06
)

10
-1

5 
ng

/m
l

Tr
ou

gh
: i

m
m

ed
ia

te
ly

 p
rio

r 
to

 n
ex

t 
do

se

Th
eo

ph
yl

lin
e 

PO
15

-2
0 

µg
/m

l
Tr

ou
gh

: i
m

m
ed

ia
te

ly
 p

rio
r 

to
 n

ex
t 

do
se

or
 A

m
in

op
hy

lli
ne

 IV

Va
lp

ro
ic

 A
ci

d 
(d

iv
al

pr
oe

x 
so

di
um

)
40

-1
00

 µ
g/

m
l

Tr
ou

gh
: i

m
m

ed
ia

te
ly

 p
rio

r 
to

 n
ex

t 
do

se
C

he
ck

 2
 t

o 
4 

da
ys

 a
ft

er
 f

irs
t 

do
se

 o
r 

ch
an

ge
 in

 d
os

e

Va
nc

om
yc

in
Pe

ak
: 2

5-
40

 m
g/

L
Tr

ou
gh

: 
im

m
ed

ia
te

ly
 p

rio
r 

to
 d

os
e

W
it

h 
3r

d 
do

se
 (

w
he

n 
in

it
ia

lly
 s

ta
rt

in
g 

th
er

ap
y,

 o
r 

af
te

r
Tr

ou
gh

: 5
-1

5 
m

g/
L

Pe
ak

: 6
0 

m
in

 a
ft

er
 a

 6
0m

in
 in

fu
si

on
ea

ch
 d

os
ag

e 
ad

ju
st

m
en

t)
. F

or
 t

he
ra

py
 le

ss
 t

ha
n 

72
h,

 le
ve

ls
no

t 
ne

ce
ss

ar
y.

  
Re

pe
at

 d
ru

g 
le

ve
ls

  
if 

re
na

l f
un

ct
io

n 
ch

an
ge

s



670

OLYAEI, DEMATTOS & BENNETT

ulcer medications that may result in decreased absorp-
tion of medications requiring an acid milieu. Alumi-
num- or calcium-containing antacids may also form
non-absorbable chelation products with certain drugs,
such as digoxin or tetracycline and impair these
agents’s absorption [4-6].

Volume of distribution

Following drug absorption, individual drugs dis-
tribute throughout the body in a characteristic man-
ner. The apparent volume of distribution (Vd) is the
quantity of drug in the body (L/kg body weight) di-
vided by the plasma concentration at steady state. Vol-
ume distribution also represents the amount of water
that is needed for a drug to dissolve to reach an ob-
served plasma concentration. Therefore, lipophilic
agents or drugs with high tissue binding capacity most
commonly have a large volume of distribution. In con-
trast, drugs with high circulating protein binding or
water-soluble drugs have a small volume of distribu-
tion. Drugs that are largely confined to the intravascu-
lar compartment usually have a volume of distribu-
tion less then 0.2 L/kg. Uremia, edema and renal fail-
ure may alter the volume of distribution of most com-
monly used agents in patients with renal insufficiency
[7-9]. Changes in volume of distribution are usually
not clinically significant except for those drugs which
have a small volume of distribution under normal cir-
cumstances (i.e., >0.7 L/kg).

Protein binding

Unbound or free drugs are pharmacologically ac-
tive. Therefore, the degree of protein binding is an
important issue in adjustment of drug dosing in renal
failure. Low plasma albumin or increase in plasma al-
bumin can potentially increase the pharmacodynamic
effects of highly bound drugs. Organic acids usually
have a single binding site on albumin whereas organic
bases tend to have multiple binding sites and their be-
havior in the presence of increasing renal insufficiency
is less predictable. In general, acidic drugs have re-
duced plasma protein binding in patients with renal
failure; this reduction is attributable to a combination
of decreased albumin concentration and a reduction
in albumin affinity, which is, in turn, influenced by ei-
ther structural changes in the albumin molecule or ac-

cumulation of competing endogenous inhibitors of
protein binding. For some agents with high protein
binding, the reduced sites or decreased plasma pro-
tein can cause potentially important pharmacologic
consequences. For example in patients with renal fail-
ure, the free plasma concentration of phenytoin in-
creases from 0.1 to 0.35. Therefore, the observed plasma
concentration of 4 mg/L is comparable to 10-15 mg/L
in patients with normal renal function. Finally only
unbound or free drugs are available for drug metabo-
lism or excretion. Uremia may decreases binding ca-
pacity of most drugs and result in increased metabo-
lism in patients with renal failure. For any given drug
therapeutic concentration (bound plus unbound), the
proportion of free or active drug is increased. It is more
desirable to obtain free drug plasma concentrations in
patients with renal failure [10-13].

Eliminations

The presence of progressive renal insufficiency af-
fects most body biochemical processes including drug
biotransformation. In addition, some drugs have phar-
macologically active metabolites, which, although un-
important in patients with normal renal function, may
accumulate in patients with renal insufficiency caus-
ing adverse drug reactions [13-17]. Some of these phar-
macologically active metabolites may account for the
high incidence of adverse drug reactions in patients
with renal failure. Some of the best-known examples
of this phenomenon are the accumulation of pharma-
cologically active metabolites of meperidine causing
seizures, nitrofurantoin causing peripheral neuropa-
thy and morphine sulfate causing excess respiratory
depression. The metabolic biotransformation of drugs
to another more water-soluble chemical moiety also
may be altered in uremia. In patients with renal fail-
ure, chemical reduction, acetylating, ester or peptide
hydrolysis may be delayed, whereas metabolism by
hepatic microsomal oxidation is usually normal.  Drug
elimination rate is usually expressed as elimination
half-life (t2). Drug half-life is the time required for the
plasma concentration to decrease by 50%. The half-life
is dependent upon Vd and clearance (renal, hepatic, or
other) as expressed by the formula:

t2 = 0.693 x Vd/clearance
For drugs eliminated primarily intact through the

kidneys, as the renal clearance decreases, t2 will in-
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crease (assuming that Vd is unchanged). It should be
noted that active drug metabolites may also be excreted
by the kidney and therefore have a prolonged half-life
in renal failure.

Dosing regimens

Most drug or their metabolites that are normally
excreted unchanged by the kidney will require dosage
modification in advanced renal failure. The loading
dose of a drug will stay the same unless the Vd is sig-
nificantly altered. The maintenance regimen may be

modified by the interval extension method or dosage
reduction. The interval extension method utilizes the
same dose at greater intervals and is useful for drugs
with long half-lives. The dosage reduction method re-
duces the dosage and leaves the interval between doses
unchanged. This method generally leads to more con-
stant serum levels. Therapeutic drug monitoring is a
useful method in guiding drug therapy and prevent-
ing toxicity. Interpretation of drug levels must be made
in light of the amount of drug given; the time elapsed
since the last dose, and the route of administration and
clinical scenario of the patients [14-18].
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Table 2. Antimicrobial agents.

Drugs normal doses % of Dosage adjustment Comments
renal in renal failure: GFR:

excretion >50 10-50 <10

AMINOGLYCOSIDES Nephrotoxic, ototoxic, may prolong the
neuromuscular blockade effect of muscle
relaxants. Check level post-HD

Gentamicin 2 mg/kg q8hrs 95% 60-90% 30-70% 20-30% Peak 6-8, Trough <2
q12hrs q24hrs q24hrs

Tobramicin 2 mg/kg q8hrs 95% ‘’ ‘’ ‘’ Peak 6-8, Trough <2

Netilmicin 2 mg/kg q8hrs 95% ‘’ ‘’ ‘’ Peak 6-8, Trough <2

Amikacin 7.5 mg/kg q12hrs 95% ‘’ ‘’ ‘’ Peak 20-30, Trough <5

CEPHALOSPORIN Coagulation abnormalities, transitory
elevation of BUN, rash and serum sickness
like syndrome

Oral Cephalosporin
Cefaclor 250-500 mg tid 70% 100% 100% 50%

Cefadroxil 500 to 1 g bid 80% 100% 100% 50%

Cefixime 200 to 400 mg q12h 85% 100% 100% 50%

Cefpodoxime 200 mg q12hrs 30% 100% 100% 100%

Ceftibuten 400 mg q24hrs 70% 100% 100% 50%

Cefuroxime 250-500 mg tid 90% 100% 100% 100%

Cephalexin 250-500 mg tid 95% 100% 100% 100%

Cephradine 250-500 mg tid 100% 100% 100% 50%

IV Cephalosporin
Cefamandol 1-2 g IV q6-8hrs 100% q6hrs q8hrs q12hrs

Cefazolin 1-2 g IV q8hrs 80% q8hrs q12hrs q12-24hrs

Cefepime 1-2 g IV q8hrs 85% q8-12hrs q12hrs q24hrs

Cefmetazole 1-2 g IV q8hrs 85% q8hrs q12hrs q24hrs

Cefixime 200 mg q12hr 50% q12hrs q24hrs q24hrs

Cefoperazone 1-2 g IV q12hrs 20% No renal adjustment is required

Cefotaxime 1-2 g IV q6-8hrs 60% q8hrs q12hrs q12-24hrs

Cefotetan 1-2 g IV q12hrs 75% q12hrs q12-24hrs q24hrs

Cefoxitin 1-2 g IV q6hrs 80% q6hrs q8-12hrs q12hrs

Cefpodoxime 200-400 mg po q12hrs 30% q12hrs q12-24hrs q24hrs Three times a week in dialysis patients

Ceftazidime 1-2 g IV q8hrs 70% q8hrs q12hrs q24hrs

Ceftriaxone 1-2 g IV q24hrs 50% No renal adjustment is required

Cefuroxime 750-1.5 g IV q8hrs 90% q8hrs q8-12hrs q12-24hrs

PENICILLIN Bleeding abnormalities, hypersensitivity

Oral Penicillin
Amoxicillin 500 mg po tid 60% 100% 100% 50-75%

Ampicillin 500 mg po q6hrs 60% 100% 100% 50-75%

Dicloxacillin 250-500 mg po q6hrs 50% 100% 100% 50-75%

Penicillin V 250-500 mg po q6hrs 70% 100% 100% 50-75%
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Table 2 continued.

Drugs normal doses % of Dosage adjustment Comments
renal in renal failure: GFR:

excretion >50 10-50 <10

IV Penicillin
Ampicillin 1-2 g IV q6hrs 60% q6hrs q8hrs q12hrs

Nafcillin 1-2 g IV q4hrs 35% No renal adjustment is required

Penicillin G 2-3 million Units IV q4hrs 70% q4-6hrs q6hrs q8hrs

Piperacillin 3-4 g IV q4-6hrs No renal adjustment is required

Ticarcillin/ 3.1 g IV q4-6hrs 100% 3.1 g 3.1 g
clavulanate q8hrs q12hrs

Piperacillin/ 3.375 g IV q6-8hrs 100% 2.25 g 2.25 g
tazobactam q6hrs q8hrs

QUINOLONES Photosensitivity, Food, dairy products,
tube feeding and Al (OH)3 may decrease
the absorption of quinolones

Ciprofloxacin 200-400 mg IV q24hrs 60% q12hrs q12-24hrs q24hrs

Gatifloxacin 400 mg po/IV q24hrs 88% 100% 50% 50%

Levofloxacin 500 mg po qd 70% 100% 50% 50%

Moxifloxacin 400 mg qd 20% No renal adjustment is required

Norfloxacin 400 mg po q12hrs 30% q12hrs q12-24hrs q24hrs

Ofloxacin 200-400 mg po q12hrs 70% q12hrs q12-24hrs q24hrs

MISCELLANEOUS AGENTS
Azithromycin 250-500 mg po qd 6% No renal adjustment is required NO drug-drug interaction with CSA/KF

Clarithromycin 500 mg po bid 20% No renal adjustment is required Pseudomembranous colitis

Clindamycin 150-450 mg po tid 10% No renal adjustment is required Increase CSA/FK level,

Dirithromycin 500 mg po qd No renal adjustment is required

Erythromycin 250-500 mg po qid 15% No renal adjustment is required Increase CSA/FK level, avoid in transplant
patients

Imipenem/ 250-500 mg IV q6hrs 50% 500 mg 250-500 250 mg Seizure
Cilastatin q8hrs q8-12hrs q12hrs

Linezolid 400-600 mg IV/PO q12hrs 30% q12hrs q12hrs q12hrs Thrombocytopenia

Meropenem 1 g IV q8hrs 65% 1 g 0.5-1 g 0.5-1 g
q8hrs q12hrs q24hrs

Metronidazole 500 mg IV q6hrs 20% No renal adjustment is required Peripheral neuropathy, increase LFTs,
disulfiram reaction with alcoholic beverages

Pentamidine 4 mg/kg/day 5% q24hrs q24hrs q48hrs Inhalation may cause bronchospasm,
IV administration may cause hypotension,
hypoglycemia and nephrotoxicity

Rifampin 300-600 mg po qd 20% No renal adjustment is required Decrease CSA/FK level

Trimethoprim/  DS po q12hrs 70% q12hrs q12hrs q24hrs Increase serum creatinine
Sulfamethoxazole

Vancomycin 1 g IV q12hrs 90% q12hrs q24-36 q48-72 Nephrotoxic, ototoxic, may prolong the
hrs hrs neuromuscular blockade effect of muscle

relaxants. Peak 30, trough 5-10

Vancomycin 125-250 mg po qid 0% 100% 100% 100% Oral vancomycin is indicated only for the
oral treatment of C. diff
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Table 2 continued.

Drugs normal doses % of Dosage adjustment Comments
renal in renal failure: GFR:

excretion >50 10-50 <10

ANTIFUNGAL AGENTS
Amphotericin B 0.5 mg-1.5 <1% No renal adjustment is required Nephrotoxic, infusion related reactions,

mg/kg/day give 250 cc NS before each dose

Amphotec 4-6 mg/kg/day <1% No renal adjustment is required

Abelcet 5 mg/kg/day <1% No renal adjustment is required

AmBisome 3-5 mg/kg/day <1% No renal adjustment is required Less nephrotoxic

Azoles and other antifungals Increase CSA/FK level
Fluconazole 200-800 mg IV qd/bid 70% 100% 100% 50%

Itraconazole 200 mg q12hrs 35% 100% 100% 50% Poor oral absorption

Ketoconazole 200-400 mg po qd 15% 100% 100% 100% Hepatotoxic

Miconazole 1200-3600 mg/day 1% 100% 100% 100%

Terbinafine 250 mg po qd < 1% 100% 100% 100% CHF & edema

Voriconazole 200 mg bid 100% 100% Avoid Ocular toxicity

ANTIRETROVIRAL AGENTS
Abacavir 300 mg q12hrs <1% 100% 100% 100%

Amprenavir 1200 mg q12hrs 100% 100% 100%

Delavirdine 400 mg q8hrs <5% 100% 100% 100%

Didanosine 200 q12hrs 18% 100% 200 mg 100 mg Pancreatitis
qd qd

Efavirenz 600 mg qd <1% 100% 100% 100%

Indinavir 800 mg q8hrs <20% 100% 100% 100% May cause nephrolithiasis
Require adequate hydration

Lamivudine 150 mg bid 71% 100% 100-150 25-50
mg qd mg qd

Lopinavir/ 400/100 mg q12hrs < 3% 100% 100% 100%
ritonavir

Nelfinavir 750 mg q8hrs < 1% 100% 100% 100%

Nevirapine 200 mg q12hrs < 5% 100% 100% 100%

Ritonavir 600 mg q12hrs 100% 100% 100%

Saquinavir 200 mg q8hr < 1% 100% 100% 100% Take with meals

Stavudine 40 mg q12hrs 40% 100% 20 mg 20 mg
q12hrs q24hrs

Zalcitabine 0.75 mg q8hrs 70% 100% 0.75 mg 0.75 mg Neuropathy
q12hrs q24hrs

Zidovudine 100 mg q4hrs 14% 100% 100 mg 100 mg Pancytopenia
q6hrs q8hrs
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Table 2 continued.

Drugs normal doses % of Dosage adjustment Comments
renal in renal failure: GFR:

excretion >50 10-50 <10

ANTIVIRAL AGENTS
Amantadine 100-200 mg q12hrs 90% 100% 50% 25%

Famciclovir 250-500 mg po bid to tid 60% q8hrs q12hrs q24hrs VZV: 500 mg po tidHSV: 250 po bid

Foscarnet 40-80 mg IV q8hrs 85% 40-20 mg q8-24 hrs Nephrotoxic, neurotoxic, hypocalcemia,
according to ClCr hypophosphatemia, hypomagnesemia and

hypokalemia

Ganciclovir IV 5 mg/kg q12hrs 95% q12hrs q24hrs 2.5 mg/kg Granulocytopenia and thrombocytopenia
qd

Ganciclovir PO 1000 mg po tid 95% 1000 mg 1000 mg 1000 mg Oral ganciclovir should be used ONLY for
tid bid qd prevention of CMV infection. Always use IV

ganciclovir for the treatment of CMV
infection

Valganciclovir 450 mg po bid 95% q12hrs q24hrs Mon, Wed Oral vanciclovir can be used for the treat-
and Fri ment of mild to moderate CMV infection

Lamivudine 150 mg po bid 80% q12hrs Qq24hrs 50 mg For hepatitis B
q24hrs

Ribavirin 500-600 mg q12hrs 30% 100% 100% 50% Hemolytic uremic syndrome

Rimantadine 100 mg po bid 25% 100% 100% 50%

Oseltamivir 75 mg po bid 99% 100% 100% 50%

Valacyclovir 500-1000 mg q8hrs 50% 100% 50% 25% Thrombotic thrombocytopenic purpura/
hemolytic uremic syndrome
Avoid in transplant recipients

Zanamivir 2 puffs bid x 5 days 4-17% 100% 100% 100%
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Table 3. Cardiovascular agents.

Normal doses % of Dosage adjustment Comments
Starting Maximum renal in renal failure: GFR:

dose dose excretion >50 10-50 <10

ACE-INHIBITORS Hyperkalemia, acute renal failure, angioed-
ema, rash, cough, anemia and liver toxicity

Benazepril 10 mg qd 80 mg qd 20% 100% 75% 25-50%

Captopril 6.25-25 mg 100 mg tid 35% 100% 75% 50%
po tid

Enalapril 5 mg qd 20 mg bid 45% 100% 75% 50%

Fosinopril 10 mg po qd 40 mg bid 20% 100% 100% 75%

Lisinopril 2.5 mg  qd 20 mg bid 80% 100% 50-75% 25-50%

Ramipril 2.5 mg qd 10 bid 15% 100% 50-75% 25-50%

Trandolapril 1-2 mg qd 4 mg qd

ANGIOTENSIN II RECEPTORS ANTAGONISTS Hyperkalemia, angioedema (less common
than ACE-inhibitors)

Losartan 50 mg qd 100 mg qd 13% 100% 100% 100%

Valsartan 80 mg qd 160 mg bid 7% 100% 100% 100%

Candesartan 16 mg qd 32 mg qd 33% 100% 100% 50%

Irbesartan 150 mg  qd 300 mg qd 20% 100% 100% 100%

BETA BLOCKERS Decrease HDL, mask symptoms of hypo-
glycemia, bronchospasm, fatigue, insom-
nia, depression and sexual dysfunction

Atenolol 25 mg qd 100 mg qd  90% 100% 75% 50%

Carvedilol 3.125 mg po tid 25 mg tid 2% 100% 100% 100%

Esmolol (IV only) 50 300 10% 100% 100% 100%
µg/kg/min  µg/kg/min

Labetalol 50 mg po bid 400 mg bid 5% 100% 100% 100%

Nadolol 80 mg qd 160 mg bid 90% 100% 50% 25%

Propranolol 40?160 mg tid 320 mg/day <5% 100% 100% 100%

Sotalol 80 bid 160 mg bid 70% 100% 50% 25-50%

CALCIUM CHANNEL BLOCKERS Dihydropyridine: headache, ankle edema,
gingival hyperplasia and flushing;
Non-dihydropyridine: bradycardia, constip-
ation, gingival hyperplasia and AV block

Amlodipine 2.5 po qd 10 mg qd 10% 100% 100% 100%

Diltiazem 30 mg tid 90 mg tid 10% 100% 100% 100%

Felodipine 5 mg po bid 20 mg qd 1% 100% 100% 100%

Isradipine 5 mg po bid 10 mg bid <5% 100% 100% 100%

Nicardipine 20 mg po tid 30 mg po tid <1% 100% 100% 100%

Nifedipine XL 30 qd 90 mg bid 10% 100% 100% 100% Avoid short-acting nifedipine formulation

Nimodipine 10% 100% 100% 100%

Nisoldipine 20 mg qd 30 mg bid 10% 100% 100% 100%

Verapamil 40 mg tid 240 mg/day 10% 100% 100% 100%
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Table 3 continued.

Normal doses % of Dosage adjustment Comments
Starting Maximum renal in renal failure: GFR:

dose dose excretion >50 10-50 <10

DIURETICS Hypokalemia/hyperkalemia (potassium
sparing agents), hyperuricemia, hyperglyce
mia, hypomagnesemia, increase serum
cholesterol.

Acetazolamide 125 mg po tid 500 mg po tid 90% 100% 50% Avoid

Amiloride 5 mg po qd 10 mg po qd 50% 100% 100% Avoid

Bumetanide 1-2 mg po qd 2-4 mg po qd 35% 100% 100% 100%

Ethacrynic Acid 50 mg po qd 100 mg po bid 20% 100% 100% 100%

Furosemide 40-80 mg po qd 120 mg po tid 70% 100% 100% 100%

Metolazone 2.5 mg  po qd 10 mg po bid 70% 100% 100% 100%

Spironolactone 100 mg po qd 300 mg po qd 25% 100% 100% Avoid

Torsemide 5 mg po bid 20 mg qd 25% 100% 100% 100%

MISCELLANEOUS AGENTS
Clonidine 0.1 po bid/tid 1.2 mg/ day 45% 100% 100% 100% Sexual dysfunction, dizziness, postal

hypotension

Digoxin 0.125 mg qod/qd 0.25 mg po qd 25% 100% 100% 100%

Hydralazine 10 mg po qid 100 mg po qid 25% 100% 100% 100% Lupus-like reaction

Minoxidil 2.5 mg po bid 10 mg po bid 20% 100% 100% 100% Pericardial effusion, fluid retention,
hypertrichosis and tachycardia

Nitroprusside 1 µg/kg/min 10 µg/kg/min <10% 100% 100% 100% Cyanide toxicity

Amrinone 5 µg/kg/min 10 µg/kg/min 25% 100% 100% 100%

Dobutamine 2.5 µg/kg/min 15 µg/kg/min 10% 100% 100% 100%

Milrinone 0.375 0.75 100% 100% 100%
µg/kg/min µg/kg/min
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Table 5. Anti-platelets and anti-coagulation agents.

Normal doses % of Dosage adjustment Comments
Starting Maximum renal in renal failure: GFR:

dose dose excretion >50 10-50 <10

Aspirin 81 mg/day 325 mg/day 10% 100% 100% 100% GI irritation and bleeding tendency

Clopidogrel 75 mg/day 75 mg/day 50% 100% 100% 100%

Dalteparin 2,500 units 5,000 units Unknown 100% 100% 100%
Sq /day Sq /day

Enoxaparin 20 mg/day 30 mg bid 8% 100% 100% 50% 1 mg/kg q12hrs for treatment of DVT.
Check anti-factor Xa activity 4 hours after
second dose in  patients with renal
dysfunction. There are some evidence of
drug accumulation in renal failure.

Ticlopidine 250 mg bid 250 mg bid 2% 100% 100% 100% Decrease CSA level and may cause severe
neutropenia & thrombocytopenia

Warfarin 5 mg/day Adjust per INR <1% 100% 100% 100% Monitor INR very closely. Start at 5 mg/day.
1 mg Vit. K IV over 30 minutes or 2.5-5 mg
po can be used to normalize INR.

Table 4. Anti-lipidemic agents.

Normal doses % of Dosage adjustment Comments
Starting Maximum renal in renal failure: GFR:

dose dose excretion >50 10-50 <10

Atorvastatin 10 mg/day 80 mg/day <2% 100% 100% 100% Liver dysfunction, myalgia and
rhabdomyolysis with CSA/FK

Cholestyramine 4 g bid 24 g/day None 100% 100% 100% Schedule CSA/FK 3 hrs before the dose,
N/V and constipation

Colestipol 5  gbid 30 g/day None 100% 100% 100% Schedule CSA/FK 3 hrs before the dose,
N/V and constipation

Fluvastatin 20 mg daily 80 mg/day <1% 100% 100% 100% Liver dysfunction, myalgia and
rhabdomyolysis with CSA/FK

Gemfibrozil 600 bid 600 bid None 100% 100% 100% Hyperglycemia, rhabdomyolysis,
elevation of LFTs

Lovastatin 5 mg daily 20 mg/day None 100% 100% 100% Liver dysfunction, myalgia and
rhabdomyolysis with CSA/FK

Pravastatin 10-40 mg daily 80 mg/day <10% 100% 100% 100% Liver dysfunction, myalgia and
rhabdomyolysis with CSA/FK

Simvastatin 5-20 mg daily 20 mg/day 13% 100% 100% 100% Liver dysfunction, myalgia and
rhabdomyolysis with CSA/FK
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Table 6. Gastrointestinal agents.

Normal doses % of Dosage adjustment Comments
Starting Maximum renal in renal failure: GFR:

dose dose excretion >50 10-50 <10

ANTI-ULCER AGENTS
Cimetidine 300mg po tid 800 mg po bid 60% 100% 75% 25% Multiple drug-drug interactions; beta

blockers, sulfonylurea,  theophylline,
warfarin, etc

Famotidine 20 mg po bid 40 mg po bid 70% 100% 75% 25% Headache, fatigue,
thrombocytopenia, alopecia

Lansoprazole 15 mg po qd 30 mg bid None 100% 100% 100% Headache, diarrhea

Nizatidine 150 mg po bid 300 mg po bid 20% 100% 75% 25% Headache, fatigue, thrombocytopenia,
alopecia

Omeprazole 20 mg po qd 40 mg po bid None 100% 100% 100% Headache, diarrhea

Rabeprazole 20 mg po qd 40 mg po bid None 100% 100% 100% Headache, diarrhea

Pantaprazole 40 mg po qd 80 mg po bid None 100% 100% 100% Headache, diarrhea

Ranitidine 150 mg po bid 300 mg po bid 80% 100% 75% 25% Headache, fatigue,
thrombocytopenia, alopecia

Cisapride 10 mg po tid 20 mg qid 5% 100% 100% 50-75% Avoid with Azole Antifungal, Macrolide
antibiotics and other P450 IIIA-4 inhibitors

Metoclopramide 10 mg po tid 30 mg po qid 15% 100% 100% 50-75% Increase CSA and tacrolimus blood
concentration, neurotoxic

Misoprostol 100 µg po bid 200 µg po qid 100% 100% 100% Diarrhea, N/VAbortifacient agent

Sucralfate 1 gm po qid 1 gm po qid None 100% 100% 100% Constipation, decrease absorption of MMF

Table 7. Hypoglycemic agents.

Normal doses % of Dosage adjustment Comments
Starting Maximum renal in renal failure: GFR:

dose dose excretion >50 10-50 <10

Acrobose 25 mg tid 100 mg tid 35% 100% 50% Avoid Abdominal pain, N/V and Flatulence

Glimepiride 1 mg qd 8 mg qd 60% 100% 50% 50%

Glipizide 5 mg qd 20 mg bid 80% 100% 50% 50%

Glyburide 2.5 mg qd 10 mg bid 50% 100% 50% Avoid

Metformin 500 mg bid 2,550 mg/day 95% 100% Avoid Avoid Lactic acidosis
(bid or tid)

Pioglitazone 15 mg qd 45 mg qd 3% 100% 100% 100% Hepatotoxic. Edema

Repaglinide 0.5-1 mg 4 mg tid 8% 100% 100% 100%

Rosiglitazone 4 mg qd 8 mg qd 3% 100% 100% 100% Hepatotoxic. Edema, increase LDL



AA aristolochic acid
AAP alanine aminopeptidase
AAS atomic absorption spectrometry
ABC ATP-binding cassette
ABCD amphotericin B colloidal dispersion
ABLC amphotericin B in lipid complex
ACAM N-cadherin
ACE angiotensin converting enzyme
ACEI angiotensin converting enzyme inhibitor
ACGIH American Conference of Governmental

Industrial Hygienists
AcP acid phosphate
ADH antidiuretic hormone
ADP adenosine diphosphate
ADR adverse drug reaction
AER adverse event reaction
AIDS acquired immunodeficiency syndrome
AIN acute interstitial nephritis
ALB albumin
α1-AG α1-acid glycoprotein
α1-m α1-microglobulin
ALT alanine aminotransferase
AmB amphotericin B
AMP adenosine monophosphate
ANCA anti-neutrophil cytoplasmic antibody
ANDA abbreviated new drug application
ANF atrial natriuretic factor
ANT adenine nucleotide translocator
ANZDATA Australian and New Zealand Dialysis and

Transplant Registry
AP alkaline phosphatase
APA aminopeptidase 1 (angiotensinase)

APC antigen presenting cell
APN aminopeptidase N
AQP aquaporin
ARF acute renal failure
AST aspartate aminotransferase
ATN acute tubular necrosis
ATP adenosine triphosphate
AVP arginine vasopressin
BBA brush border antigen
BBM brush border membrane
BBMV brush border membrane vesicle
β1-m β1-microglobulin
bFGF basic fibroblast growth factor
BID twice daily
BN Brown-Norway
BP blood pressure
BSA bovine serum albumin
BUN blood urea nitrogen
BW body weight
CA carbonic anhydrase
cADPR cyclic ADP-ribose
Calc calcitonin
CAM cell adhesion molecule
cAMP cyclic adenosine monophosphate
CC cytochemistry
CCB calcium channel blocker
CCD cortical collecting duct
Ccr creatinine clearance
CD collecting duct
CD-IC collecting duct intercalated cell
CdMT cadmium-metallothionein
CD-PC collecting duct principal cell
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Abbreviations

CG density gradient centrifugation
CHD coronary heart disease
CHF congestive heart failure
CHN Chinese herb nephropathy
CI confidence interval
CM contrast-media
CMIN contrast-media induced nephropathy
CMV cytomegalovirus
CNS central nervous system
CNT connecting tubule
COX cyclooxygenase
CPH cephaloridine
CPK creatinine phosphokinase
CRF chronic renal failure
CsA cyclosporine A
CSF colony-stimulating factor
CSFL cerebrospinal fluid
CT computer tomography
Curea urea clearance
Cx clearance of a marker
CYP cytochrome P450
dA-AAI 7(desoxyadenosin-N6-yl) aristolactam I
dA-AAII 7(deoxyadenosin-N6-yl) aristolactam II
DAC diacylglycerol
DCT distal convoluted tubule
DCVC dichlorovinylcysteine
dDAVP 1-desamino-8-D-arginine-vasopressin
DDT dichlorodiphenyltrichloroethane
DES diethyl stilbesterol
DEVD-CHO Asp-Glu-Val-Asp-aldehyde
DFO desferoxamine
dG-AAI 7(deoxyguanosine-N²-yl) aristolactam I
DHG dehydrogenase
DHP vitamin D binding protein
DISC death inducing signaling complex
DMEM Dulbecco’s modified Eagle medium
DMPC dimyristoyl phosphatidylcholine
DMPG dimyristoyl phosphatidylglycerol
DMPS dimercaptopropane 1 sulphonate
DMSA dimercaptosuccinic acid
DMSO dimethylsulfoxide
DMTU dimethylthiourea
DPCPX selective adenosine A1 receptor antagonist
DPP dipeptidyl peptidase
DTL descending thin limb
DTPA diethylenetriaminepentaacetic acid
ecNOS endothelial nitric oxide synthase
EDRF endothelium-derived relaxing factor
EDTA ethylenediamine tetraacetic acid
EDTA European Dialysis and Transplant Associa-

tion
EGF epidermal growth factor
ELISA enzyme-linked immunosorbent assay
EMA epithelial membrane antigen
eNOS endothelial nitric oxide synthase
ERK extracellular regulated kinase

ERPF effective renal plasma flow
ESRD end-stage renal disease
ET endothelin
ET-1 endothelin-1
ETA endothelin A
ETB endothelin B
FACS fluorescence-activated cell sorting
FAD flavin adenine dinucleotide
FAK focal adhesion kinase
FAT focal adhesion targeting
FCS fetal calf serum
FDA Food and Drug Administration
FE fractional excretion
FEurea fractional excretion of urea
FF filtration fraction
FGS focal glomerulosclerosis
FITC fluorescein isothiocyanate
FKBP FK-binding protein
FMN flavin mononucleotide
FSGS focal segmental glomerulosclerosis
G6PD glucose 6 phosphate dehydrogenase
GC gas chromatography
GFR glomerular filtration rate
GI gastrointestinal
GLDH glutamate dehydrogenase
GMP guanosine monophosphate
GN glomerulonephritis
GP glycoprotein
GSC glomerular sieving coefficient
GSH glutathione
GSSG glutathione disulfide
GST glutathione-S-transferase
GT glutamyl transferase
H&E hematoxylin and eosin
HCTZ hydrochlorothiazide
HCV hepatitis C virus
HDL high-density lipoprotein
HETE hydroxyeicosatetraenoic acid
HHV human herpes virus
HIV human immunodeficiency virus
HLA human leukocyte antigen
HMW high molecular weight
HO heme oxygenase
HPT human proximal tubular cells
HSP heat shock protein
HUS hemolytic uremic syndrome
HUVEC human umbilical vein endothelial cells
IAP intestinal alkaline phosphatase
IARC International Agency for Research on

Cancer
IBD inflammatory bowel disease
IC information component
ICAD inhibitor of caspase-activates Dnase
ICAM intercellular cell adhesion molecule
ICC immunocytochemistry
ICD International Classification of Diseases
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ICU intensive care unit
IEG immediate early gene response
IFN interferon
Ig immunoglobulin
IGF insulin-like growth factor
IL interleukin
IM intramuscular
iNOS inducible nitric oxide synthase
IP3 inositol 3,4,5 triphosphate
IPRK isolated perfused rat kidney
ISOM inner stripe outer medulla
IV intravenous
IVP intravenous pyelography
JCAHO Joint Commission on Accreditation of

Healthcare Organizations
JGA juxtaglomerular apparatus
JNK c-Jun N-terminal kinase
kD kilodalton
KIM kidney injury molecule
L-Amph amphotericin B liposome
LAP leucine aminopeptidase
LD50 lethal dose for 50%
LDH lactate dehydrogenase
LDL low-density lipoprotein
LEHD-CHO Leu-Glu-His-Asp-aldehyde
LFA lymphocyte function-associated antigen
LMW low molecular weight
L-NAME N-nitro-l-arginine methyl ester
LPS lipopolysaccharide
LR likelihood ratio
LT leukotriene
LX lipoxin
mAb monoclonal antibody
MACS magnetic cell separation
magn. magnification
MAP mitogen-activated protein
MAPK mitogen-activated protein kinase
MCD medullary collecting duct
MCP monocyte chemoattractant protein
MD macula densa
MDA malondialdehyde
MDMA methylenedioxymethamphetamine
MDR multidrug resistance
MEK MAP kinase kinase
MHC major histocompatibility complex
MMP matrix metalloproteinases
mPDS methylprednisolone
MPGN membranoproliferative glomerulonephritis
MPO myeloperoxidase
MPT mitochondrial permeability transition
MR magnetic resonance
Mr molecular weight
MRP multidrug resistance-associated protein
MRS magnetic resonance spectroscopy
MRSA methicillin-resistant Staphylococcus aureus
MT metallothionein

MTAL medullary thick ascending limb
MTT methylthiotetrazole
NAA neutron activation analysis
NADC Na dependent α-ketoglutarate cotrans-

porter
NADPH nicotinamide adenine dinucleotide

phosphate
NAG N-acetyl-β-D-glucosaminidase
Na-K-ATPase sodium-potassium-ATPase
NAME nitric oxide synthase inhibitor
NAPA N-acetyl procainamide
NAPAP N-acetyl-p-aminophenol
NCAM neural cell adhesion molecule
NCX Na+-Ca++ exchanger
NDA New Drug Application
NDMA N-methyl-D-aspartate
NEP neutral endopeptidase
NIP NF-AT interacting protein
NMN N-methylnicotinamid
NMTT N-methyl-tetrazole-thiol
NO nitric oxide
NOS nitric oxide synthase
NPT sodium-dependent phosphate transporter
NRF nuclear respiratory factors
NRTI nucleoside analogue reverse transcriptase

inhibitor
NSA neuron specific enolase
NSAID non-steroidal anti-inflammatory drug
OA osteoarthritis
OAT organic anion transporter
OCT organic cation transporter
OCTN organic cation/carnitine transporter
OFR oxygen-derived free radicals
OKT3 anti-CD3 monoclonal antibody
OM outer medulla
OR odds ratio
OSOM outer stripe outer medulla
OTA ochratoxin
PAH para-aminohippurate
PAS periodic acid Schiff
PAM periodic acid methenamine
PBMC peripheral blood mononuclear cells
PC Pneumocyctis carinii
PCE perchloroethylene
PCOP plasma colloid osmotic pressure
PCP Pneumocyctis carinii pneumonia
PCSA planar cell surface area
PCT proximal convoluted tubule
PDGF platelet derived growth factor
PEEP positive end-expiratory pressure
PEPCK phosphenol pyruvate carboxy-kinase
PEPT peptide cotransporter
PG prostaglandin
PGC PPAR-gamma-coactivator
PGP P-glycoprotein
PIP phosphatidylinositide 4,5 biphosphate
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PK protein kinase
PKB protein kinase B
PL phospholipase
PMA phorbol myrastate acetate
pmp per million population
PPAR peroxisome proliferator-activated receptor
PR3 proteinase 3
PSS progressive systemic sclerosis
PST proximal straight tubule
PT proximal tubular cells
PTFE polymeric tetrafluoroethylene
PTH parathyroid hormone
PTK protein tyrosine kinase
QD once daily
RA rheumatoid arthritis
RANTES regulated on activation, normal T-cell

expressed and secreted
RAP receptor-associated protein
RAS renin-angiotensin system
RBF renal blood flow
RCT randomized clinical trial
RIA radio immunoassay
ROC receiver-operating characteristic
ROS reactive oxygen species
RPF renal plasma flow
RPGN rapidly progressive glomerulonephritis
RR relative risk
RTE renal tubular epithelial cells
RVR renal vascular resistance
RXR retenoic orphan receptor
S- serum-
SAPK stress-activated protein kinase
SAT sulfate-oxalate exchanger
SBP systolic blood pressure
Scr serum creatinine
SDS-PAGE sodium dodecyl sulphate - polyacrylamide

gel electrophoresis
SEM standard error of the mean
SHR spontaneously hypertensive rats
SLC Na+/Li+ countertransporter
SLE systemic lupus erythematosis
SMZ sulfamethoxazole
SNGFR single nephron glomerular filtration rate
SNS sympathetic nervous system
SSc systemic sclerosis

t2 elimination half-life
T3 triiodothyronin
TAL thick ascending limb
T-bet T-box expressed in T-cells
TBM tubular basement membrane
TCA trichloroacetic acid
TCR T-cell receptor
TDM therapeutic drug monitoring
TEA tetraethylammonium
TER transepithelial resistance
TFR transferrin
TGF transforming growth factor
Th T-helper cell
THP Tamm-Horsfall protein
TID trice daily
TLV threshold limit value
TMA thrombotic microangiopathic anemia
TMP trimethoprim
TNAP tissue non-specific alkaline phosphatase
TNF tumor necrosis factor
TQ triple quantum
TRP tubular reabsorption of phosphorus
TSC thiazide sensitive Na+-Cl– cotransporter
TSH thyroid-stimulating hormone
TTP thrombotic thrombocytopenic purpura
TTR transthryetin
TUNEL terminal deoxynucleotidyl transferase (Tdt)-

mediated dUTP nick end-labeling assay
TxA2 thromboxane A2
TxB2 thromboxane B2
U- urinary
UP:Ucr urine protein to creatinine ratio
USRDS United States Renal Data System
VC vasoconstriction
VCAM vascular cell adhesion molecule
VD vasodilatation
Vd volume of distribution
VGEF vascular endothelial growth factor
VLA very late antigen
VSMC vascular smooth muscle cells
vWF von Willebrand factor
WHO World Health Organization
XRF x-ray fluorescence
ZAG zinc-α2-globulin
ZVAD-fmk Z-Val-Ala-Asp-fmk



A
abacavir  253–255

dosage in renal failure  674
abelcet

dosage in renal failure  674
ACE inhibitors. See angiotensin

converting enzyme inhibitors
acetaminophen

analgesic nephropathy  266, 268
and NSAIDs  282
drug metabolism studies  38
urinary biomarkers  624, 638

acetazolamide  339, 340, 343
and lithium  562
dosage in renal failure  677
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trimethoprim-sulfamethoxazole  228

acyclovir  250
urinary biomarkers  624

acylcarnitinuria  190
adefovir  253–255
adenosine

acute cyclosporine nephrotox.  405, 409
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diuretics  346
hydronephrotic kidney model  100
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alcohols
organic solvents  546

aldosterone
interleukin-2 treatment  464
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alendronate
organic anion transport  29
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heroin abuse  392

alkylating agents  354–358
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allopurinol therapy  316
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dosage in renal failure  674

amikacin  151, 159, 160
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drug monitoring  669
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organic cation transport  34
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512, 516
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animal model of septic injury  82
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drug monitoring  669
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glomerular filtration  24
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once-a-day schedule  160–162
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aminopyrine-N-demethylase

cephalosporins  181
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amitriptyline
pH-dependent reabsorption  24
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immune response  56
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pH-dependent reabsorption  24, 26

amphotec
dosage in renal failure  674
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229, 232
animal model of septic injury  82
azotemia  200–201
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supplementation  216
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mechanisms  203
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salt supplementation  207, 208–
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urinary biomarkers  622, 623, 624
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ampicillin  173, 174, 182
dosage in renal failure  672, 673
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dosage in renal failure  677
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analgesic nephropathy  268
aplastic. See aplastic anemia
Balkan nephropathy  594–596
cadmium-induced renal effects

513, 518
hemolytic. See hemolytic anemia
lead nephropathy  497, 500

anesthetic agents  373, 459
and cyclosporine  413
clinical implications  377–378
fluoride elimination  377
fluoride toxicity  376–377
metabolism of inhaled  374–377
pediatric patients  377
renal pharmacology  374

inhaled  374
injectable  374
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pH-dependent reabsorption  24
phencyclidine  395
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amphetamine  395

angiotensin converting enzyme (ACE)
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acute cyclosporine nephrotox.  406
acute interstitial nephritis  326–327
and cisplatin  356
and cyclosporine  412
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animal models  78
antiproteinuric effects  333–334
clinical relevance of nephrotoxicity  8
dosage in renal failure  676
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fetal nephrotoxicity  332
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microcirculation models  95, 96
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renal function preservation  333–334
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angiotensin I  327
angiotensin II  327

acute cyclosporine nephrotox.  405
and lithium  562
chronic cyclosporine nephrotox.  419
diuretics  340
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interferon-beta treatment  468
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dosage in renal failure  676
hydronephrotic kidney model  100
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glomerular function  94
ischemia-reperfusion injury  88–92
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anticoagulation agents
D-penicillamine nephropathy  314
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pH-dependent reabsorption  24

antidiuresis
lithium treatment  566

antidiuretic hormone
fluoride toxicity  376
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NSAIDs  288
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immune response  52
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and lithium  562–563
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antinuclear antibodies
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antioxidants
beta-lactams  188

antiplatelet agents
D-penicillamine nephropathy  314
dosage in renal failure  678

antiproliferative action
interferon-alpha  466
sirolimus  435

antiprotozoal agents
pentamidine  231

antithyroglobulin  58
antitumor antibiotics  363
antiulcer agents

dosage in renal failure  679
antiviral agents  249–262

acyclovir  250
amantadine hydrochloride  256
antiretroviral agents  253–256

dosage in renal failure  674
cidofovir  251–252
dosage in renal failure  675
experimental

acyclovir  250
efavirenz  255
foscarnet  252, 253
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anuria
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sulfonamides  223
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D-penicillamine therapy  312
gold salt therapy  308
paraphenylene diamine  614

apoptosis
aminoglycosides  157

amphotericin B therapy  204
amphotericin B: cell culture  134
animal model of ischemic injury  80–114
animal models  78
anti-apoptotic Bcl-2

isolated perfused rat kidney  90
anti-apoptotic Bcl-X(L)

isolated perfused rat kidney  90
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cellular mechanisms  66–67
chronic cyclosporine nephrotox.

418, 419
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HIV nephropathy  391
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silicon containing compounds  552
TNF-alpha  460
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prostaglandins  281, 327
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ARF. See acute renal failure
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419, 420
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water reabsorption, lithium treatment
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tubular reabsorption  26
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acute cyclosporine nephrotox.  412
analgesic nephropathy  266, 268
and NSAIDs  294
cancer prevention  49
dosage in renal failure  678
microcirculation models  96
tubular secretion  37
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lithium treatment  572

atenolol
dosage in renal failure  676

atomic absorption spectrometry
mercury determination  535

atopic dermatitis
chronic cyclosporine nephrotox.  428

atorvastatin
dosage in renal failure  678
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atrial natriuretic factor (ANF)

acute cyclosporine nephrotox.
405, 410, 414
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aurothiomalate (sodium)  308
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immune response  52
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D-penicillamine induced  315
gold salt induced  57–64, 310
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mercury exposure  57–64, 537
procainamide-induced  57
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immune response  52–53, 59
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and cyclosporine  405, 415
D-penicillamine nephropathy  314, 315
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dosage in renal failure  673
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azotemia

ACE inhibitors  331
acyclovir  250
cocaine abuse  394
foscarnet  252
interferon-beta  468
sulfonamides  223, 341
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B
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pH-dependent reabsorption  26

barium hydroxide
CO2 absorption  376
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and interferon-beta  468

basiliximab  462
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cellular mechanisms  70
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acute cyclosporine nephrotox.  409
cellular mechanisms  70

Bcr-abl fusion peptide  462
Behçet’s syndrome

chronic cyclosporine nephrotox.  428
benazepril

dosage in renal failure  676
bendrofluazide  344

and lithium  562
benoxaprofen  49
benzidine  391
benzodiazepines  397
benzoic acid
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benzolamide  340
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paraphenylene diamine  613
benzylpenicillin  173, 174, 191
bestatin

tubular reabsorption  26
beta-blockers  234

dosage in renal failure  676
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beta-lactams  172–198
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antioxidants  188
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lipid metabolism  190
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renal bioactivation  183
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tubular reabsorption  26
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fluoride elimination  377
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cadmium-induced renal effects  515
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autoimmune response  58
brush border ecto-enzymes

cell culture  122
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beta-lactams  189
Bruxism  532
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Balkan nephropathy  588
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c-Jun N-terminal kinase
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calcium channel blockers
acute cyclosporine nephrotox.  411, 413
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carbapenems  173, 176–177

drug metabolism studies  39
carbenicillin  154, 174
carbon tetrachloride  546
carbonic anhydrase inhibitor
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paraphenylene diamine  614

breast cancer  362
cisplatin therapy  354–358
esophagus  362
gastric  362
head and neck  362
islet cell  360
lymphomas  362
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cardiac failure  287
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cardiovascular agents

dosage in renal failure  676–677
carmustine  360–362
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and antiretroviral agents  255
organic cation transport  36

carvedilol
dosage in renal failure  676

case reporting systems
pharmacovigilance  47

caspase
cellular mechanisms  68–70

activation in vitro  69–70
activation in vivo  70

knockout mouse model  80
catalase

beta-lactams  188
catecholamines

acute cyclosporine nephrotox.  409
cocaine abuse  393

cation shifts
isolated perfused rat kidney  89

CCN gene family
urinary biomarkers  642

CD cells. See T cells
CD4/CD8 lymphocytes

knockout mouse model  80
cefaclor  175, 176, 178, 184
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dosage in renal failure  672
cefamandol  175, 183

dosage in renal failure  672
cefazolin  174, 178, 184

dosage in renal failure  672
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cefodizime  175
cefonicid  175, 178
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dosage in renal failure  672
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cefsulodin  173, 174, 175, 179, 185
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ceftizoxime  175, 177, 178, 179
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dosage in renal failure  672
cefuroxime  175, 177, 179, 183

dosage in renal failure  672
celecoxib  284, 287, 290, 296
cell adhesion molecules
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cell culture models  115–147
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affinity purification  124
culture medium composition  128
current status  116–119
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drug transport studies  23
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116, 120
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microdissection studies  123
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nephrotoxicity endpoints  129–130
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119–125
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cell lines. See cell culture models
cellular mechanisms of nephrotoxicity

65–76
Bcl2  70
caspases and cell death  68–70
cell cycle  72
defects in energy generation  67–68
disruption of energy production  67
endonuclease activation  68
mitochondrial dysfunction  67–68
morphology of injury  65–67
pathophysiology  67
stress response  71–72

molecular aspects  71
signal transduction pathways  71–72

structural abnormalities  68
cephacetrile  177
cephalexin  174, 178, 183, 184, 227

dosage in renal failure  672
organic cation transport  34

cephaloglycin  173, 177, 178, 183, 184
cephaloridine

172, 173, 174, 179, 184, 185
cell culture  133
organic cation transport  36

cephalosporin  174–176, 237, 238
and aminoglycosides  154
cell culture  133
dosage in renal failure  672
first-generation  174–175
fourth-generation  175–176
LLC-PK1 cell line  133
organic cation transport  36
second-generation  175
third-generation  175
tubular reabsorption  26
urinary biomarkers  629

Cephalosporium acremonium  172
cephalothin

172, 173, 174, 175, 177, 179, 183, 184
cephalotin

and cisplatin  357
cephamycin  176
cephapirin  174, 177, 183
cephradine

dosage in renal failure  672
cepirome  179
cerebrovascular accident

cocaine abuse  393
cerivastatin  49
cervical dysplasia

treatment by interferon-alpha  466
chelation therapy

beta-lactams  186, 188
cell culture  132
hemoglobin/myoglobin release  135
lead nephropathy  497, 501, 503
mercury exposure  539, 540

chemotherapy. See anticancer drugs
Chinese herb nephropathy. See

aristolochic acid nephropathy
chloralkali industry  532, 533, 540
chloramphenicol  47
chlordane

urinary biomarkers  624

chloroform  546
chloroquine

pH-dependent reabsorption  24
chlorothiazide  340, 341

and lithium  562
pH-dependent reabsorption  24

chlorpheneramine maleate  616
chlorpromazine  397
chlorthalidone  342
cholangitis

allopurinol therapy  316
aminoglycosides  153

cholesterol
acute cyclosporine nephrotox.  405
amphotericin B binding  203, 210

cholestyramine
dosage in renal failure  678

choline
organic cation transport  34, 36
tubular reabsorption  26

chromatin  54, 57
lead nephropathy  501

chrysiasis
gold salt therapy  308

chrysotherapy  307
Churg-Strauss syndrome

urinary biomarkers  647
cidofovir  252
cilastatin  173, 176

acute cyclosporine nephrotox.  414
dosage in renal failure  673
drug metabolism studies  39

cimetidine  375
and cisplatin  357
cell culture  132
dosage in renal failure  679
drug metabolism studies  38
hemoglobin/myoglobin release  135
organic cation transport  34, 36, 37

ciprofloxacin  236
dosage in renal failure  673

cirrhosis
aminoglycosides  153
immune response  57
NSAIDs  286

cisapride
dosage in renal failure  679

cisplatin  354–358
and aminoglycosides  154
and beta-lactams  191
and methotrexate  363
and quinolones  238
cell culture  132
cellular mechanisms  66, 67
tubular secretion  37
urinary biomarkers  622, 624, 646, 647

citrate, urinary
diuretics  343
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Balkan nephropathy  591

Clara cell protein
aristolochic acid nephropathy  580

clarithromycin  659
dosage in renal failure  673



692

INDEX

clavulanic acid  173
dosage in renal failure  673

cleaning agents  546
clindamycin  154, 226, 231

dosage in renal failure  673
clinical relevance of drug nephrotoxic-

ity  3–20
addictive behavior  14
age  12–13
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specific drugs  7–8
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phase 1  47
phase 2  48
phase 4  48
post-marketing  48
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clofibrate

drug metabolism studies  39
clonidine

dosage in renal failure  677
organic cation transport  34, 35, 36, 38

clopidogrel
dosage in renal failure  678
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isolated perfused rat kidney  94
urinary biomarkers  647

CMV infection. See cytomegalovirus
CO2 absorption  376
cobalt chloride  180, 183, 188
cobra venom
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cocaine abuse  392–394

and heroin abuse  388
urinary biomarkers  624

cocci  174, 176
Cockroft and Gault formula  629
cocyanocobalamin  630
codeine  384, 391, 658

analgesic nephropathy  266
colchicine

allopurinol nephropathy  318
and cyclosporine  420
heroin abuse  389
MDR-glycoprotein transport  35

colestipol
dosage in renal failure  678

colic, renal  225
indinavir  255

collagens
collagen III

chronic cyclosporine nephrotox.  429

urinary biomarkers  643–644
collecting duct

lithium transport  561–562
colony-stimulating factor

carboplatin therapy  358
knockout mouse model  79

coma
cocaine abuse  393
drugs overdose  397
heroin abuse  391

compensatory responses
animal models  79
urinary biomarkers  641

compound A (sevoflurane degradation)
376

concentrating defect, urinary
lithium treatment  567

congestive heart failure
284, 286, 294, 298

ACE inhibitors  330–331
beta-lactams  191
cocaine abuse  393
infants

nephrocalcinosis  344
mercury-containing treatment

532, 536, 537
microcirculation models  95, 98

contrast media-induced
nephropathy. See Radiocontrast
agents

convoluted tubule
amphotericin B therapy  203

copper
cephalosporins  175
mercury exposure  540
smelters: cadmium-induced renal

effects  508, 510
copper sulphate  554
coproporphyrins. See porphyrin
cortical and medullary collecting ducts

282
cortical atrophy

analgesic nephropathy  268
corticosteroids  290

and OKT3  469
Corynebacterium

adjuvants  462
vancomycin  163

cotrimoxazole. See trimethoprim-
sulfamethoxazole

Cr-EDTA
glomerular filtration rate measurement

227
crack abuse  393
creatinine

measurement  227
creatinine clearance

monitoring of renal function  8
urinary biomarkers  629–630

Cremophor
acute cyclosporine nephrotox.  405, 410

crescentic glomerulonephritis  54, 55
paraphenylene diamine  614
silicon containing compounds  550, 552
urinary biomarkers  646, 647

cresols  606
cristae, loss of

lead nephropathy  501
Croatia

Balkan nephropathy  588
cryoglobulinemia

treatment by immunoglobulin  462
treatment by interferon-alpha  466

cryptococcosis
amphotericin B therapy  200

crystalluria
acyclovir  250
animal model of nephrotoxic injury  81
diuretics  343
foscarnet  252
indinavir  255
sulfadiazine  225
sulfonamides  223

cut-off point of a biomarker  626
cyclic AMP (cAMP)

lithium treatment  564
cyclooxygenase (COX)  280, 294

acute cyclosporine nephrotox.  408, 409
analgesic nephropathy  268
COX inhibition  282

microcirculation models  95
glomerular expression  282
isolated perfused rat kidney  94
microcirculation models  96, 98
pathway

urinary biomarkers  642
cyclophosphamide  359
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cyclosporine  405–430

acute nephrotoxicity  405–416
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cellular mechanisms  66, 70
chronic nephrotoxicity  416–430
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bone marrow transplantation  425
clinical management  429–458
mechanism of injury  417–420
primary renal disease  428–429
renal transplantation  421–423
solid organ transplantation  423–425
working hypothesis  420–421

cyclosporine G  414
drug monitoring  669
heroin nephropathy  388
hydronephrotic kidney model  100
immune response  53
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MDR-glycoprotein transport  35
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microemulsion  414–415
NSAIDs  298
pentamidine  233
pharmacological aspects  659–660
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trimethoprim-sulfamethoxazole  228
urinary biomarkers  622, 624, 647

cyst formation
lithium treatment  570

cystatin C
aristolochic acid nephropathy  580
monitoring of renal function  8
urinary biomarkers  635

cystinuria
D-penicillamine therapy  312

cystoscopy  269
cytochrome C

cellular mechanisms  68
cisplatin  132
oxidase: cephalosporins  133

cytochrome P-450
acetochlor  116
acute cyclosporine nephrotox.  413
anesthetic agents  374, 377
beta-lactams  180, 187
cisplatin: cell culture  132
drug clearance  668
drug metabolism studies  38, 39
mechanisms of drug induced acute

renal failure  5
pharmacological aspects  657–660
urinary biomarkers  643

cytokeratin
cell culture  118, 119, 122

cytokines  459–482
urinary biomarkers  639–640

cytomegalovirus
acyclovir  250
cidofovir  251
foscarnet  252
ganciclovir  251
valacyclovir  251

cytosine monophosphate  251

D
D-penicillamine  312–316

autoimmunity  58–64
Goodpasture’s-like syndrome  314
histopathology  313
immune response  56, 57
lupus erythematosus  314–315
mercury excretion  540
monitoring of nephropathy  315–317
pathogenesis of nephropathy  315
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proteinuria  313
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daclizumab  462
dalfopristin  164
dalteparin
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dapsone nephrotoxicity  235–236
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decision threshold of a biomarker  626
defluorination

anesthetic agents  375–376
degreasers  546, 547
dehydropeptidase

acute cyclosporine nephrotox.  414
drug metabolism studies  39

delavirdine  255
dosage in renal failure  674

delayed graft function
acute cyclosporine nephrotox.  412

demyelinating disease  52
polyradiculoneuropathy

chronic cyclosporine nephrotox.  428
dendritic cells

immune response  52
deoxyadenosin  582
deoxycytosine  57
deoxyguanosine  250, 582
dermatitis

allopurinol therapy  316
exfoliative

allopurinol therapy  316
herpetiform  235
lithium treatment  573

dermatomyositis
D-penicillamine therapy  312

desferrioxamine
beta-lactams  186, 188
cell culture  132
hemoglobin/myoglobin release  135

desflurane  376
desmin  117, 118
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and interleukin-2  465
dexfenfluramine  580, 582
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cidofovir  252
didanosine  255
foscarnet  252
heroin abuse  389
lithium treatment  565, 568

diabetes mellitus
ACE inhibitors  334
chronic cyclosporine nephrotox.  428
microcirculation models  95
NSAIDs  287
organic solvents  548
pancreas transplantation

chronic cyclosporine nephrotox.  425
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radiocontrast agents  484, 486
TNF-alpha  460
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organic solvents  549
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diagnostic performance of a biomarker

626
diamidine  231
diaminopyrimidine  235
diarrhea

ACE inhibitors  331
amphetamine  396
cadmium-induced renal effects  509
interleukin-2 treatment  463
vancomycin  163

diatomite pneumoconiosis  550
diatrizoate  630

isolated perfused rat kidney  93
diazepam  375

acute renal failure  397
dibekacin  151, 160
dichloroacetate

and antiretroviral agents  255
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dichlorophenoxyacetic acid  554
dichlorovinylcysteine  132
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dicloxacillin  174

dosage in renal failure  672
didanosine  253–255

dosage in renal failure  674
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diethyldithiocarbamate
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diethylene glycol  546
diethylenetriaminepentaacetic acid

(DTPA)
monitoring of renal function  8
urinary biomarkers  630

diflunisal
drug metabolism studies  39

difluoromethoxydifluoroacetic acid
375

digitalis  604
digoxin  659, 661

dosage in renal failure  677
drug monitoring  669
pharmacokinetics in uremia  670
tubular secretion  37

dihydrothiazine  172
dihydroxycholecalciferol

lead nephropathy  497
diltiazem

and amphotericin B  206, 207
and cytochrome P-450  660
and OKT3  472
dosage in renal failure  676
isolated renal microvessels  101

dimercaprol  539
dimercaptopropane-1 sulphonate  540
dimercaptosuccinic acid  540
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isolated perfused rat kidney  89

dimethylthiourea
isolated perfused rat kidney  89
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dioxane  546
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diquat  185, 554
dirithromycin

dosage in renal failure  673
disopyramide

organic cation transport  34
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acidification by lithium treatment  569
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disulfiram  175, 176
diuretics  339–351

abuse  346
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and ACE inhibitors  331
and allopurinol  318
and aminoglycosides  153
and amphotericin B therapy  201
and cisplatin  356–357
and lithium  562, 573
dosage in renal failure  677
effects on renal hemodynamics  339–342
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isolated perfused rat kidney  89
loop  340
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mercury-containing treatment  537
nephrocalcinosis  343–345
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NSAIDs  288
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sulfonamide derivatives  341
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tissue sensitivity  663
urinary biomarkers  623

diviners (Africa)  603–609
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foscarnet  252
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dosage in renal failure  677
dome formation

cell culture  119, 122, 124
dopamine

and amphotericin B  207
and interleukin-2  463, 464
hydronephrotic kidney model  100
organic cation transport  35
radiocontrast agents  488

dosage of drugs
pharmacokinetics in uremia  671

drug abuse  383–402
drug classification

mechanisms of acute renal failure  6
drug disposition in renal failure

pharmacological aspects  660–663
drug dosage in renal failure  667–671
drug interactions

pharmacological aspects  657–660
drug monitoring  669
drug safety  47–50
DTPA

glomerular filtration rate measurement
renal artery stenosis  329

ductus arteriosus, patent
neonatal

ACE inhibitors  332
dynorphin  461

E
echogenicity

HIV nephropathy  390
ecstacy abuse  396
edema

HIV nephropathy  390
interleukin-2 treatment  464
lithium treatment  573
mercury exposure  538
NSAIDs  288, 290, 296

EDTA
beta-lactams  186
lead nephropathy  499, 500, 501, 502
urinary biomarkers  630

efavirenz  255
dosage in renal failure  674

effector cells
OKT3 treatment  473

efficiency
urinary biomarkers  626

eicosanoids
acute cyclosporine nephrotox.  408
lead nephropathy  502
urinary biomarkers  642

elderly patients
NSAIDs  286, 294

enalapril  233, 326–335
acute cyclosporine nephrotox.  407
cell culture  131
chronic cyclosporine nephrotox.  417
dosage in renal failure  676
drug metabolism studies  38
isolated perfused rat kidney  93
tubular reabsorption  26

encephalitis
toxoplasma. See toxoplasmosis

encephalomyelitis  60
encephalopathy

amphotericin B therapy  214
lead nephropathy  497

endocarditis
teicoplanin  164
vancomycin  163

endocytosis
aminoglycosides  155
cephalosporins  175
drug transport  26–27

endopeptidase
OKT3 treatment  473

endothelial cells
cyclosporine nephrotoxicity  406–410
OKT3 treatment  474
TNF-alpha  460
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and TNF-alpha  460
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405, 406–410
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and TNF-alpha  461
cyclosporine: cell culture  131
hydronephrotic kidney model  100
isolated perfused rat kidney  88

ischemic injury  91
nephrotoxic injury  92

isolated renal microvessels  102
NSAIDs  295
pharmacological aspects  659
radiocontrast agents  485, 489
tacrolimus nephrotox.  432
urinary biomarkers  646

endothelin-converting enzyme-1
acute cyclosporine nephrotox.  406
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and OKT3  470
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enflurane  375
enoxacin  236, 237
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Enterococci
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enterococci  175, 176
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cadmium-induced renal effects  523–525
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anesthetic agents  376
cephalosporins  174
organic solvents  548
urinary biomarkers  636–639
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abacavir  253
ACE inhibitors  326
acyclovir  250
allopurinol therapy  316, 317
beta-lactams  174
diuretics  342
immune response  54, 56
NSAIDs  290
quinolone  238
trimethoprim-sulfamethoxazole  228
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ACE inhibitors  326
diuretics  342
immune response  56
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ephedrine
pH-dependent reabsorption  24

epidemiology
pharmacovigilance  47–50

epidermal growth factor
aminoglycosides  159
animal models, tubular injury  84
chronic cyclosporine nephrotox.  418
isolated perfused rat kidney  90
urinary biomarkers  641

epidermal necrosis
allopurinol therapy  316, 318
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paraphenylene diamine  613
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epithelial cells

acute cyclosporine nephrotox.  406
LLC-PK1 cell line  406, 410

chronic cyclosporine nephrotox.  418
epithelial membrane antigen  124, 125
Epstein-Barr virus

acyclovir  250
cidofovir  251

ergosterol
amphotericin B binding  203, 210

erythematosus
paraphenylene diamine  613

erythrocytes
isolated perfused rat kidney  87, 88
protoporphyrin in lead nephropathy
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dosage in renal failure  676
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and lithium  562
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acute cyclosporine nephrotox.  405

F
F0-F1-ATPase

cellular mechanisms  67
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dosage in renal failure  675
famotidine

dosage in renal failure  679
tubular secretion  38

Fanconi syndrome  497, 502
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cidofovir  251
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beta-lactams  186
heroin abuse  392
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silicon containing compounds  550
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cocaine abuse  393
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allopurinol therapy  317
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OKT3 treatment  473
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chronic cyclosporine nephrotox.  418
HIV nephropathy  391
tacrolimus nephrotox.  434
TNF-alpha  460

fibronectin  522, 641, 642, 644
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organic solvents  548
silicon containing compounds  550

fibrous glass
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fluconazole
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anesthetic agents  375–376
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tubular secretion  37
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dosage in renal failure  678
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folic acid
antagonist  235, 362
organic anion transport  33
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fosfomycin  233
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dosage in renal failure  676
free radicals

acute cyclosporine nephrotox.  405, 409
tacrolimus nephrotox.  433

fungal infections  200–216
Balkan nephropathy  591

fungicides  553
Fungizone

amphotericin B therapy  212
furosemide  340, 342, 344

and ACE inhibitors  326
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and lithium  562
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dosage in renal failure  677
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G
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urinary biomarkers  634
gamma-lactams  191
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dosage in renal failure  675
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mercury determination  535
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dosage in renal failure  679
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D-penicillamine therapy  312
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dosage in renal failure  673
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dosage in renal failure  678
gentamicin  151, 159, 160, 228, 229

and beta-lactams  187
and cisplatin  357
cell culture  133
clusterin  647
dosage in renal failure  672
drug monitoring  669
organic cation transport  34

giant cells
indinavir  256

glaucoma  343
glimepiride

dosage in renal failure  679
glipizide

dosage in renal failure  679
glomerular filtration

drug transport  24
glomerular filtration rate

NSAIDs  283, 294
urinary biomarkers  630

glomerular lesions
mercury exposure  538–540
TNF-alpha  461

glomerulonephritis
5-aminosalicylic acid  272, 274
foscarnet  252
immune response  55
interferon-alpha treatment  466
organic solvents  547–549
proliferative

diuretics  342
silicon containing compounds  550–552
TNF-alpha  461
urinary biomarkers  638, 646

glomerulopathy
Th2-dependent  55

xenobiotics-induced  56
glomerulosclerosis

ACE inhibitors  334
Balkan nephropathy  593
lithium treatment  570
zidovudine  254

gluconeogenesis  187, 190
glucoro-1, 5-lactam  233
glucose (D-) uptake

beta-lactams  188
glucosuria. See glycosuria
glucuronidase  233
glucuronide

beta-lactams  183
drug metabolism  662
drug metabolism studies  38
tubular reabsorption  26

glucuronosyl transferase
drug metabolism studies  39

glues
organic solvents  546, 547

glutamyltransferase (gamma-)
beta-lactams  182
organic solvents  547

glutamyltranspeptidase (gamma-)
cell culture  125, 128

aminoglycosides  133
gamma-  39

glutathione
acute cyclosporine nephrotox.  409
analgesic nephropathy  268
and cisplatin  357
aspirin effect  293
beta-lactams  183, 184–185
carbapenems  176
cephalosporins  181
hemoglobin/myoglobin release  135
peroxidase

animal model, measurement of
injury  84

tacrolimus nephrotox.  433
glutathione peroxidase

drug metabolism studies  39
glutathione-S-transferase (GST)

anesthetic agents  376
mechanisms of drug induced acute

renal failure  5
urinary biomarkers  638

glutethimide  397
glyburide

dosage in renal failure  679
glycerol  546

experimental renal failure model  661
hemolysis model  135

glycine
acute cyclosporine nephrotox.  409
and cisplatin  357

glycols  546
glycolysis

fluoride toxicity  376
TNF-alpha  460

glycoprotein
drug clearance  668
organic cation transport  35
pharmacological aspects  657–660

urinary biomarkers  644
glycosaminoglycans  268
glycosuria

ACE inhibitors  327
anesthetic agents  376
cidofovir  251
heroin abuse  389
lead nephropathy  497
lithium treatment  563
pentamidine  232
streptozotocin therapy  360

glyphosphate-surfactant herbicide  554
gold mines  532
gold salts  307

autoimmunity  57–64, 310
histopathology of glomerular lesions

308
histopathology of interstitial lesions

308–309
immune response  56
immunosuppressive effects  310
monitoring of nephropathy  311–312
parenterally administered  308
pathogenesis of nephropathy  309–311
prediction of nephropathy  311–312
prevention of nephropathy  311–312
prognosis  311
therapy  311

gold thioglucose  308
Golgi apparatus

aminoglycoside accumulation  156
Goodpasture’s syndrome

D-penicillamine therapy  312, 314
organic solvents  547, 548
paraphenylene diamine  616

gossypol
isolated perfused rat kidney  91

gout
allopurinol therapy  316
diuretics  344
lead nephropathy  500

grain dust
silicon containing compounds  552

gram-negative bacteria  236
gram-positive bacteria  236
granular casts

pentamidine  232
granular contracted kidneys

lead nephropathy  495, 499
granulocytopenia

gold salt therapy  308
granuloma, interstitial

diuretics  342
granulomatous glomerulonephritis

gold salt therapy  308
grapefruit

pharmacological aspects  660
grepafloxacin  236
growth factors

urinary biomarkers  640–642
guanidine

organic cation transport  34, 35
gums, inflammation

mercury exposure  532, 536
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H
Haemophilus influenzae  175, 176
hair

mercury exposure  535
hair dye poisoning. See paraphenylene

diamine
half-life

elimination of drugs  670
hallucinogenics  394
halogenated anesthetics  375
halothane  375
Hantavirus

ribavirin  257
harmaline

organic cation transport  34
healers (Africa)  603–609
heart transplantation

acute cyclosporine nephrotox.  412
chronic cyclosporine nephrotox.  423–

424
tacrolimus nephrotox.  431, 433

heat shock proteins  52
urinary biomarkers  647

hematoxylin-eosin staining
animal model of ischemic injury  81

hematuria
acyclovir  250
amphetamine  395
beta-lactams  174
D-penicillamine therapy  312
diuretics  343, 345
gold salt therapy  308
heroin abuse  385
indinavir  256
NSAIDs  290
pentamidine  232
sulfadiazine  225
sulfonamides  223
urinary biomarkers  628
urinary tract tumors  269

heme oxidase
heroin abuse  392

hemodynamic changes
acute cyclosporine nephrotox.  405–410
isolated perfused rat kidney  94

hemoglobin
cell culture  135

hemolysis
hemoglobin/myoglobin release  135

hemolytic anemia
ACE inhibitors  326
immune response  56
sulfonamides  223

hemolytic-uremic syndrome
acute cyclosporine nephrotox.  412
heroin abuse  392
interferon-alpha treatment  467
mitomycin therapy  363
OKT3  471
tacrolimus nephrotox.  431
valacyclovir  251

hemopoiesis
knockout mouse model  79
lead nephropathy  500

hemorrhagic cystitis
cyclophosphamide therapy  359
ifosfamide therapy  359

hemorrhagic fever
ribavirin  257

Henle, loop
amphotericin B therapy  203
diuretics  340
lithium transport  561
potassium reabsorption  345, 346

henna  611–616
Henoch-Schonlein purpura

cocaine abuse  394
hepatic disorders

fialuridine  254
hepatic steatosis

zidovudine  254
hepatitis B virus

adefovir  254
penciclovir  251
TNF-alpha  461
treatment by interferon-alpha  466

hepatitis C virus
amphetamines  396
and TNF-alpha  461
heroin abuse  385
ribavirin  257
treatment by interferon-alpha  466

hepatocytes
pharmacological aspects  658

herbal therapies
Africa  603–609
pharmacological aspects  660

herbicides  553
herceptin  462
heroin abuse  384–392
heroin nephropathy  384

urinary biomarkers  624
herpes viruses

acyclovir  250
allopurinol therapy  318
cidofovir  251
penciclovir  251
vidarabine  257

histamine
organic cation transport  35

histidine  188
histiocytes

indinavir  256
histology

animal model, measurement of injury
83–114

histone deacetylase  57
HIV infection

amphotericin B therapy  200
antiviral agents  249–257
drugs of miscellaneous class  224–239
heroin nephropathy  389

Hodgkin’s disease
carmustine/lomustine therapy  360

hormone receptors
cell culture  122

hormone replacement therapy  49
human immunodeficiency virus. See

HIV infection
hyalinosis

chronic cyclosporine nephrotox.
416, 426

heroin abuse  385
hydralazine

autoimmunity  57
dosage in renal failure  677

hydration
cisplatin therapy  356

hydrocarbons. See organic solvents
hydrochlorothiazide  342, 344

organic cation transport  37
hydrocortisone  121
hydrogen peroxide

acute cyclosporine nephrotox.  409
hydrolysis

drug metabolism  662
hydronephrosis

5-aminosalicylic acid  274
animal models  85
bilateral  581
microcirculation models  98–99
sulfadiazine  226

hydroxybenzoate
tubular reabsorption  26

hydroxyeicosatetraenoic acid
isolated renal microvessels  102

hypercalcemia
foscarnet  253
phencyclidine abuse  395

hypercalciuria
diuretics  345
lithium treatment  563

hypercellularity
amphotericin B therapy  203

hyperechoic foci
sulfadiazine  225

Hypericum perforatum  660
hyperkalemia

lithium treatment  570
NSAIDs  287
pentamidine  234
tacrolimus nephrotox.  433
trimethoprim-sulfamethoxazole  230

hyperlipidemia  660
hypernatremia

lithium treatment  573, 574
hyperparathyroidism

lead nephropathy  496
lithium treatment  564, 573

hyperphosphatemia
cadmium-induced renal effects  513
foscarnet  253
pesticides  554
phencyclidine abuse  395

hyperplasia
acute cyclosporine nephrotox.  405

hyperpyrexia
cocaine abuse  393
phencyclidine abuse  395

hypersensitivity
allopurinol therapy  317–318
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immune response  52, 56
interferon-alpha treatment  467
organic solvents  548
trimethoprim-sulfamethoxazole  228

hypertension
amphetamine  395
cocaine abuse  393
diuretics  339–351
early demise  500
ecstacy abuse  396
heroin abuse  385, 388
lead nephropathy  500–501
microcirculation models  95, 98
NSAID effect  294, 296
phencyclidine abuse  395
renovascular  325
systemic  325
treatment by ACE inhibitors  325–338

hyperuricemia
allopurinol therapy  316
chronic cyclosporine nephrotox.  420
didanosine  253
diuretics  343
lead nephropathy  499, 500
phencyclidine abuse  395
radiocontrast agents  484
tacrolimus nephrotox.  433

hyperuricosuria
allopurinol nephropathy  318

hyperventilation
interleukin-2 treatment  465

hyperviscosity syndrome
D-penicillamine therapy  312

hypnotics  397
hypoalbuminemia

aminoglycosides  153
glomerular filtration  24
heroin abuse  388
interferon-gamma  468
sulfadiazine  225
trimethoprim-sulfamethoxazole  229

hypocalcemia
cadmium-induced renal effects  513
cisplatin therapy  356
didanosine  253
foscarnet  253
heroin abuse  392
interleukin-2 treatment  464
pentamidine  235
pesticides  554
phencyclidine abuse  395

hypocalciuria
interleukin-2 treatment  465
lithium treatment  564

hypofiltration
cisplatin therapy  355

hypoglycemia
pentamidine  234

hypoglycemic agents
dosage in renal failure  679

hypokalemia
alcohol abuse  396
aminoglycosides  153
amphotericin B therapy  202
cisplatin therapy  356

didanosine  253, 255
diuretics  345–351
lithium treatment  569, 570

hypomagnesemia
acute cyclosporine nephrotox.  405
aminoglycosides  153
amphotericin B therapy  202, 216
cisplatin therapy  355
foscarnet  253
interleukin-2 treatment  464
pentamidine  235
tacrolimus nephrotox.  433

hypomagnesuria
interleukin-2 treatment  465

hyponatremia
cadmium-induced renal effects  513
ecstacy abuse  396
trimethoprim-sulfamethoxazole  227

hypophosphatemia
cidofovir  251
didanosine  255
foscarnet  253
interleukin-2 treatment  464
streptozotocin therapy  360

hypophosphaturea
interleukin-2 treatment  465

hypoproteinemia
glomerular filtration  24

hypoprothrombinemia
cephalosporins  175, 177

hyporeninemic hypoaldosteronism
hyperkalemia  230, 234
lead nephropathy  500, 503
NSAIDs  287

hypotension
amantadine  256
amphetamine  396
cisplatin therapy  355
cocaine abuse  393
heroin abuse  392
interferon-beta treatment  468
interleukin-2 treatment  464
neonatal

ACE inhibitors  332
radiocontrast agents  484
vancomycin  163

hypothrombinemia
cephamycins  176

hypothyroidism
lithium treatment  563, 572

hypouricemia
didanosine  255

hypovolemia
heroin abuse  392
indinavir  255
OKT3 treatment  472, 474

hypoxia
5-aminosalicylic acid  273
acute cyclosporine nephrotox.  409
cellular mechanisms  66
isolated perfused rat kidney  89–114
radiocontrast agents  485

I
ibuprofen  282–289, 293, 297

tubular secretion  37
idiopathic membranous nephropathy

urinary biomarkers  634, 647
idiopathic pulmonary hemosiderosis

organic solvents  547
idiosyncratic reaction  238
ifosfamide  359, 633

and beta-lactams  191
IgA nephropathy

organic solvents  547
silicon containing compounds  550
urinary biomarkers  646, 647

illicit drug abuse  383–402
iloprost

acute cyclosporine nephrotox.  408
imidazole

tubular secretion  38
imipenem  173, 176, 179, 182

dosage in renal failure  673
drug metabolism studies  39

imipramine
organic cation transport  34, 35
pH-dependent reabsorption  24

immune nephropathies  56–57
immune response  51–64

antigen presenting cells  52–54
autoantigens  52–54
autoreactive T cell induction  52–54
immune nephropathies  56–57
immune system disregulation  53–

54, 57–60
mechanisms  51–53
role of CD4+ T-cell subsets  53–55
Th1 and Th2 cells  53–55

immune system disregulation  53–57
immunocompromised patients

amphotericin B therapy  200
immunoglobulins  462

IgE  53, 56
IgG1  53
IgG2a  53
IgG2b  53
IgG4  54
urinary biomarkers  645

immunomodulators  459–482
adjuvants  461
immunoglobulins  462
interferons  465–469
interleukin-2  463–465
monoclonal antibodies  462
OKT3  469–475
TNF-alpha  460–461

immunosuppressive therapy
D-penicillamine nephropathy  314
OKT3  469–475
trimethoprim-sulfamethoxazole  228–

229
immunotherapy

anticancer drugs  363–365
impila  606
in vitro perfused juxtamedullary

nephron
animal models  85
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microcirculation models  96–98
incidence of a disease  627
inclusion bodies

lead nephropathy  496, 497, 500
mercury exposure  534

Incomplete Freunds adjuvant  462
indapamide  340, 341, 342
indinavir  255–256

dosage in renal failure  674
organic cation transport  35

indomethacin
233, 282, 285, 287, 289, 297

and interleukin-2  464
and lithium  563
beta-lactams  184
isolated perfused rat kidney  94
radiocontrast agents  485

infections
pulmonary  223
systemic  223

inflammatory bowel disease
5-aminosalicylic acid  270–274
knockout mouse model  79
urinary biomarkers  638, 645

inflammatory reaction
immune response  52
mediators  460–461
systemic inflammatory response

syndrome  460
infliximab  462
influenza virus

amantadine and rimatadine  256
ribavirin  257
vidarabine  257

insecticides  546, 553
insulin

cell culture medium  121
endocytosis  26
hydronephrotic kidney model  100
tissue sensitivity  663

insulin-like growth factor I
acute cyclosporine nephrotox.  410
amphotericin B therapy  204
amphotericin B: cell culture  134
and interferon-beta  468
isolated perfused rat kidney  90
microcirculation models  98
urinary biomarkers  641

integrins  55
urinary biomarkers  645

intercellular adhesion molecule-1
and TNF-alpha  460
cell culture  117
knockout mouse model  80
paraphenylene diamine  612
urinary biomarkers  640, 645

interferons  465–469
IFN-alpha  466–468

and ribavirin  257
anticancer drugs  364–365

IFN-beta  468
IFN-gamma  53, 54, 57, 59, 468–469

and melatonin  461
and OKT3  469
anticancer drugs  365

type I
immune response  52

urinary biomarkers  639
interleukins

IL-1  52
and TNF-alpha  460

IL-10  53
IL-12  54
IL-13  53
IL-18

knockout mouse model  79
IL-1beta  460
IL-2  53, 463–465

and OKT3  469
immunotherapy  363–364

IL-4  53, 54, 57, 59
IL-5  53, 54, 56
IL-6  53, 640

and TNF-alpha  460
tacrolimus nephrotox.  434

IL-8  640
and TNF-alpha  460

IL-l  639
interleukin-1 receptor

knockout mouse model  80
urinary biomarkers  639–640

interstitial fibrosis
analgesic nephropathy  268
aristolochic acid nephropathy  579, 581

hypocellular  582
chronic cyclosporine nephrotox.  416–

417
gold salt therapy  308, 309
lead nephropathy  499, 501
radiation nephritis  365
tacrolimus nephrotox.  434
zidovudine  254

interstitial granulomas
ACE inhibitors  326

interstitial inflammation
HIV nephropathy  390
hypokalemia  346

interstitial nephritis
5-aminosalicylic acid  272–274
abacavir  255
acute

ACE inhibitors  325
amphetamine  395
cocaine abuse  394
granulomas  7
interleukin-2 therapy  364
mechanisms  6–7
NSAIDs  290
quinolones  238
sulfonamides  223, 342
trimethoprim-sulfamethoxazole  228

acyclovir  250
allergic

NSAIDs  290
allopurinol therapy  317
aristolochic acid nephropathy  584
Balkan nephropathy  588–597
beta-lactams  174
chronic

lithium treatment  568, 570, 573

D-penicillamine therapy  314
foscarnet  252
gold salt therapy  309
immune response  56–57
lead nephropathy  501, 503
NSAIDs  284, 290
organic solvents  548
silicon containing compounds  550–552
Th1-induced  55
TNF-alpha  461
urinary biomarkers  624, 629, 646

inulin clearance
animal model, measurement of injury

84
GFR measurement  227, 295
urinary biomarkers  624, 630

inyanga  604–609
iodohippurate

renal artery stenosis  329
iohexol  630
iothalamate

GFR measurement  226, 295
monitoring of renal function  8
renal artery stenosis  329
urinary biomarkers  630

irbesartan
dosage in renal failure  676

iron deficiency
lead nephropathy  497

irritation
mercury exposure  534

ischemia
ACE inhibitors  329
acute cyclosporine nephrotox.  412
aminoglycosides  156, 158
analgesic nephropathy  268
animal model  80–114
cellular mechanisms  66
chronic cyclosporine nephrotox.

417, 421
hemoglobin/myoglobin release  135
isolated perfused rat kidney  88–92
NSAIDs  284
OKT3 treatment  472
radiocontrast agents  485, 488
TNF-alpha  461

ischemic myopathy
analgesic nephropathy  268
animal models  78

isepamicin  151, 160
isocaloric diet  297
isoflurane  375
isolated perfused rat kidney

animal models  85–95
drug transport studies  23

isolated renal microvessels
microcirculation models  99–102

isoniazid  375
isoproterenol

drug metabolism studies  38
isradipine

acute cyclosporine nephrotox.  412
dosage in renal failure  676

itai-itai disease
and Balkan nephropathy  591
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cadmium-induced renal effects  511–517
itraconazole  659, 660

dosage in renal failure  674

J
Jelliffe formula  629
Jeyes fluid  606
juxtaglomerular apparatus

granularity
tacrolimus nephrotox.  434

juxtaglomerular arterioles
chronic cyclosporine nephrotox.  418

juxtaglomerular hypertrophy
acute cyclosporine nephrotox.  405

K
kallikrein-kinin system

ACE inhibitors  327
acute cyclosporine nephrotox.  405, 410
cadmium-induced renal effects  522
OKT3 treatment  474

Kampmann formula  629
Kefauver-Harris Amendment

Food Drug and Cosmetic Act  47
ketoconazole  49

and amphotericin B  204
dosage in renal failure  674

ketones  546
ketoprofen

and methotrexate  363
ketorolac  286
Keyhole Limpet Hemocyanin  462
kidney injury molecule

urinary biomarkers  646
kidney slices

drug transport studies  23
kininase II

angiotensin converting enzyme  327
kininogen

acute cyclosporine nephrotox.  410
Klebsiella pneumoniae  174

L
L-NAME

acute cyclosporine nephrotox.  407
chronic cyclosporine nephrotox.  420

L1 cell adhesion molecule  124
labetalol

dosage in renal failure  676
lactate

organic anion transport  29
lactate dehydrogenase

beta-lactams  180
cell culture  132
mercury exposure  535
urinary biomarkers  637

lactic acidosis
fialuridine  254
zidovudine  254

lactose  386
laminin  642, 644
lamivudine  253–255

dosage in renal failure  674, 675
lansoprazole

dosage in renal failure  679

Lassa fever
ribavirin  257

latamoxef  173, 176, 182, 192
Lawasonia alba (henna)  611
laxatives

aloe capensis  607–610
and diuretics  346

lazaroids
acute cyclosporine nephrotox.  409
hydronephrotic kidney model  100

lead nephropathy  495
absorption  496
acute  497
and Balkan nephropathy  591
body burden assessment  502–503
body handling of lead  496
bone  496, 502
childhood plumbism  498
chronic  497
D-penicillamine therapy  312
dry gripes  497
elimination  496
experimental

Fanconi syndrome  497
exposure  496
gout  500
hypertension  500–501
lead paint  498
lead workers  501
lead-protein complex  496, 497
modifying factors  496–497
occupational  501–502
Queensland (Australia)  498–499
skeleton  496
storage  496
toxicity  496
treatment  503
urinary biomarkers  622, 624

lectins
galactoside-specific  461

leishmaniasis, visceral  231, 232
leprosy  235
leucine aminopeptidase  124

beta-lactams  182
mercury exposure  535
organic solvents  547

leucovorin  231
and methotrexate  362

leukapheresis  463
leukemia  362

treatment by interferon-alpha  466
leukocyte-function-associated antigen

urinary biomarkers  646
leukocytosis

lithium treatment  573
phencyclidine abuse  395

leukopenia
interferon-alpha treatment  466

leukotrienes  291
acute cyclosporine nephrotox.  405, 408
isolated perfused rat kidney  94
urinary biomarkers  642

Levey formula  630
levofloxacin

dosage in renal failure  673

organic cation transport  36
LEW rats

autoimmune response  58
lidocaine

drug monitoring  669
likelihood ratio of a biomarker  626
Lindane  553, 554
linezolid  164

dosage in renal failure  673
lipid mediators

urinary biomarkers  642–643
lipid peroxidation

hemoglobin/myoglobin  135
lipocalin  635
lipopolysaccharide

knockout mouse model  79
lipoproteins

amphotericin B formulations  211
amphotericin B: cell culture  134

lipoxins
urinary biomarkers  643

lipoxygenase  280
urinary biomarkers  642–643

lisinopril  297, 332
acute cyclosporine nephrotox.  407
dosage in renal failure  676

lithium  559–578
and ACE inhibitors  331
clearance

urinary biomarkers  631
clinical side-effects  572–573
drug effects on excretion  562–563
drug monitoring  669
effect on distal nephron acidification

569
effect on glomerular filtration rate  571–

572
effect on water transport  564–569
histological findings  570–571
hormonal effects  563–564
immune response  56
management of toxicity  573–578
overdose  573
potassium balance  569–570
transport along the nephron  560–562
urinary biomarkers  622, 624

lithogenic salts
diuretics  343

liver cirrhosis. See cirrhosis
liver disorders

aminoglycosides  153
NSAIDs  284
zidovudine  254

liver transplantation
acute cyclosporine nephrotox.  412
chronic cyclosporine nephrotox.  424
tacrolimus nephrotox.  431, 433

lomefloxacin  236, 239
lomustine  360–362
loop of Henle. See Henle, loop
Looser’s zones in bone

cadmium-induced renal effects  511
lopinavir  255–256

dosage in renal failure  674
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loracarbef  173, 176
losartan

acute cyclosporine nephrotox.  406
chronic cyclosporine nephrotox.

417, 430
dosage in renal failure  676
pharmacological aspects  658
tacrolimus nephrotox.  434

lovastatin
dosage in renal failure  678
hydronephrotic kidney model  100

low molecular weight proteins
aristolochic acid nephropathy  580

lung cancer
cadmium-induced renal effects  510

lung transplantation
chronic cyclosporine nephrotox.  424
tacrolimus nephrotox.  431

lupus erythematosus
anti-CD4 treatment  462
D-penicillamine therapy  314–315
paraphenylene diamine  614
silicon containing compounds  550

lupus nephritis
immune response  57
NSAIDs  286
TNF-alpha  460
urinary biomarkers  646, 647

lupus-like syndrome
D-penicillamine therapy  312

lymph nodes
immune response  53

lymphotoxin  53, 463
lysosomal density

lead nephropathy  501
lysosomal fusion

endocytosis  26
lysosomal proteins

cadmium-induced renal effects  512
lysosomes

aminoglycoside accumulation  156
cadmium uptake  509

lysozyme
lead nephropathy  502
urinary biomarkers  635

M
macroglobulin

alpha2
urinary biomarkers  632

macrolides  660
macrophages

acute cyclosporine nephrotox.
406, 407, 408

aminoglycosides  159
animal model of ischemic injury  81
chronic cyclosporine nephrotox.  418
immune response  53
silicon containing compounds  552
tacrolimus nephrotox.  432
TNF-alpha  460

macula densa
diuretics  340
isolated perfused juxtaglomerular

apparatus  103

NSAIDs  282
magnesium depletion

amphotericin B therapy  202
magnesium wasting

sirolimus  435
magnetic cell sorting  124
magnetic resonance spectroscopy

isolated perfused rat kidney  87
Magnolia officinalis  580
malaria

Plasmodium falciparum  235
pyrimethamine  235

maleate  156
malondialdehyde  187, 613

acute cyclosporine nephrotox.  409
manic-depressive disorders

lithium treatment  559–574
mannitol  341

and amphotericin B  207
and cisplatin  356–357
beta-lactams  188
cell culture  132
heroin abuse  392
isolated perfused rat kidney  92
radiocontrast agents  486
urinary biomarkers  624

matrix degrading proteins
tacrolimus nephrotox.  434

measles
ribavirin  257

medicinal herbs. See Aristolochic acid
nephropathy

medulla
interstitial cells

NSAIDs  282
Medwatch system  47–50
mefenamic acid  293
megalin  155
melanoma

treatment by IFN-alpha  364
treatment by IL-2  364, 463
treatment by interferon-alpha  466

melatonin  461
acute cyclosporine nephrotox.  409

membranoproliferative glomerulone-
phritis

heroin abuse  384, 386, 392
interferon-alpha treatment  467
urinary biomarkers  647

membranous glomerulonephritis
ACE inhibitors  325
auranofin therapy  312
D-penicillamine therapy  313
gold salt therapy  308
heroin abuse  384
immune response  56
mercury exposure  537, 539
NSAIDs  291

meperidine  384, 662
pharmacokinetics in uremia  670

mercurials. See mercury: organic
mercury

mercury  531
adverse renal effects  537
autoimmunity  57–64

biomarkers  535
brain toxicity  535
cell culture  134
cellular mechanisms  66
D-penicillamine therapy  312
dietary exposure  532–533
general human toxicity  536
history of human use  531
immune response  56
immunotoxicity  537
inorganic mercury

exposure  532–533
mercuric chloride  536
mercuric iodide  536
mercuric mercury compounds  536
mercurous chloride (calomel)  536
mercurous mercury compounds  536
toxicity  534, 536
toxicity, experimental  538

isolated perfused rat kidney  93
mercury vapor toxicity  534, 536

experimental  538
nephrotoxicity  537–540
occupational exposure  532–533
ointments  532
organic mercury

dealkylation  534
experimental  534
exposure  532–533
methoxyalkyl mercury  537
methyl mercury  534, 537, 538
phenyl mercury  534, 537
toxicity  534, 537
toxicity, experimental  538

physical and chemical properties  531
poisoning

Iraq  537
Japan  537
Kenya  539, 608
Malawi  609
Mexico  539

production  532
toxicokinetics  533–534
treatment  540
urinary biomarkers  624
urinary enzymes  535

mercury mines  533
meropenem  173, 176, 179

dosage in renal failure  673
mesangial cells

acute cyclosporine nephrotox.  406, 408
tacrolimus nephrotox.  434

mesangial proliferative glomerulone-
phritis

D-penicillamine therapy  313
gold salt therapy  308
heroin abuse  384, 390
organic solvents  549

mesna
cyclophosphamide therapy  359
ifosfamide therapy  359

mesotherapy
aristolochic acid nephropathy  582

metabolic acidosis
hypokalemia
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didanosine  255
interleukin-2 treatment  465
lithium treatment  569

metabolic alkalosis
hypokalemia  346

metallothionein
cadmium uptake  508–525
cadmium: cell culture  134

metformin
dosage in renal failure  679

methadone  384, 391
pH-dependent reabsorption  25

methamphetamine  395
methemoglobinemia

paraphenylene diamine  612
methicillin  174
methimazole  192
methoprim/sulfamethoxazole

urinary biomarkers  629
methotrexate  308, 362–363

organic anion transport  33
pH-dependent reabsorption  24

methoxyflurane  374
methyl mercury. See mercury: organic

mercury
methyl transferase  57
methylene blue

isolated perfused rat kidney  91
methylenedioxymethamphetamine  396
methylnicotinamide (N1)

drug metabolism studies  38
organic cation transport  33–37

metoclopramide
dosage in renal failure  679
isolated renal microvessels  100

metolazone  340, 341, 343
dosage in renal failure  677

metoprolol  658
metronidazole

dosage in renal failure  673
mezlocillin  174, 185, 191
miconazole

dosage in renal failure  674
microalbuminuria

urinary biomarkers  633
microcirculation models  95–103
microdensitometry

bone density measurement  515
microglobulin

alpha1
aristolochic acid nephropathy  580
cadmium-induced renal effects  512
urinary biomarkers  632, 634, 635

alpha2
urinary biomarkers  634

beta2
aristolochic acid nephropathy  580
cadmium-induced renal effects  512–

525
lead nephropathy  502
mercury exposure  535, 540
organic solvents  548
urinary biomarkers  623, 634

microperfusions
drug transport studies  27

microproteinuria
cadmium-induced renal effects

519, 522
micropuncture

drug transport studies  23, 27
in vitro perfused juxtamedullary

nephron  96
lithium transport  560, 562

microvilli
cell culture  122, 124

milrinone
dosage in renal failure  677

mineral wool
silicon containing compounds  552

miners  550
minimal change glomerulonephritis

chronic cyclosporine nephrotox.  429
D-penicillamine therapy  313
gold salt therapy  308
heroin abuse  384, 390
IFN-alpha therapy  364
immune response  55, 56
NSAIDs  290

minoxidil  329, 331
dosage in renal failure  677

misoprostol
acute cyclosporine nephrotox.  408
dosage in renal failure  679

Mistletoe  461
mitochondrial disorders

aminoglycoside accumulation  158
cellular mechanisms  67–68
myopathy

zidovudine  254
swelling

lead nephropathy  501
mitochondrial membrane potential

cadmium  134
mitogen-activated protein kinase

animal models, tubular injury  84
cellular mechanisms  71

mitomycin  363
mofetil mycophenolate

and cyclosporine  411, 415–416
molecular parameters

animal model, measurement of injury
84

monobactams  173, 177
monoclonal antibodies  462
monocyte chemoattractant protein 1

(MCP-1)
chronic cyclosporine nephrotox.  419
urinary biomarkers  640

monocytes
acute cyclosporine nephrotox.  406
animal model of ischemic injury  81
OKT3 treatment  474
silicon containing compounds  553
TNF-alpha  461

mononuclear cells
chronic cyclosporine nephrotox.  418
hypokalemia  346
trimethoprim-sulfamethoxazole  228

"moonshine" drinkers  499–500
Morocco

paraphenylene diamine  611
morphine  384, 386

drug metabolism studies  38
organic cation transport  34
pharmacokinetics in uremia  670
tubular reabsorption  26

moxalactam  173, 176
moxifloxacin  236, 237

dosage in renal failure  673
Mu-tong. See aristolochic acid:

botanicals
mucocutaneous reactions

D-penicillamine therapy  314
mucoproteins

cadmium-induced renal effects  512–525
multi-drug resistance-1 (MDR-1) gene

glycoprotein  658
multidrug transporter

beta-lactams  183
organic cation transport  35

multiple myeloma
carmustine/lomustine therapy  360
IFN-alpha therapy  364
interferon-alpha treatment  467
NSAIDs  287
paraphenylene diamine  614
radiocontrast agents  484

multiple sclerosis
anti-CD4 treatment  462
BCG treatment  462
treatment by interferon-beta  468

multisystemic reactions
trimethoprim-sulfamethoxazole  228

muramidase
urinary biomarkers  635

myalgia
amphetamine  395
heroin abuse  391

myasthenia gravis
chronic cyclosporine nephrotox.  428
D-penicillamine therapy  312
immune response  57

mycosis infection  200–216
treatment by interferon-alpha  466

mycotoxins
Balkan nephropathy  591
cell culture  135

myeloid bodies
aminoglycosides  158

myeloperoxidase  343
animal model of ischemic injury  81
silicon containing compounds  552
urinary biomarkers  647

myelosuppression
carboplatin therapy  358

myocardial infarction  298
cocaine abuse  393

myocarditis
lithium treatment  573

myoclonic twitching
lithium treatment  572
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myogenic response
isolated perfused juxtaglomerular

apparatus  103
myoglobin

cell culture  135
myoglobinuria

heroin abuse  391
pentamidine  232
phencyclidine abuse  395
urinary biomarkers  624

myopathy
zidovudine  254

myosin  118

N
N-acetyl procainamide (NAPA)

drug monitoring  669
N-acetyl-benzo-quinoneimine  293
N-acetyl-beta-D-glucosaminidase

amphotericin B therapy  212
anesthetic agents  376
beta-lactams  182
cadmium-induced renal effects  512–525
interleukin-2 treatment  464
lead nephropathy  502
mercury exposure  535, 540
organic solvents  547
silicon containing compounds

547, 550, 552
urinary biomarkers  632, 637

N-acetyl-p-aminophenol (NAPAP)  265
N-acetyl-p-benzoquinoneimine  5
N-acetylcysteine

acute cyclosporine nephrotox.  409
Na+/Li+ countertransporter (SLC)  560
Na-K-ATPase

aminoglycosides  158
animal model of ischemic injury  81
beta-lactams  189
cell culture  133
cellular mechanisms  68
cisplatin therapy  356
fluoride toxicity  377
inhibition by aloe capensis  608
organic anion transport  28
organic cation transport  34

nadolol
dosage in renal failure  676

NADPH
and cytochrome P-450  657

nafcillin
dosage in renal failure  673

nalidixic acid  236
naphtodiantrons  660
naproxen  282, 295, 297
natriuresis

diuretics  345
natural killer cells

interferon-gamma  468
interleukin-2  463, 465
TNF-alpha  460

necrosis
animal model of ischemic injury  80–114
cellular mechanisms  65–66
proximal convoluted tubules

5-aminosalicylic acid  273
TNF-alpha  460

necrotizing arteritis
sulfonamides  223

necrotizing vasculitis
cocaine abuse  394

nelfinavir  255–256
dosage in renal failure  674
organic cation transport  35

neomycin  159, 160
cell culture  133

neonates
aminoglycosides  152
anesthetic agents  377
renal calcifications  344

nephrin
immune response  55

nephritic syndrome
interferon-alpha treatment  466

nephritis. See acute interstitial
nephritis

nephrocalcinosis
amphotericin B therapy  203
diuretics  343–345

nephrolithiasis
diuretics  343–345
indinavir  255
nelfinavir  256

nephrosclerosis, vascular
and Balkan nephropathy  592

nephrostomy  226
nephrotic syndrome

ACE inhibitors  325, 334
chronic cyclosporine nephrotox.  428–

429
diuretics  342
glomerular filtration  24
gold salt therapy  308
heroin abuse  384
HIV nephropathy  390
IFN-alpha therapy  364
immune response  56
mercury exposure  537, 538–540
NSAIDs  284, 286
urinary biomarkers  633
zidovudine  254

nephroureterectomies
aristolochic acid nephropathy  581

netilmicin  151, 159, 160, 237
dosage in renal failure  672

neural cell adhesion molecule
urinary biomarkers  646

neuromuscular blockade
aminoglycosides  152

neuromuscular disease  343
neuropathy

lithium treatment  572
peripheral

zidovudine  254
neurotransmitters

acute cyclosporine nephrotox.  409
neutral endopeptidase

acute cyclosporine nephrotox.  410
aristolochic acid nephropathy  580

neutron activation analysis
mercury determination  535

neutrophils
acute cyclosporine nephrotox.  408
animal model of ischemic injury  81
OKT3 treatment  472
silicon containing compounds  553
TNF-alpha  461

nevirapine  255
dosage in renal failure  674

new drug application (NDA)  48
NF-kappaB

and TNF-alpha  460
mercury  134
tacrolimus nephrotox.  434

nicardipine
dosage in renal failure  676

nicotinate
tubular reabsorption  26

nidogen  644
nifedipine

acute cyclosporine nephrotox.  407
and amphotericin B  207
chronic cyclosporine nephrotox.  430
dosage in renal failure  676
tubular secretion  37

nimodipine
dosage in renal failure  676

nisoldipine
dosage in renal failure  676

nitric oxide  289
acute cyclosporine nephrotox.

405, 407, 409
aminoglycosides: cell culture  133
and OKT3  470, 474
and TNF-alpha  461
chronic cyclosporine nephrotox.  420
hydronephrotic kidney model  100
inhibitors

isolated perfused rat kidney  89
isolated perfused rat kidney  88, 93
microcirculation models  97
tacrolimus nephrotox.  432

nitric oxide synthase
animal model of septic injury  82
knockout mouse model  80
microcirculation models  97

nitrofurantoin
pharmacokinetics in uremia  670

nitroprusside  329
dosage in renal failure  677

nitrosothiols
isolated perfused rat kidney  94

nitrosoureas  360–362
nizatidine

dosage in renal failure  679
nocturia

lithium treatment  568
non-Hodgkin’s lymphoma

carmustine/lomustine therapy  360
paraphenylene diamine  614

non-steroidal anti-inflammatory drugs
279–306

and ACE inhibitors  332
and adefovir  254
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and cisplatin  357
and cyclosporine  412, 413
and immunoglobulins  462
and interferon-alpha  467
and interleukin-2  464
and lithium  563
and methotrexate  363
and pentamidine  232, 234
and quinolones  238
animal models  78
cancer prevention  49
clinical relevance of nephrotoxicity  7
COX-2 inhibitors, renal effects  294–298

adverse cardio-renal events  295–298
cyclooxygenase isoforms  282
drug metabolism studies  39
immune response  56
mechanism of action  282–283
microcirculation models  95, 96
organic anion transport  33
prostaglandin analogs  298–299
prostaglandins and renal function  280–

282
prostaglandin pathway  280–281
prostanoid receptors  281–282

renal syndromes  283–294
acute renal failure  284–288
chronic renal failure/papillary

necrosis  292–293
nephrotic syndrome with interstitial

nephritis  290
renal sparing NSAIDs  289
salt and water retention  288–289

tubular secretion  37
urinary biomarkers  646

noradrenaline
and lithium  562

norepinephrine
acute cyclosporine nephrotox.  409
animal model of ischemic injury  80
isolated renal microvessels  100, 101
microcirculation models  99

norfloxacin  236, 237, 239
dosage in renal failure  673

NSAIDs. See non-steroidal anti-
inflammatory drugs

nuclear respiratory factors
cellular mechanisms  67

O
obstructive nephropathy

and Balkan nephropathy  597
obstructive uropathy

diuretics  343–345
occupational exposure

cadmium-induced renal effects
508, 518–523

silicon containing compounds  550
ochratoxin A

aristolochic acid nephropathy  582
Balkan nephropathy  591
cell culture  135

ocular lesions
allopurinol therapy  316

odansetron
and cisplatin  357

odds ratio
urinary biomarkers  627

ofloxacin  236, 239
dosage in renal failure  673

OKT3 nephrotoxicity  469–475
clinico-pathology  469
pathophysiology  472–474
prevention  472, 474
transient kidney graft dysfunction  472–

473
oligohydramnios

ACE inhibitors  332
oliguria

amphetamine  396
heroin abuse  392
NSAIDs  290
sulfadiazine  225
sulfonamides  223

omega-3 fatty acids
acute cyclosporine nephrotox.  413

omeprazole  658
dosage in renal failure  679

opioids  384–392
amyloidosis associated with heroin

abuse  388
and melatonin  461
heroin nephropathy  384
HIV in heroin nephropathy  389
rhabdomyolysis  391

opportunistic infections
transplant recipients  228

organic anion transport  27–33
apical transporters  32–33
beta-lactams  182
molecular biology  29–32
non-PAH transporters  33
substrate requirements  29

organic cation transport  33–37
apical transporters  36
basolateral transporter  35–36
beta-lactams  183
glycoprotein  35
multidrug transporter  35
protein binding effects  36

organic solvents  546
aliphatic hydrocarbons  546, 547
aromatic hydrocarbons  546
epidemiology  547–549
experimental studies  549
exposure  546
halogenated hydrocarbons  546, 547
inhalation  546
mechanisms  548–549
mouth contact  546
oxygenated hydrocarbons  546, 547
pathology  548–549
pharmacological aspects  658
skin exposure  546
urinary biomarkers  646

organomercurials. See mercury: organic
mercury

orosomucoid
mercury exposure  540

oseltamivir
dosage in renal failure  675

osmolality
urinary biomarkers  631

osmotic nephrosis
diuretics  342

osteoarthritis
NSAIDs  296

osteocalcin
cadmium-induced renal effects  515

osteodystrophy, renal
lead nephropathy  499

osteomalacia
cadmium-induced renal effects

511, 514
osteopenia

cadmium-induced renal effects
514, 515

osteopontin
chronic cyclosporine nephrotox.  418
knockout mouse model  80

osteoporosis
cadmium-induced renal effects

511, 514
osteosarcoma  362
ototoxicity

aminoglycosides  152
ouabain

and amphotericin B  207
and beta-lactams  183

overlap syndrome
silicon containing compounds  550

ox-eye daisy  606
oxacillin  174
oxalate stones

5-aminosalicylic acid  274
oxalate/sulphate exchanger

tubular secretion  27, 29
oxazaphosphorines  359
oxidation

anesthetic agents  374
oxothiazolidine-4-carboxylate  185
oxygen consumption in organs  22
oxygen free radicals

isolated perfused rat kidney  89
microcirculation models  97

oxypurinol  317

P
paint removers  546
paints

organic solvents  547
palmitate  190
pancreas transplantation

chronic cyclosporine nephrotox.  425
pancreatitis

zidovudine  254
panipenem  173, 176
panning technique

cell culture  124
pantaprazole

dosage in renal failure  679
panthotenate

tubular reabsorption  26
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papillae. See renal papillae
papillectomy

microcirculation models  98
para-aminohippurate (PAH)

beta-lactams  174
cephalosporins  175
lead nephropathy  502
organic anion transport  27–33
uptake in brush border membrane

vesicles  189
urinary biomarkers  631

paranitroanaline  612
paraphenylene diamine  611–618

acute systemic toxicity  614
cardiovascular system  616
characteristics  612
chronic systemic toxicity  614
clinical presentation  613–616
dermatological manifestations  614
experimental  613
hepatotoxicity  616
nephrotoxicity  614
neurotoxicity  616
ophthalmic effects  616
pharmaco-toxicology  612–613
respiratory system  616
rhabdomyolysis  616
treatment  616

paraquat  185, 186, 187
parathyroid hormone

aminoglycosides  158
cadmium-induced renal effects  515
cell culture  127, 128
heroin abuse  392
lithium treatment  563

parenchymal nephropathy
carmustine/lomustine therapy  362

Parkinson’s disease
amantadine  256

pars recta, proximal tubule
mercury exposure  537

passive reabsorption
renal handling  24–26

pauci immune disease  54, 55
PCP. See Pneumocystis carinii

pneumonia
pediatric patients

anesthetic agents  377
pefloxacin  237
pemphigus vulgaris  307
penicillamine. See D-penicillamine
penicillin  172, 173–

174, 184, 228, 237, 238
antipseudomonal

and aminoglycosides  154
aristolochic acid nephropathy  581
dosage in renal failure  672
glomerular filtration  24
immune response  56
pH-dependent reabsorption  24

Penicillium verrucosum  135
pentamidine  231–235

dosage in renal failure  673
experimental nephrotoxicity

dosage  233

large dose  232
pathogenesis  233
prostaglandin synthesis  233
sodium channels  234
volume depletion  233

incidence/prevalence  231
pathology  232
risk factors  232

pentane  187
pentazocine  384, 386, 388
pentoxiphylline

acute cyclosporine nephrotox.  412
and amphotericin B  206, 207

peptide vaccines  462
peptides/MHC complexes

immune response  52–53
Peptococcus  174
perchloroethylene

urinary biomarkers  624
perfusion pressure

hydronephrotic kidney model  100
pericytes

cell culture  117, 118
peroxidation, lipids

carbapenems  176
peroxisomes

cellular mechanisms  67
pertussis

lithium treatment  566
pesticides  553–558
pethidine  616
PGP. See glycoprotein
pH

fluoride elimination  377
urinary biomarkers  631

pharmacoeconomics  47
pharmacokinetics  657–664

aminoglycosides  162–164
in uremia  668–671

absorption  668–670
bioavailability  668–670
clearance  668

pharmacovigilance  47–48
pharmacological aspects of nephrotox-

icity  657–666
absorption  661
distribution  661–662
drug disposition in renal failure  660–

663
drug interactions  657–660
excretion  662–663
metabolism  662
tissue sensitivity  663

pharmacovigilance  47–50
phenacetin

analgesic nephropathy  264, 268, 270
drug metabolism studies  38
urinary tract tumors  269

phencyclidine  394–395
pH-dependent reabsorption  24

phenmetrazine  396
phenobarbital  375, 376

and cephalosporins  181
drug monitoring  669
pH-dependent reabsorption  24

phenols  606
phentermine  580

cardiac valve disorders  49
phenyl mercury. See mercury: organic

mercury
phenylbutazone  293

pH-dependent reabsorption  24
phenylephrine

and interleukin-2  463
phenylmercuric nitrate  532
phenytoin  375, 662

drug monitoring  669
pH-dependent reabsorption  26
pharmacokinetics in uremia  670

phorbol myristate acetate  188
phosphatidyl choline  495
phosphatidylinositol

endocytosis  26
aminoglycosides  158

phosphaturia
heroin abuse  389
lead nephropathy  497
lithium treatment  564

phosphodiesterase  565
phosphokinase

cocaine abuse  393
phencyclidine abuse  395

phospholipase
aminoglycosides  158
and TNF-alpha  460
animal model of ischemic injury  81
autoimmune response  58
prostaglandins  281

phospholipidosis
aminoglycosides  158

phosphoramidon
isolated perfused rat kidney  93

phosphorus
cadmium-induced renal effects  515

photographic developers
paraphenylene diamine  612

pica (lead paint)  497
pilocarpine

tubular secretion  38
pineal gland

melatonin production  461
Pink disease (acrodynia)  536, 539
pinocytosis

cadmium uptake  509
endocytosis  26

pioglitazone
dosage in renal failure  679

piperacillin  191, 192
and aminoglycosides  154
dosage in renal failure  673

piperonyl butoxide
cell culture  132

piromidic acid  239
piroxicam  284, 285, 287
plasmapheresis

D-penicillamine therapy  314
plasmin-alpha2-antiplasmin

OKT3 treatment  473
plasminogen activator inhibitor 1

and OKT3  470
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chronic cyclosporine nephrotox.  420
platelet activating factor

acute cyclosporine nephrotox.  405
antagonists  410

and OKT3  475
and TNF-alpha  461
urinary biomarkers  643

platelet derived growth factor (PDGF)
and interferon-beta  468
urinary biomarkers  641

platelet-endothelial cell adhesion
molecule 1

cell culture  117
platelets

thromboxane synthesis  294
platinum

tubular secretion  37
pleurisy

D-penicillamine therapy  314
Pneumocystis carinii pneumonia

226, 235, 236
pneumonia

ribavirin  257
pneumonitis

allopurinol therapy  317
cadmium-induced renal effects  509
gold salt therapy  308
mercury exposure  532, 536

podocalyxin  118
podocytes

cell culture models  118
experimental morphine injections  386
immune response  54

polyangitis
silicon containing compounds  552

polyarteritis, microscopic
urinary biomarkers  647

polyarteritis nodosa
amphetamine  395

polyaspartic acid
and aminoglycosides  160

polychondritis
chronic cyclosporine nephrotox.  428

polyene antibiotics
amphotericin B  200

polylysine  155
polymyositis  57

D-penicillamine therapy  312
polyuria

cisplatin therapy  355
hypokalemia  346
lithium treatment 564–565, 566, 568–

578
porphyrin  185, 496, 499

mercury exposure  538
potassium

depletion  346
amphotericin B therapy  202

lithium treatment  569–570
NSAIDs

potassium retention  288
potassium supplementation  287
potassium-sparing diuretic therapy

287

potassium-sparing diuretics  342. See
also diuretics

pottery workers  550
powdered herb extracts. See aristo-

lochic acid nephropathy
pravastatin

dosage in renal failure  678
prazosin

isolated renal microvessels  101
predictive value of a biomarker  627
prednisone  238, 342

after ACE inhibitors  326
allopurinol nephropathy  317, 318
and abacavir  253
and cyclosporine  420
and OKT3  469, 472
D-penicillamine nephropathy  315

pregnancy
lithium treatment  563

premature ageing
analgesic nephropathy  268

prevalence of a disease  627
primaquine  231
primary cultures

drug transport studies  23
probenecid  183, 188, 237

and adefovir  254
and cephalosporins  175
and cidofovir  251
cell culture models  127
drug metabolism studies  39
organic anion transport  29
organic cation transport  37
pH-dependent reabsorption  26

procainamide  662
autoimmunity  57
drug monitoring  669
organic cation transport  34, 35
tubular secretion  38

proliferative glomerulonephritis  57
diuretics  342

proline, low affinity transport system
aristolochic acid nephropathy  580

propofenone
tubular secretion  37

propranolol
dosage in renal failure  676

prostacyclin  295
acute cyclosporine nephrotox.  408
and OKT3  470, 474
urinary biomarkers  642

prostaglandins  280, 283
2,3-dinor-6-keto PGF1alpha  294
6-keto-PGF1alpha  286, 288, 295

lead nephropathy  502
tacrolimus nephrotox.  432

acute cyclosporine nephrotox.  405, 408
analgesic nephropathy  268
cell culture models  118
endoperoxide synthetase

drug metabolism studies  39
inhibition of synthesis

isolated perfused rat kidney  89, 94
vasoconstriction  332

misoprostal  298

PGE2  286, 288, 289, 295
acute cyclosporine nephrotox.  408
and TNF-alpha  461
hydronephrotic kidney model  100
lead nephropathy  502

PGI2  289
acute cyclosporine nephrotox.  408

vasodilation  327
prostanoid receptors  280
prostate cancer

cadmium-induced renal effects  510
prostenoids

urinary biomarkers  642
prosthetic devices

amphotericin B therapy  200
protein 1

urinary biomarkers  635
protein binding

organic cation transport  36
protein HC

urinary biomarkers  635
protein kinase C  188

and TNF-alpha  460
proteinase 3

silicon containing compounds  552
urinary biomarkers  647

proteinuria
5-aminosalicylic acid  272
ACE inhibitors  326, 332, 334
acyclovir  250
amphetamine  395
anesthetic agents  376
Balkan nephropathy  594–596
beta-lactams  174
cadmium-induced renal effects  510–525
cephalosporins  174
cidofovir  251
cocaine abuse  394
D-penicillamine therapy  313
didanosine  255
foscarnet  252
gold salt therapy  308
gold salts  56
heroin abuse  385, 388
HIV nephropathy  389
immune response in podocytes  55
interferon-alpha treatment  466
mercury exposure  534, 538, 538–540
mercury induced  58
NSAIDs  290
organic solvents  548
pentamidine  232
radiocontrast agents  484
streptozotocin therapy  360
TNF-alpha  461
urinary biomarkers  631–636

high-molecular weight  632–634
low-molecular weight  634–635

proteoglycans  268
urinary biomarkers  644

Proteus mirabilis  174
prothrombotic state  294

OKT3 treatment  473
proximal tubular lining cells

lead nephropathy  496
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proximal tubule
animal model of ischemic injury  80
animal models, tubular injury  84
lithium transport  560–561
mercury exposure  537
potassium reabsorption  346
suspensions

drug transport studies  23
pruritic rash

dapsone  236
vancomycin  163

Pseudomona aeruginosa  173
psoriasis

anti-CD4 treatment  462
chronic cyclosporine nephrotox.  426–

427
fish oil supplementation  413
mercury-containing treatment  532
methotrexate therapy  362

psychiatric manifestations
analgesic nephropathy  268

psychiatric symptoms
mercury exposure  532, 536

psychosis
lithium treatment  559–574

psychosomatic complaints
Africa  604

psychotropic drugs  571
and analgesics  268

pulmonary alveolitis  57
puromycin  56
pyelography  269
pyelonephritis

5-aminosalicylic acid  274
and Balkan nephropathy  597
urinary biomarkers  638

pyrazinamide
tubular reabsorption  26

pyrazolone
analgesic nephropathy  266, 270

pyrexia
amphotericin B therapy  214

pyridoxine
tubular reabsorption  26

pyrimethamine  224, 235
pyrogens  174, 460
pyrolizidine alkaloids  604
pyrrolidin-2-one  191
pyuria

acyclovir  250
heroin abuse  385
indinavir  255
NSAIDs  290
pentamidine  232
urinary biomarkers  629

Q
quinapril

tubular reabsorption  26
quinidine

drug monitoring  669
organic cation transport  34, 36, 37

quinine  386
organic cation transport  34
pH-dependent reabsorption  24

toxicity in Mexican War  47
quinolones  236–239

ciprofloxacin  236–238
experimental nephrotoxicity  238

dosage in renal failure  673
nalidixic acid  236
other quinolones  239
pathogenesis  238
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organic cation transport  37, 38

RANTES
immune response  57
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pharmacological aspects  659
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silicon containing compounds  550
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beta-lactams  174
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diuretics  342
gold salt therapy  308
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acute cyclosporine nephrotox.  410
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ACE inhibitors  329–330
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lithium treatment  563
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cadmium-induced renal effects  518
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paraphenylene diamine  613, 616
pesticides  553, 554
phencyclidine abuse  395
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rheumatoid arthritis
analgesic nephropathy  266
anti-CD4 treatment  462
chronic cyclosporine nephrotox.  427
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immune response  56
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immune response  55
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pharmacological aspects  659
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drug monitoring  669

sisomicin  160
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sulfasalazine  264
sulfhydryl groups

and cisplatin  357
cyclophosphamide therapy  359
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microcirculation models  95, 96
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D-penicillamine therapy  312
gold salt therapy  308
immune response  56
mitomycin therapy  363
valacyclovir  251

thrombomodulin
acute cyclosporine nephrotox.  407
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cell culture  117
experimental morphine injections  386
immune response  52
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microcirculation models  98

U
ulcerative colitis

organic solvents  548
ulcers

analgesic nephropathy  268
heroin abuse  384, 388
lithium treatment  573
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diuretics  345
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9
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markers of susceptibility  624–625
DNA repair  625–632
enzyme metabolism  625

performance  628
proteinuria  631–636
renal blood flow  631
selection  628
urinalysis  628–629

urinary tract cancer
analgesic nephropathy  269
Chinese herbal medicine  581
urinary biomarkers  638

urinary tract infections  236
urinary tract obstruction  225
urine microscopy  628
uronic acid

urinary biomarkers  647
urothelial hyperplasia (atypical)
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drug monitoring  669
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radiocontrast agents  485, 487
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drug transport studies  23
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MDR-glycoprotein transport  35
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OKT3 treatment  473
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xanthine oxidase  316
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allopurinol therapy  316
xylene  546
xylose  661
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dosage in renal failure  674
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