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Preface

With the ever-increasing exposure to pharmaceuticals, more and more examples of drug-
induced liver disease have been identified in recent years. At the same time, the basic
science of hepatic pharmacology, toxicology, and immunology has exploded in the past
decade, with exciting new developments and insights. At the beginning of the 21st century,
we now have the opportunity to re-evaluate this important topic as we look to the promise
of understanding, predicting, preventing, and healing a common problem that is of impor-
tance to all branches of clinical medicine and to anyone who prescribes pharmaceutical
or alternative medications. Therefore, we believe that this authoritative, up-to-date vol-
ume—with contributions by experts in basic pathogenesis and clinical pathology, and
coverage of various categories of agents—will be of great interest to a broad audience.
In this regard we have drawn on worldwide expertise; one-third of the chapters were
written by authors outside the United States.

Innovations in methodology have had a major impact on research in drug-induced
liver injury, and this has led to a greater understanding of the mechanisms involved. A
few examples should illustrate the progress that has been made and that is described in this
book. The explosion of information on apoptosis has provided insight into the subtleties of
drug-induced cell death (Chapter 2). The use of molecular biological techniques has per-
mitted the cloning of numerous genes encoding for P450 isoenzymes. This has made
possible the expression of recombinant P450 enzymes and specific P450 antibodies. The
availability of recombinant enzymes and of specific inhibiting antibodies has facilitated
studies to determine the contribution of individual P450 isoenzymes to the metabolism
of specific drugs (Chapter 3). Until quite recently, cholestasis was thought to be due either
to mechanical obstruction of bile flow or to cell toxicity which impeded the handling of
bile. Improved techniques for isolating membrane vesicles and the cloning and character-
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iv Preface

ization of hepatocyte membrane transporters have allowed the elucidation of a novel mech-
anism of cholestasis: drug-induced impairment of bile acid transporters in otherwise intact
hepatocytes (Chapter 6). As more investigators have taken advantage of relatively new
methods to isolate pure nonparenchymal cells, there have been rapid gains in information
on the contribution of Kupffer cells, sinusoidal endothelial cells, and stellate cells to a
variety of liver diseases, including drug- and toxin-induced liver injury (Chapter 10). The
concept of the mitochondrion as a major target of drug-induced toxicity was raised only
as recently as the early 1980s. Since then, toxicity of an ever-increasing number of drugs
has been linked to selective toxicity in the mitochondrion (Chapter 4). Although reference
is made in these examples to the chapters in Part I, on mechanisms in Section I, Part III
will reiterate many of these processes in the context of individual drugs that have been
linked to one of these modes of toxicity.

As noted, Part I examines hepatotoxicity from the perspective of the mechanisms,
across categories of drugs, so that the principles involved can be explored in depth. Exam-
ples of drugs to which these mechanisms apply are provided, but the main focus is on
the mechanism. Because the authors are experts who are writing about the state of the art
in their own fields, this information will be useful both to clinicians who want to gain
understanding of the fundamental principles as we understand them today and to knowl-
edgeable clinicians and investigators who wish to read about the newest advances.

Part II provides a general outline of the clinical presentation and management of
drug-induced hepatotoxicity. Chapter 11 systematically reviews the clinical presentation
and pathological picture of the types of liver injury that can be induced by drugs and
toxins. Chapter 12 reviews the factors that predispose an individual to drug toxicity, sug-
gests strategies for monitoring patients at risk for toxicity, and provides information on
preventive measures. The information provided in these chapters provide a basic frame-
work for any clinician who might be confronted with xenobiotic-induced hepatotoxicity.

Part III systematically reviews specific toxins implicated in drug-induced hepatotox-
icity. Each chapter examines the toxicity induced by drugs or toxins within a specific
pharmacological class or by drugs used within a clinical specialty. The current understand-
ing of the mechanism of toxicity, risk factors for developing toxicity, histological charac-
teristics, clinical manifestations, and management are discussed for each category of drugs.
This section will be of value to gastroenterologists and hepatologists who want a system-
atic review of drug-induced liver disease. It will also serve as a reference for clinicians
in a variety of specialties who are confronted with a patient with liver disease that might
be attributable to drug therapy.

Neil Kaplowitz
Laurie D. DeLeve
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Drug-Induced Liver Disorders:
Introduction and Overview

NEIL KAPLOWITZ

University of Southern California, Los Angeles, California, U.S.A.
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I. INTRODUCTION

Drug-induced liver disease represents an important problem for the following major rea-
sons: (1) approximately 1000 drugs have been implicated in causing liver disease at least
on rare occasion (1); (2) in the United States drug-induced liver disease is the most com-
mon cause of acute liver failure, accounting for one-third to one-half of cases (2,3); al-
though acetaminophen accounts for the bulk of these, other drugs are still a more frequent
cause of acute liver failure than viral hepatitis and other causes; (3) in addition, drug-
induced liver disease represents an important diagnostic/therapeutic challenge for physi-
cians caring for patients presenting with liver disorders, since it can mimic all forms of
acute or chronic liver disease; (4) the frequency and economic impact of this problem is
a major challenge for the pharmaceutical industry and regulatory bodies, especially since
the toxic potential of some drugs is not evident in preclinical and phase 1–3 clinical
testing.

1



2 Kaplowitz

Table 1 Spectrum of Hepatic Manifestations of Drug-Induced Liver Disease

Acute hepatitis Acetaminophen, isoniazid, troglitazone, bromfenac
Chronic hepatitisa Nitrofurantoin, methyldopa, diclofenac, minocycline,

dantrolene
Acute cholestasis Amoxicillin–clavulanic acid, erythromycins, sulindac,

chlorpromazine, angiotensin–converting enzyme inhibitors
Mixed hepatitis/cholestasis or Phenytoin, sulfonamides

atypical hepatitis
Chronic cholestasisa Chlorpromazine, numerous others on rare occasion
Nonalcoholic steatohepatitis Amiodarone, tamoxifen
Fibrosis/cirrhosis Methotrexate
Microvesicular fatty liver Valproic acid, nucleoside reverse transcriptase inhibitors
Veno-occlusive disease Busulfan, cyclophosphamide
Peliosis hepatitis Azathoprine, hormones
Adenoma and hepatocellular Hormones

carcinoma

a Drugs that cause chronic disease more frequently cause acute disease.

II. CLINICAL OVERVIEW

Drug-induced liver diseases can mimic all forms of acute and chronic hepatobiliary dis-
eases (4,5) (Table 1). However, the predominant clinical presentations resemble acute
icteric hepatitis or cholestatic liver disease. The former is of grave significance as the
mortality approximates 10% irrespective of the specific drug (1,4). This type of reaction
is accompanied by systemic symptoms, jaundice, markedly elevated serum transaminases,
ALT* � ULN/Alk. Ptase. � ULN � 5, and, in the more severe cases, coagulopathy and
encephalopathy indicative of acute (fulminant) liver failure. It is noteworthy that the height
of the transaminases does not reliably predict severity except perhaps in the case of acute
intrinsic toxins, e.g., acetaminophen. Cholestatic disease, although not usually life threat-
ening, presents with jaundice, disproportionate increased serum alkaline phosphatase,
ALT � ULN/Alk. Ptase. � ULN � 2, and pruritus; cholestatic reactions tend to resolve
very slowly (i.e., months vs. weeks for hepatitis) and on rare occasion lead to vanishing
bile duct disease and biliary cirrhosis (6,7). Mixed injury patterns with intermediate ALT/
Alk. Ptase. can resemble atypical hepatitis or granulomatous hepatitis. Individual drugs
tend to exhibit a consistent pattern or clinicopathological signature of the reaction (Table
1) with characteristic latency and clinical presentation. However, some drugs may show
several patterns: e.g., nimesulide can cause a short-latency, hypersensitivity-mediated cho-
lestatic injury and a delayed idiosyncratic acute hepatitis-like reaction (8).

Drug-induced liver disease can be predictable (high incidence and dose related) or
unpredictable (low incidence and may or may not be dose related). Unpredictable reactions
can be viewed as either immune-mediated hypersensitivity or idiosyncratic reactions. Most
potent predictable hepatotoxins are recognized in the animal testing or clinical phase of
drug development. Those that slip through are almost always unpredictable. Latency be-
tween the initiation of therapy and the onset of liver disease is a component of the signature

* ALT � alanine aminotransferase; ULN � upper limit of normal; Alk. Ptase. � alkaline phosphatase.
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of reactions to specific drugs and provides some clues as to the pathogenesis. Early onset
within a few days (particularly if no previous exposure) is strong evidence for direct
toxicity of the drug or its metabolite, which is characteristic of predictable reactions; acet-
aminophen overdose is an example (9).

Unpredictable reactions manifested as overt or symptomatic disease usually occur
with intermediate (1–8 weeks) or long latency (up to 12 months). Intermediate latency is
characteristic of hypersensitivity reactions. These tend to be associated with fever, rash,
and eosinophilia and a rapid positive rechallenge (4,5). Hepatotoxicity of sulindac (10),
phenytoin (11), and amoxicillin–clavulanic acid (12) are typical examples. Most cases of
cholestatic liver injury and chronic hepatitis caused by drugs are of the hypersensitivity
type. It is important to recognize that these reactions may occur up to 3–4 weeks after a
1–2 week course of medication (e.g., amoxicillin–clavulanic acid). In contrast, the long-
latency type of reaction is characteristically not associated with features of hypersensitivity
and the response to rechallenge is variable and delayed. Thus, one assumes that these
events reflect some type of late-onset change in the metabolism of the drug or the response
to injury (repair or regeneration). Drugs associated with variable, long latency include
isoniazid (13) and troglitazone (14). This type of idiosyncratic reaction is extremely chal-
lenging with respect to understanding the pathogenesis and predicting the problem in
individual cases. Table 2 provides a list of drugs that are associated with idiosyncratic
reactions.

Low-frequency unpredictable reactions, either hypersensitivity or idiosyncratic, of-
ten occur on a background, higher rate of mild, asymptomatic, and usually transient liver
injury, which is detected as abnormal biochemical tests, particularly serum ALT. Gener-
ally, the biochemical abnormality defined as ALT � 3 � ULN may occur 10–20 times
more frequently than overt disease. In almost all instances, the ALT returns to normal
despite continued drug use. Thus, in the majority of patients with increased ALT some
type of adaptation or “tolerance” occurs and in the minority there is a failure to do so.
This issue is further complicated by the uncertain explanation for the very long latency
in some of the idiosyncratic reactions.

It should be emphasized that acute or chronic hepatitis induced by drugs subsides
upon discontinuation of the drug without long-term sequelae with rare exception. A few
reported cases of autoimmune hepatitis triggered by hypersensitivity drug reactions have

Table 2 Drugs Associated with
Idiosyncratic Hepatitis

Benoxaprofena Labetalol
Bromfenaca Nefazodone
Dantrolene Pemoline
Diclofenac Terbinafine
Disulfiram Tolcapone
Felbamate Troglitazonea

Flutamide Trovafloxacin
Isoniazid Valproic acid
Isotretinoin Zafirlukast
Ketoconazole Zileuton

a Withdrawn from marketing.
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continued on without the drug, but it is questionable as to whether this was drug-induced
liver disease or underlying autoimmune chronic hepatitis. Scarring may persist after severe
subacute or chronic injury but is of little consequence after removal of the drug. Cholestatic
reactions resolve very slowly after discontinuation of the offending drug, not infrequently
associated with loss of interlobular bile ducts. However, the development of cirrhosis or
effects on longevity are exceedingly rare.

III. PATHOGENESIS

Hepatotoxicity of drugs can be principally metabolism-dependent, parent drug–dependent,
or a combination of both (Fig. 1). Metabolism takes place largely in the liver, which
accounts for its susceptibility to drug-induced injury (5). The metabolites may be electro-
philic chemicals or free radicals that deplete GSH, covalently bind to proteins, lipids, or
nucleic acids, or induce lipid peroxidation. The consequences include hepatocellular ne-
crosis, apoptosis, or sensitization to cytokines or inflammatory mediators produced by
nonparenchymal cells. Alternatively, the reactive metabolites may covalently bind to or
alter liver proteins such as CYPs leading to sensitization and immune-mediated injury. The
immune phenomena nevertheless are metabolism dependent. Thus, the rare occurrence of
immune-mediated liver disease is often superimposed on a higher frequency of mild injury
(abnormal ALT) suggesting that the drug has a mild toxic potential (e.g., phenytoin or
halothane) but in rare individuals this toxic potential leads to metabolism-dependent hyper-
sensitivity. Perhaps in the case of certain drugs both immune and idiosyncratic reactions
may develop from common upstream drug metabolism steps, but influenced by genetic
and/or environmental factors that determine either an immune response or idiosyncratic
reaction. Genetic polymorphisms of enzymes involving drug activation or detoxification
have been implicated in the susceptibility to hypersensitivity reactions to sulfonamides
(15,16), anticonvulsants (11,17), and tacrine (18). Presumably genetic polymorphisms of
either MHC-I-dependent antigen presentation in hepatocytes or MHC-II-dependent anti-
gen presentation in macrophages, which have scavenged necrotic or apoptotic hepatocytes
directly killed by the drug, may further contribute to determining the rare occurrence of

Figure 1 Pathogenesis of drug induced liver diseases. Upstream events in the hepatocytes affect
viability of individual cells but sensitize to downstream processes leading to clinically overt organ
damage. The latter involves a balance of effects of cytokines, chemokines, and inflammatory media-
tors, mainly produced by nonparenchymal cells and the effects on repair processes such as regenera-
tion.
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these hypersensitivity reactions (19) which most often have an incidence of 1:1000 or
less. Parent drug–dependent toxicity occurs as a result of the properties of the parent drug
(or metabolite) to accumulate in organelles [weak bases such as amiodarone accumulate
in mitochondria (20), undergo nonspecific redox cycling (quinones cycle electrons from
NADPH to O2 generating O2

•̄), or specifically inhibit enzymes or transporter (nucleoside
reverse transcriptase inhibitors block mitochondrial DNA polymerase (21) or cyclosporin
A inhibits canalicular transporters (22)]. In these cases, if the parent drug’s chemical prop-
erties account for direct toxicity, factors that enhance its availability (decreased metabo-
lism or export) may increase susceptibility.

Regardless of whether toxicity within a target liver cell (e.g., hepatocyte, sinusoidal
endothelial cell, or bile duct cell) is parent drug- or metabolite-dependent, the ultimate
severity of the liver disease in vivo may depend greatly on the subsequent downstream
participation of toxic mediators released from various cell types and the recruitment of
inflammatory cells as well as intracellular and tissue repair and regenerative responses.
The toxic mediators include chemicals, such as NO and reactive oxygen metabolites, and
the balance of cytokines that promote injury (e.g., TNFα, IL-1, IFNγ, IL-12, IL-18), or
prevent injury (IL-4, IL-10, IL-13, MCP-1). Thus, toxin may somewhat injure hepatocytes
but then sensitize to the effects of an imbalance in injurious versus protective cytokines
(Fig. 2). For example, the toxicity of CCl4 is abrogated in vivo by neutralizing TNF (23);
the toxicity of acetaminophen is markedly enhanced in MCP-1 chemokine receptor knock-
outs associated with an enhanced TNFα response (24) and is abrogated by inactivating
Kupffer cells (25). Thus, the direct and indirect influence of toxins on the production and
balance of mediators and genetic polymorphisms in these responses may play a major
role in unmasking the overt toxic potential of a drug culminating in overt idiosyncratic
toxicity.

Another important factor that contributes to the extent of liver injury is the capacity
of the liver to regenerate (Fig. 3). Thus, for example, TNFα will promote regeneration
by acting on Kupffer cells (autocrine) to release IL-6, which will trigger, along with HGF,
regeneration. Interference with IL-6 (knockout) worsens CCl4 injury, and conversely, ex-
ogenous IL-6 treatment diminishes liver injury in wild-type mice (26). TNF also acts on
hepatocytes through NF-κB signaling to promote survival gene transcription. If the toxin
interferes with the latter pathway, TNFα-induced apoptosis may occur.

Figure 2 Role of cytokine balance in determining susceptibility to toxins. Drugs or metabolites
may directly injure hepatocytes to a minor extent, but may markedly sensitize to the lethal effects
of TNFα and IFNγ. The latter are modulated by cytokines that promote or inhibit their production
or actions.
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Figure 3 Role of cytokines and regeneration in toxin-induced liver disease. TNF activates NF-
κB in nonparenchymal cells leading to IL-6 production, and in hepatocytes it promotes antiapoptotic
survival gene expression. If the toxin interferes with the latter in hepatocytes or with the regenerative
response, worsening of the overt injury will occur. IL-6, on the other hand, promotes survival and
regeneration, minimizing overt liver injury.

IV. RISK FACTORS

Regardless of whether hepatotoxicity is predictable (frequent) or unpredictable (rare), hy-
persensitivity-mediated or idiosyncratic, metabolism dependent or parent drug–dependent,
the interplay of genetic and environmental risk factors influences susceptibility (Fig. 4)
(27). Age, gender, concomitant drugs, and underlying diseases (e.g., HCV, HBV, HIV)
have been most frequently identified. Table 3 lists examples of drugs and associated risk
factors.

With the advent of new technologies in genomics and proteomics, one can anticipate
that new insights into the mechanisms of susceptibility and liver injury from drugs will
be forthcoming (28). Some of the genetic factors to consider are listed in Table 4. Polymor-
phisms (CYPs, cytokines, MHC, etc.) and rare heterozygous mutations (β-oxidation,
BSEP) will need to be assessed.

Figure 4 Risk of hepatotoxicity. The ultimate development of hepatotoxicity is determined by
the interplay of the toxic potential of the drug or its metabolites and the susceptibility of the host
as determined by genetic and environmental factors, both of which influence gene expression.
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Table 3 Risk Factors for Drug-Induced Hepatotoxicity

Drug Factors

Methotrexate Chronic alcohol, obesity, diabetes, chronic hepatitis, psoriasis
Isoniazid HBV, HCV, HIV, alcohol, older age, female, slow acetylator, rifampin,

pyrazinamide
Acetaminophen Chronic alcohol, fasting, isoniazid
Valproate Young age, anticonvulsants, genetic defects of mitochondrial β-oxidation and

respiratory chain enzymes
Diclofenac Female, osteoarthritis
Anticonvul-

sants Genetic defect in detoxification
Sulfonamides HIV, slow acetylator, genetic defect in defense

V. DIAGNOSIS

Establishing a diagnosis of drug-induced liver disease in an individual case is mainly
based upon circumstantial evidence aided by the signature type of reactions (if known)
with respect to latency and clinical characteristics as well as exclusion of other more
plausible alternative causes. Additional information can be gained from the response to
removal of the drug—rapid improvement in cytotoxic reactions and slow improvement
in cholestatic reactions. A rechallenge with recrudescence of liver abnormalities is the
most definitive evidence, but hardly ever justified and not always positive in idiosyncratic
cases. A practical approach is to consider the diagnosis probable/possible if the signature
latency and pattern of disease fit and other causes are excluded (viral hepatitis, ischemic
hepatitis, biliary disease). The remainder of cases are unlikely or unrelated depending on
the completeness of the workup and the strength of the evidence in favor of an alternative
diagnosis. This ad hoc approach is equivalent to diagnosing as yes, no, or maybe.

The presence of autoantibodies to specific forms of CYP has been associated with
hypersensitivity reactions to certain drugs (19,29,30). Although of uncertain but intriguing
significance with respect to pathophysiology, their presence may be helpful in the diag-
nosis of drug-induced liver disease in these special cases (Table 5). However, testing
for these autoantibodies is mainly a research tool at present. Furthermore, sensitivity and
specificity of the presence of these autoantibodies is uncertain.

Table 4 Possible Genetic Determinants of Risk

1. Drug metabolism (e.g., CYP polymorphisms)
2. Detoxification (e.g., GSH-related, epoxide hydrase)
3. Apoptosis and survival genes
4. Signal transduction (kinases and phosphatases)
5. MHC-I and -II
6. Cytokines/chemokines and receptors
7. Inflammatory mediators (Cox, NOS, etc.)
8. Regeneration/repair
9. Transporters (BSEP, MRP2, etc.)

10. Mitochondrial β-oxidation and respiratory chain
11. Structural integrity (e.g., cytokeratin 8/18)
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Table 5 Autoantibodies in Drug-
Induced Liver Disease

Autoantibody
target Drug

CYP 2C9a Tienilic acid
CYP 1A2b Dihydralazine
CYP 3Ab Anticonvulsants
CYP 2E1 Halothane
mEH Germander

a Also referred to as anti-LKM2 autoanti-
body.
b Also referred to as anti-LM autoantibody.
CYP, cytochrome P450; mEH, microsomal
epoxide hydrolase.

Several groups have attempted to generate quantitative systems designed to generate
a numerical score that reflects the probability of a drug as the cause for liver disease (31–
34). The RUCAM scoring system appears to be the most accurate (35,36) and puts numeri-
cal weight on the factors discussed above (Table 6) to generate a composite score that
reflects the probability that liver injury is drug-induced. The advantage is that this system
is less subjective than the ad hoc approach. This type of scoring system performs well
when validated against well-documented cases of drug-induced liver disease. Specialists,
the pharmaceutical industry, and regulatory bodies should be encouraged to use this scale.
It also would be reasonable to apply the scoring system to individual case reports submitted
to medical journals. Although it is not perfect and may not discriminate between multiple
concurrently used candidate toxins, it does provide consistency and focuses the attention
of the evaluator on most of the critical parameters that need to be considered in estimating
the probability of causality.

VI. DRUG DEVELOPMENT

Drug development involves a preclinical and clinical phase. Preclinical assessment is cen-
tered on animal testing using very high doses. Although animal testing is probably very
reliable in screening out potent, predictable toxins, it is far less reliable in identifying a
propensity for unpredictable toxicity. Experience has suggested that there are numerous
false positives and false negatives. A better understanding of the mechanisms of unpredict-

Table 6 Causality Assessment

1. Latency
2. Rate of resolution (dechallenge)
3. Risk factors (age, alcohol, pregnancy)
4. Exclusion of other causes (viral hepatitis, ischemia, biliary

tract disease, alcohol)
5. Concomitant drugs
6. Track record (PDR, case reports)
7. Rechallenge
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able hepatotoxicity, may eventually lead to the establishment of appropriate animal models
that recapitulate the factors that determine susceptibility in humans. This will most likely
be achieved with the use of transgenic and knockout mice to set up conditions that mimic
human susceptibility. At present, some suggestion of hepatotoxicity at high doses in ani-
mals may at least warrant more careful or extensive assessment in the clinical phases of
drug development.

During phases I–III of drug testing the likelihood of encountering overt hepatotoxic-
ity (i.e., jaundice and high transaminases) depends on the frequency of the reaction. Most
idiosyncratic reactions occur in 1 in 1000 or more individuals and acute liver failure in
1 in 10,000 or more. Typically in clinical development, drugs are tested in 1500–2500
individuals. Exclusion of an overt reaction with 95% confidence, if the true incidence is
1:1000, would require 3000 treated patients, assuming all were exposed for the appropriate
duration (e.g., 6–9 months). This is usually not attained in clinical trials. Therefore, if
one is not fortunate enough to identify overt hepatitis in one or two cases in the study
population, the appearance of lesser signals needs to be the focus for scrutiny. It is very
rare indeed to identify acute liver failure from idiosyncratic hepatotoxins in drug develop-
ment. The rule of threes indicates that to identify acute liver failure with 95% confidence
that has a true incidence of 1 in 10,000 would require 30,000 study patients.

Since the probability of identifying overt or life-threatening liver injury in clinical
trials is so low, one must focus on the incidence of asymptomatic ALT and bilirubin
elevations. The most sensitive parameter appears to be the incidence of ALT � 3� ULN
in drug-treated versus placebo control–treated patients. Depending on the study popula-
tion, the incidence of 3� ALT in controls may vary from 0.1 to nearly 1.0%. Thus, an
incidence of 2–3% in the drug-treated patients would be unequivocal cause for closer
scrutiny. Although this is a sensitive indicator, it is not entirely specific since there are
drugs, e.g., statins, tacrine, aspirin, etc., that are associated with an increased incidence
of 3� ALT, but have proved safe in postmarketing experience (?false-positive signal).
More specificity is gained by examining the height of the transaminases. An ALT increase
of eight-fold or greater is a more specific signal since this rarely occurs in controls. Even
more specific is conjugated hyperbilirubinemia (�1.5-fold) associated with elevated ALT.

The experience with troglitazone exemplifies the issue of identification of a signal.
In a cohort of 2500 study patients, ALT � 3� ULN occurred in 2% (vs. �1% in controls);
ALT � 8� ULN occurred in 0.6% (vs. none of controls); and two cases with overt jaun-
dice were observed (37). Thus, all the criteria for a hepatic signal were present at the time
of approval of the drug. A similar premarketing experience was observed with bromfenac
(38), which was also withdrawn postmarketing.

A critical issue is what is the appropriate regulatory response to the occurrence of
a signal? In some cases, particularly when the drug is not crucial, approval is denied. If
the drug is critical, warnings and education of physicians and patients are very important
and there may be justification for recommending monitoring ALT (see below) and/or
restrictions on the use of the drug.

VII. POSTMARKETING MONITORING

The background incidence of drug-induced mild, reversible liver injury provides the ratio-
nale for monitoring or surveillance. From this background of mild injury a minority of
individuals will emerge with overt disease. Thus, by stopping the medications at the first
sign of mild injury one should prevent serious consequences. Although this seems a logical
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approach, a number of problems must be considered. First, the approach applies only to
delayed reactions. Hypersensitivity reactions occur relatively early and evolve rapidly so
educating patients about symptoms is crucial in early cessation of the offending drug.
Second, one is sacrificing potentially very important therapy to a much larger number of
patients than would actually develop overt disease; third, compliance with such approaches
is known to be very poor; fourth, the rate of development of overt disease from the first
appearance of elevated ALT needs to be gradual for monthly monitoring to be efficacious
in preventing life-threatening disease. Testing more frequently than monthly is not practi-
cal, although the future development of a finger-stick ALT test that could be applied in
a fashion similar to monitoring glucose might change this by improving compliance and
allowing more frequent monitoring. In any case, monthly monitoring for delayed idiosyn-
cratic reactions is the best approach available, but the efficacy of the approach is assumed
and not proven. Furthermore, this should not substitute for the need to educate patients
about symptoms of hepatotoxicity, such as fever, rash, malaise, fatigue, anorexia, gastroin-
testinal complaints, abdominal pain, dark urine; jaundice, pruritus, etc., and the need to
report them to the physicians to insure expeditious cessation of offending agents. Despite
monthly monitoring, some adverse events may appear rapidly in the few weeks after a
normal test.

Ultimately, the most difficult challenge to the application of monitoring is cost effec-
tiveness—monthly monitoring is expensive and one needs to weigh this quantitatively
against the morbidity and mortality of adverse liver events. There is no clear answer to
the question of what incidence of serious adverse idiosyncratic hepatitis warrants monitor-
ing, how frequently it should be performed, and for how long. Furthermore, the postmar-
keting occurrence of adverse events must be weighed against the benefit of the drug. Risk/
benefit assessment is ill-defined but ultimately becomes the crucial factor in recommend-
ing monitoring ALT versus removal of the drug from the market. In the case of the NSAID
bromfenac, continued use of the drug in the face of infrequent, delayed idiosyncratic severe
hepatotoxicity (38) could not be justified since many alternative treatments were available.
In the case of troglitazone, the decision to withdraw was delayed and more complicated
owing to the important and unique therapeutic properties of the drug in managing a serious
medical condition, albeit with benefits that would not be evident for many years (i.e., the
effect of long-term control of blood sugar on complications of diabetes). It was decided
that the implementation of monthly monitoring would likely protect the users and the
drug was continued. Although this strategy may have worked to some extent, the issue
of compliance with monitoring and the possibility of occasional “rapid risers” meant that
the population could not be completely protected. At the same time, several new drugs
in this class were approved and after a year of postmarketing experience with the alterna-
tive new agents, it was concluded that these agents were probably less likely to induce
severe hepatotoxicity, leading to the withdrawal of troglitazone.

A major issue in postmarketing surveillance is the frequency of serious adverse
events compared to the background in the general population. Reliable data on the occur-
rence of hospitalization for idiopathic hepatitis and acute liver failure are very limited.
However, several databases (Medicaid, HMO) suggest that hospitalization for cryptic
acute hepatitis occurs in about 1:50,000–1:100,000 adult individuals in the general popu-
lation each year (39–41). Acute liver failure is estimated to occur in up to 3000 individuals
annually in the United States. About 10–20% of these cases are idiopathic with a resulting
annual incidence of one to two cases per million individuals in the population. Thus, when
a new drug is marketed and more than a few cases of unexplained acute liver failure are
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reported, concern should be raised. In the example of troglitazone, at least 30–40 cases
of acute liver failure were reported to the FDA in the first year on the market from a
population of about one million taking the drug. This was a much higher rate than pre-
dicted. Such a postmarketing signal may be less apparent when far fewer individuals are
exposed. However, the current MedWatch system for reporting adverse events, with all
its attendant problems regarding poor compliance and accurate causality assessment, has
been reasonably successful in rapidly identifying problems with numerous drugs leading
to withdrawal or severe restrictions of use.

VIII. CONCLUSIONS

The liver is a particular target for drugs because of its role in clearing and metabolizing
chemicals. The parent drug or more frequently the metabolites may either affect critical
functions, or sensitize to the effects of cytokines or inflammatory cells, or elicit an immune
response. This often occurs in an unpredictable fashion, implying that environmental and
genetic factors alter the susceptibility to these adverse events. A wide range of liver dis-
eases can occur as adverse events but the individual drug tends to induce a characteristic
signature reaction with respect to latency and clinicopathological manifestations. Hepato-
toxicity from drugs poses a major challenge in drug development and postmarketing sur-
veillance. The future identification of the pathogenesis of idiosyncratic reactions represents
the major challenge in this field and will likely advance rapidly with the application of
methods of toxicogenomics and pharmacogenomics in the preclinical and clinical arenas.
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I. INTRODUCTION

Chemical-induced liver injury usually does not result from the direct effects of the parent
compound. Rather, toxicity generally results from conversion of the parent molecule to
toxic metabolites within the liver (reviewed in refs. 1,2). This statement applies not just
to drugs, but also to environmental chemicals, such as aflatoxins, bromobenzene, and car-
bon tetrachloride. The major family of liver enzymes implicated in generating potentially
toxic metabolites from drugs are the cytochromes P450.

II. GENERAL PRINCIPLES OF DRUG METABOLISM

Most orally administered drugs have lipophilicity (fat solubility). This is because absorp-
tion of drugs from the gastrointestinal tract generally involves passive diffusion through
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the brush border membranes of the small intestinal epithelial cells (enterocytes). Highly
water-soluble compounds are generally poorly absorbed from the digestive tract and there-
fore pass out of the body in stool. Lipophilicity is also a desirable property for drugs once
they have entered the body because most drugs must diffuse from the circulation through
cell membranes to arrive at their therapeutic target. This usually essential property of
lipophilicity creates a potential problem for the body, however. Lipophilic drugs tend to
sequester into the body’s fat stores. In plasma, lipophilic drugs bind to circulating proteins
and therefore are not readily filtered in the kidney glomerulus and excreted into urine. If
the lipophilic drugs are excreted in bile, they would tend to be reabsorbed from the diges-
tive tract, thus undergoing enterohepatic cycling. Most drugs would, therefore, remain in
the body for a very long period of time if the body did not have the ability to convert
drugs into more water-soluble, and readily excreted, metabolites. Although many body
tissues have some ability to metabolize drugs, the liver is far and away the major organ
involved in drug metabolism.

III. DISCOVERY OF P450s

A major breakthrough promoting study of drug metabolism in the liver was the develop-
ment of techniques to isolate the hepatocyte endoplasmic reticulum from whole pieces
of liver. During this process, endoplasmic reticulum breaks up into small spheres called
“microsomes.” It was discovered that under certain experimental conditions, liver micro-
somes could produce most of the metabolites generated from drugs and other chemicals
by the liver in vivo. Most of the reactions characterized involved insertion of an oxygen
atom into the drug molecule (usually a hydroxylation) or covalent binding (conjugation)
of the molecule to polar ligands such as glucuronic acid, sulfate, or glutathione. Many
compounds had to first undergo hydroxylation to produce a reactive site on the molecule
suitable for conjugation reactions. This frequent sequence of events led to the concept
of dividing drug metabolism into two categories: phase I (predominantly hydroxylation
reactions) and phase II (conjugation). It is now appreciated that most (but not all) of what
was described as phase I microsomal drug metabolism is the result of the activity of a
large family of enzymes termed “cytochromes P-450.” This somewhat awkward name
derived from the fact that when first isolated, these enzymes appeared to be chemically
similar to mitochondrial cytochromes. The “P” is an abbreviation for “pigment,” reflecting
the fact that the enzymes are red in color (owing to the presence of heme in the molecule)
and largely account for the reddish-brown color characteristic of microsomes. Finally, it
was noted that under certain experimental conditions, these enzymes intensely absorbed
light with 450-nm wavelength. The cytochromes P450 are now usually referred to simply
as “P450s.”

IV. P450s AND DRUG METABOLISM

The vast majority of drugs in clinical use today are metabolized by liver P450s. Although
it was initially proposed that there might be hundreds or even thousands of different spe-
cific P450s, a recent realization is that there are relatively few P450s important for drug
metabolism (3). Each P450 represents the product of a unique gene. The P450s involved
in drug metabolism fall predominantly into three gene families, now termed CYP1, CYP2,
and CYP3. Within each P450 family, there are subfamilies designated by capital letters.
Each subfamily generally contains multiple members, designated by Arabic numbers usu-
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ally reflecting the order in which they were discovered. In general, orthologous P450s
(the equivalent form in different species) are given a different final Arabic number. For
example, CYP3A4 is a human liver P450 and is not present in other animals, although
each species examined to date has CYP3A enzymes (i.e., CYP3A2, CYP3A6, etc.).

It is widely believed that the P450s involved in drug metabolism evolved as a mecha-
nism to protect the body from potentially harmful chemicals present in the environment,
particularly in the diet (4). According to this theory, plants produce potentially toxic chem-
icals (xenobiotics) to render themselves inedible to insects and higher life forms. In addi-
tion, spoilage of food sources often involves bacteria and fungi capable of producing
potentially toxic xenobiotics. The introduction into the environment of each new xenobi-
otic in turn created selection pressure for insects and animals to develop specific P450s
capable of metabolizing and rapidly eliminating that xenobiotic (if the food source could
not be easily avoided).

A list of the major P450s involved in human drug metabolism is shown in Table
1. The most abundant single P450 in human liver is CYP3A4, and it has been estimated
that this specific P450 may be involved in the metabolism of over 50% of drugs used
clinically (5). As previously stated, once a drug undergoes P450-mediated (phase I) metab-
olism, the resultant metabolite is often conjugated in a phase II reaction prior to elimination
from the body. However, in most instances examined to date, P450-mediated metabolism
is rate-limiting in the elimination of the drug (6). A simple schematic diagram illustrating
principles of P450 metabolism is shown in Fig. 1. Drugs either passively diffuse, or are
actively transported, into the liver during passage through sinusoidal blood. Once inside
the liver, drugs probably passively diffuse to the particular P450s capable of metabolizing
them. With some drugs, a single P450 is involved in the majority of the metabolism. This
is illustrated in Fig. 1 by drug A, which is only capable of binding to, and being metabo-
lized by, CYP2D6. The resulting metabolite generally then undergoes phase II conjugation
and the conjugated metabolite is frequently excreted back into the space of Disse, now
more water soluble and more readily eliminated by the kidneys. Alternatively, the metabo-
lite can be sorted to the bile canaliculus (not shown in Fig. 1) to be excreted in bile into
the small intestine, now less likely to undergo enterohepatic cycling.

Many drugs can be metabolized by more than one P450. In Fig. 1, drug B is shown
as being capable of binding to, and being metabolized by, CYP3A4. However, it can be
seen that the top portion of the molecule could fit into the binding site of CYP2D6 (if
drug B were rotated 180°). Drug B could therefore undergo two phase I reactions, one
catalyzed by CYP3A4, the other by CYP2D6.

There are large interindividual differences in the activity profile of the liver P450s,
and in many instances, this variation appears to account for interpatient differences in the
pharmacokinetics of medications (5). The variation among patients in the activities of
specific P450s can reflect both genetic and nongenetic factors.

V. GENETIC FACTORS INFLUENCING P450 ACTIVITY

Genetic mutations in part explain why there are large interindividual differences in the
activities of many of the P450s (7–10). For example, both CYP2D6 and CYP2C19 are
termed “polymorphic” enzymes because the population can be divided into distinct groups
based on the relative activity of these enzymes. Approximately 5% of Caucasians com-
pletely lack CYP2D6 activity and therefore are CYP2D6 “poor metabolizers.” Patients
who are CYP2D6 poor metabolizers have been shown to have increased sensitivity to
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Figure 1 Handling of drugs by liver cytochromes P450. Illustrated are three hypothetical drugs,
A, B, and C, which exist in blood bound to serum proteins. After the drugs enter the hepatocyte,
they diffuse to the P450 they are capable of binding to, and being metabolized by. Refer to the text
for a complete discussion of this process.

the effects of several drugs, including some medications commonly used to treat cardiac
arrythmias, psychosis, and depression. The poor-metabolizer phenotype results from si-
multaneous inheritance of two of multiple known mutant CYP2D6 alleles (11). The inci-
dence of CYP2D6 poor metabolizers varies substantially across different ethnic popula-
tions (12). For example, poor metabolizers are extremely unusual among Japanese (13).

The CYP2C19 poor-metabolizer phenotype also occurs in approximately 5% of Cau-
casians, but occurs in up to 20% of Asians (12). CYP2C19 poor metabolizers have been
shown to have much higher blood levels of omeprazole than normal when treated with
usual therapeutic doses (14). This appears to account for why CYP2C19 poor metabo-
lizers have a higher cure rate for Helicobacter infection when treated with omeprazole-
containing regimens (15). As is the case with CYP2D6, the poor-metabolizer phenotype
also results from inheritance of two of several different mutant CYP2C19 alleles. In gen-
eral, CYP2D6 and CYP2C19 poor-metabolizer phenotypes behave as autosomal recessive
traits, with heterozygotes having metabolic capability that is intermediate between the
normal and poor-metabolizer ranges.

Allelic mutations imparting diminished catalytic function have been described for
other cytochromes P450, including CYP2C9 (16) and CYP2A6 (17), although individuals
completely lacking these catalytically active enzymes have not yet been recognized. In
addition, genetic mutations of unclear functional significance have been identified in
CYP3A4 (18) and CYP2E1 (19) genes.

There is one example where genetic factors can cause abnormally high activity of
a P450. Approximately 2% of Caucasians have gene duplication of CYP2D6 resulting
in an “ultra rapid” metabolizer phenotype (9). These individuals exhibit unusually rapid
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Table 1 Major Human Liver P450s

P450 Substrates Inhibitors Inducers

CYP1A2 Caffeine Fluvoxamine Omeprazole
Clozapine Furafyllinea Tobacco smoke
Estradiol
Theophylline

CYP2A6 Halothane Methoxasalena —
Nicotine

CYP2C8 Rosiglitazone — Phenytoin
Taxol Rifampin

CYP2C9 Diclofenac Sulfafenazole Rifampin
Ibuprofen Secobarbital
Tolbutamide
Warfarin

CYP2C19 Omeprazole Fluvoxamine —
Ketoconazole

CYP2D6 Codeine Fluoxetine
Chlorpromazine Quinidinea

Despiramine —
Dextromethorphan
Encainide
Haloperidol
Metoprolol

CYP2E1 Acetaminophen Disulfirama Ethanol
Halothane Isoniazid

CYP3A4 Cyclosporin A Delavirdine Carbamazepine
Estradiol Erythromycin Phenobarbital
Indinavir Grapefruit juice Phenytoin
Lovastatin Ketoconazole Rifampin
Midazolam Ritonavir St. John’s wort
Nifedipine Troleandomycina Troglitazone
Quinidine
Docataxel

a Used for selective inhibition in human studies.

clearance of at least some CYP2D6 substrates, and this can account for therapeutic failure
of some medications. The incidence of ultrarapid metabolizers in non-Caucasian popula-
tions is currently under investigation.

VI. NONGENETIC FACTORS INFLUENCING P450 ACTIVITY

Concomitant disease and alterations in nutritional status can affect the activities of liver
P450s (20). In addition, many drugs can alter the activities of P450s, resulting in drug
interactions (21,22). Some drugs are known to inhibit the activity of specific P450s, reduc-
ing the elimination of drugs that require metabolism by that P450. Inhibition of cyto-
chrome P450 activity can occur by a variety of mechanisms (23), but the most common
form of inhibition reflects simple competition between two drugs for metabolism by the
same P450. This is shown schematically in Fig. 1 where drugs B and C are each capable
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of binding to, and being metabolized by, CYP3A4. Hence, metabolism of drug B by
CYP3A4 may be reduced in the presence of drug C, simply because drug C is physically
interfering with drug B’s ability to bind to the active site on CYP3A4. Of course, drug
B could equally inhibit drug C’s metabolism. Whether two drugs vying for metabolism
by the same P450 will result in a clinically important interaction depends on a number
of factors. These include the intracellular concentrations of each drug, the relative abun-
dance of the P450, the importance of the P450 to the overall elimination of the drug,
whether the metabolites generated by the P450 are pharmacologically active, and the rela-
tive safety (therapeutic index) of the drugs involved. Some clinically important interactions
involving inhibition can be inferred from Table 1. For example, it is well known that
cyclosporin A blood levels can rise to toxic levels in transplant recipients who receive
concomitant treatment with erythromycin or ketoconazole, largely due to inhibition of
CYP3A4 (24). Likewise, patients can develop toxicity from tricyclic antidepressants when
they are concomitantly administered some selective serotonin reuptake inhibitors (SSRIs),
owing to inhibition of CYP2D6 (25).

In addition to inhibition, a medication can sometimes result in an increase in the
activity of a particular P450. In most cases, this “induction” in drug metabolism results
from increased hepatocyte concentrations of a specific P450. Some medications that can
induce P450s are shown in Table 1. Induction of P450 activity can occur by several mecha-
nisms, but most commonly reflects an increase in the rate of transcription of the corre-
sponding gene (26). In some instances, the cellular receptor involved in transcriptional
activation has been identified. For example, induction of CYP3A4 by rifampin and anti-
seizure medications appears to involve a cytosolic receptor termed either the human
pregnenolone-X receptor (hPXR) (27), or the steroid xenobiotic receptor (SXR) (28). The
inducer binds the receptor, which then translocates to the nucleus, binding to the regulatory
elements in the CYP3A4 gene. This results in increased transcription of the CYP3A4
gene, which in turn results in increases in the hepatocyte concentration of CYP3A4. It is
currently unclear whether hPXR also mediates induction of CYP2C P450s by rifampin
and certain antiseizure drugs. Induction of CYP1A2 involves a different receptor termed
the arylhydrocarbon, or Ah, receptor (29). Aryl hydrocarbons in cigarette smoke, or the
drug omeprazole, bind to the Ah receptor, mediating transcription of the CYP1A2 gene
and increased production of the enzyme. Some P450s, such as CYP2D6 and CYP2A6,
do not appear to be inducible.

Examples where induction causes clinically significant drug interactions can also
be deduced from Table 1. When transplant recipients are treated with rifampin or certain
antiseizure medications, blood levels of cyclosporin can fall to subtherapeutic levels due
largely to induction of CYP3A4. These patients risk organ rejection unless their daily
dose of cyclosporin is increased. Likewise, individuals treated with rifampin or antiseizure
drugs risk therapeutic failure of oral contraceptives (CYP3A4) and warfarin (CYP2C9)
(21,22).

VII. METHODS TO STUDY P450s IN THE LABORATORY

In general, the P450s involved in drug metabolism have been highly conserved in mamma-
lian species. Orthologs to all of the major human liver P450s are found in the major animal
species used in preclinical testing (mouse, rat, dog, and monkey). However, the catalytic
specificity and regulation of orthologous forms are often not identical to their human
counterparts (30). For example, rifampin is a very potent inducer of CYP3A4 in humans,
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whereas it is a weak inducer in the rat. Conversely, the synthetic steroid pregnenolone
16α-carbonitrile (PCN) is a highly effective inducer of CYP3A enzymes in the rat, but
is only a very weak inducer in humans. These transspecies differences in CYP3A regula-
tion have recently been explained by structural differences between the ligand-binding
domains of the rodent and human PXR receptor. Transgenic techniques have recently
been used to insert the human PXR receptor into PXR knockout mice (31). These mice
show CYP3A induction after treatment with rifampin, but only weak induction after treat-
ment with PCN (i.e., the inducer responsiveness pattern characteristic of humans and not
mice).

In light of the above differences in catalytic activity and gene regulation, there is
increasing disillusionment with the use of laboratory animals to predict drug metabolism
and drug interactions in humans. Most pharmaceutical companies now have large pro-
grams using recombinant human P450s, human liver microsomes, and often cultured hu-
man hepatocytes to address these issues in a preclinical setting (32,33). These techniques
can clearly demonstrate which P450s are capable of metabolizing a given drug. Extrapolat-
ing these results obtained in vitro to the in vivo situation has not been straightforward
however, in large part because the concentrations of the drugs at the location of the P450
in vivo can rarely be estimated accurately from in vitro studies alone (34). As a result,
there has been great interest in developing methods to study P450s in humans in vivo.

VIII. METHODS FOR STUDYING P450s IN MAN IN VIVO

It is now possible to use specific drugs as “probes” to monitor the activities of specific
P450s in humans (35). Examples of some commonly used probes are shown in Table 2.
For example, an individual’s liver CYP3A4 activity can be assessed in a number of ways,
including measuring the clearance of an intravenously injected dose of midazolam, or
measuring the production of 14CO2 in breath after an intravenous injection of [ 14C N-
methyl] erythromycin. Although considerable controversy still exists concerning the best
probes to use in clinical studies, each of the listed probes has provided useful insight in

Table 2 P450-Specific Probes

P450 Test Biomatrix

CYP1A2 Caffeine breath test Breath
Caffeine clearance Plasma
Caffeine MR Urine

CYP3A4 Cortisol 6β-hydroxylation Urine
Erythromycin breath test Breath
Midazolam clearance Plasma

CYP2C9 Tolbutamide clearance Plasma
Tolbutamide MR Urine

CYP2C19 Mephenytoin S/R ratio Urine
Omeprazole clearance Plasma
Omeprazole hydroxylation index Plasma

CYP2D6 Debrisoquine MR Urine
Dextromethorphan MR Plasma, urine, saliva

CYP2E1 Chlorzoxazone clearance Plasma

MR � metabolic ratio.
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certain circumstances. For example, it is possible to determine whether a drug is an inducer
or inhibitor of CYP3A4 activity by administering any of the CYP3A4 probes listed in
Table 2 to subjects before and again after treatment with the drug. The parameter measured
(i.e., breath 14CO2 with the Erythromycin Breath Test, systemic clearance with midazolam,
or urinary production of 6β-cortisol) will increase if the drug is an inducer of CYP3A4,
and decrease if the drug is an inhibitor of CYP3A4. Another potential use of these probes
is to guide dosing of drugs with narrow therapeutic indices. The probe-based test should
predict the clearance of a drug if the P450 measured is rate-limiting in the elimination of
the drug. For example, it has recently been shown that interpatient differences in the
pharmacokinetics of taxotere correlate well with liver CYP3A4 activity as measured by
the erythromycin breath test (36) or urinary 6β-cortisol (37).

It is also possible to utilize the inducers and inhibitors of specific P450s to gain
insight into metabolism of a given drug. For example, if treatment of subjects with rif-
ampin does not lead to accelerated clearance of a drug, this indicates that CYP3A4
and CYP2C enzymes are not rate-limiting in the elimination of that drug. Conversely, if
treatment with ketoconazole does not reduce clearance of a drug, CYP3A4 cannot be an
elimination-limiting pathway for metabolism of the drug. The best inhibitors to use in
these studies are potent and selective for the target P450. In effect, these inhibitors create
a temporary human equivalent of a P450 genetic “knockout” in mice. The contribution
of a specific P450 can therefore be assessed in vivo by determining the pharmacokinetics
of a drug in subjects before and again after that P450 has been chemically “knocked
out.” The most frequently used inhibitors of P450s are noted in Table 1. For example,
administration of a single therapeutic dose of disulfiram results in greater than 90% inhibi-
tion of CYP2E1 activity, which lasts for hours (38). The effect of disulfiram is specific
in that the catalytic activities of other major P450s are not affected [as measured by suitable
probes (39)]. Another example is the antibiotic troleandomycin (TAO), which, when ad-
ministered in the usual therapeutic dose, produces greater than 90% reduction in liver
CYP3A4 activity that also persists for hours (40). Although less well studied in vivo than
disulfiram, data obtained in human liver microsomes suggest that the effect of TAO is
specific for CYP3A4 and other major P450s are not inhibited (41) Furafylline has also
been used to chemically “knock out” CYP1A2 in humans (42), but this drug is not widely
available. In addition, methoxsalen has been shown to significantly reduce CYP2A6 activ-
ity in vivo, but the specificity of the inhibition has not been established (43).

IX. ROLE OF P450s IN DRUG-INDUCED LIVER DISEASE

Most drugs that are capable of causing liver toxicity appear to do so through the generation
of toxic metabolites in the liver. The critical role of metabolites in chemical-induced injury
probably reflects the fact that in order to be absorbed into the body and reach the liver,
chemicals must generally be lipophilic (fat soluble) and metabolically stable. Lipophilicity
and metabolic stability are not typical properties of an intrinsic hepatotoxin. In the case
of drugs, the role of metabolites probably also reflects the ability of routine preclinical
animal testing to effectively screen parent molecules for intrinsic toxicity. If a drug pro-
duces liver toxicity in animals at doses close to those planned in humans, the drug is
usually abandoned from further development. Toxicity resulting from metabolism of the
drug in humans will be missed in preclinical studies if the animal species tested are not
capable of generating toxic metabolites in sufficient quantity.

As discussed above, metabolism of drugs by P450s generally produces metabolites
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that are safely eliminated from the body. However, under certain circumstances P450s
can generate reactive and potentially toxic metabolites. Indeed, the major enzymes impli-
cated in the production of hepatotoxic metabolites are the P450s. The identical enzymes
(Table 1) involved in the safe metabolism of drugs are also those that have been most
implicated in the production of toxic metabolites. Species differences in P450 catalytic
activities and regulation probably contribute to the imperfect ability of preclinical animal
studies to identify human hepatotoxins.

X. SPECIFIC EXAMPLES

A. Acetaminophen

Acetaminophen is believed to cause toxicity in the liver owing to production of the
N-acetyl benzoquinone amine metabolite (NAPQI). Studies with recombinant human liver
enzymes suggested that this reactive metabolite could be produced by several P450s, in-
cluding CYP2E1, CYP3A4, CYP1A2, and CYP2A6 (44–46). Investigators have ap-
proached addressing the relative importance of each of these enzymes in human studies
using inducers and inhibitors of specific P450s. NAPQI formed from acetaminophen in
the liver is conjugated to glutathione and eliminated as various thiol metabolites in urine.
Hence, the total production of NAPQI can be estimated from the production of thiol metab-
olites eliminated in urine. It has been shown that urinary excretion of thiol metabolites is
not increased in subjects who had been pretreated with omeprazole (47). As noted in Table
1, omeprazole treatment should have resulted in induction of CYP1A2 activity, especially
since the investigators only studied subjects who were CYP2C19 poor metabolizers and
who would therefore have had relatively high blood levels of omeprazole (14). The ab-
sence of an increase in NAPQI production after omeprazole treatment therefore suggests
that CYP1A2 is not a substantial contributor to NAPQI production in humans receiving
therapeutic doses of acetaminophen. Likewise, rifampin pretreatment did not produce a
detectable increase in NAPQI production (48), indicating that CYP3A4 is likely to be at
best a minor pathway for production of NAPQI from therapeutic doses of acetaminophen.
However, pretreatment of subjects with the CYP2E1-specific inhibitor disulfiram resulted
in a 69% reduction in production of NAPQI (48). Hence, although the in vitro studies
indicated the potential involvement of multiple P450s, the in vivo studies in humans indi-
cate that a single P450, CYP2E1, accounts for most of the NAPQI formed after therapeutic
doses of acetaminophen. The enzymes responsible for production of the 30% of NAPQI
formation uninhibited by disulfiram are currently unknown, but recent data suggest this
may largely reflect CYP2A6 (46).

It should be noted that quite different conclusions regarding the role of P450s could
be drawn from studies performed in rodents. For example, investigators have shown in
rats that inhibition of CYP3A enzymes by TAO treatment substantially raises the LD50

(49) and treatment with inducers of CYP3A enzymes (50) lowers the LD50 of acetamino-
phen. These observations have been interpreted as implicating CYP3A enzymes as major
contributors to NAPQI formation. These differences between rodents and humans proba-
bly in part reflect species differences in the catalytic activities P450s involved in NAPQI
production (44). The differences may also reflect the very high doses of acetaminophen
generally used in the rodent studies, whereas the human studies, by necessity, used non-
toxic doses. It therefore remains possible that CYP3A4 could play a role in human toxicity
produced by very large doses of acetaminophen.
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Several case reports (51) exist of severe acetaminophen toxicity occurring in patients
receiving treatment with various antiseizure medications, like phenytoin, that are known
inducers of some P450s. These patients would not be expected to have induced CYP2E1
activity (Table 1). In one series of patients with acute liver failure (52), patients with
acetaminophen liver injury who had been receiving treatment with antiseizure drugs ap-
peared to have a worse outcome than other patients [although a more recent report (53)
from the same institution did not verify these findings]. Three studies have directly ad-
dressed the effect of anti-seizure medications on production of NAPQI in humans (54–
56). In each study, the total production of NAPQI (expressed as percent of administered
dose) was not significantly increased by treatment with antiseizure drugs. However, the
rate of elimination of acetaminophen was generally increased, and this appeared to be due
to an increase in the rate of acetaminophen glucuronidation and sulfation. It is therefore
likely that the antiseizure medications studied induce the phase II enzymes involved in
the major pathway for elimination of acetaminophen, while having little effect on the
aggregate activity of P450s involved in NAPQI production. These studies suggest that
treatment with antiseizure drugs does not increase the risk of liver injury when acetamino-
phen is consumed as recommended. However, the increase in acetaminophen clearance
caused by certain antiseizure drugs could result in more rapid wearing off of the analgesic
effect of acetaminophen. A reasonable hypothesis to account for the association between
antiseizure medications and acetaminophen liver toxicity is that treated epileptics uninten-
tionally take more acetaminophen than recommended if they use symptom relief alone as
the guide to dosing.

It is generally recognized that ethanol consumption can increase susceptibility to
acetaminophen hepatotoxicity (57). Ethanol is a recognized inducer of CYP2E1 (Table
1), and ethanol induction of CYP2E1 provides an attractive explanation for incremental
risks in ethanol consumers. Early animal (58,59) and human (60) studies attempting to
directly show that ethanol consumption increases NAPQI production from acetaminophen
have been unsuccessful. Indeed, these studies indicated that the presence of ethanol in the
body actually reduces production of NAPQI. This paradoxical result has now been ex-
plained (61). Ethanol is a substrate for CYP2E1 and when ethanol is present in the body
in substantial concentrations, a large proportion of the CYP2E1-binding sites in the liver
are occupied by ethanol (62). Because ethanol has a high binding affinity for CYP2E1,
the enzyme is less capable of metabolizing acetaminophen when ethanol is present, and
hence the rate of production of NAPQI is reduced. This situation is directly analogous to
the principle of competitive inhibition illustrated with drugs B and C in Fig. 1. An addi-
tional important finding is that when ethanol is bound to CYP2E1, the enzyme is stabilized
against degradation, increasing its intracellular half-life (63). With prolonged intoxication,
there is an accumulation of (ethanol-inhibited) CYP2E1. When ethanol is suddenly re-
moved from the liver, the accumulated CYP2E1 becomes catalytically active, resulting
in induced catalytic activity. The period of induction is relatively brief, however, since
the uninhibited CYP2E1 degrades at its rapid baseline rate.

Slattery and co-workers (61,64) have developed mathematical models to describe
the effect of “ligand binding” of substrates such as ethanol and isoniazid on CYP2E1
catalytic activity and accumulation within the liver. The model predicts that the magnitude
of increase in CYP2E1 catalytic activity is a function of the blood concentration of the
inducer/substrate as well as the total duration of exposure. In recent human studies, the
model successfully predicted the magnitude of increase in rate of production of NAPQI
from a test dose of acetaminophen after treatment with isoniazid (64) and ethanol (61).
In the case of ethanol, an intravenous infusion to maintain a blood ethanol level at 100
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mg/dL (a frequent legal limit of intoxification) for 6 h produced a mean 23% increase in
NAPQI production immediately after ethanol was cleared from the body. This was close
to the 21% increase predicted by the model. The ethanol exposure used in this study
corresponds to the amount of ethanol present in roughly one six-pack of beer or one
bottle of wine. Applying the model to additional ethanol consumption scenarios (61),
the investigators predicted that the maximal increase in NAPQI production that could be
produced by prolonged consumption of very large amounts of ethanol was 2.3-fold. The
investigators also reported that the ethanol treatment had no effect on the activity of
CYP3A4, as measured by the erythromycin breath test, verifying the specificity of
ethanol’s induction effects (61). This observation is at odds with data obtained in rodents
and cultured human hepatocytes indicating that ethanol may induce CYP3A enzymes
(67).

The model proposed by Slattery et al. (61,64) assumes that the entire inductive effect
of ethanol on CYP2E1 is due to stabilization against degradation. However, it should be
noted that ethanol in high concentrations has been shown to increase for CYP2E1 mRNA
in rodent livers (68–70), and at least one report has indicated increased CYP2E1 mRNA
levels in the livers of chronic human alcoholics (71). Nontheless, the approximate twofold
increase in NAPQI production predicted by the model is similar to the twofold increase
in CYP2E1 activity noted in chronic alcoholics (72).

B. Halothane

Halothane is known to undergo both reductive and oxidative metabolism in the liver (73).
Reductive metabolism had been implicated in the low level of hepatocellular injury (serum
ALT elevations) frequently observed following exposure to this anesthetic. The oxidative
pathway of halothane metabolism has been implicated in producing the reactive metabolite
[a trifluoroacetyl (TFA) intermediate], which can covalently bind to proteins in the liver
cell. It is generally accepted that the rare life-threatening liver injury associated with hal-
othane results from an immunogical response to the TFA proteins present on the liver
cell (74).

Current evidence obtained in studies involving human liver microsomes and recom-
binant human liver P450s suggests that the oxidative pathway of halothane metabolism
is catalyzed by CYP2E1 (75) whereas the reductive pathway is catalyzed by CYP2A6
and CYP3A4 (76). The role of CYP2E1 in halothane oxidative metabolism was confirmed
in a clinical study (77) where the CYP2E1 specific inhibitor disulfiram was administered
to patients prior to undergoing halothane anesthesia. The plasma and urine levels of fluo-
ride (a by-product of the reductive pathway) were not significantly changed in patients
receiving disulfiram, as would be expected if the reductive pathway is catalyzed by
CYP2A6 and/or CYP3A4. However, disulfiram treatment resulted in a 70% inhibition in
the plasma and urine levels of trifluoroacetic acid, the stable product of the oxidative
pathway. In a subsequent study, inhibitors of CYP3A4 (TAO) and CYP2A6 (methoxasa-
len) were given to patients undergoing halothane anesthesia (78). A modest decrease in
trifluoroacetic acid production was observed with methoxasalen, consistent with a minor
role for CYP2A6 in the oxidative pathway.

C. Other Drugs

A variety of other studies have been performed to determine the role of specific P450s
in liver disease produced by other drugs (79–81). In a few cases, positive results have
been obtained. Five individuals who had completely recovered from liver toxicity due to
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perhexiline (an antianginal medication used in Europe) were administered debrisoquine
to determine their CYP2D6 activity (Table 2) (82, 83). Four out of the five individuals were
characterized as CYP2D6 poor metabolizers. This frequency was significantly greater than
anticipated (5% in Caucasians). Perhexiline is believed to be metabolized by CYP2D6
and it is speculated that individuals deficient in CYP2D6 activity accumulate the drug in
the liver. Toxicity could then either be produced by the parent drug or result from metabo-
lites generated by alternate (non-CYP2D6) pathways of metabolism that must be relied
upon in the CYP2D6 poor metabolizer.

Likewise, patients who have recovered from chlorpromazine-induced liver injury
have been reported to have both a reduced ability to perform sulfoxidation of chlorprom-
azine (84) and an unusually high rate of hydroxylation of the drug (84). The enzymes
involved in sulfoxidation of chlorpromazine are not known, but the hydroxylation pathway
appears to be catalyzed by CYP2D6 (85). A logical, but as yet untested, hypothesis is
that individuals predisposed to chlorpromazine-induced liver injury are both ultrarapid
metabolizers of CYP2D6 (due to gene duplication) and poor sulfoxidators (reflecting poly-
morphism as an as-yet-unidentified gene). The impaired sulfoxidation hypothesis has been
called into question because of methodological issues in phenotyping patients (85a).

In most instances to date, however, attempts to link susceptibility to liver toxicity
to variation in activity of specific P450s have failed. For example, polymorphic expression
of CYP2D6 has not appeared to correlate with susceptibility to liver toxicity due to several
CYP2D6 substrates, including metoprolol, amitryptiline, or amodiaquine (86). Extensive
studies with the anti-Alzheimer’s treatment tacrine have also not yielded clear results.
Tacrine treatment is associated with serum ALT elevations greater than three times the
upper limit of normal in 25% of treated patients, and serum ALT levels greater than 20
times the upper limit of normal in 2% of treated patients (87). In vitro studies suggested
that reactive metabolites, capable of covalent binding to proteins, were produced from
tacrine by CYP1A2 (88). CYP1A2 activity in the population does not appear to be poly-
morphic (i.e., there are not distinct subpopulations with high or low activity). Nonetheless,
the catalytic activity CYP1A2 has been shown to vary at least 40-fold among patients
(89). These observations led to the hypothesis that patients with high CYP1A2 activity
might be those at greatest risk for tacrine liver toxicity. To test this hypothesis, caffeine
was administered as a probe of CYP1A2 activity to patients just before they received
treatment with tacrine (90). No correlation was observed between CYP1A2 activity and
the incidence or magnitude of serum ALT elevations. However, in a subsequent study,
the CYP1A2 activity was shown to correlate reasonably well with the apparent oral clear-
ance of tacrine (91). This is explained by the fact that the CYP1A2 catalyzes the major
(nontoxic) pathways of metabolism of tacrine as well as production of the putative reactive
metabolite(s).

The reason why there has been relatively little success applying our knowledge of
P450s to the prediction of those at risk for drug-induced liver disease probably reflects
multiple factors. First, the rate of production of a toxic metabolite by a given P450 is just
one of many variables that are likely to determine whether toxicity actually occurs. In
addition, most of the hypotheses that have been tested to date involve examination of the
major P450 involved in the overall metabolism of the drug in question. Toxic metabolites
are often the result of minor pathways of metabolism that have yet to be characterized.
Indeed, a major problem is that the reactivity of toxic metabolites often makes them inher-
ently difficult to “trap” and identify. An example of this may be diclofenac. Treatment
with this NSAID is associated with serum ALT elevations in up to 15% of treated patients,
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and cases of liver failure have been attributed to the drug (92). The major pathway of me-
tabolism of diclofenac (and most nonsteroidal anti-inflammatory drugs) is 4-hydroxylation
catalyzed by CYP2C9 (93). A recent attempt to link functional mutations in CYP2C9 to
risk of liver injury was unsuccessful (94). However, recent evidence indicates that the
toxicity may be mediated by one of two 5-hydroxylated metabolites that appear to be
produced by CYP2C19 (95). An untested hypothesis is that susceptibility to toxicity would
be increased in those patients who are both deficient in CYP2C9 activity and relatively
high in CYP2C19 activity.

D. Anti-P450 Antibodies

Liver disease due to several different drugs is associated with circulating antibodies to
P450s (96,97). These antibodies were first detected by examining the ability of serum to
react with mouse liver, stomach, and kidney slices placed on a single glass slide (this is
a standard clinical laboratory assay used to detect other autoantibodies, including mito-
chondrial, smooth muscle, etc). Serum from patients with certain types of drug-induced
liver disease reacted with endoplasmic reticulum in the liver and kidney cells, producing
a characteristic fluorescent pattern. The antibodies detected were therefore termed liver
kidney microsomal (LKM) antibodies. Some, but not all, LKM antibodies react with
P450s. The current concept for formation of anti-P450 antibodies is that a very reactive
metabolite is formed from the drug by the P450, and this metabolite binds covalently to
the enzyme. In Fig. 1, this would occur if the metabolite of drug A generated by CYP2D6
reacted directly with the CYP2D6 protein (i.e., prior to phase II metabolism), generating an
antigenic molecule. Anti-P450 antibodies generally recognize both the covalently modified
P450 (protein with attached metabolite) and the unmodified (native) P450. Controversy
remains over whether these antibodies actually mediate an immune attack on the liver,
as no one has yet convincingly shown that they can cause liver disease in a living animal
model. It remains possible that the antibodies are an epiphenomenon, resulting only after
the antigens are released into circulation as hepatocytes are lysed by other mechanisms.
However, several lines of evidence indicate that P450s are present in low abundance on
the outside of the liver plasma membrane (96,97). Hence, these antigens may be presented
to the immune system prior to hepatocyte lysis. Regardless of whether they mediate drug-
induced liver disease, the presence of anti-P450 antibodies appears to indicate that P450s
are producing metabolites reactive enough to covalently bind to liver proteins. In addition,
these antibodies can be employed in immunochemical techniques to identify which spe-
cific human P450 is involved in generating the reactive metabolite, even if the structure
of the reactive metabolite is unknown.

Halothane hepatitis is generally recognized to be immunologically mediated and is
associated with circulating antibodies to both native and TFA-modified CYP2E1 (98).
This is consistent with TFA intermediate production from halothane by CYP2E1. The
fact that multiple other hepatocyte proteins (in addition to CYP2E1) are recognized by
circulating antibodies (99) suggests that the TFA radical is sufficiently stable to diffuse
away from the enzyme after it is produced to react with more distant proteins.

Anti-CYP2C9 antibodies are characteristically found in patients with tienilic acid–
induced hepatitis (96). Autoantibodies to other liver proteins are typically absent. It has
been shown that CYP2C9 produces a reactive metabolite from tienilic acid (believed to
be a thiophene sulfoxide), which, once it leaves the P450 active site, will rapidly react
with water to form 5-hydroxy tienilic acid. However, this metabolite can also covalently
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bind to CYP2C9, creating a new antigen. The absence of antibodies to other liver proteins
(unlike those observed in halothane hepatitis) probably reflects the fact that the thiophene
sulfoxide has a life span too short to allow its intact migration to proteins other than
CYP2C9.

Anti-CYP1A2 antibodies are characteristically found in patients with liver injury
due to dihydralazine (96). As expected, it has been shown that a reactive metabolite is
produced from dihydralazine by CYP1A2. CYP1A2 is not present in the kidney, and this
accounts for why the circulating antibodies only react with liver endoplasmic reticulum,
creating LM antibodies.

It should also be noted that circulating antibodies to rat, but not human, P450s have
been found in patients with liver injury due to several anticonvulsants (100). The reasons
why these antibodies do not react with human P450s are unknown; it has been speculated
that the human P450s may require modification by the reactive metabolite(s) to be recog-
nized [101].

XI. OTHER P450-RELATED MECHANISMS FOR DRUG-INDUCED
LIVER DISEASE

It has been shown that some P450s, particularly CYP2E1, are capable of generating reac-
tive oxygen species simply as a function of their presence in the cells (102). Hence, induc-
tion of CYP2E1 as a consequence of isoniazid or ethanol treatment could lead to an in-
crease in production of reactive oxygen species, oxidative stress, and liver injury without
production of specific toxic metabolites.

It is also known that inducers of CYP3A4 are generally associated with liver toxicity
in humans. Examples include phenytoin, carbamazepine, macrolide antibiotics, and trogli-
tazone. It would be expected that induction of CYP3A4 would increase susceptibility to
toxicity due to drugs converted to toxic metabolites by CYP3A4. Recent studies have
suggested another mechanism whereby CYP3A4 inducers may cause liver disease. As
discussed earlier, the cytoplasmic receptor hPXR (or SXR) has been shown to mediate
drug induction of CYP3A4. In transgenic animals made to express an activated form of
hPXR, liver disease was reported to be present in the absence of exposure to drugs or
other chemicals (31). It is interesting to speculate that activation of SXR may mediate
liver toxicity, perhaps through a mechanism independent of P450 induction.
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I. INTRODUCTION

The liver, the bodies’ largest solid internal organ, performs a substantial number of vital
metabolic functions and is the main organ for drug and xenobiotic metabolism. These
functions require an extensive aerobic metabolism to generate sufficient quantities of ATP
in mitochondria. However, this metabolic activity causes a continuous formation of reac-
tive oxygen species. In addition, drug metabolism and potential cell injury can dramati-
cally increase the oxidant stress burden for each individual cell and the organ. This review
will focus on the general discussion of reactive oxygen and nitrogen formation, description
of antioxidant systems in different cellular and vascular compartments, and analysis of
potential adverse consequences of excessive oxidant stress in the liver.

II. REACTIVE OXYGEN AND NITROGEN INTERMEDIATES

Molecular oxygen (3O2) can be reduced by one-electron steps to superoxide (O2
�), hydro-

gen peroxide (H2O2), the hydroxyl radical (OH•) and then water (Fig. 1). Superoxide is
not very stable and dismutates rapidly to form hydrogen peroxide and singlet oxygen
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Figure 1 Reactive oxygen species generated by one-electron reduction steps of molecular oxygen
(3O2). During the spontaneous dismutation of superoxide (O2

�), singlet oxygen (1O2) is formed. If
nitric oxide (•NO) is present, superoxide reacts with NO and forms peroxynitrite (ONOO�) and
peroxynitrous acid (ONOOH). Peroxynitrite reacts with carbon dioxide to generate nitrating species
such as the (•NO2) radical. Neutrophils release the enzyme myeloperoxidase to form hypochlorite
(OCl�).

(1O2), another reactive oxygen species. However, in the presence of nitric oxide (•NO),
superoxide reacts preferably with NO to generate peroxynitrite (ONOO�). The rate of
peroxynitrite formation depends on the concentrations of both NO and superoxide (first-
order kinetics) and this reaction is near diffusion controlled (1,2). With the ubiquitous
presence of carbon dioxide (CO2)/bicarbonate in vivo, peroxynitrite reacts rapidly with
CO2 to form reactive intermediates, which are highly effective oxidizing and nitrating
species (1). In addition, peroxynitrite can be protonated to form peroxynitrous acid
(ONOOH), which is a powerful oxidant. Hydrogen peroxide can be reductively cleaved
to the extremely reactive hydroxyl radical in the presence of transition metals (Fenton
reaction). However, if phagocytes release myeloperoxidase, hypochlorite (OCl�), another
potent oxidant, is generated. In addition to the described primary reactive intermediates
(Fig. 1), a number of secondary radicals can be formed, e.g., alkyl (R•), peroxy (ROO•),
and alkoxy (RO•) radicals. In general, the secondary radicals are less reactive and more
selective in their target. Formation and steady-state concentrations of any of these de-
scribed reactive oxygen and nitrogen species in vivo are dependent on a number of factors
including the formation rates of the precursors, detoxification reactions, pH, and availabil-
ity of transition metals.

III. INTRACELLULAR AND VASCULAR SOURCES OF OXIDANTS

A. Mitochondria

Superoxide and hydrogen peroxide are the main initial reactive oxygen species generated
in all liver cell types and the vascular space. A major continuous intracellular source of
superoxide formation is the electron transport chain of mitochondria (3). Approximately
2% of total oxygen utilized in a cell is reduced to superoxide (4). NADH dehydrogenase
(complex I) and ubiquinone–cytochrome b complex (complex III) release superoxide even
under physiological conditions. The highest mitochondrial superoxide formation is ob-
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served during slow resting state 4 respiration, i.e., when the components of the respiratory
chain are mainly in the reduced form (5). Mitochondrial superoxide can increase substan-
tially when mitochondria are damaged. When superoxide is released from the electron
transport chain, it can combine with NO, generated by a mitochondrial nitric oxide syn-
thase (6), to form peroxynitrite within the mitochondrial matrix (7). In addition to the
electron transport chain of the inner mitochondrial membrane, monoamine oxidases, which
are located in the outer membrane, generate substantial amounts of hydrogen peroxide
during the oxidative deamination of biogenic amines (8). Because of the localization,
monoamine oxidases contribute to the oxidant stress in mitochondria and in the cytosol.
A mitochondrial oxidant stress has been demonstrated in connection with mitochondrial
dysfunction during hypoxia-reoxygenation (9), acetaminophen toxicity (10), chemical
hypoxia (11), extracellular oxidant stress (12), and the toxicity of ethanol (13) and bile
acids (14).

B. Microsomes

During phase I metabolism of xenobiotics, the microsomal P450 enzyme system can re-
lease activated oxygen intermediates. The formation of hydrogen peroxide and superoxide
has been documented in isolated microsomes (15). However, during in vivo drug metabo-
lism there is little, if any, evidence for increased oxidant stress (16,17), suggesting less
leakage of ROS from cytochrome P450 enzymes in the intact cell than in isolated micro-
somes. Nevertheless, drug metabolism can lead to secondary oxidant stress in the liver,
e.g., injury to mitochondria (10) and mobilization of transition metals (18). A severe oxi-
dant stress can be generated by metabolism of redox-cycling agents such as diquat (19),
paraquat (20), and menadione (21). These compounds are reduced by P450 reductase to
a radical species, which can reduce oxygen to superoxide thereby regenerating the parent
compound. Redox-cycling agents can undergo numerous cycles before they are excreted
and create an enormous oxidant stress and cause severe liver damage (19).

C. Peroxisomes

These cell organelles contain a number of oxidases, e.g., fatty acyl CoA oxidase, amino
acid oxidase, and urate oxidase, which generate hydrogen peroxide as a regular product
(4). Owing to the very high levels of catalase in peroxisomes, the adverse effects are
limited under physiological conditions. However, high-fat diet and drugs that are peroxi-
some proliferators cause an increase in fatty acyl CoA oxidase and potentiate the oxidant
stress in this cell organelle (22,23).

D. Cytosol

Xanthine dehydrogenase is a major enzyme in the cytosol of all liver cells. Although the
specific activity of this enzyme is the same in all three cell types, hepatocytes contain
more than 85% of the total enzyme activity in the liver (24). Prolonged periods of ischemia
(25) and certain drug toxicities (10) can cause a proteolytic cleavage of the enzyme re-
sulting in loss of the capability to bind the cofactor NAD�. Instead, the enzyme acts as
an oxidase by using molecular oxygen as electron acceptor, which leads to formation of
superoxide and hydrogen peroxide in the cytosol. Some time ago, xanthine oxidase (XO)
was considered the main intracellular source of reactive oxygen formation during isch-
emia-reperfusion (reviewed in ref. 26). However, it is questionable whether XO can actu-
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ally generate a quantitatively relevant oxidant stress in hepatocytes (27). The restricted
availability of the substrates hypoxanthine or xanthine may be the limiting factor for the
duration and extent of XO-mediated reactive oxygen formation (9). Recently, it was sug-
gested that xanthine oxidase might be a relevant source of reactive oxygen in Kupffer
cells (28) and, after release by hepatocytes and binding to endothelial cells, a major source
of oxidant stress in vascular lining cells (28,29).

E. Vascular Oxidant Stress

Kupffer cell activation and hepatic neutrophil recruitment contributes to liver injury during
drug metabolism (30–33), ischemia-reperfusion (34–36), endotoxemia/sepsis (37,38), and
alcoholic hepatitis (39). A number of inflammatory mediators activate and prime Kupffer
cells and neutrophils for enhanced superoxide formation including activated complement
factors (40), TNFα (41), and platelet-activating factor (42). Kupffer cells are in a fixed
position within the sinusoidal lining. Superoxide, generated by NADPH oxidase in Kupffer
cells, is released into the sinusoidal lumen and space of Disse. Because of the close proxim-
ity to other cells, Kupffer cell–derived reactive oxygen can directly cause cell injury,
which can be inhibited by vascular antioxidant enzymes (43). In contrast to Kupffer cells,
neutrophils adherent to vascular endothelial cells release cytotoxic mediators only when
excessively stimulated. However, this is rarely the case under realistic pathophysiological
conditions in vivo. Injury occurs mainly after chemotactic stimulation, transmigration, and
adherence of the neutrophil to hepatocytes (44,45). These processes require a number of
adhesion molecules including β2 integrins and intercellular adhesion molecule-1 (ICAM-
1) (46). Upregulation of the β2 integrin Mac-1 (CD11b/CD18) and the adhesion through
this receptor (47) is critical for neutrophil-induced reactive oxygen formation. In support of
this hypothesis, enhanced Mac-1 expression was shown in every model where neutrophils
contribute to liver injury (48–51). In addition, antibodies against Mac-1 attenuated the
postischemic oxidant stress by neutrophils and protected against neutrophil-induced liver
injury (37,49).

Until recently, it was unclear whether or not reactive oxygen is directly involved
in neutrophil-induced hepatocellular injury. Despite some evidence for reactive oxygen
involvement in vivo, coculture systems consistently showed that activated neutrophils
damage hepatocytes by protease release and not oxidant stress over a time frame of 15 h
(52,53). Based on these data, it was concluded that reactive oxygen may be necessary for
neutrophil cytotoxicity in vivo by inactivating antiproteases (reviewed in ref. 45). How-
ever, recent findings suggest that reactive oxygen generated by transmigrated and adherent
neutrophils causes an oxidant stress not only in the vasculature but also intracellularly
(37,54). The observation that glutathione peroxidase knockout mice are more susceptible
to neutrophil cytotoxicity indicates that neutrophils can kill hepatocytes by reactive oxy-
gen, a process that requires not more than 1 h after neutrophil attack (54). How can we
explain the drastic differences between results of in vivo experiments and the coculture
system in vitro? The most likely explanation for the opposite results is in the role of
hepatocytes. In vivo, hepatocytes are exposed to the same inflammatory mediators as
neutrophils, resulting in the upregulation of adhesion molecules such as ICAM-1 (48,
55,56) as well as the formation and release of CXC chemokines (57,58). Chemokines and
ICAM-1 are important for neutrophil chemotaxis and adherence to hepatocytes (57), which
is the final activating step for neutrophil degranulation and long-lasting adherence-depen-
dent reactive oxygen formation. In contrast, all coculture experiments were done with
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control hepatocytes. Under these conditions, neutrophils do not firmly adhere (57) and
the cytotoxicity is dependent on the excessive stimulation with inflammatory mediators.
Reactive oxygen may be generated but not long enough and not in close proximity to
hepatocytes. Therefore, the cytotoxicity in vitro is caused by slow proteolytic digestion,
not the rapid killing by reactive oxygen.

IV. PATHOPHYSIOLOGICAL CONSEQUENCES
OF OXIDANT STRESS

A. Lipid Peroxidation

Oxidant stress in the liver can cause lipid peroxidation (LPO), which is still a frequently
hypothesized mechanism of cell injury. Two main observations suggest a role for LPO
in pathogenesis: a significant increase in LPO and a cytoprotective effect of antioxidants
in combination with reduced LPO (26,59). However, this association does not conclusively
prove that LPO is the cause of cell injury. However, on a quantitative basis, the magnitude
of LPO in vivo is mostly insufficient to directly cause cell death (60). Excessive intracellu-
lar superoxide formation alone does not kill hepatocytes by LPO even after depletion of
glutathione (61). Extensive hepatic LPO in vivo was only observed when, in addition to
reactive oxygen formation, the cellular antioxidants, e.g., vitamin E and GSH, were de-
pleted (62,63), high levels of polyunsaturated fatty acids were present in membranes (63),
and iron was mobilized from intracellular stores (18). If some of these factors come to-
gether, massive LPO with severe cell injury ensues.

However, under most realistic pathophysiological conditions LPO is minimal and
is not likely to be responsible for cell damage. Does that mean LPO is not important?
LPO products are potent chemotactic factors for neutrophils and can modulate superoxide
formation (64). In addition, LPO products may enhance chemokine formation (65). These
observations may explain the role of LPO products in maintaining an inflammatory re-
sponse beyond the initial mediator formation (66). Furthermore, LPO products were shown
to promote induction of collagen gene expression in activated stellate cells and contribute
to fibrosis (67). Thus, LPO products can be important as signaling molecules under certain
pathophysiological conditions.

B. Nitrotyrosine Formation

The reaction of peroxynitrite with carbon dioxide yields nitrating species, which react
preferably with tyrosine (68). Nitrotyrosine residues were detected in the liver during
hepatic ischemia-reperfusion injury (69,70) and acetaminophen toxicity (71). The patho-
physiological relevance of enhanced peroxynitrite formation is not completely clear. After
high doses of acetaminophen, an initial nitrotyrosine staining is observed in the vascular
lining cells, followed by enzyme release and staining in hepatocytes (72). Inhibitors of
Kupffer cells prevented nitrotyrosine staining and injury (73). In addition, allopurinol
prevented mitochondrial dysfunction, oxidant stress, staining in hepatocytes, and injury
after acetaminophen (72). These data suggest that vascular and hepatocellular peroxynitrite
formation may be important for acetaminophen toxicity in the liver. Nevertheless, NO
formation in the liver is also critical for maintenance of liver blood flow under various
pathophysiological conditions (74,75). In most situations, peroxynitrite formation, espe-
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cially in the presence of scavengers such as GSH and NADH, is less damaging than
prolonged vasoconstriction and ischemia (75,76).

C. Reactive Oxygen and Cell Death

Reactive oxygen can cause hepatocellular necrosis without gross cell damage by lipid
peroxidation. The mechanism of this necrotic cell death is linked to the opening of the
mitochondrial membrane permeability transition (MPT) pore, which causes mitochondrial
uncoupling and loss of the membrane potential (77). A significant oxidant stress causes
oxidation of mitochondrial pyridine nucleotides and the formation of reactive oxygen spe-
cies in mitochondria, both of which increase mitochondrial free Ca2� (12). The MPT can
be induced by an increase in mitochondrial Ca2� directly (78) or through the activation
of mitochondrial serine proteases (calpains) (79). Cytosolic calpains can induce membrane
blebbing by degrading cytoskeletal proteins (80). These events lead to rapid necrotic cell
death of hepatocytes within 1 h (12,77).

Reactive oxygen can also induce cell death through apoptosis (81). In the liver,
apoptotic cell death induced or modulated by oxidant stress has been suggested for hepato-
cytes (82–84) and endothelial cells (84,85). However, the molecular mechanisms of reac-
tive oxygen-induced apoptosis are not well described. Caspases, a family of cysteine prote-
ases with essential sulfhydryl groups, are a potential target for reactive oxygen or reactive
nitrogen species. Caspases can be activated by low concentrations of hydrogen peroxide
(86). However, higher levels inhibit the enzyme presumably by oxidizing the essential
sulfhydryl groups (86). This mechanism may be responsible for the delayed apoptosis of
activated neutrophils at an inflammatory site (87). However, neither Fas antibody–induced
nor TNF-induced apoptosis in the liver was affected in glutathione peroxidase knockout
mice, suggesting no involvement of reactive oxygen species in the receptor-mediated
apoptotic pathways in vivo (54). In addition to reactive oxygen species, NO and/or reactive
nitrogen species can inactivate critical caspases and prevent apoptosis (88). Thus, reactive
oxygen and nitrogen species can manipulate apoptotic cell death under certain conditions.
However, the detailed mechanisms and the pathophysiological relevance need to be estab-
lished.

D. Reactive Oxygen and Gene Transcription

The activation of several transcription factors including nuclear factor (NF)-κB and acti-
vating protein-1 (AP-1) can be induced or modulated by reactive oxygen species (89). A
number of proinflammatory cytokines [e.g., TNFα, interleukin (IL)-1], chemokines (e.g.,
IL-8), adhesion molecules (e.g., ICAM-1, VCAM-1, and E-selectin), and stress genes
(e.g., heme oxygenase (HO)-1) are regulated by these redox-sensitive transcription factors.
Therefore, reactive oxygen can significantly enhance an inflammatory response, thereby
indirectly contributing to cell damage. Despite extensive experimental data, the molecular
mechanism of the redox sensitivity of these transcription factors is still unclear (90). It
may involve a number of redox-sensitive targets and is certainly dependent on the nature
of the activating mediator and the cell type (91). In the liver, TNFα formation can be
modulated by oxidant stress. Antioxidants inhibited endotoxin-induced NF-κB activation
and the formation of TNF mRNA and protein in isolated Kupffer cells (92). In support
of these results, TNFα formation in vivo could be prevented by the radical scavenger
dimethyl sulfoxide (93), and endotoxin-induced TNFα generation was three-times higher
in glutathione peroxidase knockout mice (54). Furthermore, increased nonheme iron con-
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centrations and increased reactive oxygen formation in hepatic macrophages isolated from
alcohol-treated animals responded to endotoxin exposure with higher NF-κB activation
and elevated transcription of cytokines and chemokines (94). Together these data clearly
indicate that gene transcription in Kupffer cells can be modulated by reactive oxygen.

Stimulation with TNFα can induce an intracellular oxidant stress in hepatocytes
(95). The radical scavenger dimethyl sulfoxide inhibited TNF-mediated NF-κB activation
and ICAM-1 mRNA formation in the liver in vivo (93). In addition, several antioxidants
attenuated the TNF-induced chemokine formation in HepG2 cells (96). Induction of
HO-1 in hepatocytes during hemorrhagic shock and resuscitation is dependent on the
activation of AP-1 (97). Because the activation of AP-1 and the induction of HO-1 could
be inhibited by antioxidants (98), an oxidant stress can promote not only proinflammatory
cytokine formation but also the induction of stress genes such as HO-1. This enzyme
generates the antioxidant biliverdin and the vasodilator carbon monoxide, both of which
may contribute to the hepatoprotective effect of HO-1 induction (98,99).

Stellate cells regulate sinusoidal blood flow and are, after transformation, the major
source of extracellular matrix protein formation leading to fibrosis. There is considerable
evidence that reactive oxygen and LPO can stimulate fibrogenesis (67,100). Reactive oxy-
gen species induce or modulate transforming growth factor β1-induced collagen α1 (I)
gene expression in vivo (101,102). Furthermore, reactive oxygen can stimulate chemokine
transcription in stellate cells (103), thereby enhancing the inflammatory response.

V. ANTIOXIDANT DEFENSE SYSTEMS

The continuous formation of reactive oxygen and reactive nitrogen species during physio-
logical functions of liver cells and the potential for a substantially increased oxidant stress
under many pathophysiological conditions (Figure 1) require an effective defense sys-
tem against these reactive intermediates. Because of the variety of oxygen and nitrogen
metabolites formed and their different localization and reactivity, a sophisticated, multi-
level network of antioxidant enzymes and small molecules is operative in every liver cell
(Fig. 2).

A. Enzymatic Defense Mechanisms

Superoxide is removed by superoxide dismutases (SOD) in the major cellular compart-
ments (104). Cu2�/Zn2�-SOD is located in the cytosol and nuclear matrix and Mn3�-SOD
is present in mitochondria (105). Superoxide first reduces the redox-active metal (Cu2�

or Mn3�) that yields molecular oxygen; a second superoxide molecule is then reduced to
hydrogen peroxide by the metal ion. The reaction of superoxide with SOD is diffusion
limited. The high intracellular SOD levels (approx. 10 µM) keep the steady-state levels
of superoxide in the range of 1–10 pM (2,4). Since superoxide is not a very toxic molecule
by itself and the spontaneous dismutation has the same reaction products, why is it benefi-
cial to have these high levels of SOD? In addition to the fact that SOD-catalyzed dismuta-
tion avoids the formation of singlet oxygen (Fig. 1), the main reason for the importance
of SOD might be to limit peroxynitrite generation (1,2). Using the rate constants for the
reaction of superoxide with SOD (2.4 � 109 M�1s�1) and NO (2 � 1010 M�1s�1), the rate
of disappearance for superoxide is 20,000 s�1 with SOD (10 µM) and 200 s�1 with NO
(estimated physiological concentration: 10 nM) (1). Thus, under physiological condi-
tions, SOD prevents peroxynitrite formation. However, if the NO concentrations are in-



42 Jaeschke

Figure 2 Cellular antioxidant defense mechanisms include enzymes for the rapid metabolism of
reactive oxygen and nitrogen species, binding proteins for transition metals (e.g., ferritin), and chain-
breaking antioxidants (e.g., vitamin E).

creased (10 µM), e.g., during an inflammatory response, the reaction with NO increases to
40,000 s�1 (1). This indicates that SOD cannot prevent intracellular peroxynitrite formation
under inflammatory conditions. This situation is even more critical in the extracellular
space, where SOD levels are much lower.

The hydrogen peroxide formed by SOD is degraded by catalase or glutathione perox-
idase. Most of the catalase enzyme activity is located in peroxisomes. Mammalian catalase
is a hemeprotein, which reduces hydrogen peroxide to water by utilizing electrons from
either hydrogen peroxide (catalase reaction) or other small molecules such as ethanol or
methanol (peroxidase reaction) (4). Catalase is inducible in the liver by caloric restrictions,
phenobarbital, and hypolipidemic drugs, e.g., clofibrate (106). The main function of cata-
lase is to metabolize hydrogen peroxide generated by oxidases in peroxisomes. Only under
extreme conditions will any relevant amount of hydrogen peroxide escape peroxisomes
or will significant amounts of cytosolic hydrogen peroxide be detoxified by catalase (107).

Glutathione peroxidase (GPx) is located in the cytosol (75%) and mitochondria
(25%). The enzyme contains selenium in the form of selenocysteine, which is critical for
the catalytic function (108). GPx can reduce peroxides, e.g., hydrogen peroxide and or-
ganic peroxides (108), and peroxynitrite (109). In contrast to its low specificity for perox-
ide substrates, the enzyme requires glutathione (GSH) as a cofactor. Glutathione disulfide
(GSSG) is rapidly reduced back to GSH by glutathione reductase and NADPH. Because
the reductase is the rate-limiting step of this cycle, GSSG accumulates to some degree
and can be excreted into bile and plasma (16). The removal of GSSG either by the reduc-
tase (�95%) or export from hepatocytes (�5%) protects protein sulfhydryl groups from
oxidation by high levels of GSSG. Mitochondria take up and release GSH but are not
able to export GSSG (110). Consequently, reduction of GSSG within mitochondria is the
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only option to avoid GSSG accumulation. As in the case of acetaminophen toxicity, this
cannot always be avoided (10).

A member of the glutathione-S-transferase family (GST-B) was identified as the
enzyme responsible for the GPx activity in selenium-deficient mice (111,112). GST-B,
which is inducible by selenium-deficiency (113), can only metabolize organic hydroperox-
ide but not hydrogen peroxide (114). However, despite this adaptation, selenium-deficient
animals are more susceptible to reactive oxygen-induced liver injury (115). Another en-
zyme, a selenium-dependent phospholipid hydroperoxide glutathione peroxidase, which
selectively uses lipid hydroperoxides as substrates, was identified (116). This enzyme is
located in mitochondria, nuclei, and microsomes and is involved in metabolism of peroxi-
dized lipids and therefore inhibits the propagation of LPO (117).

B. Low-Molecular-Weight Antioxidants

Ascorbate (vitamin C), α-tocopherol (vitamin E), and glutathione (GSH) are examples
of low-molecular-weight antioxidants. α-Tocopherol is the most effective chain-breaking
compound in biological membranes (118). As for most antioxidants, the intracellular con-
centrations of α-tocopherol are not high enough to be a relevant hydroxyl radical scaven-
ger. However, it effectively reduces peroxyl radicals (ROO•), one of the less reactive
secondary radicals, to the lipid hydroperoxide, which can then be metabolized by the
phospholipid hydroperoxide glutathione peroxidase (118). Thus, α-tocopherol prevents
the propagation of the radical chain by avoiding the formation of new alkyl radicals. The
α-tocopherol radical can be reduced by ascorbate and thiols such as GSH (119). Ascorbate
is regenerated in the aqueous phase by a GSH-dependent dehydro-ascorbate reductase or
a NADH-dependent semidehydro-ascorbate reductase (118). Thus, low-molecular-weight
antioxidants act together to interrupt radical chain reactions and to divert radicals away
from sensitive areas, e.g., hydrophobic membranes, to the aqueous phase (120). The criti-
cal importance of these compounds as defense systems to protect membranes has been
shown in acetaminophen and allyl alcohol hepatotoxicity. In normal animals, LPO is not
a relevant mechanism of cell injury for both of these compounds in vivo (121). However,
in animals fed a vitamin E–deficient diet, LPO becomes the predominant injury mecha-
nism with complete destruction of the liver within 1–4 h after administration of these
compounds (62,63).

Glutathione is the most important water-soluble antioxidant. It is used as cofactor for
glutathione peroxidases and S-transferases and it is important for maintenance of protein
sulfhydryl groups. The key functional group of GSH is the cysteine sulfhydryl moiety,
which is less susceptible to autoxidation than the same moiety in the isolated amino acid
(122). GSH is synthesized intracellularly by two ATP-dependent enzymes, γ-glutamylcyst-
eine synthetase and glutathione synthetase. Owing to its protease resistant γ-glutamyl
bond, GSH cannot be degraded by intracellular proteases. Thus, for the cellular turnover,
GSH has to be exported from the cell and is degraded by γ-glutamyltranspeptidase, which
is present on the surface of epithelial cells in the kidney, lung, and intestine and also in
the biliary tract (123). Sinusoidal and biliary transport proteins for GSH have been identi-
fied and characterized (124,125). The transport is electrogenic and does not require ATP
(126). Approximately 90% of the GSH in plasma is supplied by the sinusoidal GSH release
of hepatocytes (127). In contrast to the GSH transporter, a carrier for GSSG and GSH
conjugates has only been clearly established for the canalicular membrane (128). Much
less is known about a potential sinusoidal GSSG transporter (129). However, functional
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studies showed a release of GSSG into the sinusoids in the isolated perfused liver (27,
61,130) as well as in vivo (131). Quantitative estimations of GSSG formation and release
even during severe oxidant stress indicated that 1–5% of all GSSG formed is exported
and 95–99% is reduced by glutathione reductase (27,61). Approximately 80% of the ex-
ported GSSG is released into bile and 20% into the sinusoid (130). Thus, the biliary GSSG
efflux is the most sensitive marker of intracellular oxidant stress.

GSH is present not only in the cytosol but also in other cellular compartments includ-
ing mitochondria (15% of total hepatocellular GSH) (132). However, GSH is not synthe-
sized in mitochondria but has to be taken up from the cytosol by a carrier different from
the one on the plasma or canalicular membrane (133). An intact proton gradient is required
to transport GSH into the mitochondrial matrix and keep it inside (134). A depletion of
mitochondrial GSH impairs the detoxification mechanisms in this cell organelle and can
lead to increased oxidative injury, loss of mitochondrial function, and cell death (135–
137). Reactive oxygen escaping from mitochondria can induce NF-κB activation and pro-
mote gene transcription (137). On the other hand, any GSSG formed in mitochondria
through the activity of GPx cannot be exported into the cytosol (110); GSSG has to be
reduced or it will accumulate, as has been shown during acetaminophen toxicity (10).

C. Metal-Binding Proteins

Free radical processes such as LPO are dependent on the availability of redox-active transi-
tion metals. Therefore, another defense strategy is to keep metal ions such as Fe2�/Fe3� or
Cu� tightly bound to transport or storage proteins. Metal-binding proteins include ferritin,
transferrin, and lactoferrin for iron, caeruloplasmin for copper, and metallothionein for
other metals (138). Because of its large number of cysteines, metallothionein may also
act directly or indirectly as antioxidants (139).

VI. ANTIOXIDANT DEFENSE IN NONPARENCHYMAL CELLS

The previous paragraphs described various antioxidant strategies in the liver, i.e., hepato-
cytes. However, a limited number of studies suggest that similar systems are operative in
nonparenchymal cells (140,141). In general, activities of SODs and selenium-dependent
GPx are similar in nonparenchymal cells and in hepatocytes (140). Likewise, the GSH
contents on a nmol/mg cellular protein basis are very similar in all cell types. However,
owing to the much smaller cell size of nonparenchymal cells compared to hepatocytes,
the total GSH content in nonparenchymal cells represents less than 5% of the liver GSH
content (140). Thus, the detoxification capacity for reactive oxygen species is only a frac-
tion of hepatocytes. Interestingly, Kupffer cells and endothelial cells adapt differently
to an inflammatory stimulus. During endotoxemia, Kupffer cells modulate pro-oxidant
pathways, resulting in increased superoxide formation (142). In contrast, endothelial cells
upregulate SOD and GPx activities, the glucose transporter GLUT1, and key enzymes of
the carbohydrate metabolism (141,142). This response supports the detoxification potential
for reactive oxygen in endothelial cells and helps to maintain the integrity of the vascular
lining cells.

VII. ANTIOXIDANT DEFENSE IN THE VASCULAR SPACE

Inflammatory cells can release reactive oxygen and nitrogen species into the vascular space
and generate a substantial oxidant stress. Plasma antioxidants include albumin, transferrin,
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lactoferrin, ceruloplasmin, haptoglobin, urate, ascorbate, vitamin E, bilirubin, and extracel-
lular SOD and GPx activities (reviewed in ref. 143). However, the main problems of
plasma antioxidant systems are the low concentrations of the scavengers and the low
activities of the enzymes, which make them much less effective than their intracellular
counterparts. The exceptions are the metal transport proteins, which bind metals with high
affinity and, therefore, virtually eliminate free iron from plasma (143). Extracellular Cu2�/
Zn2�-SOD (eSOD) (144) and extracellular selenium-dependent GPx (eGPx) (145) are pro-
teins distinct from the cellular enzymes. However, their biological relevance is not clear.
ESOD can bind to surface proteoglycans on the endothelial cell surface (146). It can be
speculated that this SOD may protect endothelial cells from a vascular oxidant stress
induced by phagocytes and may limit peroxynitrite formation. Plasma eGPx is dependent
on the cofactor GSH. In contrast to the mM Km value of the enzyme (145), plasma GSH
concentrations are generally in the 5–200-µM range (147). Thus, it would be expected
that eGPx is not very effective in removing peroxides from plasma. Nevertheless, a recent
study showed that overexpressing plasma GPx protected against acetaminophen-induced
liver injury (148), which is in agreement with a vascular oxidant stress by Kupffer cells
as an initiating event in this model (31,73).

A more liver-specific antioxidant defense system has recently been recognized (147,
149). GSH can be oxidized in the vasculature during ischemia-reperfusion (35,149) and
endotoxemia (147), reflecting a Kupffer cell–induced oxidant stress. In this situation, the
plasma GSH levels are substantially increased (100–200 µM in the hepatic vein) owing
to enhanced release of GSH from hepatocytes (147). These elevated levels, which may
even be higher in the space of Disse, are sufficient to make GSH a fairly effective trapping
agent for reactive oxygen species. In support of this conclusion, depletion of plasma GSH
concentrations aggravated inflammatory liver injury (149) and an increase above baseline
levels protected against injury (150). The oxidation of GSH occurred in the vascular space
(35) and was not enzymatically catalyzed (151). In vitro studies showed that only H2O2

reacts with GSH and forms GSSG (150,151). Other relevant oxidants, i.e., hypochlorite
and peroxynitrite, are trapped by GSH but generate mainly higher oxidation states such
as sulfonic acid or sulfenic acid and very little GSSG (151). These data are supported by
in vivo experiments, which showed that nitric oxide synthase inhibitors increased plasma
GSH and GSSG levels during hepatic inflammation (75,76). In contrast, NO donors de-
creased GSH and GSSG concentrations in plasma (75). This suggests that when NO and
superoxide are generated in the vascular space, at least some of these molecules react to
form peroxynitrite, which can be trapped by GSH. If NO formation is prevented, less
peroxynitrite is formed and less GSH is consumed by this detoxification reaction. At the
same time, more superoxide dismutates to form hydrogen peroxide, which leads to more
GSSG formation. On the other hand, if more NO is generated, higher peroxynitrite forma-
tion leads to GSH depletion and, because less hydrogen peroxide is formed, less GSSG
is generated. Thus, GSH appears to be an important scavenger of reactive oxygen and
nitrogen species in the vascular space under inflammatory conditions.

Another important antioxidant system in plasma is selenoprotein P (152). The
plasma concentrations of this protein are in the range of 25–30 mg/mL. The protein con-
tains 7–10 selenocysteine and 17 cysteine residues in each molecule (153). Thus, it should
be able to function as a scavenger for reactive oxygen and peroxynitrite. Because many
different organs can produce and release this protein, it was postulated that selenoprotein
P acts as an antioxidant in the interstitial space (152). The importance of this selenoprotein
P was demonstrated in experiments where the redox-cycling agent diquat or glutathione
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depletion with phorone induced lipid peroxidation and liver injury in selenium-deficient
animals (154,155). Treatment of these animals with a dose of selenium, which was suffi-
cient to restore selenoprotein P levels in plasma but did not affect the low levels of GPx
in plasma or liver tissue, prevented LPO and liver injury (154,155). These observations
suggest a significant role of selenoprotein P as antioxidant in plasma.
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I. INTRODUCTION

Three main mechanisms are responsible for drug-induced liver injury. The most frequent
mechanism is the formation of reactive drug metabolites that can be directly toxic or cause
immune reactions (1,2). Another is drug-induced impairment of mitochondrial function,
which may decrease fat oxidation (causing steatosis) and/or energy production (causing
cell dysfunction or cell death) (3–7). A third mechanism involves the opening of the
mitochondrial permeability transition pore (MPTP), causing necrosis or apoptosis. Al-
though this permeability transition can be triggered by direct or indirect effects of the
parent drug on mitochondria (8,9), it is most frequently caused by the formation of reactive
metabolites, which can trigger MPTP opening through either direct toxicity or immune
reactions (8,9). Thus, even when hepatotoxicity is initially due to the formation of reactive
metabolites, mitochondrial injury plays a major role in the final mechanism of cell death
(8,9). Therefore, most forms of drug-induced liver lesions initially or secondarily involve
mitochondrial injury (9).
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II. ORIGIN AND STRUCTURE OF MITOCHONDRIA

Some 1.5–2 billion years ago, a precursor of present-day eukaryotes engaged in a
parasitic/symbiotic partnership with a wild bacterium (10–12). This precursor allowed
the bacterium to reside and divide within its cytoplasm. In exchange, the bacterium used
the emerging oxygen atmosphere to completely degrade fuels into CO2 and water, thus
providing the host with considerable energy (11,12). Like their bacterial ancestors, mito-
chondria have two membranes. A circular outer membrane surrounds the intermembrane
space, while an inner membrane with inner folds (the mitochondrial cristae) limits the
mitochondrial matrix (12).

Although most of the initial bacterial genes have been transferred to the nucleus of
the host, mitochondria have retained a small genome, located in the matrix (12). Each
cell contains many copies of this circular, double-stranded genome, as there are several
copies of mitochondrial DNA (mtDNA) in a single mitochondrion and many mitochondria
per cell (10). mtDNA encodes 13 polypeptides of the respiratory chain, while the re-
maining respiratory polypeptides and all other mitochondrial proteins are encoded by nu-
clear DNA. These proteins are synthesized in the cytoplasm (usually with a mitochondrial-
targeting presequence) and are then imported into the mitochondrial membranes or the
matrix, where the presequence is cleaved (10).

Respiratory chain polypeptides are located in the inner membrane, except for cyto-
chrome c, which is targeted to the intermembrane space (13). Although the initial shorten-
ing of very-long- and long-chain fatty acids is mediated by enzymes located in the inner
membrane, most other enzymes involved in fatty acid β-oxidation and the tricarboxylic
acid cycle are located in the mitochondrial matrix (10).

III. ROLES OF MITOCHONDRIA

A. Fat Oxidation and Energy Production

Mitochondria play a major role in fat oxidation and energy production. The entry of long-
chain fatty acids into mitochondria is modulated by carnitine palmitoyl transferase I (Fig.
1). This outer membrane enzyme is inhibited by malonyl-CoA, which is the first step in the
synthesis of fatty acids (14). This inhibition normally ensures a reciprocal relationship be-
tween fatty acid synthesis and the mitochondrial uptake and oxidation of fatty acids (14).

Once fatty acids are taken up by mitochondria, they are targeted toward oxidation
(14). Fatty acyl-CoAs are split by β-oxidation cycles into acetyl-CoA subunits, which can
either form ketone bodies or, like other fuels, be completely degraded to CO2 by the
tricarboxylic acid cycle (Fig. 1). The NADH and FADH2 that are generated by both β-
oxidation and the tricarboxylic acid cycle are then reoxidized by the mitochondrial respira-
tory chain (12). This regenerates the NAD� and FAD necessary for other cycles of fuel
oxidation (Fig. 1), and also initiates the process of energy production (3).

NADH and FADH2 transfer their electrons to the first complexes of the respiratory
chain (12). Although a fraction of these electrons react with oxygen to form reactive
oxygen species (ROS), as discussed later, most electrons migrate all the way along the
respiratory chain, up to cytochrome c oxidase, where they safely combine with oxygen
and protons to form water (Fig. 1). During this transfer of electrons along the respiratory
chain, protons are extruded from the mitochondrial matrix into the intermembrane space
(Fig. 1) (12). This creates a large electrochemical potential across the inner membrane
whose potential energy is then used to generate ATP. When ADP is high, protons reenter



Hepatotoxicity Due to Mitochondrial Injury 57

Figure 1 Fat metabolism in hepatocytes and mitochondria. Free fatty acids (FFA) are either
synthesized in the liver or transferred from the intestine or adipose tissue. FFA either enter mitochon-
dria, a step regulated by carnitine palmitoyl transferase I (CPTI), or are esterified into triglycerides
that are stored in the cytoplasm or secreted as very-low-density lipoproteins. Inside mitochondria,
FFA form acyl-CoA thioesters that are cut and oxidized by the β-oxidation and tricarboxylic acid
cycles, generating NADH and FADH2 that transfer electrons to the respiratory chain. Although part
of these electrons react with oxygen to form the superoxide anion radical and other reactive oxygen
species (ROS), most electrons migrate up to cytochrome c oxidase where they safely combine with
oxygen and protons to form water. The transfer of electrons along the respiratory chain is associated
with the extrusion of protons from the mitochondrial matrix into the intermembrane space. The
reentry of protons in the matrix through ATP synthase transforms ADP into ATP, which is then
extruded by the adenine nucleotide translocator (ANT), in exchange for cytosolic ADP.

the matrix through the F0 portion of ATP synthase, causing the rotation of a molecular
rotor in the F1 portion of ATP synthase and conversion of ADP into ATP (Fig. 1). This
ATP is then extruded by the adenine nucleotide translocator, in exchange for cytosolic
ADP (12).

Thus mitochondria burn fat and other fuels into CO2 and water, providing most of
the cell’s ATP. However, the price of this oxidative phosphorylation is a high formation
rate of ROS (12).

B. Mitchondrial ROS Formation

A fraction of the electrons transferred to the first complexes of the respiratory chain by
NADH and FADH2 directly react with oxygen to form the superoxide anion radical and
other ROS (Fig. 1) (12). Mitochondria are the main source of ROS in the cell (15).

Although mitochondria actively repair ROS-mediated mtDNA lesions (16), mtDNA
is very sensitive to ROS-induced damage, owing to its proximity to the inner membrane
(the main cellular source of ROS) and the absence of protective histones. ROS oxi-
dize mtDNA bases, which causes errors during either mtDNA replication (17) or repair
(18), leading to point mutations. ROS also cause mtDNA strand breaks, which can cause
mtDNA deletions (19).

The mitochondrial theory of aging suggests that the accumulation of these mtDNA
lesions eventually decreases mtDNA-encoded polypeptide synthesis and the transfer of
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Figure 2 Impairment of respiration increases mitochondrial reactive oxygen species (ROS) for-
mation. Even in the basal state, mitochondria are the most important sources of ROS in the cell.
When the transfer of electrons is blocked, the respiratory chain components that are located upstream
to the block become overly reduced and increasingly transfer their electrons to oxygen, forming
larger amounts of the superoxide anion radical and other ROS.

electrons along the respiratory chain (15). Whenever the flow of electrons is blocked at
some point along the respiratory chain, respiratory chain components located upstream
become overly reduced and directly transfer their electrons to O2, thus increasing the basal
formation of ROS (Fig. 2) (20). This increased ROS formation further increases ROS-
induced damage to mtDNA, causing more impairment of respiration and more ROS forma-
tion (10). This vicious circle could explain why mtDNA deletions (21), and some point
mutations (22), which are uncommon before age 40, exponentially accumulate during old
age. The high mitochondrial formation rate of ROS, and the oxidative damage it causes
to mtDNA and nuclear DNA, is probably one important mechanism of aging (10,23).

Another role of mitochondria is to modulate cell death.

C. Cell Survival and Cell Death

The partnership with parasitic bacteria may have been initially rather dangerous, because
wild bacteria tend to proliferate when they are well fed (7,10). The problem was solved
when the transcription and replication of the bacterial/mitochondrial genome were placed
under the control of nuclear genes (24), thus transforming wild bacteria into tame mito-
chondria (10). Before this could occur, however, the host may have found ways to partially
invalidate the proliferating bacteria, while bacteria may have disabled any mutant host
that took advantage of this control mechanism (10). The present-day sequel to this double
warfare is a shared decision-making process, in which both symbiotic partners play a role
in regulating cell death (25).

Mitochondria are involved in this decision through either closure or opening of a
pore in the inner membrane, called the MPTP (Fig. 3) (9,25). Pore closure allows the cell
to survive, while pore opening causes cell death (Fig. 3) (9). Pore opening allows massive
reentry of protons through the inner membrane, causing collapse of the mitochondrial
membrane potential and interrupting mitochondrial ATP synthesis. If the pore opens
quickly in all mitochondria, severe ATP depletion prevents apoptosis (an energy-requiring
process) and causes necrosis (Fig. 3) (26). Pore opening also causes matrix expansion,
rupture of the spherical outer membrane, herniation of the inner membrane and matrix
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Figure 3 Regulation of life and death by the mitochondrial permeability transition pore (MPTP).
Pore closure allows cell survival, whereas pore opening causes cell death. MPTP opening causes
the reentry of protons into the mitochondrial matrix, thus bypassing ATP synthase and preventing
ATP formation. Pore opening also causes matrix expansion, outer membrane rupture, and release
of mitochondrial cytochrome c (cyt. c) from the intermembrane space into the cytosol. If the pore
opens in all mitochondria, decreased ATP synthesis causes ATP depletion and necrosis. If the pore
opens in only some mitochondria, unaffected mitochondria keep synthesizing ATP (thus avoiding
necrosis), while permeabilized mitochondria release cytochrome c, which activates caspases, causing
apoptosis.

through the outer membrane gap, and cytochrome c release from the intermembrane space
into the cytosol (27,28). If the pore opens only in some mitochondria, unaffected mito-
chondria keep synthesizing ATP, while permeabilized mitochodria release cytochrome c,
which activates caspases in the cytosol, causing apoptosis (Fig. 3) (10,27,28).

IV. CONSEQUENCES OF IMPAIRED MITOCHONDRIAL FUNCTION

A. Primary Impairment of Fatty Acid Oxidation

Primary impairment of fatty acid oxidation causes hepatic steatosis (3). Mild inhibition
is not enough—severe impairment is required (3). In this case, the free fatty acids, which
are taken up by the liver or synthesized within the liver, are not oxidized by deficient
mitochondria, but are esterified into triglycerides that accumulate within the cytoplasm
of hepatocytes, causing hepatic steatosis (3).

Acute impairment of fatty acid β-oxidation typically causes microvesicular steatosis
(3). In this peculiar form of steatosis, numerous tiny lipid vesicles leave the nucleus in
the center of the cell and give the hepatocyte a “foamy,” “spongiocytic” appearance. Mixed
forms of steatosis can also occur when β-oxidation is more chronically impaired. Some
hepatocytes are filled with tiny lipid vesicles, while others exhibit large fat vacuoles or
both small vesicles and larger vacuoles. These associations and transitions suggest that
tiny lipid vesicles can coalesce into larger vacuoles. Instead, prolonged causes of steatosis
tend to cause macrovacuolar steatosis (3). In this form of steatosis, hepatocytes are dis-
tended by a single, large vacuole of fat, displacing the nucleus to the cell periphery.

The acute onset (or sudden aggrevation) of mitochondrial failure may leave no time
for the progressive coalescence of small lipid vesicles into large vacuoles, explaining the
microvesicular pattern of steatosis in acute mitochondrial diseases. Another mechanism
could involve an emulsifying effect of free fatty acids (3). When mitochondrial β-oxidation
is impaired, free fatty acids increase in the liver, and these amphiphilic compounds may
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form an emulsifying rim around lipid droplets, thus favoring the persistence of small fat
vesicles (3).

Primary impairment of fatty acid oxidation also secondarily impairs mitochondrial
energy production (3). Fatty acid oxidation represents the main cellular source of energy
between meals, and subjects whose mitochondrial β-oxidation is impaired do not tolerate
fasting (29). Fasting may trigger hypoglycemia in these patients (29), thus hampering
energy production from this still oxidizable fuel in extrahepatic organs. Furthermore, fast-
ing also causes massive adipocyte lipolysis, thus flooding the liver with free fatty acids,
which are not oxidized by the deficient mitochondria and therefore accumulate in the
liver (3). Free fatty acids and their dicarboxylic acid derivatives inhibit and uncouple
mitocondrial respiration, further decreasing energy production (3). Although the energy
deficit is not sufficient to cause cell death, it can cause cell dysfunction in different organs.
These patients may develop mild liver failure (sometimes with renal failure and pancreati-
tis) and severe brain dysfunction, causing coma and death (29).

B. Primary Impairment of Mitochondrial Respiration

Impairment of mitochondrial respiration decreases energy formation and, depending on
the severity of the deficit, can cause either cell dysfunction or cell death (3). Moderate
impairment of respiration only causes cell dysfunction. Although there is no necrosis or
apoptosis, this can nevertheless cause severe lactic acidosis and death (3). Severe impair-
ment of respiration can cause liver cell necrosis, cholestasis, and fibrosis (30–32).

Impairment of respiration also blocks the transfer of electrons along the respiratory
chain, causing overeduction of the respiratory chain components located upstream, which
increases mitochondrial ROS formation (20). This increased ROS formation could contrib-
ute to the appearance of necroinflammation and fibrosis, as discussed later.

Finally, severe impairment of respiration secondarily impairs mitochondrial β-
oxidation (33). Normally, the NADH formed by β-oxidation is reoxidized by the mito-
chondrial respiratory chain, thus regenerating the NAD� required for fatty acid β-oxida-
tion. When respiration is severely impaired, NAD� regeneration is insufficient to sustain
β-oxidation (33). This secondarily impairs β-oxidation and causes microvesicular steato-
sis (3).

C. Common Features

Thus primary impairment of β-oxidation causes both microvesicular steatosis and second-
ary energy deficiency (causing cell dysfunction), while primary impairment of respiration
causes both energy deficiency (leading to cell dysfunction) and secondary impairment of β-
oxidation (causing microvesicular steatosis). Thus, whatever the initial impairment, drug-
induced mitochondrial dysfunction may associate features of both steatosis and cell dys-
function. However, each of these features may predominate according to the initial mecha-
nism.

V. DIVERSITY OF MECHANISMS IMPAIRING
MITOCHONDRIAL FUNCTION

Drugs may impair mitochondrial function by several mechanisms (3–9). They can degrade
mtDNA, terminate or inhibit mtDNA replication, inhibit mtDNA transcription, inhibit or
uncouple mitochondrial respiration, sequester CoA (which is required for fatty acid acti-
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vation before their β-oxidation), directly inhibit β-oxidation enzymes, or inhibit both β-
oxidation and respiration.

A. Degradation of mtDNA

1. Alcohol

Ethanol metabolism causes oxidative stress in the liver (34). Ethanol metabolism causes
excess NADH formation, which can reduce ferric iron into ferrous iron (a potent genera-
tor of the hydroxyl radical) (35). Other ROS sources include increased levels of ROS-
generating cytochrome P450 (CYP) 2E1 (36) and increased mitochondrial ROS formation
(37). ROS cause oxidative damage to mitochondrial lipids (38), proteins (39), and DNA
(40) in intoxicated animals.

A single, high dose of ethanol causes extensive mtDNA degradation and depletion
within 2 h in mice (40). These effects are prevented by 4-methylpyrazole (blocking ethanol
metabolism) or melatonin (an antioxidant) (40). Although damaged mtDNA molecules
are quickly repaired or resynthesized de novo (40), the repetition of mtDNA strand breaks
during chronic alcoholism can cause mtDNA deletions. The prevalence of mtDNA dele-
tions is increased in alcoholics with microvesicular steatosis, but not in patients with alco-
holic hepatitis or cirrhosis (41,42). The latter conditions increase liver cell turnover
(43,44), which could eliminate mutated mtDNA genomes, if cells with a high proportion
of mutated genomes fail to replicate and are progressively eliminated through apoptosis.
When ethanol ingestion is stopped, alcohol-induced mtDNA deletions disappear quickly
in white blood cells (45), which have a quick cell turnover.

Alcohol abuse can cause three primary types of liver lesions: macrovascular steatosis,
microvesicular steatosis, and necroinflammation. Macrovacuolar steatosis seems to be
mainly due to ROS-independent mechanisms. These include increased hepatic synthesis
of fatty acids, decreased hepatic lipoprotein excretion, and impaired hepatic fatty acid
oxidation due to the ethanol metabolism-mediated decrease in the NAD�/NADH ratio,
which slightly inhibits mitochondrial β-oxidation and markedly inhibits the tricarboxylic
acid cycle (46,47). Microvesicular steatosis is thought to be due to a combination of the
mild inhibition of β-oxidation, and ROS-dependent damage to mitochondrial lipids, pro-
teins, and DNA, which further impairs mitochondrial function (42). Necroinflammation
seems to be mainly mediated by ROS. ROS cause lipid peroxidation, and also increase
cytokine synthesis (10). Both effects cause necroinflammation and fibrosis, leading to
alcoholic hepatitis and cirrhosis (10).

2. Topoisomerase Inhibitors

Topoisomerases play an important role in DNA replication and transcription (48). Type
I topoisomerases act as monomers and cut one strand of DNA, while type II topoisomer-
ases act as dimers or multimers and cut both strands of DNA. These enzymes cut the
phosphodiester DNA backbone by forming a covalent bond between the liberated phos-
phorus and a tyrosine of the enzyme. Normally, this reaction is quickly reversible. These
enzymes first cut DNA, thus allowing other DNA strand(s) to cross the gap, and then
promptly reseal the DNA strand gap. Several antibacterial drugs (4-quinolones, novobio-
cine) or anticancer drugs (amsacrine, etoposide, anthracyclines, ellipticines, actinomycins)
are topoisomerase inhibitors (48). Although the mechanisms of inhibition differ with dif-
ferent drugs, most inhibitors act by preventing the resealing of DNA, thus increasing the
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number of enzyme-bound cleaved DNA complexes (48). Mitochodria contain both type
I topoisomerase and a bacterial-like type II topoisomerase (49).

The 4-quinolone antibiotics inhibit gyrase (the bacterial type II topoisomerase) and
also the mitochondrial type II topoisomerase (50). Ciprofloxacin blocks the resealing of
mtDNA breaks, causing accumulation of protein-linked double-strand mtDNA breaks
(51). Ciprofloxacin and nalidix acid progressively decrease mtDNA in cultured mamma-
lian cells, impairing mitochondrial respiration and cell growth (50). 4-Quinolone antibi-
otics can cause cholestasis, steatosis, and necrosis in humans (52,53), and trovafloxacin
and alatrofloxacin were taken off the market because of an unacceptable risk of fulminant
liver failure.

B. Inhibition of mtDNA Replication

1. 2′,3′-Dideoxynucleosides

Several 2′,3′-dideoxynucleosides are used in patients with the human immunodefi-
ciency virus. These include 3′-azido-2′,3′-dideoxythymidine (zidovudine, AZT), 2′,3′-
dideoxycytidine (zalcitabine, ddC), 2′,3′-dideoxyinosine (didanosine, ddI), 2′,3′-didehydro-
3′-deoxythymidine (stavudine, D4T), and (�)-2′-deoxy-3′-thiacytidine (lamivudine, 3TC).

The normal 5′-hydroxyl group of deoxyribose is present in the sugar analog of these
nucleosides, allowing formation of the triphosphate derivative and incorporation of the
analog into a nascent chain of DNA (Fig. 4). However, the normal 3′-hydroxyl group of
deoxyribose is absent in these analogs. Once a single molecule of the analog has been
incorporated, the DNA molecule lacks a 3′-hydroxyl group. No other nucleotide can be
incorporated, causing termination of DNA replication (Fig. 4) (54,55).

The effects of these dideoxynucleosides depend on the ability of various polymer-
ases to incorporate them into DNA. The human immunodeficiency virus reverse tran-
scriptase can perform this incorporation, impairing reverse transcription of the viral RNA
(Fig. 4). In contrast, the DNA polymerase that act in the nucleus do not affect this incorpo-
ration, thus allowing the therapeutic use of these analogs (55). However, DNA polymerase

Figure 4 Termination of mtDNA replication by dideoxynucleosides. Once the human immunode-
ficiency virus (HIV) reverse transcriptase or mitochondrial DNA polymerase γ has incorporated a
single molecule of dideoxynucleoside into a growing chain of DNA, the DNA now lacks a 3′ hy-
droxyl group, and no other nucleotide can be incorporated. In mitochondria, this can cause mtDNA
depletion and an acquired mitochondrial cytopathy.
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γ, which acts in mitochondria, also incorporates the dideoxynucleoside triphosphates into
growing chains of mtDNA, which impairs mtDNA replication (Fig. 4) (56,57).

Even in postmitotic tissues, there is a constant turnover of mitochondria, requiring
basal replication of mtDNA. When mtDNA replication is impaired, mtDNA levels may
progressively decrease (Fig. 4). The different dideoxynucleosides have differential effects
on mtDNA in diverse organs. In hepatic HepG2 cells, zalcitabine (ddC) markedly de-
creased mtDNA, while high doses of didanosine (ddI) caused a mild decrease, and stavu-
dine (d4T) had no effect (58). Although zidovudine (AZT) also had no effect on mtDNA
levels, it markedly increased lactate release (58). One possible explanation is that AZT
also inhibits the adenine nucleotide translocator, thus impairing ATP release and blocking
the flow of electrons along the respiratory chain (59). This may be one reason why lactate
production may be decreased even though mtDNA levels are normal. Another reason may
be increased ROS formation. Inhibition of the adenine nucleotide translocator can increase
mitochondrial ROS formation, causing oxidative damage to mtDNA (60,61), and probably
also other mitochondrial constituents. This oxidative damage could decrease mitochondrial
function despite normal mtDNA levels (61).

Clinical manifestations of acquired (or inborn) mitochondrial cytopathies are ex-
tremely polymorphic. They include bone marrow suppression, pancreatitis, peripheral neu-
ropathy, myopathy, and microvesicular steatosis of the liver, sometimes with fatal lactic
acidosis and hepatic mtDNA depletion (62). Severe lactic acidosis has been mainly re-
ported with zidovudine (AZT), followed by stavudine (d4T), didanosine (ddI), and lami-
vudine (3TC) (63).

2. Fialuridine

Clinical trials testing the efficacy of fialuridine in patients with chronic hepatitis B were
abruptly interrupted after several patients developed microvesicular steatosis and unman-
ageable lactic acidosis, sometimes with pancreatitis, neuropathy, or myopathy (64).

This complication was unexpected because fialuridine possesses both a 5′-hydroxyl
group and a 3′-hydroxyl group, so the incorporation of a single molecule of fialuridine
into DNA should not immediately terminate mtDNA replication. However, when several
adjacent molecules of fialuridine are successively incorporated, further activity of DNA
polymerase γ is inhibited, decreasing mitochondrial DNA replication and mtDNA lev-
els (65).

C. Inhibition of mtDNA Transcription by Interferon-�

Interferon-α is used in patients with chronic viral hepatitis B or C. In cultured cells, inter-
feron-α inhibits the transcription of mitochondrial DNA into mitochondrial transcripts
(66), thus decreasing mtDNA-encoded respiratory chain polypeptides and mitochondrial
respiration (67). Some of the adverse effects of interferon-α, such as minor blood dyscra-
sias, myalgias, paresthesias, convulsions, and depression (68), resemble those observed
in mild forms of inborn mitochondrial cytopathies. Interferon-α is usually administered
thrice weekly, which may explain the mildness of the adverse effects. Mitochondrial tran-
scripts may be restored on the days without interferon, and the transient decrease on treat-
ment days may have a limited effect on mitochondrial proteins, whose half-life is long
(69). Theoretically, high daily doses of interferon-α could have greater effects. They
caused hepatic steatosis in a patient with chronic myelogenic leukemia (70). Although
pegylated interferons also seem to result in sustained exposure, it is not yet known whether
this modifies the incidence of adverse mitochondrial effects.
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D. Sequestration of CoA and/or Direct Inhibition of �-Oxidation

1. Aspirin

Aspirin is quickly hydrolyzed into salicylic acid, which is activated into salicylyl-CoA
on the outer mitochondrial membrane (71). Extensive salicylyl-CoA formation sequesters
extramitochondrial CoA, leaving insufficient CoA to activate long-chain fatty acids and
preventing their entry into mitochondria and β-oxidation (72).

Even though lethal overdoses of aspirin frequently cause microvesicular steatosis
(73), therapeutic doses do not, although they can trigger Reye’s syndrome in children
with viral infections. Endogenous substances that impair mitochondrial function, such as
interferon-α, tumor necrosis factor-α (TNFα), and nitric oxide, are released during viral
infections. Interferon-α decreases mtDNA transcription and respiration (66,67). Nitric ox-
ide reversibly inhibits mitochondrial respiration (74) and may open the MPTP (75). TNFα
also inhibits respiration and opens the MPTP (8). Nevertheless, viral infections rarely
cause Reye’s syndrome, suggesting that these endogenous substances do not impair
enough mitochondrial function to trigger the disease. However, if children take aspirin
during a viral illness, the added effects of salicylate on mitochondrial function may suffi-
ciently impair mitochondrial function to trigger the syndrome in some children. This po-
tentiating effect of aspirin is based on the following evidence. In the past, 93% of children
with Reye’s syndrome had received aspirin during an acute viral illness (76), and children
with Reye’s syndrome had received aspirin more frequently than those with similar viral
diseases not followed by Reye’s syndrome (77). When aspirin use was advised against
in feverish children, there was a corresponding decline in the use of aspirin and the inci-
dence of Reye’s syndrome in the United States (78). The few residual cases of Reye’s
syndrome now mainly occur in children with another potentiating factor, namely a latent
genetic defect in mitochondrial β-oxidation enzymes (79).

Yet another effect of salicylate is to slightly uncouple mitochondrial respiration (72)
and open the MPTP, as discussed later. This latter effect could be involved in the spotty
liver cell death observed in patients receiving high therapeutic doses of aspirin (80) and
could also contribute to Reye’s syndrome.

2. Valproic Acid

Valproic acid is a branched-chain fatty acid used in several forms of seizures. Like natural
short-chain fatty acid, valproic acid can enter mitochondria without undergoing previous
activation. Inside mitochondria, valporic acid is extensively transformed into valproyl-
CoA (81). The sequestration of intramitochondrial CoA inhibits the β-oxidation of long-,
medium-, and short-chain fatty acids (Fig. 5) (81–83).

Several other effects contribute to the mitochondrial toxicity of valproate (Fig. 5).
CYPs 2C9 and 2A6 desaturate the outer carbons of valproate, forming ∆4-ene-valproate
(84). This metabolite is activated into ∆4-ene-valproyl-CoA inside mitochondria (85,86).
The first dehydrogenation step of the β-oxidation cycle then forms ∆2,∆4-diene-valproyl-
CoA, which is a chemically reactive metabolite that may inactivate β-oxidation enzymes
(85,86). This could explain why the hepatotoxicity of valproate is enhanced by the con-
comitant administration of antiepileptic drugs (87) that may induce CYP2A6, such as
phenobarbital, phenytoin, and carbamazepine. Finally, valproic acid has an uncoupling
effect, which favors MPTP opening (Fig. 5), as discussed later.

An asymptomatic increase in serum aminotransferase activity, which normalizes
with either dose reduction or drug discontinuation, is frequent during administration of
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Figure 5 Mitochondrial effects of valproate. Valproate is extensively transformed into valproyl-
CoA in mitochondria, thus sequestering intramitochondrial CoA and impairing mitochondrial fatty
acid β-oxidation. Valproate is also desaturated by cytochrome P450 (CYP) into ∆4-ene-valproate,
which forms ∆4-ene-valproyl-CoA in mitochondria, and then ∆2,∆4-diene-valproyl-CoA, an electro-
philic metabolite that may inactivate β-oxidation enzymes. Finally, valproic acid uncouples mito-
chondrial respiration, thus favoring Ca2�-induced opening of the mitochondrial permeability transi-
tion pore (MPTP), thus triggering apoptosis.

this antiepileptic agent (87). A much less frequent side effect is a Reye’s-like syndrome
(88), which occurs mainly (but not exclusively) in very young children and between the
first and fourth month of treatment. Histologically, centri- and midzonal microvesicular
steatosis is associated with centrizonal necrosis, and sometimes cirrhosis (88). This combi-
nation of microvesicular fat and liver cell death may be related to the dual effect of valproic
acid, which both inhibits mitochondrial β-oxidation and opens the MPTP (7).

Valproate toxicity might be enhanced in patients with inborn mitochondrial cytopa-
thies, although the evidence is limited to a few case reports (89–91).

3. Tetracyclines

Tetracycline itself and the various tetracycline derivatives produce extensive microvesicu-
lar steatosis of the liver in experimental animals (92,93). This is due to the dual effect of
these antibiotics, which inhibit both the mitochondrial β-oxidation of fatty acids (92,93)
and the hepatic secretion of very-low-density lipoproteins (93). The latter effect occurs at
doses that do not inhibit protein synthesis, suggesting impairment of the assembly and/or
vesicular transport of these lipoproteins (94).

At presently administered oral doses, tetracycline may produce minor degrees of
hepatic steatosis of no clinical severity in humans. However, severe microvesicular
steatosis has occurred in the past during the intravenous administration of high doses of
tetracycline (95). Predisposing factors included impaired renal function (which may de-
crease tetracycline elimination) and pregnancy (which may impair mitochondrial function,
as discussed later). The syndrome usually appeared after 4–10 days of tetracycline infu-
sion. Microvesicular steatosis has also been observed after intravenous administration of
several other tetracycline derivatives (3,95).

4. Nonsteroidal Anti-inflammatory Drugs

Several nonsteroidal anti-inflammatory drugs are 2-arylpropionate derivatives. Hepatic
injury due to these drugs consists of hepatitis and/or microvesicular steatosis of the liver.
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The latter condition has been observed with pirprofen, naproxen, ibuprofen, and ketopro-
fen (96–99).

2-Arylpropionates have an asymmetrical carbon and exist as either S(�)- or R(�)-
enantiomers. Only the S(�)-enantiomer inhibits prostaglandin synthesis, whereas only the
R(�)-enantiomer is converted into the acyl-CoA derivative. Nevertheless, both the S(�)-
enantiomer and the R(�)-enantiomer of ibuprofen inhibit the β-oxidation of medium- and
short-chain fatty acids (100). Inhibition of β-oxidation has also been observed with pirpro-
fen, tiaprofenic acid, and flurbiprofen (101).

5. Amineptine and Tianeptine

These antidepressant drugs have a tricyclic moiety and a heptanoic side chain. They may
rarely cause immunoallergic hepatitis, due to the formation of reactive metabolites by
P450 (102,103). Rarely, they can also cause microvesicular steatosis, due to impaired β-
oxidation (3). Both amineptine and tianeptine are metabolized by the β-oxidation of their
heptanoic side chain, forming the five-carbon and three-carbon derivatives (104,105). In
the presence of these drugs, mitochondria are thus exposed to C7, C5, and C3 analogs of
natural fatty aids. These analogs reversibly inhibit the β-oxidation of medium- and short-
chain fatty acids (106,107).

6. Female Sex Hormones

About one in 13,000 pregnant women develop microvesicular steatosis during the last
trimester of pregnancy (108). Untreated, the disease progresses to coma, kidney failure,
and hemorrhage, and leads to the death of the mother and child in 75–85% of cases. In
contrast, rapid termination of pregnancy results in delivery of a healthy child and rapid
resolution of the mother’s disease in most cases (109). Both pregnancy and the administra-
tion of estradiol and progesterone alter mitochondrial ultrastructure and function in mice
(110,111). However, these effects are mild; β-oxidation is only slightly impaired and mi-
crovesicular steatosis does not develop in these mice (110,111). Similarly, most human
pregnancies do not cause acute fatty liver. Therefore, additional factors are probably re-
quired to trigger this syndrome.

Partial deficiency of long-chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD),
which is part of the trifunctional membrane-bound enzyme, has been reported in some
women with acute fatty liver of pregnancy (112). Mothers with a single defective LCHAD
allele who are unlucky enough to marry a heterozygous carrier and then to conceive a
fetus with two defective alleles develop the disease (112), whereas those who bear an
unaffected child usually have uncomplicated pregnancies. These observations, however,
do not reflect the real prevalence of this association in an unselected series of acute fatty
liver of pregnancy. We did not detect the most prevalent LCHAD mutation in any of 14
consecutive women with histologically confirmed acute fatty liver of pregnancy (113).
These findings suggest that the LCHAD deficiency is an uncommon cause of acute fatty
liver of pregnancy in unselected cases. Furthermore, although one in 70 French persons
is heterozygous for the A985G medium-chain acyl-CoA dehydrogenase (MCAD) muta-
tion (114), which accounts for 89% of all deficient MCAD alleles, none of the 14 women
with acute fatty liver of pregnancy carried the A985G MCAD mutation (113).

These observations should not prevent screening for various defects in mitochondrial
β-oxidation in women with acute fatty liver of pregnancy (particularly those with recurrent
disease or with a stillborn or unhealthy child). However, together with epidemiological
data, they do suggest that such defects are rarely involved. Indeed, with few exceptions,
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when pregnancy is terminated early, the child is healthy and the acute fatty liver of preg-
nancy does not recur in subsequent pregnancies. Drugs, food, stress, infections, and auto-
immune reaction triggered by the foreign child, or placental ischemia associated with
preeclampsia may perhaps trigger the syndrome in different women.

7. Glucocorticoids

Glucocorticoids inhibit acyl-coenzyme A dehydrogenases and produce microvesicular
steatosis of the liver in mice (115). Glucocorticoids can cause macrovacuolar steatosis
(95) and steatohepatitis (116) in humans, and we have observed some patients with mi-
crovesicular steatosis during treatment with high doses of glucocorticoids.

8. Calcium Hopantenate

Calcium hopantenate has caused several cases of Reye’s-like syndrome in Japan (117).
Pantothenic acid is a constituent of CoA, and calcium hopantenate may decrease CoA
and inhibit mitochondrial β-oxidation (117).

E. Inhibition of Both �-Oxidation and Respiration:
Role in Steatohepatitis

1. Amiodarone, 4,4′-Diethylaminoethoxyhexestrol, and Perhexiline

Amiodarone, 4,4′-diethylaminoethoxyhexestrol, and perhexiline are cationic amphiphilic
compounds. They have a lipophilic moiety and an amine function that can become proton-
ated (and thus positively charged). This structure is responsible for the two liver lesions
that occur with these drugs, namely lysosomal phospholipidosis and steatohepatitis (7).

The uncharged, lipophilic form of these drugs crosses the lysosomal membrane
(118). In the acidic lysosomal milieu, the unprotonated drug molecule is protonated and
trapped, since it cannot cross back through the lysosomal membrane. It reaches high intra-
lysosomal concentrations and forms noncovalent but tight complexes with phospholipids,
thus hampering the action of intralysosomal phospholipases (118). Phospholipids are not
degraded, and the phospholipid-drug complexes progressively accumulate as myelin-like
figures in enlarged lysosomes (118). Although phospholipidosis is frequent and may be
constant in patients receiving these drugs, it appears to have no clinical consequence, since
it often occurs without clinical symptoms or biochemical disturbances (119).

However, the cationic amphiphilic structure of these drugs also causes impaired
mitochondrial function (Fig. 6) (120–124). The unprotonated, lipophilic form easily
crosses the mitochondrial outer membrane and is protonated in the acidic intermembranous
space (120–124). This positively charged, protonated form is “pushed” inside mitochon-
dria by the high electrochemical potential existing across the inner mitochondrial mem-
brane and thus reaches high intramitochondrial concentrations (120–124). It remains un-
known whether this transport occurs through inner membrane transporters or directly
through the lipid bilayer. These high intramitochondrial concentrations inhibit β-oxidation
(causing steatosis) and also block the transfer of electrons along the respiratory chain
(120–124). Respiratory chain components become overly reduced and increasingly trans-
fer their electrons to oxygen to form the superoxide anion radical and other ROS (124).
This increased ROS formation causes lipid peroxidation (124), and, like ethanol (10),
could also increase cytokine production (10). Both lipid peroxidation and cytokines can
cause steatohepatitis lesions (10).

Prolonged administration of these three drugs can cause typical steatohepatitis
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Figure 6 Effects of amphiphilic cationic drugs on mitochondrial function. After crossing the
outer membrane, the uncharged tertiary or secondary amine (A) of amiodarone, perhexiline, or
diethylaminoethoxyhexestrol (DEAEH) is protonated in the intermembranous space. This positively
charged molecule (AH�) is “pushed” by the mitochondrial membrane potential into the matrix.
High intramitochondrial concentrations inhibit both β-oxidation (causing steatosis) and oxidative
phosphorylation (increasing the formation of reactive oxygen species). The latter may oxidize fat
deposits, causing lipid peroxidation, which, together with ROS-induced cytokine production, could
cause steatohepatitis.

lesions, with steatosis, necrosis, Mallory bodies, a mixed inflammatory cell infiltrate (con-
taining neutrophils), fibrosis, and even cirrhosis (125–130).

2. Tamoxifen

Steatohepatitis has been also reported in many patients treated with tamoxifen (131,132).
This is also a cationic amphiphilic drug that could inhibit both β-oxidation and respiration,
like the above-mentioned drugs.

3. Buprenorphine

This morphine analog is used as a substitution drug in heroin addicts. The sublingual route
is used, to partly prevent extensive first-pass metabolism in the liver. At high concentra-
tions, buprenorphine inhibits both mitochondrial β-oxidation and respiration in rat hepato-
cyte mitochondria (133). Much lower concentrations are observed in humans, and the drug
is usually well tolerated. However, cytolytic hepatitis and steatosis have been observed in
a few patients (134). Predisposing factors could include intravenous buprenorphine misuse
(resulting in higher concentrations) and concomitant exposure to viruses, other drugs, or
ethanol (which impair mitochondrial function) (134).

F. Uncoupling of Mitochondrial Respiration by Protonophoric Drugs

Several drugs can translocate protons from the intermembrane space into the mitochondrial
matrix (Fig. 7). This occurs with either cationic or carboxylic compounds. Cationic drugs,
such as amiodarone, 4,4′-diethylaminoethoxyhexestrol, perhexiline, tacrine, and buprenor-
phine, have an amine function (A) that is protonated (AH�) in the acidic intermembrane
space. This positively charged molecule is pushed by the membrane potential across the
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Figure 7 Opposite effects of uncouplers on mitochondrial respiration and ATP formation. Uncou-
plers translocate protons across the inner membrane (IM). The reentry of protons into the mitochon-
drial matrix decreases the membrane potential, unleashing the flow of electrons in the respiratory
chain and increasing basal mitochondrial respiration. However, ATP synthase is bypassed, and this
increased respiration produces heat instead of ATP, which may cause cell dysfunction or cell death.
The increased respiration also increases the reoxidation of NADH into NAD�, thus stimulating fatty
acid β-oxidation. Steatosis is not observed, unless the drug has other mitochondrial effects (such
as mitochondrial permeability transition, or inhibition of respiration or β-oxidation).

inner membrane (124,134). It releases its proton in the alkaline matrix, thus reforming
the uncharged molecule (A), which may cross back through the inner membrane lipid
bilayer, to be protonated again in the intermembrane space, ready for another cycle of
proton translocation (124,134). Carboxylic compounds cross the inner-membrane lipid
bilayer in the uncharged form (R-COOH), release H� in the alkaline matrix, and then the
anionic form (RCOO�) is pulled by the membrane potential into the intermembrane space.
This second crossing of the inner membrane occurs through anion transporters (135).
Inside the acidic intermembrane space, the uncharged acid (COOH) is formed again, ready
for another cycle of proton translocation.

The reentry of protons into the intermembrane space increases basal respiration (Fig.
7). As explained above, the flow of electrons along the respiratory chain is coupled with
the extrusion of protons from the mitochondrial matrix into the intermembranous state
(Fig. 1). Once a high membrane potential is achieved, it blocks the flow of electrons in
the respiratory chain. Uncouplers cause the reentry of protons into the mitochondrial ma-
trix and decrease the mitochondrial membrane potential (136), unleashing the flow of
electrons in the respiratory chain and increasing basal oxygen consumption (Fig. 7). How-
ever, ATP synthase is bypassed, and this increased respiration occurs in vain, to produce
heat instead of ATP. Severe uncoupling decreases cell ATP and can cause cell dysfunction
or cell death (136).

Unlike respiratory chain inhibitors, which impair the reoxidation of NADH into
NAD� and may secondarily inhibit mitochondrial β-oxidation (which requires NAD�),
uncouplers increase respiration, the regeneration of NAD�, and mitochondrial β-oxidation
(Fig. 7) (122). Steatosis does not occur, unless the drug has other effects on mitochondrial
function.
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G. Induction of Uncoupling Protein 2

Another mechanism that could uncouple respiration is induction of the uncoupling protein
2 (UCP2). When UCP2 is highly expressed in yeast cells, this inner mitochondrial mem-
brane protein has an uncoupling effect (137). UCP2 could sustain the cycling of free fatty
acids across the inner membrane, by permitting the transport of the charged anionic form
(RCOO�) from the mitochondrial matrix into the intermembrane space, where RCOO�

is protonated to RCOOH, which can cross the lipid bilayer to translocate one proton
into the matrix (138). The UCP2 messenger RNA is expressed in hepatocytes and in-
creased by free fatty acids, ROS, lipopolysaccharide, TNFα, interleukin-1, and peroxisome
proliferator-activated receptor agonists in rodents (139,140). It is still unclear, however,
whether the UCP2 protein is also sufficiently expressed to significantly uncouple respira-
tion in hepatocytes (139,140). Any uncoupling due to UCP2 is probably too mild to
cause deleterious pathological changes, although it might accelerate hepatic fatty acid β-
oxidation, and also potentiate the toxicity of ATP-depleting drugs (139).

VI. MITOCHONDRIAL PERMEABILITY TRANSITION

Some drugs cause direct MPTP opening, while other drugs form reactive metabolites,
which open the MPTP due to either direct toxicity or immune reactions.

A. Parent Drug

1. Salicyclic Acid, Valproic Acid, and Other Carboxylic Drugs

Carboxylic drugs often have a mild uncoupling effect, which tends to decrease the mito-
chondrial membrane potential, favoring MPTP opening (141). Salicylic acid, valproic acid,
and several carboxylic acids potentiate the MPTP opening caused by calcium (142). The
fact that an increase in cell calcium is a prerequisite may explain why these drugs rarely
have a cytopathic effects in clinical use. Nevertheless, they can trigger liver cell death in
some patients, as previously discussed.

2. Betulenic Acid and Lonidamide

Betulenic acid is a pentacyclic triterpene proposed as an anticancer drug. It opens the
MPTP in isolated mitochondria, even without added calcium, and causes apoptosis in
treated cells (143). Lonidamide is another investigational antineoplastic agent, which also
opens the MPTP in the absence of added calcium and causes apoptosis (144).

B. Direct Toxicity of Reactive Metabolites

The most frequent mechanism of drug-induced hepatitis is the formation of chemically
reative metabolites (1). Free radials cause lipid peroxidation, while electrophilic metabo-
lites react with glutathione or covalently bind to hepatic macromolecules. When only small
amounts of electrophilic metabolites are formed, they are detoxified by glutathione, and
direct toxicity does not occur. When large amounts of electrophilic metabolites are formed,
direct toxicity can occur (1).

1. Necrosis or Apoptosis

Although it was initially thought that the direct toxicity of electrophilic drug metabolites
causes only liver cell necrosis (145), it is now clear that it can also cause apoptosis. Several
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Figure 8 Involvement of mitochondria in reactive metabolite-mediated direct toxicity. The exten-
sive formation of reactive metabolites may cause glutathione (GSH) depletion, covalent binding to
protein thiols, and also DNA damage, leading to p53 and Bcl-2-associated x protein (Bax) overex-
pression. GSH depletion and covalent binding decrease protein thiols and inactivate calcium translo-
cases. The increase in cell Ca2� activates Ca2�-dependent tissue transglutaminase (forming a cross-
linked protein scaffold) and endonucleases (causing DNA fragmentation). The overexpression of
Bax, the oxidation of protein thiols, causing disulfide bond formation in the mitochondrial permeabil-
ity transition pore (MPTP) protein structure, and the increase in intramitochondrial Ca2� open the
MPTP in some mitochondria. Unaffected mitochondria keep synthesizing ATP, while permeabil-
ized mitochondria release cytochrome c, which activates caspases. MPTP opening also releases
apoptosis-inducing factor (AIF), which cuts DNA into large fragments, while caspase 3 cuts the
inhibitor of caspase-activated deoxyribonuclease (ICAD), allowing this nuclease (CAD) to enter the
nucleus and further fragment nuclear DNA.

compounds transformed into reactive metabolites (e.g., acetaminophen, dimethylnitros-
amine, cocaine) have been shown to cause internucleosomal DNA fragmentation in hepa-
tocytes (146–148). This type of DNA fragmentation (which results in a DNA ladder on
agarose gels) is typically associated with apoptosis, whereas necrosis results in diffuse
DNA fragmentation (and a diffuse smear on agarose gels). The extensive formation of
reactive metabolites has been shown to cause morphological lesions of apoptosis, necro-
sis, or both (149–152). Dimethylnitrosamine administration mainly causes hepatocyte
apoptosis in mice (149). The administration of carbon tetrachloride (which is transformed
into a free radical) causes both hepatic necrosis and apoptosis in rats (150). Finally, reac-
tive metabolites from germander diterpenoids cause liver cell necrosis in vivo (151), but
hepatocyte apoptosis in vitro (152).

2. Mechanisms of Cell Death

The initial cellular mechanisms causing metabolite-mediated hepatocyte apoptosis (Fig.
8) were studied with germander (152). This medicinal plant was marketed for use in weight
control diets (153). This popular indication and the natural-medicine fad led to large-scale
utilization and an epidemic of hepatitis in France (153). Germander contains furano neo-
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clerodane diterpenoids, which are responsible for the in vivo hepatotoxicity of germander
in mice (151). In vitro, these furano diterpenoids are activated by CYP3A into electrophilic
metabolites (154). Extensive formation of glutathione conjugates exceeds the capacity of
hepatocyctes to resynthesize glutathione (154). The resulting glutathione depletion causes
oxidation of protein thiols, and protein thiols are further decreased by the covalent binding
of the metabolite (154). Protein thiol oxidation decreases the activity of plasma membrane
calcium translocases, whose role is the constant extrusion of calcium from hepatocytes
(145), thus increasing cytosolic Ca2� (Fig. 8) (152). Increased cell Ca2� activates Ca2�-
dependent tissue transglutaminase (forming a cross-linked protein scaffold) and Ca2�-
dependent endonucleases (causing internucleosomal DNA fragmentation) (152).

The final cellular events in metabolite-mediated apoptosis were studied with skullcap
(28). This medicinal plant also contains diterpenoids transformed into reactive metabolites
by CYP3A (28). In addition to the effects mentioned above, effects on the MPTP were
also studied. MPTP opening was observed, probably due to three mechanisms (Fig. 8)
The oxidation of protein thiols can form disulfide bonds within the MPTP structure, caus-
ing MPTP opening. The increase in cytosolic Ca2� increases intramitochondrial Ca2, a
potent stimulus for pore opening. Finally, reactive metabolites may also damage DNA.
This DNA damage increases p53, a transcriptional activator of the Bcl-2-associated �
protein (Bax), which translocates to michondria and opens the MPTP (28).

MPTP opening in some mitochondria caused matrix expansion, outer mitochondrial
membrane rupture, and release of mitochondrial cytochrome c from the intermembrane
space into the cytosol (Fig. 8) (28). Cytosolic cytochrome c has been shown to associate
with apoptosis protein activating factor (apaf-1), causing activation of procaspase 9 (11).
The latter activates effector procaspases, including procaspase 3 (11). Caspases cut cyto-
solic, cytoskeletal, and nuclear proteins, contributing to the ultrastructural lesions of ap-
optosis (155). Although it was not documented in the skullcap study (28), outer-membrane
rupture also releases apoptosis inducing factor (AIF), causing large-sized DNA fragmen-
tation (156), while caspase 3 cuts the inhibitor of caspase-activated deoxyribonuclease
(ICAD), allowing caspase-activated deoxyribonuclease (CAD) to enter the nucleus and
cause further DNA fragmentation (Fig. 8) (157)

In support of the sequence of events suggested in Fig. 8, the internucleosomal DNA
fragmentation and apoptotic cell death caused by skullcap diterpenoids were decreased
by acting on either one of these successive steps (28). Apoptotic cell death was prevented
when metabolic activation was inhibited by a CYP3A inhibitor, when the depletion of
cellular thiols was attenuated by GSH precursors, or when the activation of Ca2�-dependent
enzymes and Ca2�-induced MPTP opening were inhibited by a calcium/calmodulin inhib-
itor (28). Cyclosporin A, a direct inhibitor of MPTP opening, prevented cytochrome c
release, caspase 3 activation, and cell death (28). Finally, aurintricarboxylic acid, an endo-
nuclease and caspase inhibitor, and Ac-DEVD-CHO, a caspase 3 inhibitor, also prevented
apoptosis (28).

C. Immune Reactions

Drugs that form small amounts of reactive metabolites do not cause direct toxicity (1,2).
These drugs can nevertheless cause hepatitis in some patients, due to immune reactions
(1,2).

1. Mechanism of Immunization

The immune system recognizes proteins that differ from those of the individual (9). Pep-
tides derived from both self- and foreign proteins are transported to the cell surface, where
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Figure 9 Involvement of mitochondria in reactive metabolite-mediated immunoallergic hepatitis.
In viral hepatitis, the T-cell receptor (TCR) of cytotoxic T lymphocytes recognizes viral peptides
presented by major histocompatibility complex (MHC) class 1 molecules. In drug-induced immu-
noallergic hepatitis, chemically reative metabolites alkylate self-proteins, which may lead to the
presentation of alkylated peptides. Cytotoxic T lymphocytes express Fas ligand (Fas L) on their
surface, and express or release TNF-α. The interaction of Fas L with Fas and that of TNF-α with
its receptor (TNFR1) activate caspases, causing Bid (BH3 interacting domain death agonist) trunca-
tion and Bid mitochondrial translocation. Truncated Bid also causes a conformational change in Bax
(Bcl-2-associated x protein) allowing Bax mitochondrial translocation. Opening of the mitochondrial
permeability transition pore (MPTP) further activates caspases, causing hepatocyte apoptosis.

major histocompatibility complex (MHC) class II molecules present them to helper T
lymphocytes (9). Somatic clonal mutations of the T-cell receptor (TCR) provide a vast
array of different lymphocytes. The helper T lymphocytes that recognize normal peptides
are deleted or rendered anergic. Only the helper T lymphocytes whose receptor recognizes
something else remain active. Some of these lymphocytes can recognize a viral peptide
and start the immunization process. The drawback to this system is that a self-protein
modified by the covalent binding of a reactive metabolite will also differ from the normal
self, which, in some subjects, can trigger immune reactions directed against the modified
protein (1,2,9).

2. Mechanisms of Cell Death

Hepatocytes express MHC class I molecules that present peptides for possible recognition
by cytotoxic T lymphocytes (Fig. 9). When only normal peptides are presented, no cyto-
toxic T lymphocytes recognize these peptides (since autoreaction T lymphocytes are nor-
mally deleted or inactivated). In viral hepatitis, viral peptides are presented, and recognized
by the TCR of cytotoxic T lymphocytes (Fig. 9) (158,159). Similar mechanisms are proba-
bly involved in drug-induced immunoallergic hepatitis (9). Owing to the alkylation of
proteins by reactive metabolites, hepatocytes may express alkylated peptides on their MHC
class I molecules (Fig. 9) (9). These modified self-peptides differ from normal peptides
and may be recognized by the TCR of cytotoxic T lymphocytes (Fig. 9) (9).

Cytotoxic lymphocytes practice euthanasia: they help their diseased targets commit
suicide (Fig. 9) (9). They express Fas ligand on their surface and express or release TNFα
at contact sites with their cellular targets (158,159). Binding of Fas ligand causes activation
of Fas (Fig. 9) (160), which recruits a protein called FADD (Fas-associated protein with
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death domain) and pro-caspase 8 (160). Pro-caspase 8 is an initiator caspase with autocata-
lytic activity. When pro-caspase 8 is oligomerized by binding to FADD molecules, one
molecule of pro-caspase 8 may cut another pro-caspase 8 molecule, forming the active
caspase 8 tetramer. The latter then cuts and activates effector caspases, such as caspases
3 and 7 (160). The binding of TNFα to its receptor (TNFR1) has similar effects. The
activated TNFR1 first associates with TRADD (TNFR1-associated death domain), with
recruits FADD (the same molecule that binds to activated Fas). FADD recruits pro-caspase
8, causing effector caspase activation as described above (160).

Both caspase 3 and caspase 8 cleave Bid (BH3 interacting domain death agonist)
(161,162). The C-terminal fragment of truncated Bid translocates to mitochondria and
causes mitochondrial membrane permeabilization (162). This C-terminal Bid fragment
also causes a conformational change in Bax (163,164), which translocates to mitochondria
(165) to open the MPTP (166). In vivo, Fas-mediated MPTP opening causes matrix expan-
sion, outer-membrane rupture, and release of cytochrome c from the intermembrane space
into the cytosol (27). Cyclosporin A (an inhibitor of MPTP opening) prevents these mito-
chondrial effects, caspase activation and apoptosis, showing that MPTP opening plays a
major role in Fas-mediated apoptosis in vivo (27).

Similar effects occur in TNFα-induced cell death, and MPTP opening again plays
a major role (167,168). Thus, immunoallergic drug-induced hepatitis, like viral hepatitis,
involves mitochondrial effects in the final mechanism of cell death (Fig. 9) (9).

VII. CONCLUSIONS

Drugs or their reactive metabolites can open the MPTP and cause either necrosis (due to
ATP depletion) or apoptosis (due to caspase activation). Necrosis can also be due to drug-
induced uncoupling or inhibition of mitochondrial respiration (causing ATP depletion).

Drugs may also inhibit β-oxidation and cause microvescular steatosis. Drugs can
sequester coenzyme A (aspirin, valproic acid), inhibit mitochondrial β-oxidation enzymes
(tetracyclines, 2-arylpropionate anti-inflammatory drugs, amineptine and tianeptine, glu-
cocorticoids, amiodarone, and perhexiline), impair mitochondrial structure and function
(female sex hormones), inhibit either mitochondrial DNA replication (dideoxynucleosides,
fialurdine) or its transcription (interferon-α), or cause structural damage to mtDNA and
mtDNA depletion (alcohol, topoisomerase II inhibitors) (7). In the three latter instances,
oxidative phosphorylation is first impaired and this, in turn, secondarily inhibits β-oxida-
tion. A single drug (e.g., valporic acid) may have several different effects on mitochondrial
function, and several factors (e.g., aspirin and viral infection) may add their deleterious
effects on mitochondrial function.

When β-oxidation is impaired, fatty acids are poorly oxidized by mitochondria, and
are instead esterified into triglycerides, which mainly accumulate as small lipid vesicles.
Impaired energy production due to the inability to oxidize fatty acids, as well as the mito-
chondrial toxicity of free fatty acids and dicarboxylic acids, explains the severity of mi-
crovesicular steatosis, which can cause liver failure, coma, and death (7).

These mechanisms of drug-induced toxicity have only been described recently, and
are rarely investigated during the preclinical development of new drug molecules. How-
ever, cases of microvesicular steatosis have led to the recall of diethylaminoethoxyhexes-
trol, the discontinuation of clinical trials with fialuridine, a limited use of perhexiline or
tacrine, as well as early therapeutic misadventures with tetracyclines and valproic acid.
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We suggest that new drug molecules should be screened for possible mitochondrial effects
before they are released on the market.
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I. INTRODUCTION

The purpose of this chapter will be to provide a brief overview of the subject of cell death
and then to focus on what is known about the role of apoptosis and necrosis in drug
hepatotoxicity.

II. OVERVIEW OF CELL DEATH

It is currently recognized that the demise of cells reflects the triggering of the activa-
tion of a death program either by death receptor signaling or as a source of intracellular
stress leading to apoptosis versus the massive loss of cell integrity from overwhelming
stress leading to necrosis (1,2). The former involves shrinkage and nuclear disassembly
(apoptosis) and the latter involves swelling and lysis (necrosis). The type of cell death
and the susceptibility to death-inducing stimuli vary greatly from cell type to cell type
and from transformed cells to normal cells. In the liver, death of hepatocytes is the major
event leading to organ failure but in special circumstances the sinusoidal endothelial cells
(e.g., veno-occlusive disease) (3) or bile duct epithelium (vanishing duct syndrome) (4)
may be a key target. Hepatocyte death accounts for the key findings in drug-induced
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hepatitis, namely elevated serum AST, ALT, and functional disorders such as jaundice
and coagulopathy.

A. Apoptotic Cell Death

Apoptosis is a form of cell death that involves the shrinkage and disassembly of the nucleus
and cytoskeleton so that the cell is broken down into small fragments (Councilman bodies
seen in histology of liver), which undergo rapid clearance by phagocytosis by surrounding
cells or professional phagocytes. Apoptotic cell death (unless massive) tends not to elicit
inflammation and is therefore a mechanism for “quiet” removal. The entire “machinery”
of apoptosis is listed in Table 1. The process of dismantling involves the participation of
proteolytic enzymes, caspases, which are present in zymogen forms and are activated in
a cascade from initiator to executioner members of this class (5). The trigger for the
activation process to begin occurs either at the cell surface, where a death receptor binds
a ligand, or from an intracellular stress that initiates the process independent of death
receptors (Fig. 1). Death receptors of major significance in liver include TNF-R1 and
Fas, which bind TNFα and FasL (on T cells), respectively. When ligand binds, it causes
aggregation of receptors leading to conformational changes on the cytoplasmic side so
that adaptor or scaffolding proteins associate with the receptor, i.e., TRADD, FADD.
These then bind procaspase 8 causing it to self-activate by cleavage to release caspase 8.
In some cell types, sufficient initiator caspase 8 is released to activate procaspase 3 to
produce sufficient caspase 3 (executioner) to carry out the actual apoptosis. However, in
hepatocytes the death receptor–induced formation of caspase 8 is insufficient to activate
caspase 3 directly and an amplification mechanism is required, which involves the partici-
pation of mitochondria with the release of intermembrane proteins such as cytochrome c
leading to the assembly on a cytoplasmic scaffold (apaf-1) of cytochrome c, procaspase
9, and ATP (apoptosome) (6). Self-cleavage releases caspase 9, an initiator caspase, which

Table 1 The Machinery of Apoptosis

1. Key participants
Death receptors (Fas, TNF-R1)
Caspases (Initiators—caspase 8,9,10) (Executioners—caspase 3,6,7)
Bid, Bax, Bak
Mitochondrial proteins (cytochrome c, AIF, Smac/Diablo), ?MPT

2. Other factors
p53
Ceramide
Oxidative stress
ER stress
Cathepsins
Granzyme
JNK, p38 kinases

3. Survival factors
NF-κB (IAPs etc)
PI-3-Kinase
IAPs
HSP
NO � O2

•̄

Bcl2 , Bcl-XL
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Figure 1 Apoptosis cascade: death receptor and intracellular stress pathways emphasizing the
central role of mitochondria.

then cleaves procaspase 3 to release its active form. Caspase 3 then cleaves a number of
specific proteins as well as procaspase 7 and 2, which may have their respective specific
targets (7).

Mitochondria participate in apoptosis in many cell types. With death receptor signal-
ing, the generation of activated caspase 8 cleaves a Bcl2 family member, Bid, to form
tBid. tBid causes Bax to insert in mitochondria and Bak to self-aggregate (6,8). Either
Bax or Bak or both cause the outer mitochondrial membrane to become permeable, leading
to the release of cytochrome c. The intermembrane space contains other proteins that may
participate, including some pro-caspases, AIF, and Smac/Diablo. The latter binds apopto-
sis inhibitors, such as IAP1, IAP2, and XIAP. IAPs are cytoplasmic proteins that inhibit
caspases so the release of Smac/Diablo incapacitates these caspase inhibitors allowing
apoptosis to proceed (9,10).

Considerable controversy and uncertainty centers around the precise mechanism of
release of intermembrane proteins with regard to the role of the mitochondrial permeability
transition (MPT). This is a pore, composed of inner- and outer-membrane proteins, which
is normally closed but when opened causes depolarization and release of proteins. The pore
consists of the outer-membrane-voltage-dependent anion channel (VDAC), and peripheral
benzodiazepine receptor, inner membrane adenine nucleotide translocase (ANT), matrix
cyclophin (which binds cyclosporin A), and cytosol hexokinase and creatine kinase. Pro-
apoptotic Bcl2 members such as Bax promote opening of the pore and antiapoptotic mem-
bers such as Bcl2 and Bcl-XL inhibit opening. The pore contains functional vicinal thiols
so that it is responsive to changes in the thiol-disulfide status of the milieu; i.e., disulfide
formation opens the pore (11). Opening is inhibited by cyclosporin A and promoted by
atractyloside and brongkrekic acid binding to ANT.

Apoptosis may also be triggered by events within the cell that occur downstream
of death receptors, caspase 8, and/or t-Bid. This usually involves some type of stress—
oxidative stress, DNA damage, ER stress, etc. Drug toxicity might cause any of these
phenomena to occur. The resultant stress usually leads to participation of mitochondria
but the precise mechanisms leading to their participation are not well established but could



88 Kaplowitz

include alterations in the balance of Bcl2 members, the participation of p53, or direct
effects on the MPT pore.

A number of factors serve to inhibit apoptosis. Some are under the control of the
transcription factor, NF-κB (12), and include the IAPs (9) and iNOS (13) (NO inhibits
caspases). Stress kinases, such as JNK and p38, have been associated with pro and anti-
apoptotic effects (14). HSP can inhibit caspases (15). Hepatocytes are extremely resistant
to lethal actions of TNFα because TNFα not only activates the apoptosis cascade, but
also activates NF-κB leading to upregulation of survival genes. The resistance to TNFα
can be overcome by inhibition of transcription (16) or depletion of GSH (17,18). The
former blocks the production of survival gene products, whereas the mechanism for the
latter is less certain, but may include increased susceptibility of mitochondria to oxidative
stress or alterations in redox control of kinases and transcription factors (tipping the bal-
ance toward proapoptotic events).

B. Necrotic Cell Death

Necrosis is a lytic cell death that usually involves cell swelling and rupture due to loss
of the ability to maintain ion gradients and active transport as a consequence of profound
ATP depletion. Thus, loss of mitochondrial function plays a key role. The determination
of whether cells will die by apoptosis or necrosis appears to depend on how severely
impaired mitochondria become. Some critical level of ATP is required for the function
of the apoptosome (19). Furthermore, if extensive reactive oxygen species (ROS) or NO
production occurs, mitochondria may release cytochrome c but the ROS and NO may
inactivate caspases leaving the cell to progressively swell and lyse owing to loss of mito-
chondrial electron transport.

Thus, depending on the triggering phenomenon, cells may be committed to die as
a result of effects on mitochondria and the mode of death depends on the status of ATP
and the extent of inhibition of caspases. In other circumstances, the effects on mitochondria
may be only sufficient to cause apoptosis or may be so profound as to lead to rapid necro-
sis. Other unusual phenomena that overlap apoptosis and necrosis have been described in
special circumstances and have been described as aponecrosis, paraptosis, and caspase-
independent apoptosis (20–24). These are not well understood but underscore the concept
that cell death may not simply occur as apoptosis or necrosis, but may represent a contin-
uum or spectrum.

III. CELL DEATH IN DRUG HEPATOTOXICITY

Surprisingly little is known about the role of apoptosis versus necrosis in drug hepatotoxic-
ity. It seems reasonable to assume that immune hypersensitivity reactions directed at the
liver involve apoptosis. The histological picture of mononuclear cell infiltration and spotty
“necrosis” of individual hepatocytes (Councilman bodies), resembling the histological pic-
ture of viral hepatitis, supports this view; viral hepatitis mainly induces apoptotic death
of liver cells. The immune-mediated killing is directed at hepatocytes through antigen rec-
ognition (MHC1) and the likely participation of either FasL binding or the porin-dependent
delivery of granzyme to the cytoplasm. Granzymes can directly cleave procaspase 8 up-
stream of mitochondria or perhaps procaspase 3 downstream (25). The potential for the
participation of the Fas pathway is evident from the fact that agonistic monoclonal anti-
body to Fas can induce fulminant hepatic failure in mice as a consequence of massive
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Figure 2 Mechanism for increased acetaminophen hepatotoxicity in chemokine c receptor 2
(CCR2) null mice compared to wild type (Wt). Acetaminophen (APAP) acts on hepatocytes (HC)
to sensitize to the lethal actions of TNFα and IFNγ while upregulating monocyte chemoattractant
protein-1 (MCP-1). MCP-1 acting via CCR2 on nonparenchymal cells (NPC), particularly Kupffer
cells, downregulates the cytokines. In null mice, MCP-1 does not have a receptor leading to aug-
mented TNFα and IFNγ production and lethal effects on the sensitized hepatocytes.

hepatocellular apoptosis (16). The role of apoptosis in the action of direct hepatotoxins
such as CCl4 or acetaminophen has been investigated, whereas the role in idiosyncratic
delayed reactions is not known.

As noted in the chapter by Laskin in this volume, activation of Kupffer cells plays
an important role in direct toxicity of CCl4 and acetaminophen. In the case of CCl4, the
role of TNFα produced by Kupffer has been well established in that toxicity is abrogated
by immunoneutralization of TNFα (26) or use of TNF-R1 knockouts (27). In the case of
acetaminophen, some controversy exists. Although macrophage inhibitors protect against
acetaminophen (28), TNFα knockout mice are not protected (29). However, the suscepti-
bility to acetaminophen is enhanced in C-C chemokine receptor 2 (CCR2) knockouts, an
effect that can be attenuated by immunoneutralization of TNFα or IFNγ (30); CCR2
expression thus is protective through regulation of cytokine generation by MCP-1 (Fig.
2). Furthermore, others have shown that neutralization of TNFα seems to slow the devel-
opment of acetaminophen-induced injury and speed its resolution (31,32). Recently, IL-
10 knockout has been shown to sensitize to acetaminophen (59). Limited data are available
with other hepatotoxicants. LPS enhances allyl alcohol toxicity by a mechanism indepen-
dent of TNFα but abrogated by pentoxifylline (33). As discussed below, hepatotoxicants
may be directly lethal to hepatocytes or may sensitize hepatocytes to the lethal actions of
TNFα. In either case, there is considerable uncertainty as to the mode of cell death.

A. Carbon Tetrachloride (CCl4)

When rats were administered a modest dose of CCl4, a mixture of apoptosis and necrosis
was observed. Although TUNEL staining may not be completely reliable in distinguishing
apoptosis from necrosis in situ, the TUNEL staining was correlated with characteristic
cellular morphological changes of apoptosis as well as DNA laddering (34). It is difficult
to quantitate the extent of apoptosis since these cells are rapidly phagocytized. However,
apoptosis was appreciable. It is speculated that the dose of CCl4 may be a factor with
massive exposure leading to overwhelming necrosis and lesser exposure leading to a mix-
ture of necrosis and apoptosis. It is uncertain but certainly plausible that the apoptosis,
and perhaps the necrosis, are triggered by TNFα in the CCL4-sensitized hepatocytes.
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B. Acetaminophen

Considerable controversy has existed concerning the mode of liver cell death induced by
acetaminophen and its mechanism. The classic view is that covalent binding of NAPQI
to critical proteins mediates the lethal toxicity but it should be recognized that covalent
binding does not occur until all the cell GSH has been depleted, including mitochondrial
GSH for covalent binding in this organelle (which correlates with killing). Thus, profound
GSH depletion itself may exert a lethal action owing to the loss of the defense against
endogenous reactive oxygen species normally produced in mitochondria (and possibly
enhanced by the action of TNF) leading to lethal oxidative stress. In cultured mouse
hepatocytes the suspectibility to acetaminophen killing is potentiated by BCNU inhibition
of GSSG reductase and abrogated by iron chelators (35,36). Liposome-encapsulated SOD
protects rats against acetaminophen-induced liver injury without altering covalent binding
or GSH depletion (37). Similar results have been observed with an SOD mimic (38) and
intravenous SOD itself (39).

Although oxidative stress appears to play a major role in acetaminophen-induced
liver injury, the contribution of apoptosis versus necrosis is less certain. Earlier histological
evaluation suggested the appearance of apoptotic hepatocytes at the proximal edge of the
necrotic zone (40). Subsequent studies in the rat have suggested that nearly half the dead
cells are apoptotic by morphological criteria with confirmation by the appearance of elec-
trophoretic DNA laddering (41). Others have confirmed these findings more recently us-
ing TUNEL staining and increased caspase 9 and 3 activities (38). In contrast, Jaeschke
and co-workers have observed that caspases are inhibited after acetaminophen treatment
(? direct arylation or inhibitory effects of reactive oxygen or nitrogen species) (42) so ap-
pearance of TUNEL positive cells and DNA fragmentation in the liver after acetamino-
phen administration suggests a role for Ca2�-activated endonuclease and a necrotic cell
death (43,44). Indeed, prevention of acetaminophen-induced increased cell calcium pro-
tects against DNA fragmentation (45). Thus, the bulk of evidence favors the view that
acetaminophen-induced profound GSH depletion leads to lethal oxidative stress with the
mode of cell death being caspase-independent and therefore presumably necrotic. The ap-
pearance of TUNEL-positive cells and DNA fragmentation in this case are features of ne-
crotic cell death, underscoring the lack of specificity of these phenomena. However, it remains
possible that a significant contribution of cytokine-induced apoptosis in acetaminophen-
sensitized hepatocytes occurs, particularly at lower doses of acetaminophen or in midzonal
cells not overwhelmed by the production of NAPQI or that the mode of cell death involves
an overlap or caspase-independent apoptosis.

C. Role of GSH in Susceptibility to FasL and TNF�

Fas-mediated apoptotic killing of hepatocytes in vivo was prevented by phorone-induced
profound GSH depletion, an effect associated with inhibition of caspase 3 activation (46).
Antioxidants could not replace GSH, suggesting a direct effect of GSH on caspase activity,
i.e., redox maintenance of protein thiols critical for enzymatic activity. On the other hand,
chronic GSH depletion sensitized the liver to Fas-mediated apoptosis (47). This effect
correlated with GSH depletion-induced upregulation of p53 (presumably via oxidative
stress) and consequent upregulation of Bax. However, it is unclear whether the increase
in Bax or other effects of decreased GSH mediate the increased susceptibility.

The effect of GSH depletion in sensitizing to the lethal actions of TNFα has received
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considerable attention. Intracellular signaling following the binding of TNFα to TNF-R1
leads to increased reactive oxygen metabolite production in mitochondria (17). It has been
proposed that this involves the activation of acidic sphingomyelinase and the release of
ceramide and its products, which then act on mitochondria to block electron transport at
the complex III–ubiquinone cycle leading to auto-oxidation of O2 from the buildup of
electrons (48). Goosens et al. were the first to demonstrate this in a murine fibrosarcoma
cell; they showed that depletion of mitochondrial GSH markedly enhanced the TNFα-
induced oxidative stress and killing, whereas lesser depletion of mainly cytosol GSH was
ineffective (49). A critical point in their studies was that GSH depletion had to be delayed
for several hours after administration of TNFα to avoid the suppression of TNFα signaling,
hinting at the critical nature of the timing. Fernandez-Checa, Kaplowitz, and co-workers
subsequently observed that the selective depletion of mitochondrial GSH by chronic etha-
nol feeding rendered hepatocytes susceptible to TNFα killing, but the killing was mainly
in the form of necrotic cell death (17). Subsequently, it was found that profound depletion
of GSH by diethylmaleate sensitized hepatocytes to TNFα-induced apoptotic cell death
(50). Thus, it appears that depletion of mitochondrial GSH sensitizes to TNFα-induced
oxidative stress and lethal actions but the mode of cell death depends on the condition:
chronic ethanol appears to interfere with the apoptotic machinery in some fashion.

Conflicting results have been published on the effect of GSH depletion on the hepa-
totoxicity of LPS (or TNFα) � galactosamine. Aside from the issue of acute verus chronic
GSH depletion mentioned above, gradual GSH depletion with BSO pretreatment sensi-
tized the liver (47) and hepatocytes (18), or protected in another study (52), whereas acute
depletion sensitized in one study (51) or protected in several studies (47,52,53). However,
in our own work, we have observed sensitization of mouse hepatocytes to TNFα-induced
apoptosis by acute GSH depletion (50). Similar results have been reported by Fausto and
co-workers using a well-differentiated, nontransformed mouse hepatocyte cell line (18).

D. Role of NF-�B

Galactosamine, actinomycin D, and α-amanitin induce a transcriptional arrest, which
markedly sensitized to TNFα either directly administered, stimulated by exogenous LPS,
or endogenously produced (54). Transcriptional arrest in hepatocytes interferes with
TNFα-induced NF-κB dependent survival gene expression while leaving unopposed
TNFα-induced apoptotic signaling via DISC, caspase 8, and tBid or ceramide leading to
effects on mitochondria (Fig. 3). The role of stress kinases is less certain, i.e., pro- versus
antiapoptotic effects. However, NF-κB responsive genes inhibit JNK (60,61).

Since GSH depletion also sensitizes to TNFα at least under some experimental
conditions, it is of interest to understand the effect of GSH depletion on NF-κB activa-
tion and transactivation. In Molt-4 cells, GSH depletion inhibited NF-κB activation and
GSSG inhibited DNA binding (55). GSH depletion has also been shown to inhibit NF-κB-
dependent transcription in response to oxidative stress in Jurkat cells (56). In contrast,
GSH depletion stimulated JNK activation, which then phosphorylates c-jun leading to
increased AP-1 transactivation of antioxidative stress genes, including GSH-S-transferases
(GST) and γ-glutamylcysteine synthetase. Thiol-disulfide control of the stress kinase path-
way has been shown to be exerted at the level of ASK-1 (a kinase upstream of JNK and
p38) by redox-responsive thioredoxin (57) and at the level of JNK by GST-Pi monomer
(58). Thus, at present the mechanism by which GSH depletion sensitizes to TNFα-induced
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Figure 3 Opposing pathways of death and survival induced by TNFα.

apoptosis/necrosis is not entirely clarified and may include decreased defense against mi-
tochondrial oxidative stress, inhibition of NF-κB activation or transactivation, or increased
activation of stress kinases.

IV. CONCLUSIONS

Hepatotoxicity of drugs and chemicals involves lethal effects on hepatocytes or other cell
types in the liver. Hepatotoxicants may illicit an immune response leading to apoptosis
or affect liver cells in one of two ways: direct killing or sensitization to cytokines. The
mode of cell death in these circumstances may involve apoptosis, necrosis, or a mixture
of the two.
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I. INTRODUCTION

Since the liver plays such a central role in drug metabolism it is not surprising that this
organ often is a target of adverse drug reactions. Despite extensive and rigorous testing
of drugs in animals, hepatotoxicity in premarketing trials is a frequent cause of termination
of a drug-development program. The fialuridine story is a recent example. Fialuridine was
a promising drug for treatment of hepatitis B virus–associated chronic hepatitis yet proved
to be extremely toxic in a phase II trial. The drug caused multisystem toxicity characterized
by lactic acid acidosis, neuropathy, myopathy, and pancreatitis (1). Patients died of hepatic
failure characterized by microvesicular steatosis, glycogen depletion, bile duct prolifera-
tion, and cholestasis (2). Hepatic toxicity was probably amplified by the enterohepatic
cycling, which caused unpredicted high intrahepatic drug concentrations (3). The drug
appeared to affect mitochondrial DNA. Thus successful animal tests do not always pre-
clude toxicity in humans. An increasing number of drugs are taken off the market because
of adverse drug reactions (4). Unexpected untoward effects are often due to drug-drug
interactions or to prolonged use of a drug. Drug reactions may be rare but when these
drugs are used in large populations, rare events may become relevant. An example is
bromfenac with an incidence of hepatotoxicity of 1:20,000 when used longer than 10
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days. To find this in premarketing trials, the test population would have to be 100,000
persons on prolonged use. Also, diseases may change the behavior of a drug, in particular
liver and renal diseases. The problem should not be underestimated as adverse drug reac-
tions are estimated to rank among the top 10 causes of death in the United States and
costs to the community vary between $30 and 130 billion annually (5,6). It would be of
great benefit to patients, health care providers, and industry if tests could be developed
that would detect a potential hepatotoxicity risk. A thorough knowledge of the way drugs
are handled by the liver is a good starting point.

Hepatic drug reactions can be acute and reversible but also chronic and irreversible.
When mitochondrial or nuclear DNA is involved, drug reactions may be delayed. Delayed
and chronic drug reactions are less easily detected since time and effect relationships are
less clear. In practice it often occurs that a drug is dismissed as the cause of liver disease
but interrupting its use does not lead to resolution of the liver disease. This may be the
cause of a considerable underestimation of drug-related adverse effects and drug-related
hepatotoxicity.

In the liver, drug-metabolizing enzymes convert drugs to metabolites. Some of these
metabolites are unstable and reactive. For a given drug the pattern of drug metabolism
may be complex, with involvement of a number of enzymes. Many drug reactions are
unpredictable and idiosyncratic. This should not lead to the misconception that in those
situations drug metabolism does not play a role. A drug metabolite, for instance, can form
a neo-antigen upon covalent linkage to a protein and this can be the basis of an allergic
type of adverse drug reaction. The cytochrome P450 system plays a key role in many of
these metabolic conversions. Subsequent conjugation reactions make drugs fit for biliary
secretion.

There are many examples of drug interactions at the level of cytochrome P450. For
instance, erythromycin, ketoconazole, mibefradil, simvastatin, tacrolimus, and cyclosporin
A are all metabolized by CYP3A4. Combining these drugs may lead to toxic levels with
severe adverse reactions for the drugs with the narrowest therapeutic range, such as tacro-
limus, cyclosporin (both nephrotoxic), and simvastatin (rhabdomyolysis) (7,8). Certain
drugs, such as phenothiazines, barbiturates, rifampicin, and alcohol, induce isoenzymes
of the cytochrome P450 system thus increasing the synthesis of potentially toxic drug
metabolites such as paracetamol and isoniazid (9–12). Therefore, the risk for hepatotoxic
adverse drug reactions in patients on antiepileptic drugs or alcoholics is increased. This
is usually explained by an altered drug metabolism in these patients.

Before a drug is metabolized in the liver it has to be taken up in hepatocytes and
this occurs via one of many recently cloned uptake solute carrier proteins. Whether these
uptake systems are involved in hepatotoxicity is unclear. In analogy to the cytochrome
P450 system, uptake carrier proteins are induced by drugs. This may increase the intra-
hepatocellular concentration of a potential toxic drug. Uptake carrier genes may contain
barbiturate-responsive elements. Some solute carriers are downregulated (13), others are
upregulated (Oatp2) or unchanged (Oatp1, Oatp4, Ntcp) by phenobarbital (14). As for
inhibition of hepatic uptake, it has to be realized that there is a considerable redundancy
of hepatic uptake carriers. For example, the sodium-dependent bile salt transporter NTCP
(Na�/taurocholate cotransporting protein) is downregulated by high bile salt concentra-
tions (15,16). In contrast, prolactin and cyclic AMP have been reported to increase Ntcp
expression in rats (17,18). This would increase the intracellular bile salt concentration.
However, hepatocytes can deal with considerable bile salt loads as long as their secretion
capacity is unimpaired.
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The main solute carrier proteins in the hepatocyte are the ones that actively pump
drugs and metabolites out of the cell. They predominantly belong to the superfamily of
ATP-binding cassette (ABC) proteins and to a minor extent also to the family of P-type
ATPases. Members of the ABC superfamily are ubiquitous in nature and are present in
prokaryotes, worms, and eukaryotes, including yeasts and mammalian cells. These pro-
teins primarily function as drug efflux pumps and prevent the untoward intracellular accu-
mulation of drugs. In cancer cells these pumps are often overexpressed and, as such,
cause a multidrug-resistance phenotype. One type of multidrug resistance is attributed to
overexpression of P-glycoproteins. These are transporters of a wide range of hydrophobic
cationic anticancer agents including anthracyclines and vinca alkaloids (19). Another type
is associated with overexpression of the multidrug resistance–associated protein (MRP1)
and some homologs (20).

Mitochondrial damage is an important determinant of hepatotoxicity. The hepatotox-
icity of diclofenac, cocaine, ethanol, aspirin, valproic acid, ibuprofen, and zidovudine is
attributed to inhibition of mitochondrial β-oxidation, interference with mitochondrial
DNA, or a direct effect on mitochondrial respiration (21–23). Mitochondria are generators
of reactive oxygen species and oxidative stress may cause apoptosis through release of
cytochrome c from mitochondria. Thus the relation between plasma membrane transport-
ers and mitochondria may be twofold: plasma membrane transport helps in reducing the
intracellular concentration of toxic drugs and may help in protecting the cells against
oxidative stress. The glutathione conjugate of 4-hydroxynonenal, for example, is a sub-
strate for MRP1 (ABCC1) (24). In view of the central role of mitochondria in cell metabo-
lism, and perhaps also because of their evolutionary background, mitochondria probably
have their own set of drug efflux transporters. Indeed, recently mitochondrial ABC trans-
porters have been identified (25–29).

II. UPTAKE SOLUTE CARRIERS

Plasma membrane solute carriers in the liver allow uptake and secretion of useful, but
also of potentially toxic, agents. To perform this task hepatocytes contain a great number
of plasma membrane solute carriers. The uptake carriers in human and rodent hepatocytes
are shown in Tables 1 and 2. NTCP/Ntcp, in humans and rodents, respectively, has a
limited substrate specificity and is a specialized carrier for the Na�-dependent hepatic
uptake of bile salts (30). Although neither the endothelin antagonist BQ-123 nor indometh-
acin is a substrate of Ntcp, both significantly inhibit Na�-dependent bile salt transport
(31). Many other organic anions, such as steroid conjugates, bumetanide, furosemide, and
verapamil, also inhibit Ntcp-mediated bile salt uptake (32). The only non–bile salt sub-
strate of Ntcp discovered thus far is estrone-3-sulfate (33).

It is estimated that under normal physiological conditions Ntcp is responsible for
about 80% of taurocholate and for about 40% of cholate uptake in the liver (30). However,
reduced Ntcp expression does not seem to lead to a decreased bile salt uptake (34). The
OATP/Oatp’s (solute carrier family 21: SLC21/slc21) have considerable bile salt transport
capacity and may be able to partially compensate for reduced Ntcp expression.

Ntcp expression is subject to transcriptional and posttranslational regulation. Cell
swelling causes a cAMP-mediated translocation to the basolateral plasma membrane in
isolated rat (35). Delivery and insertion of Ntcp into the plasma membrane is microtubule-
and microfilament-dependent (36). Prolactin causes increased expression of Ntcp and this
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Table 2 Rat Liver Uptake Transporters: Rat Liver ntcp/oatp/oct Family
(30–32,45,47,50,132–134)

Oatp1 Oatp2 Oatp4
Ntcp Slc21a1 Slc21a5 Slc21a10 Oct1

Alternative names Lst-1
Substrates

Bromosulfophthalein � � � �

Taurocholate �� � � �

Estrone-3-sulfate � � � �

Estradiol-17βglucuronide �� �� �

Dehydroepiandrosterone sulfate �

Ouabain � 	 �

Digoxin ��

Pravastatin � ��

Ochratoxin A � �

T3,T4 � �

Bilirubin monoglucuronide � �

Endothelin receptor antagonist, BQ-123 � ��

Small organic cations ��

Bulky organic cationsa �

Polarity Basolateral Basolateral Basolateral Basolateral Basolateral
Tissue distribution H H,K H,K,B H H,K
Chromosome (rat) 6q24 XA3-A5 1q11-12

a Bulky organic cations are ajmalinium and rocuronium (50).
H, hepatocytes; K, kidney; B, brain.

is mediated by Stat-5-regulated increased transcription (37). Phenobarbital induces the
mRNA expression of Oatp2 but not the expression of Oatp1, Oatp4, Mrp2, and Bsep (14).
A recently identified basolateral methotrexate-transporting protein is downregulated by
phenobarbital treatment (13).

Low bile salt concentrations enhance Ntcp expression (38). High bile salt concentra-
tions, on the other hand, appear to reduce Ntcp expression. For instance, Ntcp is reduced
in cholestasis (15,39) and this may be mediated by high bile salt concentrations. Also, in
two noncholestatic mice models, i.e., mice with erythropoietic protoporphyria and
Mdr2�/�mice, both with very high serum bile salt levels, Ntcp is significantly downregu-
lated (34,40). Endotoxin, TNFα, IL-1β, and IL-6 inhibit bile salt uptake and downregulate
Ntcp expression (41,42). The cytokines probably result in a downregulation of nuclear
hormone receptors such as RXR, RAR, and HNF1 that bind to response element in the
promotor region of the Ntcp gene (42,43). Bile salts interfere with Ntcp gene transcription
by inducing the transcription of the so called small heterodimer partner, shp, that inhibits
the binding of RXR/RAR to the Ntcp gene (44). OATP-C (LST-1) and Oatp4 (rLst-1)
have been proposed as important backup systems for bile salt uptake (45,46). These pro-
teins, however, are also downregulated under cholestatic (bile duct ligation) and septic
(cecal puncture) conditions (45,46). Thus the downregulation of NTCP/Ntcp as well as
proteins belonging to the OATP/Oatp class of membrane transporters may be responsible
for the decreased bile salt uptake during sepsis and cholestasis. As we will see below,
some of the efflux transporters are also downregulated under these conditions. Thus the
reduced expression of the uptake carriers may be considered to be cytoprotective.

Bromosulfophthalein and its glutathione conjugate are widely used model substrates
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in transport studies and indeed are substrates for a number of uptake transporters (Tables
1 and 2). For taurocholate and other bile salts NTCP/Ntcp may be the principal carrier
proteins but bile salts are substrates for a great number of human and rodent uptake trans-
porting proteins. Also, the thyroid hormones, T4 and T3, are transported by a number of
uptake carriers. From a toxicological point of view ochratoxin A is of interest. Ochratoxin
A is a widespread mycotoxin occurring on moldy foodstuffs. Once ingested it has a very
long biological half-life. It is nephrotoxic and possibly also carcinogenic and teratogenic.
Ochratoxin A is a substrate for both Oatp1 and Oatp2 (47).

The OCT/Oct family of transporters have organic cations as their substrates. They
are particularly active in the kidney. OCT1/Oct1 in the liver is responsible for the uptake
of small molecular organic cations such as N-1-methylnicotinamide, tetraethylammonium
and 1-methyl-4-phenylpyridinium (48,49). The more bulky organic cations, ajmalinium
and rocuronium, are substrates for oatp1 in the rat (50). These carriers are of particular
importance during anesthesia since many anaesthetic drugs are organic cations.

III. DRUG EFFLUX PUMPS

Before excretion into the bile, drugs have to exit the liver via the canalicular membrane
of the hepatocyte. Drugs, which first are metabolically converted in the liver and are then
secreted via the kidneys, leave the hepatocyte via the basolateral membrane. To perform
these functions the canalicular and basolateral membranes contain ATP-dependent drug
efflux pumps. Most of these pumps belong to the ABC superfamily of transporter proteins.
These pumps are summarized in Tables 3 and 4. Human MDR1, MDR3, and BSEP, and
the rat orthologs Mdr1a and 1b, Mdr2 and Bsep, are P-glycoproteins that are constitutively
expressed in the canalicular membrane. MDR3 (Mdr2) and BSEP (Bsep) are liver-specific
whereas MDR1 (Mdr1a/1b) occurs in many cells and in cancer plays an important role
in multidrug resistance. In the intestine MDR1 acts as a reverse drug pump lowering serum
levels of orally absorbed drugs. For example, the bioavailability of digoxin is profoundly
influenced by the intestinal expression of MDR1: high intestinal MDR1 expression is as-
sociated with low digoxin plasma levels (51).

The canalicular bile salt export pump BSEP (ABCB11) is of paramount importance
for bile formation and liver function. BSEP appears to be the principal driving force in
the enterohepatic cycle of bile salts. Also, the bile-salt-dependent fraction of bile flow
depends on BSEP. Bile salts are the major, if not the only, substrates of BSEP. Rat,
mouse, and human BSEP genes have been cloned recently (52–55). Natural mutations
and knockout models provide the clearest proof of the function of this pump and show
the consequences of disturbed BSEP function. Examples are given in Table 5. Progressive
familial intrahepatic cholestasis is a group of diseases characterized by congenital chole-
stasis. PFIC type 2 is caused by mutations of the BSEP gene (56,57). These patients have
severe cholestasis from birth and a low serum γ-glutamyltransferase activity. The liver in
these diseases shows the consequences of bile-salt-induced hepatotoxicity.

MDR3 (ABCB4; Mdr2 in rodents) is a translocator of phosphatidylcholine. MDR3
acts as a flippase and translocates phospholipids from the cytosolic to the outer leaflet
of the canalicular membrane (58). Bile salt micelles are needed to extract or dissolve
phospholipids from the membrane into the bile (59). Thus, phospholipid secretion depends
on bile salt secretion. Therefore, bile of patients with a BSEP gene mutation contains little
phospholipids (57). In contrast, bile of patients with a MDR3 gene mutation has a normal
bile salt concentration (60,61). In the absence of phospholipids, bile salts are highly cyto-
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Table 3 Multidrug Resistance-Associated Proteins in the Liver

MRP1 MRP2 MRP3 MRP6
ABCC1 ABCC2 ABCC3 ABCC6

Alternative names CMOAT
Substrates

Glutathione (GSH) � �
Glutathione disulfide (GSSG) � �
Leukotriene C4 � �
S-glutathionyl 2,4,-dinitrobenzene � �
S-glutathionyl prostaglandin A1 � �
S-glutathionyl prostaglandin A2 �
S-glutathionyl ethacrynic acid � �
S-glutathionyl N-ethylmaleimide � �
S-glutathionyl 4-hydroxynonenal �
S-glutathionyl aflatoxin B1 �
Monoglucuronosyl bilirubin � �
Bisglucuronosyl bilirubin � �
Estradiol 17-β-d-glucuronide � � �
Glucuronosyl etoposide �
Taurocholate �
Glycocholate �
3α-Sulfotaurochenodeoxycholate �
6α-Glucuronosyl hyodeoxycholate �
3α-Sulfotaurolithocholate � �
Ochratoxin A �
Methotrexate � � �
BQ-123 �

Polarity Basolateral Canalicular Basolateral Basolateral,
canalicular

Tissue distribution H,E,B H,I,K H,C H
Chromosome (human) 16p13.1 10q24 17q21.3 16p13.1

For MRP1, MRP2, and MRP3 this table is modified from ref. 135. MRP4 and MRP5 are not important for the
liver. Estradiol 17-β-d-glucuronide (136), bile salt transport by Mrp3 (76,108) transport of methotrexate by
Mrp1 and Mrp2 (137).
H, hepatocytes; C, cholangiocytes; E, erythrocytes; K, kidney; B, brain; I, intestine.

toxic. This became clear upon the generation of mdr2�/� knockout mice. The liver of
these mice shows biliary fibrosis, bile duct proliferation, and eventually malignancy. These
changes are even more pronounced when the mice are fed a cholate-containing diet (62).
From these studies one can conclude that drugs capable of inhibiting MDR3 may be able
to cause biliary disease. Drugs are poor substrates for MDR3 but they nevertheless could
be able to inhibit its function (63).

MRP2 (ABCC2; Mrp2 in rodents) belongs to the family of multidrug-resistance-
associated proteins and is a canalicular efflux pump for organic anions. This protein is
not confined to the liver in its expression; it is also expressed in intestine and kidneys
(64–66). Its role in these latter organs is not clear. In the liver it functions as the efflux
pump for many organic anions most of which are products of phase II drug metabolism.
Bilirubin mono- and diglucuronide are clear examples (67). Genetic deficiency of MRP2
in humans leads to the Dubin-Johnson syndrome, characterized by hyperbilirubinemia
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Table 4 P-Glycoproteins in Human Liver

MDR1 BSEP MDR3
ABCB1 ABCB11 ABCB4

Alternative names SPGP
Substrates, inhibitors

Cyclosporin A �
Tacrolimus, FK 506 �
Rhodamine �
Digoxin � �
Vinblastine � � �
Doxorubicine �
Paclitaxel � �
Fexofenadine �
Tributylmethyl ammonium �
Azidoprocainamide methoiodide �
Tamoxifen �
Vecuronium �
Dexamethasone �
Talinolol �
Erythromycin �
Verapamil �
Itraconazole �
Taurocholate �
Glycocholate �
Cholate �
Taurolithocholate �
Taurochenodeoxycholate �
Taurodeoxycholate �
Tauroursodeoxycholate �
Phosphatidylcholine �

Polarity Canalicular Canalicular Canalicular
Tissue distribution Widely L L
Chromosome 7q21 2q24 7q21

References to human MDR1- and murine Mdr1a-mediated transport of paclitaxel (Taxol)
(138); Bsep (Spgp) has a transport function toward bile salts, vinblastine and calcein-
acetoxymethyllester but not toward the MDR1 substrates vincristine, daunomycin, pacli-
taxel, digoxin, and rhodamine (54); erythromycin (a MDR1 substrate) increases the oral
availability of cyclosporin A, digoxin, and the beta-blocker Talinolol, suggesting that these
all are MDR1 substrates (139); MDR1-mediated transport of vinblastine, daunorubicin,
and doxorubicin is inhibited by itraconazole, suggesting that itraconazole also is a MDR1
substrate (140).

(68,69). The TR� rat is an animal model in which the disease is caused by a single
nucleotide deletion (70).

To complete the picture of hepatic ABC transporters, MRP1 (ABCC1) and MRP3
(ABCC3) (Mrp1 and Mrp3 in rodents) have to be mentioned. They are expressed in the
basolateral membrane of the hepatocyte but only under special conditions: Mrp1 during
liver regeneration and endotoxin-mediated cholestasis (71,72) and Mrp3 during cholestasis
and hyperbilirubinemia (73–75). These pumps function as reverse transporters. They help



The Role of Membrane Transport 105

T
ab

le
5

G
en

et
ic

D
ef

ec
ts

of
H

ep
at

ob
ili

ar
y

T
ra

ns
po

rt

D
is

ea
se

C
hr

om
os

om
e

G
en

e
G

en
e

fu
nc

tio
n

Ph
en

ot
yp

e
A

ni
m

al
m

od
el

Pr
og

re
ss

iv
e

fa
m

ili
al

in
tr

ah
ep

at
ic

18
q2

1
FI

C
1

A
m

in
op

ho
sp

ho
lip

id
C

on
ge

ni
ta

l
ch

ol
es

ta
si

s,
lo

w
ga

m
m

a
G

T
ch

ol
es

ta
si

s
ty

pe
1

fli
pp

as
e

B
en

ig
n

re
cu

rr
en

t
in

tr
ah

ep
at

ic
18

q2
1

FI
C

1
A

m
in

op
ho

sp
ho

lip
id

R
ec

ur
re

nt
ch

ol
es

ta
si

s,
lo

w
ga

m
m

a
G

T
ch

ol
es

ta
si

s
fli

pp
as

e
Pr

og
re

ss
iv

e
fa

m
ili

al
in

tr
ah

ep
at

ic
2q

24
B

SE
P

C
an

al
ic

ul
ar

bi
le

sa
lt

C
on

ge
ni

ta
l

ch
ol

es
ta

si
s,

lo
w

ga
m

m
a

G
T

B
se

p�
/�

m
ou

se
ch

ol
es

ta
si

s
ty

pe
2

A
B

C
B

11
tr

an
sp

or
t

Pr
og

re
ss

iv
e

fa
m

ili
al

in
tr

ah
ep

at
ic

7q
21

M
D

R
3

PC
tr

an
sl

oc
as

e
C

on
ge

ni
ta

l
ch

ol
es

ta
si

s,
hi

gh
ga

m
m

a
G

T
M

dr
2�

/�
m

ou
se

ch
ol

es
ta

si
s

ty
pe

3
A

B
C

B
4

In
tr

ah
ep

at
ic

ch
ol

es
ta

si
s

of
pr

eg
-

e.
g.

7q
21

M
D

R
3

PC
tr

an
sl

oc
as

e
C

ho
le

st
as

is
du

ri
ng

pr
eg

na
nc

y
na

nc
y

A
B

C
B

4
D

ub
in

-J
oh

ns
on

sy
nd

ro
m

e
10

q2
4

M
R

P2
C

an
al

ic
ul

ar
an

io
n

C
on

ju
ga

te
d

hy
pe

rb
ili

ru
bi

ne
m

ia
T

R
�

/E
H

B
R

ra
ts

A
B

C
C

2
tr

an
sp

or
t

G
am

m
a

G
T

,
ga

m
m

a
gl

ut
am

yl
tr

an
sf

er
as

e;
PC

tr
an

sl
oc

as
e,

ph
os

ph
at

id
yl

ch
ol

in
e

tr
an

sl
oc

as
e.

Fo
r

re
fe

re
nc

es
se

e
te

xt
.



106 Jansen and Müller

to reduce the intracellular metabolite concentration when secretion via the canalicular
route is impaired. MRP3 is mainly a pump for monovalent glucuronides and MRP1 for
glutathione S-conjugates (76). They also play a role in multidrug resistance in cancer cells
(77,78).

The multispecificity of these transporters allows for drug-drug interactions at the
transporter level: transport of one drug can competitively inhibit the transport of another
drug by the same transporter. Since these transporters also mediate the transport of endoge-
nous compounds, interference with export of bilirubin glucuronides (MRP2) or bile salts
(BSEP) is possible. However, drug-induced hyperbilirubinemia or cholestasis will only
occur upon prolonged inhibition of transport. Some of these transporters can be inhibited
either from the cytosolic, or “cis,” side or canalicular, or “trans,” side. For instance Bsep-
mediated transport, in vitro, is inhibited by cyclosporin A, rifamycin, rifampicin, and gli-
benclamide on the cis side while estradiol-17β-glucuronide is a trans inhibitor. Trans
inhibition requires that a drug first is transported into the bile canaliculus before it can
exert its inhibitory effect. Transport of estradiol-17β-glucuronide is mediated by Mrp2.
Thus for estradiol-17β-glucuronide-mediated Bsep inhibition two transporters are re-
quired, Mrp2 as transporter and Bsep as target of the inhibitory action (79).

For most cholestatic drugs the exact mechanism of drug-induced cholestasis is un-
known. Possibilities are competitive or noncompetitive inhibition of transport, interference
with transcription, interference with signal transduction, and interference with the intracel-
lular targeting of the transporter protein. Single nucleotide polymorphisms or heterozygos-
ity for null alleles of transporter genes may enhance the probability of adverse drug reac-
tions. For instance, within families with the PFIC type 3 trait (mutations of the MDR3
gene) females may be susceptible to intrahepatic cholestasis of pregnancy (60,80). Oral
contraceptive use in these females may also lead to cholestasis.

Drugs may cause pure intrahepatic cholestasis, inflammatory cholestasis, or ducto-
penic cholestasis. Some of these drugs are summarized in Table 6. This list is not exhaus-
tive. Some drugs may be so highly concentrated in bile that their precipitation rep-
resents a physical mechanism of cholestasis. This mechanism has been proposed for
chlorpromazine-induced cholestasis. Ceftriaxone, a MRP2 substrate that is highly concen-
trated in bile, may cause biliary sludge, cholelithiasis, and even cholestasis (81,82).

Table 6 Drugs Causing Cholestasis

Cholestasis Cholestatic hepatitis Ductopenic cholestasis

Estradiol 17-betaglucuronide Phenothiazines Ajmaline
Cyclosporin A Amoxicillin-clavulanic acid Carbamazepine
Rifamycin Sulfonylureas Chlorpromazine
Rifampicine Propylthiouracil Chlorpropamide
Glibenclamide Erythromycine estolate C-trimoxazole
Azathioprine Cyproheptadine
6-Mercaptopurine Flucloxacillin
Busulfan Haloperidol

Thiabendazole
Tolbutamide
Tricyclic antidepressants
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IV. REGULATION OF HEPATIC ABC-TRANSPORTER
GENE TRANSCRIPTION

The expression of hepatic ABC transporters varies widely under different conditions. Ex-
perimentally cholestasis has been tested in endotoxin-treated and bile-duct-ligated rats.
Also, liver regeneration, as a very common phenomenon in liver injury, has been studied.
Results are summarized in Table 7. It is clear that transcriptional and posttranscriptional
mechanisms must be in operation here. These changes are also of relevance for drug-
induced hepatotoxicity: drugs can interfere with regulatory mechanisms, in particular with
gene transcription where drugs and hormones may act as ligands.

As explained, MDR1, MRP2, BSEP, and MDR3 have very different functions.
Therefore, it can be assumed that regulation and transcriptional control of the expression
of their genes will be different. BSEP and MDR3 are liver-specific transporters and thus
need control mechanisms to allow for the hepatocyte-specific expression of their genes.
The expression of canalicular MDR1 and MRP2 and basolateral MRP1 and MRP3 appears
to respond to various conditions including inflammation-induced stress and differences in
substrate concentrations. MRP2, MRP1, and MRP3 appear to be regulated more or less
inversely: when MRP2 expression is reduced, the expression of either MRP1 or MRP3
is enhanced. With identification of molecules involved in intracellular signaling, and the
cloning and characterization of transporter genes and their 5′-flanking DNA regions, in-
sight into the molecular mechanisms of transcriptional regulation of transporter gene ex-
pression is progressing.

Gene expression by transcription of mRNA by RNA polymerase II can be regulated
at least at five potential control points (83): (1) activation of the gene structure; (2) initia-

Table 7 Regulation of the Hepatic Transporters in Rat Liver

Endotoxin Bile duct Partial
treatment ligation hepatectomy

Transporter (96) (74,95,144) (72,97) Other regulatory events

Mdr1a ↔ ↔ ↑ —
Mdr1b ↑ ↑ ↑↑ ↑ by ROS, TNFα, insulin, statins

(125,141–143)
Mdr2 ↔ ↔ ↑ ↑ by fibrates, statins, bile salts (122–126)

↓ by cholesterol, during chronic bile diver-
sion (124)

Bsep ↓ ↓ ↔ ↓ during EE-induced cholestasis (95)
Mrp1 ↑ n.d. ↑ ↑ by ROS, in cultured hepatocytes (103,

141)
Mrp2 ↓ ↓ ↔ ↑ by dexamethasone, PCN (145)

↑ (mRNA) 2-acetylaminofluorene, cis-
platin, cyclohexamide (99)

Mrp3 ↑a ↑ ↑* ↑ in EHBR, Gunn rats (73,74)
↑ by phenobarbital, bilirubin,

α-naphthylisothiocyanate (74)

↔, little or no change in expression; ↑, upregulation; ↓, downregulation, n.d., not done.
a Unpublished data.
EE, ethinyl estradiol; PCN, pregnenolone-16-α carbonitrile.
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Table 8 Transcription Factors and Their
Target Transporter Genes (88,120,146–149)

Name Dimer with Target genes

PPARα
RXR Mdr2

NR1C1
LXRα

RXR ABCA1
ABCG1

ABCG5/8
NR1H3
FXR

RXR BSEP
MRP2

NR1H4
PXR

RXR MDR1
MRP2
Oatp2

NR1I2
CARα

RXR MRP2
NR1I3
RAR

RXR Mrp2
NR1B1
SP1 — MRP1

MRP2
Mdr1b
Mdr2

c-JUN c-FOS Mdr1b
HNF3β HNF3s MRP2
NF-κB p50/p65 Mdr1b
P53 tetramer Mdr1b

MRP1

For the nuclear hormone receptors (NHRs) the offi-
cial nomenclature is also given.

tion of transcription (for most genes the major control point); (3) processing the transcript;
(4) transport to cytoplasm; and (5) translation of RNA. Many factors act together with
RNA polymerase II: in addition to factors of the basal transcription apparatus and other
nonregulated DNA-binding proteins, other factors that are inducible, or that can be acti-
vated, have regulatory functions. These transcription factors bind to so-called responsive
elements (RE). Activity of transcription factors may be controlled by protein synthesis
(C/EBP), covalent modification of the protein (c-JUN), ligand binding (nuclear hormone/
orphan receptors such as FXR, LXRα, PPARs), cleavage to release the active factor
(SREBPs), release after breakdown of an inhibitor (NF-κB), or change of partner (MYC).
Some of these transcription factors are known to bind to bona fide REs in transporter gene
promoter sequences and modulate gene transcription activity (Table 8).

A. The Nuclear Ligand-Activated Receptors

Nuclear hormone or orphan receptors (NHR) comprise a large superfamily of ligand-
modulated transcription factors that, in part, mediate response to steroids, retinoids, and
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thyroid hormones and play key roles in development and physiology (84–88). Of major
interest are the RARs (9-cis retinoic acid receptors), RXRs (retinoid X receptors), PPARs
(peroxisome proliferator-activated receptors), FXRs (farnesoid X receptors), and LXRs
(liver X receptors). These NHRs and several others such as PXR (pregnane X receptor)
and CAR (constitutively activated receptor) require heterodimerization with RXR for high-
affinity DNA binding (Table 8). Furthermore, most of the factors possess the feature of
activating target genes only when bound by specific ligands. The preferred organization
of the NHR responsive elements is direct repeats (DR) of AGTTCA or AGGTCA sepa-
rated by one (DR-1) to five (DR-5) nucleotides. Shortly after their isolation, the strategy
of “reversed endocrinology” was used to identify orphan ligands of these NHRs. This has
led to the identification of physiological ligands. Many of the recently identified “orphans”
are not hormones in the classic sense. For FXR the endogenous ligands appear to be bile
salts (89–91) and PPARs bind, e.g., eicosanoids and certain unsaturated fatty acids (92).

B. Disturbance in Transcriptional Control of Hepatocanalicular
Transporter Gene Expression as Cause of Liver Disease

High-affinity ligands of these NHRs are substrates for members of the ABC transporter
superfamily and their activities are interdependent. This relationship is important for the
physiological regulation of ABC transporter genes and other NHR target genes in vivo.
However, during liver disease this regulatory cross-talk may be disturbed because of the
acute-phase response-coupled downregulation of NHRs and their target genes. Infection,
inflammation, and trauma induce a wide array of metabolic changes in the liver that consti-
tute the acute-phase response, mediated by cytokines, particularly TNFα, IL-1β, and IL-
6. In fulminant hepatic failure, for example, serum levels of TNFα and TNF receptors are
significantly increased. In the liver of patients with fulminant hepatic failure, infiltrating
mononuclear cells express high amounts of TNFα and hepatocytes overexpress TNF re-
ceptor 1 (TNF-R1) (93). Acute-phase response is associated with a decrease in mRNAs
coding for certain NHR proteins such as RXRα, RXRβ, RXRγ, LXRα, PPARα, and
PPARγ expression levels, resulting in an overall decreased binding activity to regulatory
elements (93). It can be hypothesized that the reduction in RXR levels, along with levels
of other nuclear hormone receptors in the liver, could be a mechanism for downregulation
of a large number of genes including ABC transporter genes during the acute-phase re-
sponse (94). Downregulation of specific hepatic nuclear factors, such as HNF1 and HNF4,
during acute-phase response likely plays a key role in the regulation of certain negative
acute-phase proteins. For example, a decrease in HNF1 is thought to be responsible for
the reduced transcription of albumin or Ntcp. The acute-phase response results in marked
alterations in lipid metabolism in the liver. Many of the enzymes and transporters involved
in these metabolic changes are known to be regulated by PPARα or LXRα. It is possible
that during the acute-phase response, the reduced availability of RXR protein and possibly
of NHRs represents a mechanism to coordinately regulate these metabolic changes in the
liver. Additionally, it has recently been recognized that the NHRs PXR and CAR form
heterodimers with RXR and modulate drug metabolism by regulating the expression of
CYP2 and CYP3 P450 enzymes. A decrease in RXR could by itself explain the well-
characterized decrease in P450 enzymes and inhibition of drug metabolism that occurs
during the acute-phase response.

The importance of RXRs for liver gene expression has been demonstrated in a recent
study using cre-mediated recombination to disrupt the mouse RXRα gene specifically in
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hepatocytes (94). Biochemical parameters indicate that PPARα, CARβ, PXR, LXR, and
FXR coupled metabolic pathways in the liver were compromised in the absence of RXRα.
Thus, RXRα is integrated into a number of diverse physiological pathways as a common
regulatory component of cholesterol, fatty acid, bile salt, steroid, and xenobiotic metabo-
lism and homeostasis.

C. Regulation of BSEP

From animal models some information is available on the expression of rat Bsep under
conditions of endotoxin treatment (95,96), bile duct ligation (95), and ethinylestradiol-
induced cholestasis (95). In cholestatic and stress models the reduction of Bsep mRNA
and protein expression is minor when compared to the marked downregulation of Ntcp
and Mrp2 (42,95–97). Thus Bsep may continue to secrete bile salts, although at impaired
rates. Remarkably, also after partial hepatectomy the mRNA level of Bsep is only slightly
decreased and its protein level is unaffected. This contrasts with a marked reduction of
Ntcp expression (72,97). This may explain why after partial hepatectomy the remnant
liver is not cholestatic. In the regenerating liver other basolateral transport systems such
Oatp1 and Oatp2 remain active in mediating the uptake of bile salts. Furthermore, due to
the 10-fold increase of serum bile salts, hepatocytes of the entire acinus, instead of only
the periportal hepatocytes, will contribute to bile salt secretion.

Recently, we have cloned the promoter sequence of the human BSEP gene. It con-
tains several potential REs for CCAAT enhancer binding protein (C/EBP) β and hepato-
cyte nuclear factor (HNF) 3β (Table 7) as well as a RE for FXR/RXR (98). The presence
and functionality of these REs may explain the liver-specific expression of BSEP and the
response of BSEP gene expression to variations in intracellular bile salt concentrations.

D. Regulation of the MRPs

The anionic conjugate transporter MRP2 (ABCC2) contributes to bile formation by trans-
porting GSH, a major driving force for bile-salt-independent bile flow (Fig. 1). In addition,
MRP2 has also a major role in anionic phase II–conjugate transport across the canalicular
membrane. A dose- and time-dependent induction of Mrp2 expression was observed in
isolated rat hepatocytes, cultured in the presence of vincristine, tamoxifen, or the PXR
ligand rifampicin (99). This indicates that Mrp2 gene transcription may respond to sub-
strates of MRP2 and phase I and II enzymes. The promoter regions of the human MRP2
and the rat Mrp2 genes have been isolated (100,101). Sequence analysis of the human
MRP2 promoter showed a number of putative consensus binding sites for both ubiquitous
and liver-enriched transcription factors, including activating protein AP1, SP1, HNF1, and
HNF3β (100–102) (Fig. 2). From studies with various deletion constructs it appears that
important elements are localized in the �431/�258 region that controls expression in
HepG2 cells. This region contains a putative binding site for C/EBPβ and mutations in
this site result in a 50% decrease of promoter activity. Thus C/EBPβ likely has an impor-
tant role in the transcriptional control of MRP2 gene expression, at least in HepG2
cells (101).

A major question is still unanswered: Why is rat Mrp2 so rapidly downregulated under
conditions of endotoxin treatment? Recently, an important role of RXR and RAR has been
suggested (41), as discussed above (Fig. 2). Similar to the bile salt uptake transporter Ntcp,
Mrp2 is rapidly downregulated via reduction in gene transcription. Ntcp suppression by
endotoxin in vivo is caused by downregulation of transactivators including the footprint B
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Figure 1 Hepatic ABC transporter proteins in normal cells. Transporter proteins located in the
canalicular membrane are responsible for the coupled biliary secretion of bile salts, PC, cholesterol,
and GSH, on the one hand, and for the excretion of potentially toxic compounds, on the other hand
(150–152). These transporter proteins comprise the bile salt transporter Bsep, the PC translocator
Mdr2, the anionic conjugate transporter Mrp2, and the multidrug transporters Mdr1a and Mdr1b
(in humans MDR1). Little is known about the function, localization, and regulation of the recently
described hepatic ABC transporters ABCA1, ABCA2, ABCA3 (153), ABCG1 (154), and MRP6/
ABCC6 (155,156). They are not discussed in this chapter. For a recent overview on human ABC
transporter proteins and the official nomenclature see http:/ /nutrigene.4t.com/humanabc.htm.

Figure 2 Potential responsive elements in the 5′-untranslated regions of rat Mdr1b, human
MDR3, MRP1, and MRP2. The potential binding sites for C/EBPβ, RAR, HNF3β, AP1, AP2, SP1,
NF1 (nuclear factor 1), CRE (cyclic AMP RE), ERE (estrogen RE), GRE (glucocorticoid RE) in
the promoter regions of Mdr1b (143,157), MDR3 (158), MRP1 (106,107,159), and MRP2 (160) are
shown.
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binding protein (41). Both the Ntcp footprint B binding protein RE and the Mrp2 promoter
contain potential RXR-responsive elements. Taurochenodeoxycholate and chenodeoxy-
cholate, ligands for FXR (89–91), but not the nonligand tauroursodeoxycholate, inhibited
activation by retinoids, specifically through the RXR/RAR-responsive element.

The levels of Mrp1 (Abcc1) mRNA and protein are considerably increased after endo-
toxin administration (96) (Table 7) whereas Mrp2 is strongly downregulated. Furthermore,
MRP1 mRNA and protein levels were increased in HepG2 cells and SV40 large T antigen-
immortalized human hepatocytes (103). These results suggest that MRP1/Mrp1 expression
and function may be associated with cell proliferation. Indeed, we recently reported that in
isolated rat hepatocytes that have entered the cell cycle, Mrp1 expression is induced while
expression of Mrp2 is decreased (103). This switch in expression occurred in the mid-G1
phase of the cell cycle, and appeared associated with a decrease in cell polarity.

Mrp1 is induced when rat hepatoma H4IIE cells are exposed to compounds that
generate reactive oxygen species (104) (Table 7). This is coupled to an increased expres-
sion of γ-glutamylcysteine synthetase (γGCS), a rate-limiting enzyme in the biosynthesis
of GSH. GSH is an important factor in Mrp1 function as well as in the defense against
metabolites generated by oxidative stress (104). Based on these results, it is proposed that
the expression of Mrp1 as well as γGCS is, at least partially, mediated by the intracellular
reduction-oxidation (redox) status (104). A parallel expression pattern of MRP1 and γGCS
has been reported for many drug-resistant cell lines, colon tumors from patients, and nor-
mal mouse tissues (105). Analysis of the promoter region of the MRP1 gene has identified
consensus binding sites for numerous transcription factors including the activator proteins
AP1 and AP2, SP1, cyclic AMP RE, estrogen RE, and glucocorticoid Res (106,107) (Fig.
2). At present, the mechanisms underlying redox-mediated regulation of MRP1 expression
are unknown. Several oxidative stress-responsive-like sequences located upstream from
the promoter of MRP1 have been noted; however, whether these sites can function as
authentic oxidative stress RE (ORE) remains to be demonstrated (104).

MRP3 (ABCC3) mediates basolateral export of organic anions and bile salts from
hepatocytes (76,108). Interestingly, Mrp3 is upregulated in the Mrp2-deficient EHBR rat
and in bile-duct-ligated cholestatic rats (73,109–111) (Table 2). Also, increased amounts
of MRP3 are detected in livers of Dubin-Johnson patients (111). Considering the cellular
localization of Mrp3, its upregulation during cholestasis, and its substrate specificity, it
is hypothesized that Mrp3 may play a significant role in the basolateral export of organic
anions under conditions in which Mrp2 (or Bsep) is downregulated. The inducible nature
of the rat Mrp3 has recently been investigated (74). An increase in Mrp3 expression was
observed in Gunn rats exhibiting hyperbilirubinemia due to a defect of UDP-glucuronosyl
transferase. In addition, the elevated level of Mrp3 observed after bile duct ligation was
associated with an elevated level of unconjugated bilirubin and bilirubin glucuronides
(74). These compounds were shown to induce the hepatic expression of Mrp3. Recently,
also the human MRP3 promoter has been cloned and several putative binding sites for
transcription factors, including AP1, AP2, and SP1, have been identified (102,111). How-
ever, future experiments have to clarify which transcription factors, ligands, and respon-
sive elements are responsible for the compensatory upregulation of Mrp3/MRP3 in hepa-
tocytes under conditions wherein Mrp2/MRP2 (and BSEP) function is disturbed.

E. Regulation of MDR1

In vitro studies reveal that expression of the human MDR1 (ABCB1) gene is induced by
a variety of toxic agents, ultraviolet irradiation (112), and heat shock (113), implying that
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MDR1 promoter activation may be part of a general stress response in many cells. The
human MDR1 promoter contains an inverted CCAAT box (�82 to �73), which is known
as a core sequence of the Y-box, a GC element (�56 to �42), and a number of putative
recognition sites for transcription factors, including those for AP1, NF-Y, and Y-box-
binding protein (YB) 1 (114,115). Recently, an important role for both NF-Y and SP1 in
the transcriptional activation of the MDR1 gene after genotoxic stress was demonstrated.
NF-Y and SP1 interact with the Y box and the GC-rich region, respectively. In contrast,
YB-1, which has been identified by others as important for the UV-response in MDR1
upregulation (114,115), was found not to be sufficient to mediate this activation (113).

The impact of MDR1/Mdr1a expression on the drug-induced expression of CYP3A
has been tested in human and mouse samples (116). This has been demonstrated for rifam-
picin. This is an excellent inducer of CYP3A and a substrate for MDR1 and its rodent
homologs. Consequently, cells with increased levels of MDR1 need higher rifampicin
concentrations to cause CYP3A induction. MDR1 and CYP3A (and other CYPs) likely
are complementary systems to detoxify hydrophobic compounds. Decreased MDR1 levels
result in increased CYP expression, and under conditions of suppressed CYP-expression
(e.g., under cytokine-induced stress) Mdr1b expression is increased (116).

More recently, the impact of hepatic Mdr1a/Mdr1b-expression on CYP expression
in the liver was studied (117). Mdr1a(�/�) and Mdr1a/Mdr1b(�/�) mice (118,119)
were used to demonstrate that these proteins have distinct functional roles in influencing
expression of CYPs. Mdr1a appears to be the major regulator of hepatic CYP expression
(117). Somewhat surprisingly, the strong effects on CYP expression were almost exclu-
sively seen in mice housed in the Amsterdam animal house and not in U.S.-housed animals
(117). Different contents of inducing agents in the diet such as pesticides, endogenous
steroids, or phytoestrogens may be the underlying cause. These compounds are efficient
stimulators of the NHR PXR (see above) (120,121) and upregulate many CYPs, phase II
enzymes, and possibly also drug efflux transporters. However, the cellular bioavailability
of PXR ligands will be largely affected by MDR1 and functionally related transporter
proteins. This concept will have consequences for human drug therapy because individual
differences in expression of MDR1 (and other drug-transporting ABC transporter proteins)
will consequently result in individual differences in the expression of CYPs (phase I),
phase II–conjugating enzymes and ABC transporter proteins (phase III).

F. Regulation of MDR3

Secretion of PC, cholesterol, and bile salts are closely coupled and regulated processes
that are mainly controlled by MDR3 (ABCB4; in rodents Mdr2) and BSEP (ABCB11)
activities (Fig. 1). Expression of the PC translocase Mdr2 in rodent liver appears to be
unaltered under most conditions of cellular stress (Table 7). Mdr2 expression was not
affected after endotoxin treatment (96), and was only slightly enhanced after partial hepa-
tectomy (72). Recent studies with fibrates (122), bile salts (123,124), and statins (125,126),
however, provide evidence that Mdr2 expression is “controlled” by its substrates choles-
terol, PC, and bile salts (as “cosubstrates” in PC secretion).

When mice were fed a diet supplemented with the peroxisome proliferators ciprofi-
brate or clofibrate, increased Mdr2 mRNA and protein levels and increased PC secretion
were observed (122), suggesting a potential involvement of PPARα in Mdr2 gene expres-
sion. In mice fed a diet supplemented with the hydrophobic bile salt cholate, Mdr2 mRNA
levels were found to be induced, which was functionally reflected in a concomitant in-
crease of the maximal PC secretion capacity (123). Feeding the (relatively) hydrophilic
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bile salt ursodeoxycholate did not influence Mdr2 mRNA levels or the maximal PC output
capacity (123). These latter findings imply that the type of bile salt in plasma may influence
the expression level of Mdr2 and therefore the rate of PC secretion. The finding that
plasma bile salt concentrations may influence Mdr2 expression may also explain increased
Mdr2 levels found in regenerating rat livers after 70% partial hepatectomy (72). In these
animals a 10-fold increased plasma bile salt level was found. In recent studies with isolated
rat hepatocytes further evidence was provided for regulatory functions of hydrophobic bile
salts and cholesterol on Mdr2 expression (124). Taurocholate and taurodeoxycholate both
increased Mdr2 mRNA levels in a time-and-concentration-dependent manner. Squales-
tatin, an inhibitor of cholesterol biosynthesis, increased Mdr2 mRNA levels by sevenfold
in primary hepatocyte cultures. In contrast, cholesterol feeding and chronic bile diversion
decreased Mdr2 mRNA significantly (124).

Continuous exposure of rats to the statins simvastatin or pravastatin, inhibitors of
3-hydroxy-3-methylglutaryl-coenzyme A (HMGCoA) reductase, resulted in decreased
levels of liver cholesterol and increased biliary PC output (125,126). This was accompa-
nied by increased levels of Mdr2 mRNA and protein (125,126). These studies further
show that statins increase the expression of Mdr1b in rat liver (Table 7). For an effect on
Mdr2 expression continuous exposure to statins was necessary. Mdr2 mRNA returned to
control levels within 9–12 h after drug withdrawal. However, during this rebound phase,
Mdr2 protein levels remained elevated and, accordingly, biliary phospholipid secretion
remained increased in both continuously fed and rebound rats. In contrast, Mdr1b mRNA
levels remained increased in the rebound group, indicating different mechanisms of induc-
tion of Mdr2 and Mdr1b gene expression or differences in mRNA stability. In this model
NF-κB may be activated by statins, as demonstrated for other xenobiotics. Alternatively,
NF-κB activation may be the result of stress signals from the endoplasmic reticulum
caused by overexpression of HMGCoA reductase (127).

The finding that biliary cholesterol/PC ratios in continuously fed and control animals
were identical, despite suppression of cholesterol synthesis in the first group, suggests that
PC secretion per se is an important regulatory factor for cholesterol secretion (Fig. 1).
Data from diosgenin-treated rats demonstrate that hypersecretion of cholesterol can occur
independently of Mdr2 induction and that cholesterol hypersecretion per se does not cause
induction of Mdr2 (125).

Mdr2 is localized in periportal hepatocytes in control as well as in statin-treated
livers. This zonal distribution is very similar to the reported distribution of HMGCoA
reductase and HMGCoA synthase before and after statin treatment, which suggests that
the factors controlling the expression of these proteins may be similar (125).

Until now, SP1 is the only transcription factor identified to functionally interact with
the promoter of the MDR3/Mdr2 gene (Fig. 2). SP1 seems necessary for basal expression
(128). We have hypothesized from our study with statin-induced Mdr2 expression that
transcriptional control of Mdr2 gene expression might, at least partially, be mediated via
SREBPs. The 5′-flanking region of the Mdr2 gene contains elements that are possibly
recognized by SREBPs (129). We have recently tested this hypothesis. Exposure of freshly
isolated rat hepatocytes to statins [simvastatin, lovastatin, or atorvastatin (0.1–100 µM)
for 24 or 48 h] caused a strong increase in mRNA levels of the gene encoding for
HMGCoA reductase and Srebp2, whereas Mdr2 mRNA levels were moderately increased.
Srebp1 mRNA levels were not significantly affected by statin treatment. Transient trans-
fection studies with HepG2 cells revealed that statins stimulated Mdr2 promoter activity
up to 10-fold, whereas cotransfection with a nuclear-SREBP1 expression plasmid en-
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hanced Mdr2 promoter activity more than 10-fold. We conclude from these preliminary
studies that Mdr2 gene expression is, at least partially, under control of Srebps. These
findings further demonstrate the importance of the hepatic PC translocator Mdr2 in the
regulation of cholesterol homeostasis (Fig. 1).

V. CONCLUSION

Compared to the extensive literature on drug-metabolizing systems, the pharmacology of
drug transporters is still in its infancy. Emphasis has been on the role of P-glycoproteins
and MRPs in multidrug resistance in cancer chemotherapy, but it appears that these same
transporters are also important for uptake, secretion, and bioavailability of drugs. In anal-
ogy to the drug-metabolizing enzymes, called phase II drug metabolism, the drug trans-
porters can be considered as part of a phase III drug metabolism. Since some of these
transporters are important for bile formation and inhibition or impairment of expression,
these transporters may lead to cholestasis. However, impairment of transporter function
can also lead to increased intracellular substrate concentrations and to cytotoxicity. Thus,
although cholestasis comes to mind as a first and obvious consequence of impaired trans-
port in the liver, noncholestatic hepatotoxic reactions may also occur when drug efflux
pumps are not functioning properly. An even more complex picture may arise when BSEP
and MDR3 activity becomes unbalanced, for instance by drug inhibition of one but not
the other transporter. The production of cytotoxic bile and bile duct injury may be the
result. It is even imaginable that neoantigens are uncovered in this situation and autoimmu-
nity is triggered. This may seem speculative but is not an unlikely scenario for some drug
reactions.

There is evidence that the intestinal MDR1 expression is subject to genetic variation
(51); similar genetic variations may occur in the liver. This may have consequences for
drug metabolism. Some adverse drug reactions may result from inappropriate drug dosing
in patients with unexpectedly low hepatic transporter expression. This falls within the
realm of pharmacogenomics. Variations of cytochrome P450 expression and variations
of transporter expression need to be charted and, when existent, taken into consideration.
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I. INTRODUCTION

Liver injury by drugs may be caused by direct toxicity of a drug, which is dependent on
the structure and the metabolic properties of the drug itself and leads to damage of cellular
compounds such as proteins, lipids, or DNA. Direct toxicity of a drug occurs in the major-
ity of patients and may be reproducible in animal models. In a small percentage of patients,
however, severe adverse drug reactions are noted that are either mediated by the immune
system or due to metabolic idiosyncrasies direct toxicity in rare susceptible individuals.
We will focus on immunopathogenetic reactions. These adverse reactions often affect the
liver and are mediated by activation of the drug to reactive metabolites that modify liver
proteins, mostly the cytochrome P450 (CYP) that generate them. An immune reaction
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directed against modified and native CYPs results in an immune-mediated attack on hepa-
tocytes that causes severe, sometimes life-threatening hepatitis. Mechanisms involved in
drug-induced hepatitis will be discussed with tienilic acid–induced hepatitis, dihydralazine
hepatitis, halothane hepatitis, anticonvulsant hepatitis, and diclofenac hepatitis as exam-
ples. Since the prevalence of drug-induced hepatitis is 1:10,000 or less, adduct formation
alone will not result in drug-induced hepatitis. Defects and polymorphisms in immunoreg-
ulatory genes that facilitate autoimmune reactions have to be postulated.

Recently, an autoimmune regulator (AIRE) gene has been cloned. This gene seems
to be involved in the induction and maintenance of tolerance, and defects in the AIRE
cause a syndrome characterized by multiple autoimmune diseases, such as hepatitis. AIRE
and related genes are good candidates to describe genetic polymorphisms in drug-induced
hepatitis. While adduct formation is the basic pathogenetic mechanism in drug-induced
hepatitis and the AIRE gene defect causes the autoimmune polyendocrine syndrome type
1, little is known about the factors involved in autoimmune hepatitis type 2 (AIH-2).
However in AIH-2, enzymes of phase I and phase II drug metabolism are also autoantigens
and there is a genetic background that predisposes to autoimmune diseases. Further re-
search is necessary to investigate whether parallels to drug-induced hepatitis and APS-1
exist by chance or whether these parallels highlight similar pathogenetic mechanisms.

Metabolism and detoxification of a wide variety of chemically unrelated xenobiotics
is performed in the liver and in the intestinal mucosa. Detoxification is achieved by a two-
phase process (Fig. 1). In phase I detoxification, xenobiotic compounds are hydroxylated
by the multigene family of cytochrome P450 enzymes (CYPs). Phase II consists of conju-
gation with water-soluble compounds. Enzymes active in phase II detoxification are UDP-
glucuronosyltransferases (UGTs), glutathione-S-transferases, N-acetyltransferases and sul-
fotransferases. After conjugation, products are water soluble and may be excreted via urine

Figure 1 Enzymes active in phase I and phase II detoxification. (From ref. 117.)
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or bile. Detoxification reactions are usually beneficial. However sometimes one of these
reactions transforms a xenobiotic substance into a reactive metabolite. This metabolite
may bind directly to the active center of the enzyme that created it. Alternatively, it may
leave the active center and bind to other proteins and to cellular compounds (Fig. 2).
Adduct formation may interfere with metabolic reactions of the cell and cause direct toxic-
ity. Chemical modifications of DNA may result in either apoptosis or carcinogenesis. In
very few patients, adduct formation with cellular proteins will induce an immune reaction
and result in a severe, sometimes life-threatening, immune-mediated disease. Since the
liver is one of the main organs of detoxification, drug-induced immune responses are
frequently directed against hepatic-drug-metabolizing enzymes and other liver proteins,
resulting in severe, sometimes life-threatening, hepatitis. Such an idiosyncratic reaction
is called immune-mediated drug-induced hepatitis. The disease may go along with typical
signs of an immune reaction such as fever, eosinophilia, and rash. Autoantibodies may
be generated, which are directed either against the modifying hapten domain alone, against
a hapten-protein domain, or against native unmodified proteins.

In immune-mediated drug-induced hepatitis, adduct formation has been established
as a pathogenetic mechanism. However, this mechanism alone cannot explain the low
prevalence of 1:10,000 patients. Therefore, it is assumed that there is a genetic predisposi-
tion for the development of immune-mediated drug-induced hepatitis. Candidates are poly-
morphisms and defects in two defense systems: drug-metabolizing enzymes and the im-
mune system. A model disease for a defect in immune regulation is the autoimmune
polyglandular syndrome type 1 (APS-1). Caused by defects in a single gene, APS-1 is
characterized by a broad spectrum of organ-specific autoimmune diseases. One of these

Figure 2 Formation of reactive metabolites and protein adducts is the initial step in the induction
of direct toxicity and immune-mediated toxicity of drugs. S, substrate; S-OH, hydroxylated substrate;
M*, reactive metabolite; GA, glucuronic acid; CYP or P450, cytochrome P450; UGT, UDP-
glucuronosyltransferase; Red, reductase.
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autoimmune diseases is hepatitis, featuring autoantibodies directed against CYP 1A2 and
CYP 2A6. Furthermore, in the adrenal and ovarian autoimmune manifestations of APS-
1, autoantibodies are detected that are directed against CYPs active in steroid biosynthesis.
The mechanism of autoantibody induction in APS-1 is not known. However, adduct forma-
tion during CYP-mediated hydroxylation might pinpoint these enzymes as targets for an
immune system that is defective in downregulatory mechanisms.

In contrast to drug-induced hepatitis and APS-1, little is known about the pathogene-
sis of autoimmune hepatitis type 2 (AIH-2). However, it is intriguing that in AIH-2, en-
zymes of both phase I and phase II detoxification are targets of autoimmunity. AIH-2 has
been shown to be triggered by interferon treatment in several patients with chronic viral
infections, indicating that either molecular mimicry with viral proteins or the presence of
inflammatory cytokines may play a pathogenic role.

II. ADDUCT FORMATION AS A PATHOGENIC MECHANISM
IN IMMUNE-MEDIATED DRUG-INDUCED HEPATITIS

A. Hepatitis Induced by Tienilic Acid

1. Clinical Features

Tienilic acid (Ticrynafen) is an uricosuric diuretic that was used in the treatment of hyper-
tension. Tienilic acid was withdrawn from the market because of severe hepatitis that
developed in 0.1–0.7% of patients treated (1). Eighty-five percent of patients with tienilic
acid–associated hepatitis developed jaundice and about 10% of the icteric patients died.
In general, equal numbers of males and females were affected. Tienilic acid–induced
hepatitis shows several features typical for immune-mediated drug-induced hepatitis:

1. There is a latency period between the beginning of drug treatment and the mani-
festation of hepatitis. This latency period in tienilic acid–induced hepatitis
ranges between 2 and 35 weeks (1).

2. Upon rechallenge with the drug, hepatitis recurs. The latency period upon re-
challenge tends to be shorter than on initial exposure. For tienilic acid–induced
hepatitis, one patient was reported who experienced four successive episodes
of tienilic acid administration with progressive shortening of the latency period
(3 months, 12 days, 3 days, 6 hours) (2).

3. Severity of hepatitis is independent of the amount of drug administered and
discontinuation of treatment results in recovery from hepatitis.

4. In some cases, typical signs of an immunological reaction are seen, e.g., fever,
rash, or eosinophilia. A viral-like disease was recorded in 8% of cases of tienilic
acid–induced hepatitis, rash in 3%, and eosinophilia in 1.5% (1).

2. Autoantibodies

In sera of patients with tienilic acid–induced hepatitis, antibodies were found that are
directed against liver and kidney microsomes and were named LKM-2 autoantibodies (3).
These autoantibodies are not detected in healthy patients treated with the drug. In indirect
immunofluorescence, LKM-2 autoantibodies stain the centrilobular region of the liver and
recognize a protein of about 50 kDa. The LKM-2 autoantibody specifically recognizes
cytochrome P450 2C9 (CYP 2C9) (4,5). LKM-2 autoantibodies are very specific. In spite
of significant sequence homology with other CYPs, no cross-reactivity was detectable
with recombinant CYP 3A4, CYP 1A1, CYP 1A2, or CYP 2C18 (6).
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Figure 3 Structure of tienilic acid, and a hypothesis for suicide inactivation of CYP 2C9 by
tienilic aid and adduct formation with other proteins. [Modified according to Beaune et al. (25).]

3. Mechanism of Induction—A Hypothesis

CYP 2C9 is the major tienilic acid metabolizing enzyme in human liver (6). In vitro,
incubation of human or rat microsomes leads to formation of 5-OH tienilic acid, which
is the major excretion product of tienilic acid in human urine (Fig. 3) (7,8). During 5-
hydroxylation of tienilic acid, reactive metabolites are formed that bind covalently to the
active center of CYP 2C9 and inactive this enzyme (4,5,8,9). In the presence of glutathione
only monoadducts of tienilic acid with CYP 2C9 are detected, while diadducts and adducts
with other hepatic proteins are present in the absence of glutathione (4,5,10). There is
evidence that suggests that the activated metabolite of tienilic acid is a sulfoxide (8,9).

LKM-2 autoantibodies are a marker of tienilic acid–induced hepatitis. They were
shown to be directed against both the native and the modified CYP 2C9 protein. On the
native protein, LKM-2 autoantibodies recognize a three-dimensional epitope (11,12). Pes-
sayre has proposed a hypothesis, on the induction of autoantibodies directed against the
native protein (Fig. 4) (13). Low numbers of autoreactive B cells are detectable in humans
(14). These B cells will remain quiescent since they are not activated by helper T cells.
Mild direct toxicity of tienilic acid may lead to a release of alkylated CYP 2C9 from

Figure 4 A hypothetial mechanism for the induction of the LKM-2 autoantibody. [Modified
according to Pessayre (13).]
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hepatocytes. Alkylated CYP 2C9 may bind to the surface IgM of an autoreactive quiescent
B cell, which most likely recognizes a native epitope on the surface of CYP 2C9. After
binding, CYP 2C9 is internalized and digested into small peptides. These peptides are
bound to MHC class II molecules and presented on the B-cell surface. In the absence of
autoreactive T cells, this process will have no consequences. However, owing to covalent
binding of tienilic acid, one of the peptides will be modified by a tienilic acid metabolite.
In contrast to native peptides, this “modified self-peptide” may be recognized by TH cells
and lead to activation and proliferation of both the autoreactive B cell and the interacting
T cell (Fig. 4). Some autoreactive B cells will differentiate to plasma cells and produce
anti-CYP 2C9 autoantibodies. These antibodies most likely will be directed against the
native CYP. Owing to increased numbers of autoreactive cells and to the earlier appearance
of circulating autoantibodies, the system is now more sensitive. If modified CYP 2C9 is
produced for prolonged periods, this process will enhance itself over time, IgG will be
produced, and a dangerous overshooting immune reaction may develop, which is known
as tienilic acid induced–hepatitis.

B. Dihydralazine Hepatitis

1. Clinical Features

Long-term treatment with the vasodilatory drug dihydralazine resulted in the induction of
severe hepatitis in many patients. Females were overrepresented among hepatitis patients
(female:male ratio 3:1) and most patients were slow acetylators (15). Hepatitis occurred
with a delay of 2–48 weeks after the beginning of treatment. Severity of dihydralazine
hepatitis was independent of the dosage of dihydralazine administered (16). After termina-
tion of dihydralazine treatment a complete recovery was noted in most patients, but fatal
cases were reported (17). Rechallenge with dihydralazine led to recurrence of disease with
a shorter latency period than during initial exposure (18,19). One patient was reported
with six successive episodes of fever and heaptitis, with progressive shortening of the
interval between onset of treatment and recurrence of symptoms (18).

2. Autoantibodies

Biopsies of patients with dihydralazine hepatitis revealed centrolobular necrosis with an
inflammatory infiltrate (20). In many patients antibodies were detected that showed a cen-
trilobular staining pattern on liver sections (21,22). Since the antibodies did not react in
the kidney, the antibodies were called anti-liver-microsome (anti-LM) antibodies. LM
autoantibodies disappeared after recovery (21). Anti-LM autoantibodies recognize an un-
modified protein of 54 kDa. The molecular target of anti-LM autoantibodies was identified
as cytochrome P450 1A2 (CYP1 A2) (22). Anti-LM autoantibodies are highly specific.
They do not cross-react with the closely related CYP 1A1, which shares more than 80%
sequence identity with CYP 1A2 (23). LM antibodies inhibit the enzymatic activity of
CYP 1A2 and are directed against a three-dimensional epitope (24).

3. Mechanism of Induction: Environmental and Genetic Factors
May Modulate the Risk

It is believed that upon oxidative metabolism of dihydralazine a reactive metabolite is
produced (25). Experimental evidence suggests that dihydralazine is activated by CYP
1A2 and that the reactive metabolite binds to the active center of CYP 1A2, generating
a modified self-protein (26). The modified CYP 1A2 may be presented to the immune
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Figure 5 The risk for dihydralazine hepatitis is modulated by genetic and environmental factors.
[Modified according to Beaune et al. (25).]

system as small modified peptides via MHC receptors or by transport of the uncleaved
protein to the plasma membrane (11,27,28). In susceptible patients, presentation of the
modified CYP 1A2 to the immune system results in an immune response with formation
of anti-CYP 1A2 (anti-LM) autoantibodies.

A second metabolic pathway exists for the detoxification of dihydralazine. This
second pathway is an N-acetylation reaction and is not associated with adduct formation
(Fig. 5). Owing to a polymorphism of N-acetyltransferase, about 50% of Caucasians are
deficient in N-acetylation, the so-called “slow acetylator” phenotype (29,30). In accor-
dance with the hypothesis of adduct formation as a critical event for the induction of
drug-induced hepatitis, slow acetylators are overrepresented in the patient population (25).
Furthermore, this result indicates that environmental factors that change the balance be-
tween beneficial and harmful metabolic pathways may influence the personal risk for drug-
induced hepatitis (Fig. 5).

C. Hepatitis Induced by Halothane and Related Compounds

1. Clinical Features

Even today halothane and chemically related compounds are commonly used anesthetics.
Intrinsic toxicity of halothane, which results in mild tissue damage and modest increases
in transaminase values, may be detected in about 20% of patients (31). Severe, often
fulminant, hepatitis will develop in about 1 in 10,000 patients treated with halothane.
Halothane-induced hepatitis is characterized by jaundice, fever, high transaminase values,
and severe centrilobular necrosis. Hepatic encephalopathy may occur, resulting in a high
rate of mortality (14–67% of cases). Risk factors are female gender (male/female 1:2),
obesity, HLA A11 (32), and multiple exposures. An average latency period of 12 days
is noted between first exposure and the first signs of halothane hepatitis. The latency period
decreases to 7 days after the second and to 5 days after the third exposure (33). Frequent
manifestations of hypersensitivity are fever (70%), eosinophilia (40%), and rash (10%).
Usually an inflammatory infiltrate of mononuclear cells, neutrophils, and, sometimes, eo-
sinophils is present (33).

2. Autoantibodies and Mechanisms of Induction

Halothane was reported to be metabolized by several CYPs, resulting in two different
pathways of metabolism, an oxidative and a reductive pathway (Fig. 6) (34,35). The reduc-



132 Obermayer-Straub and Manns

Figure 6 Halothane metabolism. (Modified according to ref. 118.)

tive pathway is believed to be responsible for the mild form of hepatic injury. In contrast,
an oxidative pathway, mediated by CYP 2E1, is believed to generate a highly reactived
trifluoroacetylchloride (TFA), the key component in the pathogenesis of halothane hepati-
tis (36–40). The majority of reactive metabolites are believed to leave the active center
of CYP 2E1 and to modify ε-amino goups of lysines, which are present in many proteins
(41). Many TFA adducts are generated with molecular weights between 50 kDa and 170
kDa (Table 1). Analysis of purified proteins by ELISA showed that autoantibodies not

Table 1 Known Autoantigens in Halothane
Hepatitis

MW
Protein (kDa)

UDP-glucose:glycoprotein 170
glucosyltransferase

Erp99 100
BiP/GRP78 82
ERp72 80
Calreticulin 63
Carboxylesterase 59
Isomerase 58
Protein disulfide isomerase 57
CYP 2E1 50
Epoxidhydrolase 50

Source: Data from this table were derived from refs. 50
and 118.
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only bound to TFA-modified domains, but were also able to detect conformational epitopes
on native proteins (42–46). A pathological relevance of these autoantibodies is suggested
by the presence of TFA conjugates on the surface of hepatocytes, which were able to
induce a cytotoxic reaction in vitro (37,47).

3. Hepatitis Induced by Enflurane, Isoflurane, and Desflurane

Further evidence that adduct formation may be the critical event for induction of halo-
thane-induced hepatitis comes from a major effort to decrease toxicity of anesthetics.
New compounds were generated that show a uch lower degree of metabolism and adduct
formation (48,49). Metabolism decreased from halothane (20%) to enflurane (2.4%), iso-
flurane (0.2%), and desflurane (0.01%) (48). Adducts generated by these new compounds
are either cross-reactive (enfluorane) or identical (desflurane and isoflurane) to those ad-
ducts generated by halothane (Fig. 7). Metabolism correlates with the numbers of reported
patients who experienced toxicity: 900 patients with halothane hepatitis, 15–24 patients
with enflurane hepatitis, five patients with isoflurane hepatitis, and one case of desflurane
hepatitis (50). The patient with desflurane-induced hepatitis was exposed twice previously
to halothane, indicating that the initial immunization of this patient was due to previous
halothane exposures (51).

4. Hepatitis Induced by Incidental Exposure to Hydroxyfluorocarbons

Hydrofluorocarbons (HCFC) have an even higher rate of metabolism than halothane.
These compounds are used as ozone-sparing substitutes for chlorofluorocarbons in indus-
trial settings (52). Upon contact HCFCs are detoxified by a mechanism similar to halo-
thane, resulting in TFA intermediates and TFA adducts. Repeated accidental exposure of
nine industrial workers to a mixture of 1,1-dichloro-2,2,2-trifluoroethane (HCFC 123) and

Figure 7 The prevalence of hepatitis induced by the fluorinated inhalation anesthetics halothane,
enflurane, isoflurane, and desflurane is dependent on the rate of metabolism. (Modified from ref.
50.)
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1-chloro-1,2,2,2-tetrafluoroethane (HCFC 124) was reported (53). Two of nine workers
developed acute hepatitis and all workers exposed showed some degree of hepatic abnor-
mality. TFA adducts were detected in the liver of a worker with severe hepatitis. Further-
more, in the serum of six workers autoantibodies were detected that were directed against
CYP 2E1 and protein disulfide isomerase. These results demonstrate that repeated expo-
sure of humans to HCFCs 123 and 124 may cause serious liver injury in a high proportion
of people (53). The high incidence of adverse reactions to HCFCs upon repeated, sub-
chronic exposure is in good acordance with the hypothesis that adduct formation with re-
active metabolites generated during detoxification reactions may induce immune-mediated
drug-induced hepatitis.

D. Antiepileptic Drug Hypersensitivity Syndrome

1. Clinical Features

Aromatic anticonvulsants, namely phenobarbital, phenytoin, and carbamazepine, may in-
duce life-threatening systemic reactions, called the antiepileptic drug hypersensitivity syn-
drome (AHS) (54). AHS is characterized by fever, rash, and single or multiorgan involve-
ment (e.g., hepatitis, blood dyscrasias, nephritis) (55). Upon first use, skin reactions occur
with a prevalance of about 3:10,000 patients (56). Males and females are equally affected
(female/male ratio 1:1). The latency period between the beginning of drug treatment and
the onset of symptoms ranges between 2 weeks and 2 months (55). Upon rechallenge,
the length of the latency period decreases (55,57). No correlation between drug dosage
and severity of symptoms was detectable.

Familial occurrence of AHS indicates that genetic factors may predispose for AHS
(58). As patients with AHS were found to exhibit increased toxicity by in vitro drug
metabolite challenge of lymphocytes, part of this genetic predisposition for AHS may be
an abnormal metabolism of aromatic anticonvulsants. Interestingly, previously unexposed
family members of AHS patients were found to exhibit increased toxicity by in vitro drug
metabolite challenge of lymphocytes (58,59). Reactions to phenytoin, phenobarbital, and
carbamazepine share similar clinical characteristics (55). Some patients who were exposed
successively to two or all three anticonvulsants showed adverse reactions to each of them
(55,57). When cross-sensitivity was assessed by the in vitro rechallenge assay, cross-
reactivity was found in 80% of patient sera (55).

2. Autoantibodies

In nine of 24 patients with anticonvulsant-induced idiosyncratic reactions, autoantibodies
were detected that were directed against a 53-kDa hepatic protein. Protein targets that
react with these antibodies are rat CYP 3A1 and rat CYP 2C11 (57). However, when an
array of recombinant human CYPs was tested, neither human CYP 1A1, CYP 1A2, CYP
2A6, CYP 2B6, CYP 2D6, CYP 2E1, nor CYP 3A4 was recognized by these autoantibod-
ies. Furthermore, in Western blot tests with human liver proteins only three weak signals
were detected at 50–55 kDa. In contrast, a strong signal was recognized in liver proteins
derived from a patient who died from hepatitis after phenytoin/phenobarbital therapy (57).
The identity of the target protein is still unknown. In an effort to elucidate the identity
of the molecular target of anticonvulsant hepatitis, a gene bank of fusion proteins with
partial sequences of rat CYP 3A1 was screened for recognition sequences. Positive clones
overlapped at a consensus sequence of amino acids 355–367 of rat CYP 3A1 (60). This
epitope was recognized by sera of all patients with idiosyncratic reactions to anticonvul-
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sants. This epitope differs from the respective sequence of human CYP 3A4 by a V361L
substitution. If this substitution is introduced into the rat enzyme, binding activity is lost
(60). Therefore, the molecular target of antibodies in anticonvulsant hepatitis remains
unknown; however, it is believed that oxidation via CYPs results in the formation of an
epoxide that may be the reactive metabolite. Therefore, it was suggested that epoxide
hydrolase activity may play a critical pathogenetic role in detoxification of reactive epox-
ides. However, no differences in epoxide hydrolase activity were detectable between car-
bamazephine hypersensitive patients and normal controls (61).

E. Diclofenac Hepatitis

1. Clinical Features

Diclofenac is a member of the arylalkanoic subgroup of nonsteroidal anti-inflammatory
drugs (NSAIDS). Several members of this chemical subgroup of NSAIDS have shown
significant hepatotoxicity previously and have been withdrawn from the market, namely
alclofenac, fenclofenac, zomepirac, benoxaprofen, suprofen, and piriprofen (62). Several
other NSAIDS have been suggested to cause hepatic injury; however, a striking variability
in the incidence of adverse reactions exists. Ibufenac was found to cause adverse reactions
in approximately 5% of individuals (63,64). In contrast, idiosyncratic reactions to diclo-
fenac, naproxen, or piroxicam range from 0.05% to 0.001% (65). Here we will focus on
idiosyncratic reactions to diclofenac, since extensive studies were performed both on the
clinical features of diclofenac hepatitis and on the mechanisms involved.

Diclofenac is used worldwide as a therapeutic agent against rheumatoid arthritis,
osteoarthritis, or ankylosing spondylitis. Despite its widespread use, two types of reactions
have been reported: (1) borderline increases in serum transaminases in approximately 15%
of patients, and (2) diclofenac-induced hepatitis, which was estimated to occur in about
1–4 per 1,000,000 patients treated (66). Females show a twofold increased risk of develop-
ing diclofenac hepatitis (66–68). An increased suceptibility to diclofenac hepatitis seems
to exist in patients with osteoarthritis. Seventy-two percent of patients affected by diclo-
fenac hepatitis suffered from osteoarthritis, yet only 20% of prescriptions were for this
condition (67). These findings indicate that diclofenac hepatitis may occur in a patient
population with a genetic disposition, which may facilitate the development of autoim-
mune problems. The molecular mechanisms underlying diclofenac hepatitis are not under-
stood. Symptoms such as fever, rash, and eosinophilia were reported in some patients and
point to a hypersensitivity reaction (68). However, a dose dependence of toxicity was
demonstrated, suggesting that direct toxicity of the drug may also play a role in the patho-
genesis of the disease (66). Toxicity occurs with a latency period of less than 3 months
in 63%, 3–12 months in 34%, and even longer in 3% of patients (67). In most patients
the disease improves upon withdrawal of the drug (66,68). The average recovery period
was 6 weeks (68). Two patients were reported who had to be maintained on steroid therapy
after withdrawal of the drug, indicating that diclofenac had triggered autoimmune hepatitis
(69–71). Also, recurrence of disease was demonstrated upon rechallenge with diclofenac
(68).

A latency period until development of toxicity is consistent with the hypothesis that
diclofenac may accumulate in patients with impaired clearance of the drug. A spectrum
of severity was evident among patients, ranging from minor disturbances to 40-fold in-
creases in transaminase activity. Interestingly, the cumulative diclofenac dose correlated
well with peak aspartate transaminase (AST) and alanine transaminase (ALT) values after
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withdrawal of the drug (66). Furthermore, experiments with diclofenac and isolated hepa-
tocytes demonstrated direct toxicity of diclofenac (72). Therefore, both toxic and immuno-
logical mechanisms may play a role in diclofenac hepatitis.

2. Biotransformation of Diclofenac: Adduct Formation is Mediated
by CYPs and UGTs

Diclofenac exposure leads to formation of protein adducts in rat liver and in isolated
hepatocytes (73). One of the protein adducts of diclofenac is located in the microsomal
membrane. It has a molecular weight of about 50 kDa and its formation is dependent on
diclofenac hydroxylation by CYPs. Inhibitor studies with human liver microsomes and
with recombinant CYPs expressed in the baculovirus system revealed CYP 3A4 as a major
diclofenac-metabolizing enzyme and as a major target of adduct formation (74). Most of
the protein adducts, however, were generated by the formation of unstable acyglucuronides
by UGTs (73). Kretz-Rommel and Boelsterli reported a major adduct of 60 kDa and, to
a lesser extent, adducts of 50 kDa, 80 kDa, and 126 kDa molecular weight in rat hepato-
cytes (75). The major 60-kDa adduct was present not only in liver, but also in lung and
spleen (76). As illustrated in Fig. 8, glucuronidation of diclofenac by UGTs results in an
unstable acylglucuronide. This acylglucuronide may mediate adduct formation with UGTs
and other hepatic proteins by two different mechanisms:

1. A nucleophilic displacement of glucuronic acid may lead to an adduct, in which
diclofenac is directly bound to the protein.

2. An imine mechanism may include both diclofenac and the glucuronic aid moiety
in the adduct. The imine mechanism may explain the existence of a broad cross-
reactivity between adverse reactions of aromatic nonsteroidal drugs. All these
drugs might form adducts via the imine mechanism (77).

Figure 8 Activation of nonsteroidal antiinflammatory drugs by UGTs follows two different
mechanisms. (Modified according to ref. 77.)
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The imine mechanism shows that by glucuronidation of drugs, adducts may be formed
that contain a carbohydrate moiety with a structure that is different from the ring structure
of glucuronic acid. Such a novel glucuronic acid–derived domain could lead to immuno-
logical cross-reactivity between drug adducts derived from reactions with chemically dif-
ferent drugs.

III. HEPATITIS IN APS-1: A SINGLE GENE DEFECT CAUSES
IMMUNE-MEDIATED HEPATITIS AND OTHER
AUTOIMMUNE DISEASES

A. Clinical Features

APS-1 is a rare autosomal recessive disorder that is caused by mutations in a single gene,
called autoimmune regulator (AIRE) (78,79). Absence of a functional AIRE protein results
in a complex syndrome called APS-1 with mucocutaneous candidiasis and multiple auto-
immune diseases in a single patient (Table 2) (80,81). Frequently, autoimmune manifesta-
tions affect endocrine glands such as parathyroids, adrenals, or ovaries. Ectodermal disease
components, such as hypoplasia of the dental enamel, nail dystrophy, keratopathy, alope-
cia, and vitiligo, are found with a high prevalence (82). Less frequent, but severe, are
the manifestations that affect the gastrointestinal tract, e.g., malabsorption and hepatitis.
Hepatitis is found in 12–20% of APS-1 patients and may range from mild disease to ful-
minant hepatitis with lethal outcome (80,83,84).

B. CYPs Are Frequent Target Proteins in APS-1

Hepatitis in APS-1 is associated with autoantibodies directed against CYP 1A2 (85). In
Finnish patients anti-CYP 1A2 autoantibodies were found in four of seven APS-1 patients

Table 2 Disease Components in APS-1

Disease component Prevalence (%)

Endocrine components
Hypoparathyroidism 79
Adrenal failure 12
IDDM 12
Parietal cell atrophy 13
Hypothyroidism 4
Ovarian failure in females (13 years and older) 60
Testicular failure in males (16 years and older) 14

Nonendocrine components
Candidiasis 100
Alopecia 29
Vitiligo 13
Keratopathy 35
Hepatitis 12
Intestinal malabsorption 18
Enamel hypoplasia 77
Tympanic membrane calcification 33
Nail dystrophy 52

Source: Data for this table were derived from ref. 80.



138 Obermayer-Straub and Manns

with hepatitis, whereas none of the 61 APS-1 patients without hepatitis developed this
autoantibody. In the absence of APS-1, anti-CYP 1A2 autoantibodies are detected only
in patients with dihydralazine hepatitis. Anti-CYP 1A2 autoantibodies are not detected in
healthy controls, in patients with other autoimmune liver diseases, or in patients with
chronic HCV oir HBV infections (86). These findings suggest that anti-CYP 1A2 autoanti-
bodies are very specific for hepatitis in APS-1 (87). Another autoantigen in APS-1 is CYP
2A6 (88). This autoantigen was detected in three of seven Finnish APS-1 patients with
hepatitis; however, it was also present in 12% of APS-1 patients without hepatitis.

About 70% of APS-1 patients develop adrenal failure. Interestingly, autoantibodies
directed against three different CYPs are detected in patients with adrenal failure in APS-
1, namely, anti-CYP 21, anti-CYP 11 and anti-CYP 17 (reviewed in ref. 81). All three
enzymes are involved in steroid biosynthesis. CYP 21 is also an autoantigen in idiopathic
adrenal failure (called Addison’s disease).

C. Defects in the AIRE Gene Cause APS-1

The AIRE gene is located on the long arm of chromosome 21 (89). About 20 different
mutations in the AIRE gene have been described, and APS-1 occurs when both AIRE
alleles code for mutated proteins (Fig. 9). These mutations are scattered along the whole
coding sequence of AIRE and most of them result in premature translational stops (re-
viewed in ref. 90). The AIRE gene codes for a protein of 545 amino acids. The AIRE
protein shows two PHD ring finger motifs and several other domains which indicates a
function in transcriptional regulation (Fig. 9) (78,79,91). Cellular localization of AIRE
shows a distribution along microtubular cytoskeletal elements and in nuclear dots (92,93).
AIRE is not expressed in the target organs of autoimmunity, but in rare cells of lymphoid

Figure 9 AIRE, a gene defect in a putative transcription factor, causes APS-1.
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tissues, e.g., thymus medulla, lymph nodes, spleen, and the fetal liver. In thymus, 90%
of AIRE-positive cells are of epithelial origin and 5–10% are derived from the dentritic
lineage (93). All AIRE-positive cells strongly express HLA DR (93). Thymic medullary
epithelial cells are believed to be involved in clonal deletion of a subset of high-affinity
T cells and in the induction of anergy in low-affinity subsets. These results and the disease
spectrum seen in APS-1 indicate that AIRE may be involved in the establishment and
maintenance of tolerance (93).

APS-1 demonstrates that defects in genes that are unrelated to CYP expression and
to the target organs of autoimmunity may induce autoimmune diseases with autoantibodies
directed against specific hepatic, adrenal, or ovarian CYPs. Therefore, CYPs themselves
seem to be attractive targets for immune reactions. The AIRE gene defect may lead to an
immune system with impaired tolerance mechanisms, resulting in multiple autoimmune
reactions with targets that are attractive to the immune system and therefore similar to
the molecular targets in idiopathic autoimmune diseases and APS-1. The question is: what
are the features that make CYPs attractive to the immune system? Most likely the answer
is function. Hydroxylation by CYPs involves activation of molecular oxygen in the active
center and the production of energy-rich reaction intermediates. Therefore, chemical modi-
fications and adduct formation with CYP substrates may not be a rare finding. The immune
system may continuously be challenged with CYP-derived modified self-peptides. In pa-
tients with a normal immune system, reactions below a certain threshold level may be
tightly suppressed. In APS-1 patients, however, suppressive mechanisms may be defen-
sive, resulting in self-perpetuating pathogenetic processes that overcome the immunoregu-
latory controls and result in overshooting autoimmune destruction.

IV. AUTOIMMUNE HEPATITIS TYPE 2

A. Clinical Findings

Autoimmune hepatitis type 2 (AIH-2) is a disease of unknown pathogenesis that affects
predominantly young females (female:male ratio 8:1). Patients are characterized by high
levels of serum aminotransferases, γ-globulins (�30 g/L), and circulating antibodies
against liver and kidney microsomes (LKM) and/or liver cytosolic proteins type 1 (LC-1)
(94). About 25% of patients show a fulminant onset of disease (95). Untreated AIH has
a poor prognosis with a 5-year survival rate of 50%. AIH-2 may be treated by immunosup-
pressive therapy, either with prednisone or prednisolone alone or with a combination ther-
apy of prednisolone and azathioprine (96–98).

It is believed that patients with AIH-2 have a genetic predisposition for autoimmune
diseases, since about 30% of all patients with AIH-2 and 30% of their first-degree relatives
are affected by other autoimmune diseases, e.g., autoimmune thyroiditis, diabetes mellitus
or vitiligo (94,95). Interestingly, the prevalence for AIH-2 shows geographic differences.
While AIH-2 comprises about 10% of all patients with autoimmune hepatitis in southern
Europe, AIH-2 is practically unknown in Sweden and is rare in the United States. These
geographic differences may suggest that environmental factors may be important for the
development of AIH-2 (99,100).

B. Autoantibodies

LKM-1 autoantibodies are the serological markers of AIH-2 (3,101,102). By indirect im-
munofluorescence LKM-1 autoantibodies show an even cytoplasmic staining of the entire
liver lobule and the exclusive staining of the proximal renal tubules. Western blots with
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hepatic and renal microsomes reveal a protein band at 50 kDa. Cytochrome P450 2D6
(CYP 2D6) is the major antigen of LKM-1 autoantibodies (103–105). Anti-CYP 2D6
autoantibodies are found in 95–100% of patients with AIH-2 (104–106). LKM-1 autoanti-
bodies inhibit the enzymatic activity of CYP 2D6 (107,108).

CYP 2D6 is active in phase I of detoxification and is involved in the detoxification
of at least 40 different drugs (29). A significant polymorphism exists for CYP 2D6 in the
Caucasian population, where 10% of people lack CYP 2D6 enzymatic activity, resulting
in a slow metabolizer phenotype for all CYP 2D6 substrates, e.g., debrisoquine or sparteine
(109). Studies with sparteine as a test substrate in patients permit measurements of CYP
2D6 activity in vivo. All patients with LKM-1 antibodies tested were of the extensive
metabolizer phenotype, expressing functionally intact CYP 2D6 protein (107). Hence an
adequate expression of CYP 2D6 seems to be a prerequisite for the development of LKM-
1 autoantibodies.

LKM-3 autoantibodies are detected in 10% of patients with AIH-2, where they may
be detected either alone or in combination with LKM-1 autoantibodies (110). LKM-3
autoantibodies are directed against family 1 UDP-glucuronosyltransferases (UGT1)
(110,111).

C. Cytokines and Virus Infections as Potential Triggers of AIH

Autoantibodies to CYP 2D6 and UGT1 are seen not only in patients with AIH-2, but also
in patients infected with hepatotropic viruses. Antibodies directed against CYP 2D6 are
seen in up to 4% of patients with chronic hepatitis C and anti-UGT autoantibodies are
detected in 13% of patients with chronic hepatitis D (112). HCV infections are currently
treated with interferon-α in combination with ribavirin. Interestingly, in about 10% of
patients with LKM-1-positive hepatitis C, hepatitis is exacerbated and will respond favor-
ably to immunosuppressive treatment (113–116). Furthermore there are reports of induc-
tion of autoimmune thyroiditis and diabetes by interferon treatment in chronic hepatitis
C. These findings indicate that preexisting autoimmune processes induced by chronic viral
infections may be unmasked by aggressive immune attacks by proinflammatory cytokines.
Such subclinical autoimmune processes may also exist in many patients with a genetic
predisposition for autoimmune diseases. Viral infections that induce inflammatory cyto-
kines may boost a subclinical autoimmune reaction above a critical level and start a self-
perpetuating clinical disease.

V. CONCLUSIONS

Three types of immune-mediated liver injury have been discussed: drug-induced hepatitis,
hepatitis in APS-1, and autoimmune hepatitis type 2. All three diseases are characterized
by circulating autoantibodies directed against drug-metabolizing enzymes (Fig. 10). In
drug-induced hepatitis adduct formation was identified as the initiating pathogenetic pro-
cess (Fig. 11). As seen in halothane hepatitis, the rate of metabolism of the causative agent
correlates with the prevalence of hepatitis induced by halothane and related compounds.
Similarly in dihydralazine hepatitis, genetic defects in a competitive beneficial pathway
increase the risk of developing the disease. Similarly, environmental influences such as
smoking, fasting, and drug therapies may change the balance detoxification and adduct
formation. Only very few individuals develop drug-induced hepatitis in response to ther-
apy with adduct-inducing drugs, indicating that an immune response to drug adducts is
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Figure 10 Phase I and phase II drug-metabolizing enzymes are known targets in hepatic autoim-
munity.

Figure 11 Genetic and environmental factors may contribute to drug-induced hepatitis.



142 Obermayer-Straub and Manns

downregulated in the vast majority of people. Therefore, a genetic predisposition must
exist that affects immune regulation. Except for a correlation of certain idiosyncratic reac-
tions with specific HLA alleles and sometimes a predisposition of females, nothing is
known about the role of immune regulatory polymorphisms in drug-induced heaptitis.

With AIRE, a gene defect has been identified for the first time that causes organ-
specific autoimmune diseases (Fig. 9). Ninety percent of Finnish patients with alleles pre-
disposing to APS-1 share one single mutation (R257X), resulting in a patient population
that is very homogeneous for this single gene defect. Despite this genetic homogeneity,
APS-1 is a very heterogeneous syndrome, resulting in a spectrum of more than 15 different
autoimmune diseases (Table 2). The predisposition does not predict the organ affected,
but confers a very high risk for certain autoimmune diseases, among them a subtype of
autoimmune hepatitis. Since one single gene defect causes both autoimmune endocrinopa-
thies and autoimmune hepatitis, mechanisms involved in endocrine and hepatic autoimmu-
nity may be similar. Among autoantigens in APS-1, multiple CYPs are targets of autoim-
munity (Fig. 10). Since hydroxylation by CYPs is an energy-consuming process that
involves activation of molecular oxygen and the generation of energy-rich reaction inter-
mediates, adduct formation of CYPs with endogeneous and exogeneous metabolites may
not be an unusual event and may predispose this multigene family to recognition by the
immune system. Furthermore, CYPs active in steroid biosynthesis and active in detoxifi-
cation are expressed in a restricted number of tissues, facilitating breakage of tolerance.
AIRE is believed to be involved in the induction and maintenance of tolerance and will
help to identify biochemical pathways important in drug-induced hepatitis and organ-
specific autoimmune diseases.

Little information is available on autoimmune hepatitis type 2 (Fig. 12). Interest-
ingly, phase I and phase II drug-metabolizing enzymes are targets of autoimmune reactions

Figure 12 Hypothetical etiology of different forms of immune-mediated hepatitis.
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in AIH-2. Induction of “chronic active hepatitis” by dihydralazine and by diclofenac has
been reported several times, indicating that drugs may cause chronic hepatitis. In the ab-
sence of a known inducer, these cases would fulfill the criteria for “autoimmune hepatitis.”
For autoimmune hepatitis viral infections and inflammatory cytokines have been suggested
to have a promoting role. When patients with LKM-1-positive chronic hepatitis C receive
interferon-α therapy, about 10% of patients show exacerbation of hepatitis and may be
treated successfully, with immunosuppression. It is assumed that subclinical autoimmune
processes were active in these patients and were prompted by interferon-α to full-blown
autoimmune disease. Further research is necessary to establish the nature of these preex-
isting subclinical processes.
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I. INTRODUCTION

Only a few years ago, it was generally recognized by pharmaceutical scientists that phase
II metabolites of drugs, such as acyl glucuronide conjugates, are readily excreted following
their formation in the body and that these metabolites are neither active nor reactive. We
and others have shown that this is not generally true (1,2). Acyl glucuronide conjugates
are, in fact, reactive metabolites, capable of undergoing hydrolysis, intramolecular acyl
migration, and covalent binding to proteins, both in vitro and in vivo. This newly recog-
nized reactivity has an important, but still poorly defined, bearing on biological distribution
and metabolism of a widely prescribed class of drugs. It may also be directly associated
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with the perplexing toxicity of many carboxylic acid–containing drugs (3,4). It is striking
that of 47 drugs withdrawn from U.S., British, and Spanish markets from 1964 through
1993 owing to severe toxicity (3,4), 10 are carboxylic acids, all of which are metabolized
by humans to acyl glucuronides.

Conjugation with glucuronic acid is the major route for the elimination of xenobiotic
and endogenous compounds with a carboxylic acid function (1). These acyl-linked glu-
curonides are chemically reactive electrophiles (2) and have been shown to be susceptible
to hydrolysis, to transacylation by methanol (5), ammonia (6), ethanethiol (7), and glutathi-
one (8,9), and to reaction with chemical nucleophiles such as 4-(p-nitrobenzyl)pyridine
(NBP) (10). Acyl-linked glucuronides have been observed to undergo intramolecular nu-
cleophilic substitution reactions with the hydroxyl groups on the glucuronic acid moiety
resulting in intramolecular migration of the xenobiotic moiety from the 1-O-β-position to
the 2-, 3-, 4-position of the glucuronic acid ring (Fig. 1). Such intramolecular acyl migra-
tion and hydrolysis may occur during biological sample handling and, of particular rele-
vance, also under the pH and temperature conditions found in vivo. Earlier studies not
employing correct sample stabilization procedures yielded inaccurate measures of the
pharmacokinetics of carboxylic acid–containing drugs as well as their glucuronides.

In addition to hydrolysis and intramolecular acyl migration, acyl glucuronides also
readily react with the nucleophiles on proteins, both in vivo and in vitro. Covalent modifi-
cation of cellular proteins by acyl glucuronides has been suggested to mediate the rare,
but potentially fatal, idiosyncratic hypersensitivity associated with carboxylic acids (1).
The mechanisms responsible for the initiation of such immune-type toxic side effects,
including anaphylaxis and drug-induced liver injury (11), remain poorly understood. A
current explanation for the different types of hypersensitivity reactions caused by drugs
or other small molecules is the “hapten hypothesis” (12). Small foreign molecules such
as drugs are not immunogenic in themselves, but may become so after covalent attachment
to endogenous carrier proteins (such as albumin), which facilitate recognition by the im-
mune system. In general, the extent of the exposure of the organism or an organ to the
potential immunogen is one possible determinant for the occurrence of adverse reaction,
as depicted schematically in Fig. 2.

This chapter will focus on the chemical reactivity of acyl glucuronides. We will
summarize the general properties and newer aspects of formation and degradation of acyl
glucuronides, and their reversible and irreversible binding to plasma and tissue proteins
in vitro and in vivo. The selective modification of tissue proteins by acyl glucuronides
and their potential drug-induced organ toxicity (especially liver) will also be discussed.

Figure 1 Migration of the acyl group of the β-1-O-acyl glucuronide from C1 to C2, C3, and C4
of the glucuronic acid ring. The rearrangement is reversible with one exception: the C1-isomer is
not formed from the C2-isomer. (Modified from Ref. 2.)
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Figure 2 Interrelationship between immune response and disposition of the drug (“hapten hy-
pothesis”). (Modified from Ref. 2.)

II. BIOCHEMICAL ASPECTS OF ACYL GLUCURONIDATION

Conjugation with glucuronic acid is the major route for the biotransformation and elimina-
tion of carboxylic acid–containing drugs (1,2). Under normal condition, acyl glucuronides
are formed primarily in the liver and excreted predominantly through the urine in humans
(Fig. 3).

The formation of acyl glucuronides is catalyzed by a membrane-bound enzyme,
uridine 5′-diphosphate (UDP)-glucuronosyltransferase (UGT, EC 2.4.1.17), which trans-
fers the glucuronic acid from UDP-glucuronic acid (UDPGA) to the carboxyl group of
the aglycone, resulting in ester-linked glucuronides. The mechanism of the reaction cata-
lyzed by UGT is a SN2-type reaction. The anomeric center undergoes inversion during the
enzymatic transfer of α-d-glucuronic acid in UDPGA to the acceptor substrate, resulting in
the formation of the β-configuration (Fig. 3). UGT is a family of closely related isoen-
zymes mainly located in the endoplasmic reticulum and exhibiting different, but overlap-
ping, substrate specificities (13). Studies with Gunn rats, which are genetically deficient
in bilirubin glucuronidation, revealed that the isoform(s) involved in glucuronidation of
carboxylic acid-containing drugs was different from those responsible for bilirubin acyl
conjugation, at least for the arylpropionic acids (14). Recently, several human liver UGTs
have been cloned and the cDNAs expressed in heterologous cell lines. This technological
advance has allowed assessment of the functional specificity of these UGTs. Of these,
UGT1A9 and UGT2B7 appear to be key isoforms in the glucuronidation of a wide range
of xenobiotic carboxylic acids (13).



154 Li and Benet

Figure 3 The formation and elimination of β-1-O-acyl glucuronide.

III. SYNTHESIS, ISOLATION, AND CHARACTERIZATION
OF ACYL GLUCURONIDES

A. Biosynthesis of Acyl Glucuronides

Owing to the difficulty and expense of synthesizing the labile acyl glucuronides by chemi-
cal methods (1,15), alternative biosynthetic methods are preferable for the preparation of
acyl glucuronides.

Acyl glucuronide metabolites may be synthesized in vitro using crude enzyme mix-
tures derived from animal tissue (e.g., liver microsomes) or using in vitro purified enzyme
systems (e.g., immobilized enzymes). Many investigators have successfully utilized these
two methods to obtain small quantities of acyl glucuronides. Ruelius et al. (16) synthesized
oxaprozin glucuronide by combining labeled oxaprozin aglycone and UDPGA using a
crude enzyme preparation from a rhesus monkey liver homogenate, which resulted in
7.5% conversion of the parent aglycone to 1-O-acyl glucuronide. A similar incubation
with sheep liver microsomes by the addition of inhibitors of hydrolytic enzymes (e.g.,
esterases and β-glucuronidase) was utilized to prepare zomepirac-[14C]glucuronide, with
an improved yield of 10.1% (17). Grubb et al. (18) also successfully biosynthesized feno-
fibric and clofibric [14C]-glucuronides by incubation of aglycone and radiolabeled UDPGA
with rabbit and human hepatic microsomes, leading to 14% and 36% conversion of
UDP[14C]GA to the glucuronides, respectively. High yield of tolmetin glucuronide (�60%
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of aglycone) with freshly prepared sheep liver microsomes (20 mg protein/mL) has been
achieved in our laboratory (Ojingwa and Benet, unpublished results) with the following
concentrations: 1 mM aglycone, 10 mM UDPGA, 10 mM MgCl2 in 100 mM Tris-HCl
buffer pH � 6.9 containing the enzyme inhibitor phenylmethylsulfonyl fluoride (2 mM)
and 1,4-saccharic acid lactone (20 mM), and the detergent Triton X-100 (0.2%).

Immobilized UGT, covalently bound to cyanogen bromide–activated agarose (19)
or Sepharose (20), has been used for the preparation of a variety of glucuronide conjugates.
Using partially purified immobilized liver UGT, van Breeman and Fenselau (21) were
able to synthesize a series of aglycone-labeled 1-O-acyl glucuronides. The yields obtained
were benoxaprofen glucuronide, 2%; clofibric glucuronide, 3%; flufenamic glucuronide,
7%; and indomethacin glucuronide, 28%. Using similar immobilized UGT preparations,
Bradow et al. (22) also synthesized small quantities of 1-O-acyl glucuronides of salicylic
acid, S-benoxaprofen, and ∆9-11-carboxy-tetrahydrocannabinol.

The above two in vitro enzymatic biosynthetic methods are fairly useful for the
preparation of small quantities of acyl glucuronides, particularly for the glucuronides ra-
diolabeled in either the drug or glucuronic acid moieties (1). However, for preparation of
larger quantities, in vivo biosynthesis has significant advantages. Mostly, this has been
accomplished by harvesting glucuronides from the urine of drug-dosed humans or animals.
In 1981, the isolation of probenecid acyl glucuronide from urine by ethyl acetate extraction
and HPLC purification was described by Eggers and Doust (23). Such extraction and
purification methods from human urine dosed with the parent drugs have been successfully
used to prepare the acyl glucuronides of a number of carboxylic acids, including zomepirac
(24), tolmetin (25), diflunisal (26), beclobric acid (27), carprofen (28), etodolac (29), su-
profen (30), ibuprofen (31), furosemide (32), and mefenamic acid (33). Relatively large-
scale preparations of clofibric glucuronide and fenofibric glucuronides (18) were also
achieved from the urine of rabbits dosed with the corresponding carboxylic acids, and of
salicylic acid (34), valproic acid (35), and zomepirac (36) from rat urine and bile.

B. Separation and Quantification of Acyl Glucuronides

Two classes of analytical methods, indirect and direct, are available to quantify acyl glu-
curonides. The indirect methods, which were used almost exclusively before the early
1980s, involve enzymatic and alkaline hydrolysis of the ester bond, leading to release of
the parent aglycone. Since only 1-O-acyl glucuronide can be hydrolyzed by β-glucuroni-
dase and both 1-O-acyl glucuronides and its β-glucuronidase-resistant isomers are labile
in alkaline solution, a differentiation between 1-O-acyl glucuronide and its positional iso-
mers is possible by fractional hydrolysis.

With the improvement of HPLC techniques, the development of direct HPLC meth-
ods for glucuronides allowed investigators to chromatographically separate the different
components in the glucuronide fraction and then to study the chemical properties (such
as stability) of acyl glucuronides under different conditions. Compared to indirect meth-
ods, the direct procedures are more convenient and sensitive. Sinclair and Caldwell (37)
reported one of the first HPLC separations of different glucuronide isomers of clofibric
acid. Zomepirac, its β-1-O-acyl glucuronide, and four isomers were assayed on a reversed-
phase (C18) HPLC column utilizing a mixture of methanol and sodium acetate buffer as the
mobile phase (24). A similar HPLC condition, including an ion-pairing reagent, tetrabutyl
ammonium (TBA), was successfully applied to tolmetin, allowing simultaneous quantifi-
cation of all the glucuronide conjugates (38).
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Because of the various forms of isomerism, the analytical problems may, depending
on the nature of the glucuronide conjugate, become rather complex. Isomerization is possi-
ble not only via intramolecular rearrangement by acyl migration (2-, 3-, and 4-O-isomers),
but also via isomerization of the sugar group, yielding furanose as opposed to pyranose
structures. Except for the C-1 position (β-1-O-acyl glucuronides), α- and β-anomeric
forms may occur in addition to open-chain forms and lactones (39). As a consequence,
numerous isomers of the enzymatically formed β-1-O-acyl glucuronide may occur. Sev-
eral authors have reported the presence of more than three isomers in addition to the
β-1-O-acyl glucuronides. Hansen-Moller et al. (40) isolated and identified the α- and β-
anomers of three positional isomers of diflunisal glucuronide. Dickinson et al. (34) sepa-
rated six structural isomers of salicylic acid glucuronide and speculated on the presence of
α- and β-anomers of the three 2-, 3- and 4-O-isomers. Eight isomeric peaks of furosemide
glucuronide other than 1-O-acyl glucuronide and the free acid were observed utilizing
gradient HPLC by our group (41).

Resolution of the diastereomeric (R)- and (S)-glucuronides of 2-arylpropionic acids
could also be achieved by HPLC on octadecylsilane (ODS) stationary phases. We de-
scribed the resolution of diastereomeric naproxen glucuronides as well as the glucuronides
of various other 2-arylpropionic acids [e.g., flunoxaprofen (42), benoxaprofen (43), carpro-
fen (28), and fenoprofen (44)] on Ultrasphere ODS using a gradient of acetonitrile (ACN)
in 9 or 10 mM TBA buffer (pH 2.5) with elution order (S)- before (R)-glucuronide.
Fournel-Gigleux et al. (45) used a Lichrosorb Hibar RT column and ACN/trifluoroace-
tic acid (TFA)/water (19:0.04:81) to resolve the diastereomeric conjugates of 2-
phenylpropionic acid (elution order (R)- before (S)-glucuronide). El Mouelhi et al. (46)
employed different ACN/ammonium acetate or phosphate buffer systems to resolve the
stereoisomeric conjugates of naproxen, ibuprofen, and benoxaprofen on an Ultrasphere
ODS column with elution order (S)- before (R)-conjugate for all compounds. HPLC sepa-
ration of (R)- and (S)-carprofen glucuronides, using Lichrosorb RP18 column and ACN/
water/TFA (40:60:0.04) system, were also reported by Georges et al. (47), with the elu-
tion order (R) before (S). Additional analytical studies with naproxen glucuronide were
published by Buszewski et al. (48) and with ketoprofen glucuronides by Chakir et al. (49).
The HPLC conditions for the separation of acyl glucuronides of various carboxylic acids
are summarized in Table 1.

C. Structural Characterization of Acyl Glucuronides

General procedures for the structural elucidation of glucuronides were summarized by
Heirwegh and Compernolle (50). Different analytical methods have been used to identify
the structures of acyl glucuronides and their isomers, including mass spectrometry and
nuclear magnetic resonance spectrometry (NMR). Compernolle et al. (51) utilized gas
chromatography/mass spectrometry in their determination of the structures of bilirubin
glucuronide isomers. The structures of furosemide glucuronide and its isomerization prod-
ucts were confirmed by negative-ion thermospray liquid chromatography/mass spectrome-
try by Rachmel et al. (32). These scientists detected the abundant (M-1)� ion at mass 505,
the aglycone fragment at m/z 329, and the characteristic sugar fragment ion of mass 175
in the spectra of the β-1-O-acyl glucuronide and the isomers, whereas an ion at m/z 221
was noted only in the case of the β-1 conjugate.

Eggers and Doust (23) have used 13C-NMR studies to confirm the isomerization of
probenecid glucuronide. Smith and Benet (52), using 1H-NMR, confirmed that the four
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fractions that could be separated by HPLC were positional isomers of zomepirac glucu-
ronide. The structural assignments for flufenamic acid and (S)-benoxaprofen (22) were
also confirmed by 1H-NMR. In 1988, Hansen-Moller et al. (40) described a simultaneous
separation of the α- and β-anomers of three positional isomers of diflunisal glucuronide,
in addition to the β-1-O-acyl glucuronide. Using two-dimensional NMR spectrometry they
were able to identify these six different α- and β-anomers. Similarly, the α- and β-isomers
of flufenamic acid glucuronide were also found by 1H-NMR, and their structures were
confirmed by a series of successive decoupling experiments (22). The available data sug-
gest that anomerization is a general phenomenon for C2–C4 isomers of all acyl glucu-
ronides.

IV. STABILITY OF ACYL GLUCURONIDES

Acyl glucuronides are generally less stable than other glucuronides (2). Hydrolysis and
intramolecular acyl migration are two major reactions contributing to this instability.

A. Hydrolysis of Acyl Glucuronides

Hydrolysis of an acyl glucuronide leads to regeneration of the pharmacologically active
parent drug. Potential catalysts include hydroxide ion, β-glucuronidases, serum albumin,
and esterases. Rates of hydrolysis are dependent on pH and temperature, with more rapid
degradation of the enzymatically formed β-1-O-acyl glucuronide at higher pH, also at
physiological pH, than at a more acidic level. Hydrolysis of an acyl glucuronide conjugate
occurs readily in biological samples, for example in urine and plasma, in vitro under
laboratory conditions, and during storage. The rate of chemical hydrolysis decreases sig-
nificantly in cold and acidic conditions (pH 3–4), but hydrolysis may still occur slowly
during freezing and especially during thawing (53). This may result in substantial increase
in the concentration of the parent compound and may be responsible for some of the
variation in the apparent extent of the amount excreted unchanged in the urine of some
drugs as reported by different investigators. Acyl glucuronides can undergo substantial
hydrolysis to the parent aglycone in vivo and this may be due to enzymatic cleavage by
β-glucuronidase or nonspecific esterases under physiological conditions. Degradation of
the conjugates in bile and intestines will contribute to the enterohepatic recirculation of
the parent compound (Fig. 3).

B. Intramolecular Acyl Migration of Acyl Glucuronides

Intramolecular acyl group rearrangement is a well-established reaction in carbohydrate
chemistry (54) and is mechanistically related to alkaline hydrolysis. Migration of the acyl
moiety occurs from the 1-carbon hydroxyl group to the neighboring 2-, 3-, and 4-hydroxyl
groups of the glucuronyl moiety (Fig. 1). This results in the formation of β-glucuronidase-
resistant glucuronic acid esters that exhibit chromatographic properties different from the
β-1-O-acyl glucuronide. Intramolecular acyl migration was first demonstrated for bilirubin
glucuronide. Studies with endogenous bilirubin-IXα-glucuronides collected from bile
demonstrated a sequential migration of the original biosynthetic 1-O-acyl glucuronide to
2-, 3-, and 4-O-isomers (51). Subsequently, studies of acyl glucuronides of various xenobi-
otic carboxylic acids have shown intramolecular acyl migration to be a general phenome-
non for acyl glucuronides (1).
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The mechanism of acyl migration is well established and proceeds via nucleophilic
attack on the neighboring hydroxyl group and formation of an ortho-ester intermediate
(22,54). In situ mechanistic studies with 1H-NMR spectroscopy of HPLC-purified isomers
have determined the order of migration to be from the biosynthetic glucuronide to the 2-
O-isomer followed by formation of the 3- and 4-O-isomers. Migration between the three
positional isomers is reversible but reformation of the parent 1-O-β-acyl glucuronide is
very unlikely owing to the mutarotation at C-1 after movement of the acyl group. The
studies of Bradow et al. (22) indicated that there is no evidence for rearrangements beyond
nearest-neighbor hydroxyl groups.

C. Factors that Influence the Degradation of Acyl Glucuronides

The loss of 1-O-acyl glucuronides (including hydrolysis and acyl migration) follows ap-
parent first-order kinetics over the measurable concentration range. Subsequent loss of
the rearranged isomers is generally much slower than that of 1-O-acyl glucuronide. The
disappearance of zomepirac 1-O-acyl glucuronide and the formation of isomers and parent
zomepirac in vitro at pH 7.4 and 37°C is depicted in Fig. 4, which demonstrates that
intramolecular acyl migration under physiological conditions is the predominating reaction
in the early stages of the in vitro incubations, whereas hydrolysis of 1-O-acyl glucuronide
and its isomers becomes the more important reaction at later times or under alkali condi-
tions (24).

Figure 4 Time-dependent degradation of zomepirac glucuronide (Zgl) to its isomeric conjugates
(2-, 3-, 4-O-iso) and hydrolysis to zomepirac (Z) in 0.1 M phosphate buffer, pH 7.4, 37°C. (2-, 3-,
and 4-iso represents the α/β-2-O-, α/β-3-O-, α/β-4-O-acyl isomers). Solid circles � Zgl; solid
squares � Z; open diamonds � 2-O-iso; open squares � 3-O-iso; open triangles � 4-O-iso; open
stars � an unidentified product. (From Ref. 24.)
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The rate of acyl migration and hydrolysis varies among different compounds and
is influenced by many factors. Both hydrolysis and rearrangement are accelerated at alka-
line pH and with increasing temperature. Hasegawa et al. (24) described an apparent first-
order pH-dependent degradation (including acyl migration and hydrolysis) of zomepirac
glucuronide with minimal isomerization occurring at pH 5, similar to what was reported
for isoxepac (55), valproic acid (56), and furosemide (32,41). Degradation half-lives for
the β-1-O-acyl glucuronides for various compounds in the physiological pH range are
summarized in Table 2. Large variation has been noted in the degradation of acyl glucuro-
nides, from highly labile glucuronides like that of diclofenac (57) and tolmetin (25) (no
substitution at the alpha carbon), to most stable species like gemfibrozil (58) (disubstitution
at the alpha carbon) and valproic acid (35) (highly steric-hindered dipropyl substitution
at the alpha carbon). More interestingly, a single replacement of a chloro group (a better

Table 2 Apparent First-Order Degradation Half-Lives of β-1-O-acyl Glucuronides
at pH 7.0–7.5 at 37°C

Compound pH Buffer type/medium t1/2(h) Ref.

Beclobric acid 7.4 Phosphate buffer, 150 mM 25.7 (�), 22.7 (�) 27
Benoxaprofen 7.4 Tris-HCl buffer, 50 mM 2.0 (R), 4.1 (S) 43
Carprofen 7.4 Phosphate buffer (0.067 M) 2.5 (R), 3.5 (S) 47

7.4 Kreb-Ringer phosphate buffer 1.7 (R), 2.9 (S) 75
Clofibric acid 7.4 Phosphate buffer 7.3 125

7.0 Tris/maleate (0.1 M) 7.0a 18
7.5 Phosphate buffer (50 mM) 3.0a 8

Diclofenac 7.4 Phosphate buffer 0.47 57
Diflunisal 7.4 Phosphate buffer (100 mM) 0.60 65
Etodolac 7.4 Phosphate buffer (150 mM) 20.0 29
Fenoprofen 7.4 Sodium phosphate 0.99 (R), 1.95 (S) 62
Flufenamic acid 7.4 Phosphate buffer 7.0 125
Flunoxaprofen 7.4 Tris-HCl buffer, 50 mM 4.5 (R), 8.0 (S) 42
Furosemide 7.4 Tris maleate, 50 mM 5.289 32
Gemfibrozil 7.4 Phosphate buffer (0.1 M) 44 58
Ibufenac 7.4 Phosphate buffer (0.15 M) 1.1 31
Ibuprofen 7.4 Phosphate buffer (0.15 M) 3.3 31
Indomethacin 7.4 Phosphate buffer 1.4 125
Isoxepac 7.0 Urine 0.29a 155
Ketoprofen 7.4 Phosphate buffer 0.66 (R), 1.26 (S) 126
Mefenamic acid 7.4 Phosphate buffer 16.5 33
Naproxen 7.4 Sodium phosphate (0.1 M) 0.92 (R), 1.75 (S) 64
Oxaprozin 7.4 Phosphate buffer (0.1 M) 1.3 127
Probenecid 7.4 Phosphate buffer (0.2 M) 0.4 84
Salicylic acid 7.4 Phosphate buffer 1.55 34
Suprofen 7.4 Phosphate buffer (150 mM) 1.4 30
Tolmetin 7.4 Phosphate buffer 0.26 25
Valproic acid 7.4 Phosphate buffer (0.1 M) 60a 35
Wy-18,251 7.4 Phosphate buffer (0.1 M) 0.38 127
Wy-41,770 7.4 Phosphate buffer (0.1 M) 14 127
Zomepirac 7.4 Phosphate buffer (0.1 M) 0.45 24

a Half-life was calculated from the data given in the reference.
Source: References prior to 1992 from Spahn-Langguth and Benet (2).
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electron-withdrawing group than fluoro) on benoxaprofen by a fluoro group, which be-
comes flunoxaprofen, leads to a marked increase of stability of the acyl glucuronides. The
half-lives of (R)- and (S)-benoxaprofen glucuronides are 2.0 h and 4.0 h, respectively
(43), whereas, the half-lives of acyl glucuronides of (R)- and (S)-flunoxaprofen are 4.5
and 8.8 h, respectively (42). It appears that the degradation rate of acyl glucuronide at
physiological conditions is predictable based on the chemical structure of the acid and
depends on: (1) the degree of substitution at the alpha carbon to the carboxylic acid (59),
and (2) electron-withdrawing or donating groups at the alpha carbon or on the conjugated
aromatic ring. Considering both steric hinderance and electronic effect on the chemical
reactivity of acyl glucuronide gives a better understanding of the marked differences in
degradation rates of structurally diverse carboxylic acid–containing drugs.

Degradation rates of acyl glucuronides depend not only on the pH and temperature,
but also on the nature of the solution (e.g., buffer, organic solvent, plasma, blood, urine,
bile). Furosemide glucuronide (128) was shown to degrade much faster in bile (t1/2 �
19.5 min) and a supernatant solution of a duodenal homogenate from rabbits (t1/2 � 1.2
min) than in buffer (pH � 7.4, t1/2 � 5.3 h). Degradation of zomepirac glucuronide in
blood and plasma was found to be faster than in buffer (60). Ruelius et al. (16) also found
accelerated degradation of oxaprozin glucuronide in human serum albumin (HSA) and
plasma. Indeed, they showed that albumin was catalytic for all three reactions (intramolec-
ular acyl migration, hydrolysis, and covalent binding). Reports in literature suggest that
the effects of albumin or plasma on the stability of acyl glucuronide conjugates and their
isomers vary with the drugs studied. HSA has been shown to enhance the degradation
rates of acyl glucuronides of many carboxylic acid–containing drugs, including zomepirac
(60), oxaprozin (16,61), fenoprofen (62), etodolac (29), ketoprofen (63), naproxen (64),
clofibric acid (18), gemfibrozil (58), and diclofenac (57). An opposite (stabilizing) effect
of HSA was observed for tolmetin glucuronide, but bovine serum albumin (BSA) causes
an increase in the rate of hydrolysis (25). In the presence of HSA, degradation of diflunisal
(65), salicylic acid (34), mefenamic acid (33), and furosemide (66) glucuronides in albu-
min solution was retarded in comparison to that found in buffer alone, while no significant
change in the degradation rate of ibufenac glucuronide was observed with or without HSA.

These data suggest that the effect of HSA toward acyl glucuronides is strongly
dependent on the chemical structure of the aglycone moiety. To explain the accelerated
degradation of oxaprozin glucuronide in the presence of HSA, Ruelius et al. (16) hy-
pothesized that the degradation reaction of oxaprozin glucuronide in HSA proceeds
through the formation of a reversible complex of oxaprozin glucuronide with HSA at the
benzodiazepine-binding site [site II, as classified by Sudlow et al. (67)]. Located within
this site is a reactive tyrosine, which appears to be the nucleophile responsible for mediat-
ing all the reactions, including hydrolysis, acyl migration, and covalent binding. Support
for this hypothesis was obtained when other agents, like naproxen, decanoic acid, and
oxaprozin itself, that strongly bind to the benzodiazepine site inhibited both hydrolysis
and acyl migration (16,61). Watt and Dickinson (65) proposed a similar mechanism to
explain the protective effect of albumin on the degradation of acyl glucuronide, by intro-
ducing two binding sites: one a reversible binding site and the other the primary site
catalyzing degradation of acyl glucuronide (catalytic site). If the reversible binding site
happens to be the catalytic site, albumin may accelerate the degradation of acyl glucuro-
nides, like oxaprozin. Otherwise, it may retard the degradation rate of acyl glucuronides,
such as diflunisal and salicylic acid. The correctness of such speculation clearly requires
further investigation.
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V. REVERSIBLE BINDING OF ACYL GLUCURONIDES TO PROTEINS

As mentioned above, by introducing the reversible binding of oxaprozin glucuronide to
HSA, Ruelius et al. (16) could well explain the catalytic effect of HSA on the hydrolysis
and acyl migration of acyl glucuronides. They also hypothesized that a correlation exists
between reversible binding and irreversible (covalent) binding to plasma proteins, with
reversible binding acting as a preliminary or an intermediate step (16,61). Measurements
of reversible plasma protein binding of glucuronide conjugates, however, are rare. With
respect to acyl glucuronides, the lack of data mainly results from experimental difficulties,
since the studies need to be carried out under physiological conditions (37°C, pH � 7.4),
that is, the conditions at which acyl glucuronides are not stable. By rapid ultrafiltration,
reversible binding of acyl glucuronides to HSA has been studied for carprofen (47,68),
zomepirac (69), tolmetin (69), ketoprofen (63), fenoprofen (70), naproxen (64), and furo-
semide (66). Interestingly, significant binding to HSA was found for the β-1-O-acyl glucu-
ronides as well as for their positional isomers (69). Stereoselective reversible binding of
(R)- and (S)-glucuronides of carprofen, naproxen, fenoprofen, and ketoprofen to HSA was
also observed. (S)-glucuronides of carprofen (47,68) and fenoprofen (70) had a higher
affinity to HSA than the (R)-glucuronides. An opposite result, (R)-glucuronide having a
higher affinity than the (S)-diastereomer, was observed for naproxen glucuronide (64).

Presumably, reversible binding of acyl glucuronides to proteins acts as a preliminary
step for irreversible (covalent) binding. Studies of reversible binding might help us better
understand the mechanism of covalent binding and the HSA effect on the stability of acyl
glucuronides.

VI. COVALENT BINDING OF ACYL GLUCURONIDES TO PROTEINS

Hydrolysis and intramolecular acyl migration of acyl glucuronide conjugates of carboxylic
acid–containing compounds have been extensively documented in recent years (1,2). A
third reaction manifesting the inherent chemical electrophilicity of acyl glucuronides in-
volves their capacity to act as substrates for the covalent binding of the aglycone to tissue
proteins, notably albumin. Covalent binding, first described for bilirubin in 1966 (71),
was demonstrated to be dependent on the presence of bilirubin acyl glucuronides in vitro
and in vivo. Van Breeman and Fenselau (21) reported covalent binding of flufenamic acid,
indomethacin, clofibric acid, and benoxaprofen to bovine serum albumin (BSA), when
acyl glucuronides were incubated with the protein in vitro, and suggested that the mecha-
nism involved transacylation with the free sulfhydryl group of cysteine residues. Ruelius
and co-workers (16,61) documented the in vitro covalent binding of oxaprozin to HSA
via acyl glucuronide, and concluded, on the basis of extensive inhibition studies, that the
site of covalent binding to HSA was a tyrosine residue located within the benzodiazepine
binding site (transacylation with the hydroxyl group of tyrosine). We have demonstrated
that such covalent binding occurs in vivo in humans, as well as in vitro, for zomepirac
(72), tolmetin (25,73,74), carprofen (75), fenoprofen (62), beclobric acid (27), naproxen
(64), and diclofenac (57), while McKinnon and Dickinson have shown such binding for
diflunisal and probenecid (76), William et al. for valproic acid (35), and more recently
Sallustio et al. for clofibric acid (77) and gemfibrozil (58).

A. Procedures to Assay Covalent Binding

Generally, the extent of covalent binding is quantified as the amount of aglycone that
remains bound to proteins after an exhaustive washing procedure, which is then liberated
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after treatment with strong base (78). Proteins are usually precipitated by addition of, for
example, ice-cold isopropanol and acidic acetonitrile (ACN) or an ACN/ethanol mixture.
The protein pellet obtained after centrifugation is washed several times (at least 5–10
times) with methanol/diethylether (3:1; vortexing and sonication, followed by centrifuga-
tion) to remove the reversibly bound aglycone and conjugates from the proteins. Aglycone-
protein adducts are then dissolved in sodium hydroxide solution at 70–80°C overnight, to
release the bound aglycone. The liberated aglycone can be either quantified by scintillation
counting if the aglycone is radiolabeled, or quantified by HPLC for nonradiolabeled agly-
cone (72). The extent of covalent binding, determined by such an indirect assay, is usually
expressed as picomoles or nanomoles of covalently bound aglycone per milligram of pro-
tein. This indirect procedure could be applied for both in vitro and in vivo covalent binding
studies and the bound aglycone (drug) can be assayed specifically, even stereospecifically,
by HPLC; however, these methods cannot differentiate the individual proteins to which
aglycone binds.

The aglycone-modified protein targets could be identified by SDS-PAGE and fluo-
rography, if radiolabeled aglycone is available. Because of the limited availability of radio-
labeled compounds, recently, immunochemical methods have been developed and have
become the preferred methods to detect and identify xenobiotic covalent bound proteins.
The immunochemical methods involve the production of highly selective polyclonal anti-
bodies by immunization of animals (e.g., rabbits) with aglycone-linked immunogenic pro-
tein. Via these methods, the protein covalent binding can be determined both quantitatively
and qualitatively. Western blots permit detection of individual proteins targeted by the
reactive metabolite and ELISA techniques permit quantification of protein adducts in tis-
sues and subcellular fractions (79). In addition, immunohistochemical analysis permits
assessment of distribution of covalent adducts among tissues and localization within indi-
vidual cell types (80). The immunochemical methods have been successfully utilized to
investigate the mechanisms of tissue toxicity of halothane, acetaminophen, diclofenac
(81), and a variety of other chemicals. The results produced by such methods, however,
are highly variable between laboratories: sometimes, a completely different pattern of
protein adducts is detected, mainly due to the different specificity of polyclonal antibodies
produced among different laboratories.

B. In Vitro Covalent Binding of Acyl Glucuronides to Proteins

As a consequence of the chemical reactivity of acyl glucuronides, a large number of car-
boxylic acid–containing drugs have been demonstrated to covalently bind to plasma pro-
teins, especially albumin in vitro, including nonsteroidal anti-inflammatory drugs [benoxa-
profen (21), indomethacin (21), flufenamic acid (21), oxaprozin (16), zomepirac (72),
tolmetin (25), carprofen (75), fenoprofen (62), naproxen (64), diclofenac (57), diflunisal
(65), salicylic acid (34), etodolac (29), suprofen (30), ibuprofen (31), ibufenac (31), keto-
profen (83), and mefenamic acid (33)], the uricosuric drug probenecid (84), the antihyper-
lipoproteinemic reagents [clofibric acid (18,21), fenofibric acid (18,82), gemfibrozil (58),
and beclobric acid (27)], the diuretic agent furosemide (66), and the antiepileptic drug
valproic acid (35).

From these in vitro studies, the extent of covalent binding was found to be clearly
dependent on time (21,61), pH (25,30,72), glucuronide concentration (83), and origin of
albumin (25,65). For oxaprozin glucuronide (16,61), the highest yield of protein adduct
was obtained after the glucuronide and HSA were incubated at pH 7 for approximately
1 h at 37°C. Similarly, maximum covalent binding to HSA for zomepirac glucuronide
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occurred after 1-h incubation at pH 9, although the level of protein adducts decreased
rapidly after this time owing to the instability of the adducts at this pH. High concentrations
of adduct were also observed after 6-h incubation of zomepirac glucuronide and HSA at
pH 7 and 8 at 37°C (72). The in vitro covalent binding of suprofen glucuronide to HSA
was shown to increase with increasing pH at 37°C and to be time-dependent (30). The
extent of covalent binding of ketoprofen glucuronide (83) to albumin was proportional to
acyl glucuronide concentration over the range studied (from 11.62 to 69.72 µM). Watt
and Dickinson (65) showed that covalent binding of diflunisal glucuronide was greater
with fatty-acid-free HSA than with rat plasma albumin (RSA) and human and rat plasma
proteins, and suggested that the different animal origins and the state of purity of albumin
might be important for the stability and covalent binding of acyl glucuronides. Similar
findings were also reported for tolmetin glucuronide (25). The extent of covalent binding
of tolmetin glucuronide with BSA was much less than, but the rate of adduct formation
was the same as, that with HSA.

In addition to 1-O-acyl glucuronide, the isomeric conjugates could also form cova-
lent protein adducts. Isomeric conjugates of zomepirac glucuronide (17,72) were found
to covalently bind to HSA, at somewhat decreased extents as compared to the β-1-O-acyl
glucuronide itself (% bound: C1 � C2 � C4 � C3). Reports in the literature suggest that
certain isomeric conjugates were even more reactive toward proteins than the β-1-O-acyl
glucuronide. Isomers of suprofen glucuronide exhibited time-dependent covalent binding
and this binding was 38% higher than that of the β-1-O-acyl glucuronide (30). Similarly,
protein adduct formation of valproic acid (35), salicylic acid (34), etodolac (29), and
diflunisal (91) was shown to be much more rapid and extensive from isomeric glucuronide
conjugates than from the β-1-O-acyl glucuronides. However, not all of the isomeric conju-
gates are important for the covalent binding. Ruelius et al. (16) reported that only the β-
1-O-acyl glucuronide of oxaprozin, not the isomers, led to significant irreversible binding.

Studies performed by Dubois et al. (83), as well by our laboratory (85), suggest that
HSA is the major binding protein with respect to covalent binding to plasma proteins; for
example, no covalent binding was detected with fibrinogen and γ-globulins, and only
0.14% of ketoprofen was bound to α- and β-globulins after a 3-h incubation. However,
covalent binding is not restricted to albumin. Bailey et al. (86) have shown that zomepirac
glucuronide and its isomers covalently modified microtubular protein in a dose-dependent
manner and suggested that perturbation of the tubulin/microtubulin dynamics might con-
tribute to the hepatotoxicity of certain acidic drugs. In vitro studies of covalent binding
of tolmetin glucuronide to tissue homogenates from rat and sheep indicated that the extent
of tissue covalent binding was comparable to that detected with albumin and plasma pro-
teins (85). Similarly, incubation of rat liver microsomes with [14C]-diclofenac showed that
diclofenac covalently bound to hepatic microsome proteins varied as a function of expo-
sure time and the concentration of the cofactor, UDPGA (87). Hepatic microsomes in-
cubated with [14C]-UDPGA and nonradiolabeled diclofenac resulted in similar covalent
binding of the radiolabeled compound to microsomal protein, which was significantly
decreased in the presence of 7,7,7-triphenylheptyl-UDP, a specific inhibitor of UGT.

C. Mechanism of Covalent Binding of Acyl Glucuronides to Proteins

The mechanism of the irreversible binding of acyl glucuronide to proteins has been investi-
gated extensively. Basically, two pathways have been proposed, each resulting in a differ-
ent type of adduct (Fig. 5). The first is a nucleophilic displacement reaction whereby
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Figure 5 Proposed mechanism for covalent binding of acyl glucuronides to proteins. (From Ref.
74.)

protein nucleophiles, including sulfhydryl, hydroxyl, and amine groups, react with the
facile carbonyl-carbon of the acyl glucuronide. This mechanism leads to the acylation of
proteins giving rise to thioester-, oxygen ester-, and amide-linked conjugates. The conse-
quence of this reaction would be the direct covalent linkage of the drug to the target
protein without the glucuronic acid moiety. Evidence of the involvement of nucleophilic
groups such as -SH of cysteine residues (21), -OH of tyrosine residues (61), and -NH2 of
lysine residues (88,89) in the formation of covalent adducts between protein and various
acyl glucuronides has been documented.

The second mechanism of covalent binding of acyl glucuronides to proteins is analo-
gous to the nonenzymatic glycosylation of albumin (90) and requires prior acyl migration
of the drug moiety away from the biosynthetic β-1-O-acyl glucuronide to permit ring
opening of the sugar. The reactive aldehyde group so exposed can then reversibly form
an imine (Schiff’s base) with an amine group on protein. Subsequent Amadori rear-
rangement could then yield a stable ketoamine derivative. Thus, in contrast to the trans-
acylation mechanism, both drug and glucuronic acid moieties (still linked together by an
ester group) become bonded to proteins. This mechanism was first proposed for the cova-
lent binding of zomepirac to plasma protein (72). In covalent binding studies with zome-
pirac and tolmetin glucuronides, imine trapping agents (cyanide or cyanoborohydride)
significantly increased the extent of covalent binding of the drug, supporting this mecha-
nism. Furthermore, isomeric glucuronide conjugates released after extensive washing and
subsequent acid treatment (17,72), gave evidence that the glucuronic acid moiety is part
of the adduct. In vitro studies with clofibryl and fenofibryl glucuronides (18) showed that
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covalent binding of 14C to proteins was markedly higher after incubation of HSA with
clofibryl or fenofibryl glucuronide labeled with 14C on the glucuronyl moiety, compared
with the label on the aglycone. Binding of 14C to HSA was 14.9-fold (24-h incubation)
higher for clofibryl glucuronide and 5.9-fold (24-h incubation) higher for fenofibryl gluc-
uronide when labeled on the glucuronyl moiety than on the aglycone (18). This is consis-
tent with the proposed Schiff’s base mechanism, in which the glucuronyl moiety becomes
covalently bound to proteins.

The two mechanisms proposed for adduct formation contrast sharply. The simpler
transacylation mechanism involves nucleophilic attack at the ester group by -SH, -OH,
or -NH2 groups on protein. The drug moiety itself thus becomes directly linked to the
protein via a thioester, ester, or amide bond, and glucuronic acid is lost. Under physiologi-
cal pH conditions, relative facile transacylation reactions might be expected of the 1-O-
acyl glucuronide itself, but not of its 2-, 3-, or 4-isomers, since only in the β-1-O-acyl
glucuronide is the carboxyl group of the drug linked to the glucuronic acid moiety via an
acetal. Conversely, the Schiff’s base mechanism for adduct formation requires prior migra-
tion of the drug moiety away from the 1-position of the glucuronic acid ring and thus is
operative for the isomers but not the 1-O-acyl glucuronide itself. According to this mecha-
nism, the glucuronic acid moiety, still bearing the ester-linked drug, becomes bound to
an amine group on protein via an imine (Schiff’s base).

Because the reversibility of acyl migration does not include reformation of the parent
acyl glucuronide (Fig. 1), the two mechanisms of adduct formation are theoretically distin-
guishable on the basis of whether the glucuronide or its isomers are the better substrate.
The isomeric conjugates of some xenobiotic carboxylic acids, such as diflunisal (91), val-
proic acid (35), and salicylic acid (34), have been shown to be more reactive toward
protein than the corresponding β-1-O-acyl glucuronide, supporting the Schiff’s base (gly-
cosylation) mechanism. On the other hand, Ruelius et al. (16) presented strong evidence
favoring a transacylation mechanism for covalent binding of oxaprozin to HSA. After
incubation of radiolabeled oxaprozin glucuronide with HSA at pH 7 for 1 h, 22% of the
radioactivity became attached to HSA, but only 0.6% when the label was in the glucuronic
acid moiety. Furthermore, only 2.1% attachment of label to HSA occurred after incuba-
tion with the 2-isomer of [14C]-oxaprozin glucuronide. Smith et al. (17,72) showed that
zomepirac-HSA adduct formation from zomepirac acyl glucuronide was roughly compar-
able to that from its purified 2-isomer and greater than that from its purified 4- and 3-
isomers, over a 45-min incubation with HSA at pH 7.4 and 37°C. Munafo et al. (25)
found that the rate of covalent binding of tolmetin to HSA was 10 times greater for tolmetin
glucuronide than for a mixture of its isomers (predominantly the 3-isomers, generated
in situ from tolmetin glucuronide by preincubation in albumin-free buffer). All of these
researchers suggested that more than one mechanism was operative. Mass spectrometric
analysis of tryptic digests of albumin adducts (92,93) provided direct evidence that the
in vitro binding of tolmetin glucuronide to HSA occurs via both mechanisms. Similar
findings have recently been reported for benoxaprofen glucuronide (94). It is possible that
both mechanisms occur concurrently in vivo.

D. In Vivo Covalent Binding of Acyl Glucuronides to Proteins

1. In Vivo Plasma Protein Binding

Unlike many reactive metabolites that may never leave the organ of synthesis, acyl glu-
curonides are stable enough to reach the circulation and subsequently be excreted into
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the urine. The in vivo formation of covalently bound plasma protein adducts by acyl
glucuronides has now been demonstrated in humans for a large number of compounds,
including beclobric acid (27), clofibric acid (77), carprofen (75), diclofenac (57), diflunisal
(76), fenoprofen (62), gemfibrozil (101), ketoprofen (83), probenecid (76), salicylic acid
(34), tolmetin (73,74), valproic acid (35), and zomepirac (72).

From these in vivo studies, the extent of protein binding of acyl glucuronides in
vivo was found to correlate well with the extent of the exposure of acyl glucuronides,
which is measured as the area under the curve (AUC). Increase in plasma glucuronide
concentrations leads to higher covalent binding. Increased adduct formation can thus be
expected during chronic dosage or with decreased renal clearance of the glucuronide as
in renal failure or resulting from a drug-drug interaction. Indeed, adduct concentrations
in elderly patients treated with tolmetin were significantly higher than those in the control
group of elderly patients given a single dose (73). Significant accumulation of protein
adducts of tolmetin has also been observed in healthy human volunteers after a 10-day
multiple dosing regimen of tolmetin. The bound levels after administration of multiple
doses were approximately 10 times higher than those after a single dose was given to the
same subjects (74). Valproic acid adducts were measurable in the plasma of epileptic
patients on chronic drug therapy (35). Coadministration of probenecid and zomepirac re-
sulted in an increase in the amount of covalent binding and an increase in exposure to
zomepirac glucuronide plasma concentrations (95). Covalent binding of diflunisal and
probenecid has been investigated after administration of multiple doses of each drug. After
a 6-day regimen in healthy human volunteers of oral diflunisal with concomitant adminis-
tration of oral probenecid during the last 2 days, measurable covalent binding of both
drugs via their acyl glucuronide metabolite has been observed (76).

2. In Vivo Tissue Protein Binding

In contrast to the well-documented adduct formation of xenobiotic carboxylic acid–
containing drugs to plasma proteins, fewer studies have investigated the intracellular ad-
duct formation in organs exposed to the drugs or their glucuronides. The in vivo formation
of covalent adducts with tissue proteins was demonstrated for diflunisal in liver, kidney,
skeletal muscle, and small and large intestine of rats given the drug (96,97), as well as
urinary bladder tissue proteins (98). Following daily diflunisal dosing, the adduct concen-
tration increased in all tissues over time and declined slowly after cessation of drug admin-
istration with a half-life of approximately 20 h (98). Similarly, chronic dosing of rats
with clofibric acid over a 21-day period resulted in higher concentrations of clofibric acid
covalently bound to liver proteins. Concentration of tissue protein adducts seemed to in-
crease linearly with time, with no indication of steady state having been achieved by 21
days (77). In vivo covalent binding of carboxylic acids to tissue proteins has also been
documented for diclofenac, sulindac, and ibuprofen in mice liver (99), and for zomepirac
and valproic acid in rat liver (100).

3. Stability of Protein Adducts

At present, very little is known about the pharmacokinetics of the covalently bound protein
adducts formed by carboxylic acid drugs in plasma and tissues, although the in vivo stabil-
ity (half-life) of the formed adduct may be important for the potential immunogenic effects
of a hapten (11). From the currently available data, it is evident that the plasma protein
adducts are long-lived, with half-lives much greater than those of their parent carboxylic
acids and acyl glucuronide conjugates. Tolmetin-protein adducts persisted in plasma be-
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yond the period when concentrations of tolmetin and its glucuronide were measurable
(74). Specifically, tolmetin-plasma protein adducts exhibited an average half-life of ap-
proximately 4.8 days, whereas tolmetin and its glucuronide had a half-life of 5 h (73).
McKinnon and Dickinson (76) have reported terminal half-lives for the plasma protein
adducts of diflunisal and probenecid in humans of 10 and 13.5 days, respectively. The
half-lives of (�)- and (�)-beclobric acid plasma protein adducts in humans were reported
to be 1.75 and 2.9 days, respectively (27). These values are significantly shorter than the
half-life of albumin in humans (17–23 days) and may represent clearance of adducts
formed with plasma proteins other than albumin, or may be caused by the breakdown of
relatively unstable adducts, independent of the longer turnover rates for the protein itself.
In vitro studies of diflunisal glucuronide (91) with HSA revealed a biphasic decline with
an apparent terminal half-life of about 28 days. Kitteringham et al. (102) have also demon-
strated that the clearance of dinitrobenzene-albumin adducts was dependent on the degree
of substitution of the albumin, with clearance increasing as epitope density was increased,
which may be another factor contributing to the elimination of plasma adducts formed
from acyl glucuronides. Owing to the long-lived protein adduct, steady-state adduct con-
centrations may not be achieved until months after the commencement of chronic dosing,
with significant accumulation at steady state. These long-lived adducts may lead to en-
hanced uptake by antigen-presenting cells (e.g., macrophages), resulting in greater possi-
bilities to be processed and presented to the immune system.

E. Selectivity of Covalent Binding of Acyl Glucuronides
to Tissue Proteins

Evidence has accumulated to show that the protein covalent binding via acyl glucuronides
is not random, but rather selective with respect to the proteins targeted. Selective binding
to specific cellular target proteins may correlate better with toxicity than total protein
covalent binding. Using a fluorescence detection technique, covalently bound flunoxapro-
fen and benoxaprofen (103) were associated with a 39-kDa and a 62-kDa protein in a rat
hepatic microsome system in the presence of UDPGA. Similarly, immunochemical detec-
tion of diclofenac adducts in mouse liver homogenates, after oral treatment of mice with
diclofenac, revealed a dose-dependent formation of four major protein adducts with appar-
ent molecular masses of 50, 70, 110, and 140 kDa (81). Dose- and time-dependent covalent
modifications of hepatic proteins by diclofenac were also detected in rats given diclofenac
(104). Subcellular fractionation of rat liver homogenate from diclofenac-treated rats
showed that a 50-kDa microsomal protein and 110-, 140-, and 200-kDa plasma membrane
proteins were preferentially modified by diclofenac. Hargus et al. (104) presented evidence
implicating UGT-dependent glucuronidation in the formation of the 110-, 140-, and 200-
kDa diclofenac protein adducts in vitro in rat liver homogenate, while the formation of
the 50-kDa microsome protein was shown to be cytochrome-P450-dependent. Using
immunofluorescence and immunohistochemistry, the majority of the diclofenac adducts
were detected on the plasma membrane and localized within the bile canalicular mem-
brane (104).

On the other hand, studies undertaken by Kretz-Rommel and Boelsterli (105) have
reported immunochemical identification of 50-, 60-, 80-, and 126-kDa adducts, which
were expressed in cultured rat hepatocytes exposed to diclofenac in vitro, and of 60- and
80-kDa adducts expressed in vivo in livers of rats given diclofenac. The 60-kDa protein
was also detected by fluorography in a UGT-dependent microsomal incubation of diclo-
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fenac and UDPGA, with radiolabel on either diclofenac or UDPGA (87). Furthermore,
Gil and co-workers (106) have reported detection of a major 60-kDa adduct generated in
vitro when rat and human hepatocytes were cultured with diclofenac. The reasons for the
different patterns found in the different laboratories are unclear at present, but contributing
factors could include differences in the model system (in vivo/in vitro rat, mouse, and
cultured hepatocytes), samples (liver homogenate and subcellular fractions), and specific-
ity of antisera.

A similar pattern of covalent binding was found with other carboxylic acid–
containing drugs using drug-specific antibodies. Diflunisal and zomepirac (100) were
shown to produce major 110-, 140-, and 200-kDa hepatic protein adducts in vivo, similar
to the results found with diclofenac. A different pattern of protein modification was de-
tected in the livers of clofibric acid– and valproic acid–treated rats (100). A 70-kDa protein
adduct was detected in clofibric acid–treated rats, while a 140-kDa protein and several
other proteins with smaller molecular weight (e.g., 40, 43, and 55 kDa) were detected in
livers of valproic acid–treated rats. The major protein adduct observed with sulindac (99)
was the 110-kDa protein, with low levels found for the 140- and 200-kDa proteins. All
the sulindac-modified protein adducts were shown to be concentrated in a subfraction
derived from the bile canalicular region of the hepatocyte plasma membrane. Ibuprofen
was the least toxic of carboxylic acids tested, and predominantly bound covalently to a
60-kDa protein with only relatively low levels of a 110-kDa adduct (99). Such selective
modification of plasma membrane proteins by carboxylic acids, possibly containing new
antigenic determinants, could become particularly important if the immune system were
involved in the pathogenesis of carboxylic acid–induced liver injury (80).

VII. STEREOCHEMICAL ASPECTS OF ACYL GLUCURONIDES

Many of the carboxylic acid drugs belong to the class of 2-arylpropionic acid of profens,
which have a chiral center at the carbon 2 of the propionic acid side chain. Only (S)-
enantiomers have significant anti-inflammatory activity (107). Nevertheless, the clinically
used profens are marketed as racemates with the notable exception of naproxen. A unique
feature of the metabolism of this class of compounds is the inversion at the chiral center
(carbon 2), generally referred to as chiral inversion, which is unidirectional in mammalian
organisms. The pharmacologically inactive (R)-enantiomer is usually transformed to the
active (S)-antipode, whereas the reverse reaction does not occur.

In general, the principal urinary metabolites of the profen drugs are their acyl glu-
curonides. Acyl glucuronidation of chiral carboxylic acids was reported to be enantiose-
lective (112). Investigations of substrate enantioselectivity in the formation of acyl glucu-
ronides have been performed in vitro with microsomes, solubilized microsomal protein,
and immobilized protein obtained from animal and human liver as sources of UDP-glucu-
ronosyltransferases. El Mouelhi et al. (46) have described species-dependent enantioselec-
tive formation of conjugates of naproxen, ibuprofen, and benoxaprofen. Similar results
for benoxaprofen glucuronidation have been reported by Spahn et al. (43). Preferential
glucuronidation of the (R)-enantiomer with rat liver microsomes was observed with vari-
ous 2-arylpropionic acids, including 2-phenylpropionic acid (45), flunoxaprofen, flurbi-
profen, indoprofen, pirprofen, benoxaprofen, and carprofen, with the exception of na-
proxen (108–110). In vitro glucuronidation studies of (R)- and (S)-ketoprofen in liver
microsomes from a number of animal species demonstrated that the rate of glucuronidation
of (S)-aglycone was 4.5-fold faster than that of (R)-enantiomer in dog liver microsomes,
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whereas no significant stereoselectivity was found in human, rat, or rabbit liver micro-
somes (49). With sheep liver microsome preparations, glucuronide yields were higher for
(R)-flunoxaprofen (42,111) and (R)-fenoprofen (44) than for their respective (S)-glucuro-
nides. Glucuronidation studies with enzyme-induced liver microsomes performed by Four-
nel-Gighleux et al. (45) with 2-phenylpropionic acid as the substrate clearly demonstrated
that acyl glucuronide formation is significantly induced by phenobarbital, whereas other
inducers (dexamethasone, 3-methylcholanthrene) lead to a minor increase of glucuronida-
tion. The S/R ratio of acyl glucuronidation was not affected by any of the inducers. In
each of those studies potential interference from stereoselective degradation of acyl gluc-
uronides was minimized by rapid sample quenching, lowering the incubation pH to 5.5,
or addition of specific esterase and β-glucuronidase inhibitors to prevent the enzymatic
hydrolysis of acyl glucuronides (110,112).

In addition to stereoselective acyl glucuronidation, degradation of the diastereomeric
acyl glucuronides (including hydrolysis and acyl migration) of various chiral carboxylic
acids has also been shown to be stereoselective (112). In studies with benoxaprofen (43),
flunoxaprofen (42), carprofen (75), naproxen (64), ketoprofen (49), and fenoprofen (62),
the apparent first-order degradation half-lives of the (S)-acyl glucuronides were approxi-
mately twofold longer than those of their corresponding (R)-acyl glucuronides in a protein-
free buffer system at pH 7.4, 37°C (Table 2). Stereoselective degradation of carprofen
glucuronides under different conditions and the influence of HSA were characterized by
our group (59). When (R)- and (S)-carprofen glucuronides were incubated at pH 7.0, 7.4,
and 8.0 at 37°C in phosphate buffer, degradation was highly stereoselective at pH 7.0.
Stereoselectivity decreased while degradation velocity increased with higher pH, as sum-
marized in Table 3. At all pH values, the (R)-glucuronide conjugate of carprofen degraded
more rapidly than the (S)-glucuronide. When HSA was added to the incubation medium,
the stability of (S)-glucuronide was decreased, whereas the apparent half-life of (R)-glucu-
ronide increased. Interestingly, the effect of fatty-acid-free HSA was much greater than

Table 3 Degradation Half-Lives of Carprofen β-1-O-Acyl Glucuronides: Influence
of pH, Temperature, and Addition of Albumin on the Velocities of Degradation
and Their Enantioselectivities

Half-life (h)

(S)-glucuronide (R)-glucuronide S/R Ratio

1. pH effect at 37°C
pH 7.0 6.42 2.60 2.43
pH 7.4 2.90 1.72 1.69
pH 8.0 0.85 0.60 1.41

2. Temperature dependence at pH 7.4
4°C �100 �100 1.0

25°C 11.8 7.80 1.51
37°C 2.90 1.72 1.69

3. Effect of HSA, pH 7.4, 37°C
Without HSA 2.90 1.72 1.69
With 30 µM HSA (fatty-acid-free) 1.55 2.80 0.55
With 30 µM HSA (fraction V) 1.82 1.78 1.02

Source: Ref. 112.
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that of fraction V HSA. This finding suggests that seemingly trivial differences in HSA
purity could be important for the stability and chemical reactivity of acyl glucuronides
(112). A similar stereoselective effect of HSA on the stability of diastereomeric glucuron-
ides has been observed for naproxen glucuronides. The addition of HSA to the incubation
medium not only increased the degradation rate of naproxen glucuronide, but also caused
a change of the stereoselective stability where the (R)-naproxen glucuronide became more
stable than the (S)-glucuronide (64).

In contrast to the well-documented stereoselective degradation studies of acyl glu-
curonides, relatively few studies have examined the potentially stereoselective nature of
covalent binding of chiral carboxylic acids to protein via their acyl glucuronide conju-
gates. The covalent binding of carprofen to HSA after 1-h incubation was higher with
(S)-carprofen glucuronide than (R)-glucuronide, whereas after 24 h, covalent binding was
significantly higher for (R)-carprofen glucuronide incubations (75). In vitro covalent bind-
ing was also found to be higher for (R)-naproxen (64) than for (S)-naproxen when a 50-µM
concentration of each epimeric glucuronide was incubated with HSA under physiological
conditions (pH 7.4, 37°C). This stereoselective difference was observed with an HSA-
containing medium as well as in rat and human plasma. No significant diastereoselective
difference between the two beclobric acid enantiomers was detected with respect to the
extent of in vitro covalent binding to HSA (27). Volland et al. (62) described significantly
more covalent binding for the (R)-enantiomer of fenoprofen to human plasma protein in
vitro; however, in vivo this stereoselectivity was reversed. This provides a clear example
of competing enantioselective metabolism since (R)-fenoprofen is subjected to significant
chiral inversion in humans, which will increase the exposure of (S)-fenoprofen and its
glucuronide relative to its optical enantiomer in vivo.

Since acyl glucuronidation, stability under physiological conditions, and extent of
covalent binding of diastereoisomeric acyl glucuronides to plasma proteins are stereoselec-
tive, one might consider toxicity of a racemic compound to be more extensively due to
one enantiomer than to its antipode. However, at this stage, prediction of toxicity of car-
boxylic acids, including considerations concerning stereoselectivity, resulting from unsta-
ble acyl glucuronides are only speculative. Whether only (S)-enantiomers of the profen
drugs should be marketed is still debatable.

VIII. PREDICTABILITY OF THE COVALENT BINDING
OF ACIDIC DRUGS

The accumulated data from a number of studies suggest that the extent of covalent binding
for carboxylic acid drugs in vitro may be predicted on the basis of the degradation rate
constant (including hydrolysis and acyl migration) of the glucuronide conjugate. A synthe-
sis of published data (59) on the covalent binding of several acyl glucuronides indicates
that there is a good linear correlation between the apparent first-order disappearance rate
constant for an acyl glucuronide in buffer, which is a measure of its chemical reactivity,
and the maximum covalent binding observed when the glucuronide is incubated with HSA
in vitro (Fig. 6). Acyl glucuronides of arylacetic acid (α-unsubstituted) such as tolmetin
and zomepirac exhibit the highest covalent binding and lowest stability (highest deg-
radation rate). The intermediate stable glucuronides of 2-arylpropionic acids (mono α-
substituted), such as carprofen and fenoprofen, have lower covalent binding. Lowest cova-
lent binding is observed for the most stable fully substituted carboxylic acids, such as
beclobric acid and furosemide. Figure 6 summarizes data from our laboratories over a
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Figure 6 Plot of maximum epitope density (moles drug covalently bound per mole of protein �
103) versus degradation rate constant (h�1) for the in vitro incubation of various acyl glucuronides
(1 µM) in the presence of human serum albumin (0.5 mM). Degradation rates reflect both acyl
migration and hydrolysis. Results are obtained from seven different studies over a 6-year period
utilizing purified β-1-O-acyl glucuronides of zomepirac (72), tolmetin (25), carprofen (75), fenopro-
fen (62), furosemide (41,66), and beclobric acid (27). The data points for (�) and (�) enantiomers
of beclobric acid are indistinguishable on the scale used. (From Ref. 59.)

6-year period with respect to in vitro degradation rates of the β-1-O-acyl glucuronides
and the in vitro covalent binding for nine drug molecules, suggesting that the extent of
in vitro covalent binding to albumin is predictable based on the chemical structure of the
acid and depends on the degree of substitution at the alpha carbon to the carboxylic acid.

It may be expected that the relationship for in vivo covalent binding would be more
complex than that of in vitro binding. However, the degree of covalent binding to plasma
proteins should depend, at least, on the plasma concentrations of the acyl glucuronides
and the degradation rate of each conjugate. The plasma concentrations of acyl glucuronides
vary with the drug studied, and are dependent on the rate of formation, its degradation
and elimination, as well as the administration dose. Acyl glucuronides of some carboxylic
acids may reach significant concentrations in plasma of humans, as shown for zomepirac
(95), tolmetin (113), diflunisal (76), beclobric acid (27), and etodolac (29), while no oxa-
prozin (16) and fenofibric acid (82) glucuronides have been detected in human plasma.
In vivo studies (Table 4) with five carboxylic acid drugs, at their usual therapeutical doses,
in five different sets of healthy volunteers, showed a 30-fold variation in AUCs for acyl
glucuronides, whereas the maximum plasma protein binding showed a 25-fold variation.
Since for each drug there is a direct relationship between the amount of covalent binding
and the extent of exposure of acyl glucuronide (AUC), we normalize bound drug to AUC
for comparison with in vitro glucuronide degradation rates, yielding a highly significant
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Table 4 In Vivo Bound Drug, Area Under the Plasma Drug Glucuronide Concentration Time
Curve (AUC), and In Vitro Acyl Glucuronide Degradation Ratesa

Bound drug AUC gluccuronide Bound/AUC k
Parent compound (mole/mole protein) � 104 (mole � h/L) � 106 10�2 hr�1

Tolmetin 2.77 	 1.54 3.72 	 0.95 0.75 1.78
Zomepirac 2.33 	 0.45 6.41 	 2.14 0.36 1.54
(R)-fenoprofen 1.02 	 0.32 6.31 	 5.65 0.16 0.71
(S)-fenoprofen 3.23 	 0.85 60.4 	 24.7 0.054 0.36
Racemic carprofen 1.92 	 1.28 40.9 	 7.3 0.047 0.32
(�)-Beclobric acid 0.12 	 0.03 8.16 	 1.34 0.015 0.031
(�)-Beclobric acid 0.20 	 0.11 8.31 	 1.63 0.024 0.027

a Measurement of maximum amount of drug covalently bound to human serum albumin and area under the
plasma concentration time curve (AUC) for the glucuronide conjugates measured in five different groups of
healthy volunteers following oral dosing of either 400 mg of tolmetin (113), 100 mg of zomepirac (72), 600
mg of racemic fenoprofen (62), 50 mg of racemic carprofen (75), or 100 mg of racemic beclobric acid (27).
When covalently bound drug is normalized to area under the curve for the respective glucuronide conjugates,
an excellent correlation with the in vitro degradation rate constant (k) is obtained with an r2 of 0.873.
Source: Ref. 59.

linear correlation (r2 � 0.873). The findings presented in Table 4 suggest that the in vivo
covalent binding of acidic drugs to albumin in humans is also predictable on the basis of
the degradation rate constant of the glucuronide conjugate when the extent of covalent
binding is corrected for the levels of the glucuronide present in plasma (AUC).

IX. POTENTIAL TOXICOLOGICAL SIGNIFICANCE OF THE REACTIVE
ACYL GLUCURONIDES

It has been hypothesized that acyl glucuronides, owing to their reactive nature, may have
a role in the observed toxicities associated with administration of a number of acidic
compounds. It is striking that of 47 drugs withdrawn from U.S., British, and Spanish
markets from 1964 through 1993 owing to severe toxicity (5,6), 10 are carboxylic acids.
These drugs—alclofenac, bendazac, benoxaprofen, fenclofenac, ibufenac, indoprofen, pir-
profen, suprofen, ticrynafen, and zomepirac—are primarily metabolized by humans to
acyl glucuronides. For all these discontinued carboxylic acids, the most frequent types of
adverse reaction leading to the decision to discontinue the products were idiosyncratic
toxicities, such as liver damage, serious skin reactions, and renal toxicity, sometimes asso-
ciated with fever, rash, and eosinophilia.

Covalent binding of carboxylic acids to proteins via their common reactive inter-
mediates, acyl glucuronides, has been proposed to mediate such idiosyncratic toxicities
associated with carboxylic acid–containing drugs (11,114). Both direct toxic effects and
immune-mediated toxicity (hypersensitivity reactions) have been suggested as a possible
mechanism of idiosyncratic liver injury (115). With direct toxicity, covalent protein bind-
ing via acyl glucuronides may disrupt the normal physiological function of a “critical”
protein or some critical regulatory pathway, leading to cellular necrosis. Alternatively,
the chemical reactive acyl glucuronides of carboxylic acids can act as a hapten and initiate
an immune reaction that may be mediated via a specific humoral (antibody) response, a
cellular response (T lymphocytes), or a combination of both (12,117). In most cases, the
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differentiation of these two forms of idiosyncratic toxicity is largely empirical as it is
based on the clinical symptoms; for example, manifestations such as rash, fever, lymph-
adenopathy, and eosinophilia all suggest drug hypersensitivity (immune-mediated toxic-
ity). The lack of the clinical hallmarks of immunoallergic reactions, combined with the
nature of the histological changes, may suggest a direct toxic reaction.

At present, the exact mechanisms responsible for the initiation and perpetuation of
carboxylic acid–associated idiosyncratic organ (especially liver) toxicity and anaphylaxis
remain poorly understood. Although it has not been ultimately proven that immune reac-
tions are causally involved in such toxicities, a number of reports from the literature have
provided evidence that immune-mediated toxicity plays an important role (1,116). Drug-
specific antibodies have been detected in aspirin-hypersensitive patients (118) and in pa-
tients receiving valproic acid therapy (35). Immunization with the mouse albumin conju-
gate of tolmetin glucuronide has been demonstrated to stimulate an antibody response in
mice (119). Antiadduct antibodies formed in mice following the administration of tol-
metin-albumin adducts appeared to be specific for the aglycone and some cross-reactivity
was observed for the structurally related carboxylic acids and their glucuronides. Recently,
Kretz-Rommel and Boelsterli have characterized the selective covalent binding of diclo-
fenac to rat and mice liver proteins in vivo, in cultured hepatocytes (105), and in subcellu-
lar incubations (87). Since these selective protein adducts were shown not to exhibit a
direct cytotoxic effect in short-term cultures of hepatocytes, the authors proposed that
such selective covalent binding may be involved in the development of an immunogenic
reaction in vivo (120). To confirm such a hypothesis, a murine ex vivo/in vitro mixed
lymphocyte hepatocyte culture (MLHC) model was developed (120). Cultured hepatocytes
from C57BL mice, preexposed to nontoxic concentrations of diclofenac, were cocultured
with splenocytes derived from mice immunized with a synthetic diclofenac-protein adduct,
that is, diclofenac covalently linked to the carrier protein, keyhole limpet hemocyanin
(KLH). Splenocyte-mediated cytotoxicity was demonstrated by massively increased ala-
nine aminotransferase release, an indicator of hepatocyte injury, apparent at 48 h in cocul-
ture and present only in those cultures pretreated with diclofenac, not in the untreated
controls or in the cocultures treated with KHL alone. These experiments imply a role for
T cells in diclofenac-dependent cell killing and further support the possibility of immune-
mediated toxicities (120).

In addition to drug hypersensitivity, direct disruption of function of critical proteins
or important regulatory pathways by reactive acyl glucuronides may be involved in the
idiosyncratic toxicities of carboxylic acids. For certain carboxylic acids, both mechanisms
may be operative simultaneously.

The rare, but potentially lethal, idiosyncratic adverse reactions of carboxylic acids
are highly host-dependent. The risk of the unpredictable hepatocytic injuries posed by
carboxylic acids is small (121); nevertheless, fulminant hepatitis may develop in suscepti-
ble patients, who may have abnormal metabolism or excretion of carboxylic acids, re-
sulting in the overproduction and accumulation of reactive acyl glucuronides. Genetic and
environmental variations in acyl glucuronidation, canalicular or sinusoidal secretion,
and renal clearance of acyl glucuronides may all contribute to enhanced susceptibility,
but these pathophysiological abnormalities have been poorly investigated. Specifically,
interindividual variations in acyl glucuronidation in humans should be better characterized.
Furthermore, the interindividual variations in canalicular excretion of acyl glucuronides
may also need further characterization. Seitz et al. (122) have demonstrated that the reac-
tive diclofenac glucuronide was selectively transported into rat bile via the canalicular
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conjugate export pump Mrp2 and that hepatobiliary transport is critical for diclofenac
covalent binding to proteins in the biliary tree. By comparing the covalent binding pattern
in normal Wistar rats with that in mutant Mrp2 transport-deficient (TR�) rats, the authors
found that a major protein adduct of an apparent molecular mass of 118 kDa was selec-
tively detected by immunoblotting in isolated canalicular, but not basolateral, membrane
subfractions of wild-type rats, whereas no adducts could be identified in livers of TR�

rats (122). These results indicate the important role of transporters of acyl glucuronides
in the selective covalent binding of carboxylic acids to proteins. Identification of potential
genetic and environmental factors in the susceptible individuals will not only allow us to
identify the vulnerable individuals, but also help us better understand the mechanism of
toxicity.

ACKNOWLEDGMENT

Preparation of the manuscript and the studies from the authors’ laboratory were supported
by NIH Grant GM36633.

REFERENCES

1. Faed EM. Properties of acyl glucuronides: implications for studies of the pharmacokinetics
and metabolism of acidic drugs. Drug Metab Rev 1984; 15:1213–1249.

2. Spahn-Langguth H, Benet LZ. Acyl glucuronides revisited: Is the glucuronidation process
a toxification as well as detoxification mechanism? Drug Metab Rev 1992; 24:5–47.

3. Zimmerman HJ. Update of the hepatotoxicity due to classes of drugs in common clinical
use: nonsteroidal drugs, anti-inflammatory drugs, antibiotics, antihypertensives, and cardiac
and psychotropic agents. Semin Liver Dis 1990; 10:322–338.

4. Zimmerman HJ. Hepatic injury associated with nonsteroidal anti-inflammatory drugs. In: AJ
Lewis, DE Furst, eds. Nonsteroidal Antiinflammatory Drugs: Mechanisms and Clinical Use.
New York: Marcel Dekker, 1994:171–194.

5. Bakke OM, Wardell WM, Lasagna L. Drug discontinuations in the United Kingdom and the
United States, 1964 to 1983: Issues of safety. Clin Pharmacol Ther 1984; 35:559–567.

6. Bakke OM, Manocchia M, de Abajo F, Kaitin KI, Lasagna L. Drug safety discontinuations
in the United Kingdom, the United States and Spain from 1974 to 1993, a regulatory perspec-
tive. Clin Pharmacol Ther 1995; 58:108–117.

7. Stogniew M, Fenselau C. Electrophilic reactions of acyl-linked glucuronides, formation of
clofibrate mercapturate in human. Drug Metab Dispos 1982; 10:609–613.

8. Shore LJ, Fenselau C, King AR, Dickinson RG. Characterization and formation of the gluta-
thione conjugate of clofibric acid. Drug Metab Dispos 1995; 23:119–123.

9. Grillo MP, Benet LZ. In vitro studies of tolmetin metabolism in fresh isolated rat hepatocytes.
Identification of a tolmetin-glycine amino acid conjugate. ISSX Proc 1995; 8:228.

10. van Breeman RB, Fenselau C. Reaction of 1-O-acyl glucuronides with 4-(p-nitrobenzyl)pyri-
dine. Drug Metab Dispos 1986; 14:197–201.

11. Boelsterli UA, Zimmerman HJ, Kretz-Rommel A. Idiosyncratic liver toxicity of nonsteroidal
antiinflammatory drugs: molecular mechanisms and pathology. Crit Rev Toxicol 1995; 25:
207–235.

12. Park BK, Coleman JW, Kitteringham NR. Drug disposition and drug hypersensitivity. Bio-
chem Pharmacol 1987; 36:581–590.

13. Burchell B, Brierley CH, Rance D. Specificity of human UDP-glucuronosyl transferases and
xenobiotic glucuronidation. Life Sci 1995; 57:1819–1831.

14. Magdalou J, Chajes V, Lafaurie C, Siest G. Glucuronidation of 2-arylpropionic acids pirpro-



176 Li and Benet

fen, flurbiprofen, and ibuprofen by liver microsomes. Drug Metab Dispos 1990; 18:692–
697.

15. Panfil I, Lehman PA, Zimniak P, Ernst B, Franz T, Lester R, Radominska A. Biosynthesis
and chemical synthesis of carboxyl-linked glucuronide of lithocholic acid. Biochim Biophys
Acta 1992; 1126:221–228.

16. Ruelius RW, Kirkham SK, Young EM, Jassen FW. Reaction of oxaprozin-1-O-acyl glucu-
ronide in solutions of human plasma and albumin. Adv Exp Med Biol 1986; 197:431–441.

17. Smith PC, Benet LZ, McDonagh AF. Covalent binding of zomepirac glucuronide to proteins:
evidence for a Schiff base mechanism. Drug Metab Dispos 1990; 18:639–644.

18. Grubb N, Weil A, Caldwell J. Studies of the in vitro reactivity of clofibryl and fenofibryl
glucuronides, evidence for protein binding via a schiff base mechanism. Biochem Pharmacol
1993; 46:357–364.

19. Parikh I, MacGlashan DW, Fenselau C. Immobilized glucuronosyltransferase for the synthe-
sis of conjugates. J Med Chem 1976; 19:296–299.

20. Fenselau C, Pallante S, Parikh I. Solid-phase synthesis of drug glucuronides by immobilized
glucuronosyltransferase. J Med Chem 1976; 19:679–683.

21. van Breemen RB, Fenselau C. Acylation of albumin by 1-O-acyl glucuronides. Drug Metab
Dispos 1985; 13:316–320.

22. Bradow G, Kan L, Fenselau C. Studies of intramolecular rearrangements of acyl-linked glu-
curonides using salicylic acid, flufenamic acid, and (S)- and (R)-benoxaprofen and confirma-
tion of isomerization in acyl-linked ∆9-11-carboxyltetrahydrocannabinol glucuronide. Chem
Res Toxicol 1989; 2:316–324.

23. Eggers NJ, Doust K. Isolation and identification of probenecid acyl glucuronide. J Pharm
Pharmacol 1981; 33:123–124.

24. Hasegawa J, Smith PC, Benet LZ. Apparent intramolecular acyl migration of zomepirac
glucuronide. Drug Metab Dispos 1982; 10:469–473.

25. Munafo A, McDonagh AF, Smith PC, Benet LZ. Irreversible binding of tolmetin glucuronic
acid ester to albumin in vitro. Pharm Res 1990; 7:21–27.

26. Watt JA, King AR, Dickinson RG. Contrasting systemic stabilities of the acyl and phenolic
glucuronides of diflunisal in the rat. Xenobiotica 1991; 21:403–415.

27. Mayer S, Mutschler E, Benet LZ, Spahn-Langguth H. In vitro and in vivo irreversible plasma
protein binding of beclobric acid enantiomers. Chirality 1993; 5:120–125.

28. Iwakawa S, Suganuma T, Lee S, Spahn H, Benet LZ, Lin ET. Direct determination of dia-
stereomeric carprofen glucuronides in human plasma and urine and preliminary measure-
ments of stereoselective metabolic and renal elimination after oral administration of carprofen
in man. Drug Metab Dispos 1989; 17:414–419.

29. Smith PC, Song WQ, Rodriguez RJ. Covalent binding of etodolac acyl glucuronide to albu-
min in vitro. Drug Metab Dispos 1992; 20:962–965.

30. Smith PC, Liu JH. Covalent binding of suprofen acyl glucuronide to albumin in vitro. Xenobi-
otica 1993; 23:337–348.

31. Castillo M, Smith PC. Disposition and reactivity of ibuprofen and ibufenac acyl glucuronides
in vivo in the Rhesus monkey and in vitro with human serum albumin. Drug Metab Dispos
1995; 23:566–572.

32. Rachmel A, Hazelton GA, Yergey AL, Liberato DJ. Furosemide 1-O-acyl glucuronide, in
vitro biosynthesis and pH-dependent isomerization to β-glucuronidase-resistant forms. Drug
Metab Dispos 1985; 13:705–710.

33. McGurk KA, Remmel R, Hosagrahara VP, Tosh D, Burchell B. Reactivity of mefenamic
acid 1-O-acyl glucuronide with proteins in vitro and ex vivo. Drug Metab Dispos 1996; 24:
842–849.

34. Dickinson RG, Baker PV, King AR. Studies of the reactivity of acyl glucuronides. VII.
Salicyl acyl glucuronide reactivity in vitro and covalent binding of salicylic acid to plasma
protein of human taking aspirin. Biochem Pharmacol 1994; 47:469–476.



Mechanistic Role of Acyl Glucuronides 177

35. William AM, Worrall S, Jersey JD, Dickinson RG. Studies on the reactivity of acyl glucu-
ronides. III. Glucuronide-derived adducts of valproic acid and plasma protein and anti-adduct
antibody in humans. Biochem Pharmacol 1992; 43:745–755.

36. King AR, Dickinson RG. The utility of the bile-exteriorized rat as a source of reactive acyl
glucuronides: studies with zomepirac. J Pharmacol Toxicol Method 1996; 36:131–136.

37. Sinclair KA, Caldwell J. The formation of β-glucuronidase resistant glucuronides by intramo-
lecular rearrangement of glucuronic acid conjugates at mild alkaline pH. Biochem Pharmacol
1982; 31:953–957.

38. Hyneck ML, Smith PC, Unseld E, Benet LZ. High-performance liquid chromatographic de-
termination of tolmetin glucuronide and its isomeric conjugates in plasma and urine. J Chro-
matogr 1987; 420:349–356.

39. Blanckaert N, Compernolle F, Leroy P, Van Hautte R, Fevery J, Heirwegh KPM. The fate
of bilirubin-IX α glucuronide in cholestasis and during storage in vitro. Biochem J 1978;
171:203–214.

40. Hansen-Moller J, Cornett C, Dalgaard L, Hansen SH. Isolation and identification of the re-
arrangement products of diflunisal 1-O-acyl glucuronide. J Pharm Biomed Anal 1988; 6:
229–240.

41. Sekikawa H, Yagi N, Lin ET, Benet LZ. Apparent intramolecular acyl migration and hydroly-
sis of furosemide glucuronide in aqueous solution. Biol Pharm Bull 1995; 18:134–139.

42. Spahn H, Iwakawa S, Benet LZ. Stereoselective formation and degradation of flunoxaprofen
glucuronides in microsomal incubations. Pharm Res 1988; 5(suppl):S200.

43. Spahn H, Iwakawa S, Lin ET, Benet LZ. Procedures to characterize in vitro and in vivo
enantioselective glucuronidation properly: studies with benoxaprofen glucuronides. Pharm
Res 1989; 6:125–132.

44. Volland C, Benet LZ. In vitro enantioselective glucuronidation of fenoprofen. Pharmacology
1991; 43:53–60.

45. Fournel-Gigleux S, Hammar-Hansen C, Motassim N, Atoine B, Mothe O, Decolin D, Cald-
well J, Siest G. Substrate specific and enantioselectivity of arylcarboxylic acid glucuronida-
tion. Drug Metab Dispos 1988; 16:627–634.

46. el Mouelhi M, Ruelius HW, Fenselau C, Dulik DM. Species-dependent enantioselective glu-
curonidation of three 2-arylpropionic acids, naproxen, ibuprofen, and benoxaprofen. Drug
Metab Dispos 1987; 15:767–772.

47. Georges H, Persle N, Buronfosse T, Fournel-Gigleux S, Netter P, Magdalou J, Lapicque
F. In vitro stereoselective degradation of carprofen glucuronide by human serum albumin:
characterization of sites and reactive amino acids. Chirality 2000; 12:53–62.

48. Buszewski B, el Mouelhi M, Albert K, Bayer E. Influence of the structure of chemically
bonded C18 phase on HPLC separation of naproxen glucuronide diastereomers. J Liq Chro-
matogr 1990; 13:505–524.

49. Chakir S, Maurice M, Magdalou J, Leroy P, Dubois N, Lapicque F, Abdelhamid Z, Nicolas
A. High-performance liquid chromatographic enantioselective assay for the measurement of
ketoprofen glucuronidation by liver microsomes. J Chromatogr B 1994; 654:61–68.

50. Heirwegh KP, Compernolle F. Micro-analytic detection and structure elucidation of ester-
glycoside. Biochem Pharmacol 1979; 28:2109–2114.

51. Compernolle F, Blanckaert N, Heirweg KPM. The fate of bilirubin-IXα glucuronides in
cholestatic bile: sequential migration of the 1-acylaglycone to 2-, 3-, and 4-positions of glucu-
ronic acid. Biochem Soc Trans 1977; 5:317–319.

52. Smith PC, Benet LZ. Characterization of the isomeric esters of zomepirac glucuronide by
proton NMR. Drug Metab Dispos 1986; 14:503–505.

53. Upton RA, Williams RL, Buskin JN, Jones RM. Effects of probenecid on ketoprofen kinetics.
Clin Pharmacol Ther 1982; 31:705–712.

54. Haine AH. Relative reactivities of hydroxyl groups in carbohydrates. Adv Carbohydr Chem
Biochem 1976; 33:101–109.



178 Li and Benet

55. Illing HP, Wilson ID. pH dependent formation of β-glucuronidase resistant conjugates from
the biosynthetic ester glucuronide of isoxepac. Biochem Pharmacol 1981; 30:3381–3384.

56. Dickinson RG, Hooper WD, Eadie MJ. pH-Dependent rearrangement of the biosynthetic
ester glucuronide of valproic acid to β-glucuronidase-resistant forms. Drug Metab Dispos
1984; 12:247–252.

57. Yang DY, Benet LZ. Stability of diclofenac acyl glucuronide and irreversible binding to
plasma proteins in vitro. Pharm Res 1995; 12:S-377.

58. Sallustio BC, Fairchild BA, Panall PR. Interaction of human serum albumin with the electro-
philic metabolite 1-O-gemfibrozil-beta-d-glucuronide. Drug Metab Dispos 1997; 25:55–
60.

59. Benet LZ, Spahn H, Iwakawa H, Volland C, Mizuma T, Mayer S, Mutschler E, Lin ET.
Prediction of covalent binding of acidic drugs in man. Life Sci 1993; 53:PL141–146.

60. Smith PC, Hasegawa J, Langedijk PJ, Benet LZ. Stability of acyl glucuronides in blood,
plasma, and urine: studies with zomepirac. Drug Metab Dispos 1985; 13:110–112.

61. Wells DS, Janssen FW. Interactions between oxaprozin glucuronide and human serum albu-
min. Xenobiotica 1987; 17:1437–1449.

62. Volland C, Sun H, Dammeyer J, Benet LZ. Stereoselective degradation of the fenoprofen
acyl glucuronide enantiomers and irreversible binding to plasma protein. Drug Metab Dispos
1991; 19:1080–1086.

63. Hayball PJ, Nation RL, Bochner F. Stereoselective interactions of ketoprofen glucuronides
with human plasma and serum albumin. Biochem Pharmacol 1992; 44:291–299.

64. Bischer A, Zia-Amirhosseini P, Iwaki M, McDonagh AF, Benet LZ. Stereoselective binding
properties of naproxen glucuronide diastereomers to proteins. J Pharmacokinet Biopharm
1995; 23:379–395.

65. Watt J, Dickinson RG. Reactivity of diflunisal acyl glucuronide in human and rat plasma
and albumin solutions. Biochem Pharmacol 1990; 39:1067–1075.

66. Mizuma T, Benet LZ, Lin ET. Interaction of human serum albumin with furosemide glucu-
ronide: a role of albumin in isomerization, hydrolysis, reversible binding and irreversible
binding of a 1-O-acyl glucuronide metabolite. Biopharm Drug Dispos 1999; 20:131–136.

67. Sudlow G, Birkett DJ, Wade DN. Further characterization of specific drug binding sites on
human serum albumin. Mol Pharmacol 1976; 12:1052–1061.

68. Iwakawa S, Spahn H, Benet LZ, Lin ET. Stereoselective binding of the glucuronide conju-
gates of carprofen enantiomers to human serum albumin. Biochem Pharmacol 1990; 39:949–
953.

69. Ojingwa JC, Spahn-Langguth H, Benet LZ. Reversible binding of tolmetin, zomepirac, and
their glucuronide conjugates to human serum albumin and plasma. J Pharmacokin Biopharm
1994; 22:19–40.

70. Bischer A, Iwaki M, Zia-Amirhosseini P, Benet LZ. Stereoselective reversible binding prop-
erties of the glucuronide conjugates of fenoprofen enantiomers to human serum albumin.
Drug Metab Dispos 1995; 23:900–903.

71. Kuenzle CC, Maier C, Ruttner JR. The nature of four bilirubin fractions from serum and of
three bilirubin fractions from bile. J Lab Clin Med 1966; 67:294–306.

72. Smith PC, McDonagh AF, Benet LZ. Irreversible binding of zomepirac to plasma in vitro
and in vivo. J Clin Invest 1986; 77:934–939.

73. Munafo A, Hyneck ML, Benet LZ. Pharmacokinetics and irreversible binding of tolmetin
and its glucuronic acid esters in the elderly. Pharmacology 1993; 47:309–317.

74. Zia-Amirhosseini P, Ojingwa J, Spahn-Langguth H, McDonagh AF, Benet LZ. Enhanced
covalent binding of tolmetin to proteins in humans after multiple dosing. Clin Pharmacol
Ther 1994; 55:21–27.

75. Iwakawa S, Spahn H, Benet LZ, Lin ET. Carprofen glucuronide: stereoselective degradation
and interaction with human serum albumin. Pharm Res 1988; 5(suppl):S-214.

76. McKinnon GE, Dickinson RG. Covalent binding of diflunisal and probenecid to plasma pro-



Mechanistic Role of Acyl Glucuronides 179

tein in humans: persistence of the adducts in the circulation. Res Commun Chem Pathol
Pharmacol 1989; 3:1033–1039.

77. Sallustio BC, Knights KM, Roberts BJ, Zacest R. In vivo covalent binding of clofibric acid
to human plasma proteins and rat liver proteins. Biochem Pharmacol 1991; 42:1421–1425.

78. Pohl LR, Branchflower RV. Covalent binding of electrophilic metabolites to macromole-
cules. Meth Enzymol 1981; 77:43–50.

79. Pumford NR, Halmes NC, Hinson JA. Covalent binding of xenobiotics to specific proteins
in the liver. Drug Metab Rev 1997; 29:39–57.

80. Cohen SD, Pumford NR, Khairallah EA, Boekelheide K, Pohl LR, Amouzadeh HR, Hinson
JA. Selective protein covalent binding and target organ toxicity. Toxicol Appl Pharmacol
1997; 143:1–12.

81. Pumford NR, Myers TG, Davila JC, Highet RJ, Pohl LR. Immunochemical detection of liver
protein adducts of the nonsteroidal antiinflammatory drug diclofenac. Chem Res Toxicol
1993; 6:147–150.

82. Wel A, Guichard JP, Caldwell J. Interactions between fenofibryl glucuronides and human
serum albumin or human plasma. In: G Siest, J Magdalou, B Burchell, eds. Cellular and
Molecular Aspect of Glucuronidation. Colloque INSERM/John Libbey Eurotext Ltd. Mon-
trouge, France, 1988; 173:233–236.

83. Dubois N, Lapicque F, Maurice M, Pritchard M, Fournel-Gigleux S, Magdalou J, Abiteboul
M, Siest G, Netter P. In vitro irreversible binding of ketoprofen glucuronide to plasma pro-
teins. Drug Metab Dispos 1993; 21:617–623.

84. Hansen-Moller J, Schmit U. Rapid high-performance liquid chromatographic assay for the
simultaneous determination of probenecid and its glucuronide in urine. Irreversible binding
of probenecid to serum albumin. J Pharm Biomed Anal 1991; 9:65–73.

85. Ojingwa JC, Spahn-Langguth H, Benet LZ. Irreversible binding of tolmetin to macromole-
cules via its glucuronide: binding to blood constituents, tissue homogenates and subcellular
fractions in vitro. Xenobiotica 1994; 24:495–506.

86. Bailey MJ, Worrall S, de Jersey J, Dickinson RG. Zomepirac acyl glucuronide covalently
modifies tubulin in vitro and in vivo and inhibits its assembly in an in vitro system. Chem
Biol Intercations 1998; 115:153–166.

87. Kretz-Rommel A, Boelsterli UA. Mechanism of covalent adduct formation of diclofenac to
rat hepatic microsome proteins, retention of the glucuronic acid moiety in the adduct. Drug
Metab Dispos 1994; 22:956–961.

88. McDonagh AF, Palma LA, Lauff JJ, Wu T-W. Origin of mammalian biliprotein and re-
arrangement of bilirubin glucuronide in vivo in the rat. J Clin Invest 1984; 74:763–770.

89. van Breemen RB, Fenselau C, Mogilevsky W, Odell GB. Reaction of bilirubin glucuronides
with serum albumin. J Chromatogr 1986; 383:287–392.

90. Garlick RL, Mazer JS. The principal site of non-enzymatic glycosylation of human serum
albumin in vivo. J Biol Chem 1983; 258:6142–6146.

91. Dickinson RG, King AR. Studies on the reactivity of acyl glucuronides. II. Interaction of
diflunisal acyl glucuronide and its isomers with human serum albumin in vitro. Biochem
Pharmacol 1991; 42:2301–2306.

92. Ding A, Ojingwa JC, McDonagh AF, Burlingame AL, Benet LZ. Evidence for covalent
binding of acyl glucuronides to serum albumin via an imine mechanism as revealed by tan-
dem mass spectrometry. Proc Natl Acad Sci USA 1993; 90:3797–3801.

93. Ding A, Zia-Amirhosseini P, McDonagh AF, Burlingame AL, Benet LZ. Reactivity of tol-
metin glucuronide with human serum albumin, identification of binding sites and mechanisms
of reaction by tandem mass spectrometry. Drug Metab Dispos 1995; 23:369–375.

94. Qiu Y, Burlingame A, Benet LZ. Mechanisms for covalent binding of benoxaprofen glucu-
ronide to human serum albumin, studies by tandem mass spectrometry. Drug Metab Dispos
1998; 26:246–256.

95. Smith PC, Langendijk PNJ, Bosso JA, Benet LZ. Effect of probenecid on the formation and



180 Li and Benet

elimination of acyl glucuronides: studies with zomepirac. Clin Pharmacol Ther 1985; 38:
121–127.

96. King AR, Dickinson RG. Studies on the reactivity of acyl glucuronides. IV. Covalent binding
of diflunisal to tissues of rat. Biochem Pharmacol 1993; 45:1043–1047.

97. Williams AM, Worrall S, Jersey JD, Dickinson RG. Studies on the reactivity of acyl glucu-
ronides. VIII. Generation of an antiserum for the detection of diflunisal-modified proteins
in diflunisal-dosed rats. Biochem Pharmacol 1995; 49:209–217.

98. Dickinson RG, King AR. Studies on the reactivity of acyl glucuronides. V. Glucuronide-
derived covalent binding of diflunisal to bladder tissue of rats and its modulation by urine
pH and β-glucuronidase. Biochem Pharmacol 1993; 46:1175–1182.

99. Wade LT, Kenna JG, Caldwell J. Immunochemical identification of mouse hepatic protein
adducts derived from the nonsteroidal anti-inflammatory drugs diclofenac, sulindac, and ibu-
profen. Chem Res Toxicol 1997; 10:546–555.

100. Bailey MJ, Dickinson RG. Chemical and immunochemical comparison of protein adduct
formation of four carboxylate drugs in rat liver and plasma. Chem Res Toxicol 1996; 9:659–
666.

101. Sallustio BC, Foster DJ. Reactivity of gemfibrozil 1-O-β-acylglucuronide, pharmacokinetics
of covalently bound gemfibrozil-protein adducts in rats. Drug Metab Dispos 1995; 23:892–
899.

102. Kitteringham NR, Maggs JL, Newby S, Park BK. Drug-protein conjugates. VIII. The meta-
bolic fate of the dinitrophenyl hapten conjugated to albumin. Biochem Pharmacol 1995; 34:
1763–1771.

103. Dahms M, Spahn-Langguth H. Covalent binding of acidic drugs via reactive intermediates;
detection of benoxaprofen and flunoxaprofen protein adducts in biological material. Pharma-
zie 1996; 51:874–881.

104. Hargus SJ, Amouzedeh HR, Pumford NR, Myers TG, McCoy SC, Pohl LR. Metabolic acti-
vation and immunochemical localization of liver protein adducts of the nonsteroidal anti-
inflammatory drug diclofenac. Chem Res Toxicol 1994; 7:575–582.

105. Kretz-Rommel A, Boelsterli UA. Selective protein adducts to membrane proteins in cultured
rat hepatocytes exposed to diclofenac: radiochemical and immunochemical analysis. Mol
Pharmacol 1994; 45:237–244.

106. Gil ML, Ramirez MC, Terencio MC, Castell JV. Immunochemical detection of protein ad-
ducts in cultured human hepatocytes exposed to diclofenac. Biochim Biophys Acta 1995;
1272:140–146.

107. Shen TY. Nonsteroidal anti-inflammatory agents. In: ME Wolf, ed. Burger’s Medicinal
Chemistry, 4th ed., Part III. New York: Wiley Interscience, 1981:1205–1271.

108. Spahn H. Assay method for product formation in in vitro enzyme kinetic studies of uridine
disposphate glucuronyltransferases: 2-arylpropionic acid enantiomers. J Chromatogr 1988;
430:368–375.

109. Spahn H, Benet LZ. Enantioselectivity of hepatic UDP-glucuronyltransferase in rat liver mi-
crosomes towards 2-arylpropionic acids: glucuronidation of naproxen enantiomers. Third
European Congress on Biopharmaceutics and Pharmacokinetics Proceedings, Vol. II. In: JM
Aiache, J Hirtz, eds. Experimental Pharmacokinetics. Freiburg, 1987:261–268.

110. Hayball P. Formation and reactivity of acyl glucuronides: the influence of chirality. Chirality
1995; 7:1–9.

111. Spahn H, Iwakawa S, Ojingwa J, Benet LZ. Glucuronidation of flunoxaprofen enantiomers
by UDPGTs from different sources. International Conference on Pharmaceutical Sciences
and Clinical Pharmacology, Jerusalem, May/June 1988.

112. Spahn-Langguth H, Benet LZ, Zia-Amirhosseini P, Iwakawa H, Langguth P. Kinetics of
reactive phase II metabolites: stereochemical aspects of formation of epimeric acyl glucu-
ronides and their reactivity. In: HY Aboul-Enein, IW Wainer, eds. The impact of stereochem-



Mechanistic Role of Acyl Glucuronides 181

istry on drug development and use. Chemical Analysis Series, Vol. 142. New York: Wiley,
1997:125–170.

113. Hyneck ML, Smith PC, Munafo A, McDonagh AF, Benet LZ. Disposition and irreversible
plasma protein binding of tolmetin in humans. Clin Pharmacol Ther 1988; 44:107–114.

114. Pumford NR, Halmes NC. Protein targets of xenobiotic reactive intermediates. Annu Rev
Pharmacol Toxicol 1997; 37:91–117.

115. Pirmohamed M, Madden S, Park BK. Idiosyncratic drug reactions metabolic bioactivation
as a pathogenic mechanism. Clin Pharmacokinet 1996; 31:215–230.

116. Benet LZ, Spahn H. Acyl migration and covalent binding of drug glucuronides—potential
toxicity mediators. In: G Siest, J Magdalou, B Burchell, eds. Cellular and Molecular Aspects
of Glucuronidation. Colloque INSERM/John Libbey Eurotext Ltd. Montrouge, France. 1988;
173:261–269.

117. Pohl LR, Satoh H, Christ DD, Kenna JG. The immunological and metabolic basis of drug
hypersensitivities. Annu Rev Pharmacol 1988; 28:367–387.

118. Amos HE, Wilson DV, Taussig MJ, Carlton SJ. Hypersensitivity reactions to acetylsalicylic
acid. Clin Exp Immunol 1971; 8:563–572.

119. Zia-Amirhosseini P, Harris R, Brodsky FM, Benet LZ. Hypersensitivity to nonsteroidal anti-
inflammatory drugs. Nature Med 1995; 1:2–4.

120. Kretz-Rommel A, Boelsterli UA. Cytotoxic toxicity of T cells and non-T cells from diclo-
fenac-immunized mice against cultured syngeneic hepatocytes exposed to diclofenac. Hepa-
tology 1995; 22:213–222.

121. Garcia Rodriguez LA, Williams R, Derby LE, Dean AD, Jick H. Acute liver injury associated
with nonsteroidal anti-inflammatory drugs and the role of risk factor. Arch Intern Med 1994;
154:311–316.

122. Seitz S, Kretz-Rommel A, Elferink RPJO, Boelsterli UA. Selective protein adduct formation
of diclofenac glucuronide is critically dependent on the rat canalicular conjugate export pump
(Mrp2). Chem Res Toxicol 1998; 11:513–519.

123. Dickinson RG, King AR. Reactivity considerations in the analysis of glucuronide and sulfate
conjugates of diflunisal. Ther Drug Monit 1989; 11:712–720.

124. Sallustio BC, Fairchild BA. Biosynthesis, characterization and direct high-performance liquid
chromatographic analysis of gemfibrozil 1-O-β-acylglucuronide. J Chromatogr B 1995; 665:
345–353.

125. van Breemen RB, Fenselau CC, Dulik DM. Activated phase II metabolites: comparison of
alkylation by 1-O-acyl glucuronides and acyl sulfates. Adv Exp Med Biol 1986; 197:423–
429.

126. Akira K, Taira T, Hasegawa H, Sakuma C, Shinohara Y. Studies on the stereoselective inter-
nal acyl migration of ketoprofen glucuronide using 13C labeling and nuclear magnetic reso-
nance spectroscopy. Drug Metab Dispos 1998; 26:457–464.

127. Ruelius RW, Young EM, Kirkman SK, Schilings RT, Sisenwine SF, Jassen FW. Biological
fate of acyl glucuronides in the rat: the role of rearrangement, intestinal enzyme and reabsorp-
tion. Biochem Pharmacol 1985; 34:451–452.

128. Sekikawa H, Yagi N, Oda K, Kenmotsu H, Takada M, Chen H, Lin ET, Benet LZ. Biliary
excretion of furosemide glucuronide in rabbits. Biol Pharm Bull 1995; 18:447–453.





9

Nonparenchymal Cells, Inflammatory
Macrophages, and Hepatotoxicity

DEBRA L. LASKIN and CAROL R. GARDNER

Rutgers University, Piscataway, New Jersey, U.S.A.

I. Introduction
II. Hepatic Nonparenchymal Cells and Tissue Injury

III. Inflammatory Mediators Implicated in Hepatotoxicity
IV. Conclusion

Acknowledgments
References

I. INTRODUCTION

Over the past several years considerable evidence has accumulated demonstrating that
hepatotoxicity induced by a diverse group of drugs and chemicals is due not only to a
direct effect of these compounds on the liver, but also indirectly to the actions of inflam-
matory mediators released by nonparenchymal cells, in particular macrophages, endothe-
lial cells, and stellate cells, as well as infiltrating leukocytes. Following exposure of ex-
perimental animals to hepatotoxicants, these cells become “activated.” This involves
alterations in their functional and biochemical properties leading to the release of an array
of proinflammatory and cytotoxic mediators that have the capacity to promote liver dam-
age. These findings, together with the observation that hepatotoxicity can be modified by
agents that modulate inflammatory cell and mediator activity, provide direct evidence that
these cells contribute to tissue injury. The mediators involved in the cytotoxic process
include reactive oxygen and reactive nitrogen intermediates, proinflammatory cytokines,
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proteolytic enzymes, eicosanoids, and/or bioactive lipids released at sites of injury.
Whereas some of these mediators are directly cytotoxic (e.g., hydrogen peroxide, nitric
oxide, peroxynitrite), others degrade the extracellular matrix (e.g., collagenase, elastase)
and/or promote inflammatory cell adhesion and infiltration, and nonparenchymal cell pro-
liferation and activation [e.g., interleukin-1 (IL-1), interleukin-6 (IL-6), tumor necrosis
factor-α (TNFα), transforming growth factor-β, (TGFβ), platelet-activating factor (PAF),
chemokines, and colony-stimulating factors]. There is also evidence that some of the medi-
ators produced by activated nonparenchymal cells and inflammatory macrophages can
modify hepatocyte protein and nucleic acid biosynthesis, as well as cytochrome P450–
mediated xenobiotic metabolism, which may also contribute to hepatotoxicity. In this
chapter experimental evidence implicating nonparenchymal cells and inflammatory mac-
rophages and mediators produced by these cells in hepatotoxicity is reviewed.

II. HEPATIC NONPARENCHYMAL CELLS AND TISSUE INJURY

The liver is comprised of two main cell populations: parenchymal cells or hepatocytes
and nonparenchymal cells, the majority of which reside within the hepatic sinusoids, po-
sitioned between the arterial vasculature and the parenchyma. Sinusoidal cells consist
mainly of Kupffer cells, endothelial cells, and stellate cells. A small population (about
3%) of pit cells are also found within the hepatic sinusoids. These are the natural killer
cells of the liver. Over the past several years evidence has accumulated demonstrating
that in addition to their normal function within the tissue, each of these sinusoidal cell
populations has the potential to contribute to xenobiotic-induced liver injury. Moreover,
cross-talk between these cells may augment their toxicological potential.

A. Kupffer Cells and Inflammatory Macrophages

Kupffer cells constitute approximately 30% of the hepatic sinusoidal cells and represent
the largest population (80–90%) of all the macrophages in the body. They are predomi-
nantly localized in periportal and central regions of the liver lobule and are anchored to
the lumen of the endothelium by long cytoplasmic processes (1). Thus they are well posi-
tioned to remove particulate and foreign materials from the portal circulation, primarily
through phagocytosis. Kupffer cells possess Fc and C3 receptors, as well as scavenger
receptors, carbohydrate receptors, and cell adhesion molecules, which facilitate their abil-
ity to phagocytize opsonized and nonopsonized particles, apoptotic and damaged cells,
neutrophils, and tumor cells (2–11). A major function of Kupffer cells is uptake and
detoxification of gut-derived endotoxin (12,13). This is accomplished by binding of lipo-
polysaccharide (LPS), the toxic moiety in endotoxin to CD14, Toll 4-like receptors, scav-
enger receptors, and/or macrosialin (4,14–16). Kupffer cells are among the most active
secretory cells in the body releasing hundreds of different products with inflammatory,
growth-promoting, and regulatory activity. These include superoxide anion, hydrogen per-
oxide, nitric oxide, peroxynitrite, proteolytic enzymes, and eicosanoids that aid in antigen
destruction (7,17–24). They also release a number of different cytokines with immunoreg-
ulatory and proinflammatory actions including TNFα, IL-1, IL-6, IL-8, IL-10, IL-18, PAF,
TGFβ, and interferon (24–26). Kupffer cells also elaborate growth factors involved in
regulating the proliferation of hepatocytes, endothelial cells, and inflammatory macro-
phages (22,24,27–30). Because of their continuous exposure to endotoxin in the portal
circulation, Kupffer cells are in a constant state of activation and are therefore primed to
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respond to tissue injury. Thus after exposure to inflammatory stimuli, Kupffer cells exhibit
markedly increased chemotactic and phagocytic activity and display significantly greater
oxidant-dependent and oxidant-independent cytotoxicity (6–9,17–21,31–36). Moreover,
release of cytotoxic and proinflammatory mediators by these cells is greatly increased.
These findings, together with the observation that hepatic macrophages increase in number
in response to tissue injury, suggest that these cells have the capacity to modulate both
normal and pathological processes in the liver. Recent studies have demonstrated that
Kupffer cells, like resident macrophages present in other tissues, express MHC class II
antigens and act as antigen-presenting cells for the induction of specific T-lymphocyte
responses (37–39). This indicates that Kupffer cells can also contribute to specific immune
responses of the liver to antigens.

A growing body of literature has been generated over the past several years that
has provided strong evidence implicating liver macrophages in hepatotoxicity induced by
a diverse group of agents (Table 1). These include acetaminophen, endotoxin, carbon
tetrachloride, galactosamine, 1,2-dichlorobenzene, allyl alcohol, cadmium, and ethanol.
With each of these compounds, hepatotoxicity is abrogated or prevented by pretreatment
of experimental animals with agents such as gadolinium chloride, which block macrophage
activity. The fact that the mechanisms underlying tissue injury induced by these different
toxins are distinct suggests that an involvement of macrophages may be a critical step in
the pathogenic process leading to hepatotoxicity.

One of the first lines of evidence suggesting that macrophages contribute to hepato-
toxicity was the observation that there are increased numbers of these cells in the liver
following exposure of animals to hepatotoxicants (7,18,40–45). These cells are typically
observed in the liver prior to histological evidence of frank necrosis. Moreover, their
specific location within the liver lobule varies with the chemical agent and is directly

Table 1 Agents Whose Toxicity Is Associated with Macrophages and Inflammatory Mediators

Toxicant Response of liver macrophages Ref.

Acetaminophen Increase number, chemotaxis, 18,48,118,165,173,203,206,228,
phagocytosis, cytotoxicity, ROI, 301,302
RNI, IL-1, TNFα, HO-1, chemo-
kines, eicosanoids

Endotoxin Increased number, chemotaxis, 6–9,17,20–22,25,32,35,36,43,74,
phagocytosis, ROI, RNI, IL-1, 168,233,266,267,270,286
TNFα, IL-6, PAF, lipids, I-CAM

Carbon tetrachloride Increased number, ROI, RNI, IL-1, 42,46,47,55,73,89,170,186,190,194,
IL-10, TNFα, IL-6, TGFβ, 198,224,225,253,303
MCP-1

Ethanol Increased I-CAM, ROI, RNI, IL-1, 52,54,70,166,167,187,195,199,201,
TNFα, MIP-2, CINC, TGFβ 202,252

1,2-Dichlorobenzene Increased ROI 67,227
Galactosamine Increased number, increased ROI, 33,41,44,50,57,79,178,184

TNFα
Cadmium Increased phagocytosis, IL-1, 68,69,71,179

TNFα, CINC
Allyl alcohol Increased ROI, TNFα 45,185

ROI, reactive oxygen intermediates; RNI, reactive nitrogen intermediates; HO-1, heme oxygenase-1.
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correlated with areas of the tissue that subsequently exhibit signs of injury. For example,
after administration of acetaminophen or carbon tetrachloride, agents that induce centrilob-
ular hepatic necrosis, macrophages are observed in these regions of the liver (18,46–48).
In contrast, macrophages that localize in the liver following endotoxin, phenobarbital,
Corynebacterium parvum, or galactosamine treatment of rats are scattered in clusters
throughout the liver lobule, which is consistent with patterns of injury observed after
exposure to these toxins (7,40,41,49,50).

Inflammatory cell accumulation in tissues is generally considered to be an early
marker of tissue injury. It is likely that the cells accumulating in the liver after hepatotoxi-
cant exposure consist of both resident Kupffer cells and mononuclear phagocytes that
have infiltrated into the tissue in response to damage. Both of these cell populations are
highly sensitive to early-response cytokines such as TNFα and IL-1, rapidly generated at
sites of tissue injury, and become “activated.” Under homeostatic conditions macrophage
activation is carefully regulated. However, following exposure of experimental animals
to hepatotoxicants, resident Kupffer cells and inflammatory macrophages may become
“overactivated” or “hyperresponsive” and produce excessive quantities of cytotoxic medi-
ators. In this regard, a number of studies have demonstrated that macrophages isolated
from livers of hepatotoxicant-treated animals display morphological and functional proper-
ties of “activated” mononuclear phagocytes (Fig. 1). Thus these cells appear larger and
more stellate than cells from untreated rats, are highly vacuolated, and display an increased
cytoplasmic:nuclear ratio (7,17,18,40,51). In addition, macrophages from animals treated
with hepatotoxicants such as phenobarbital, acetaminophen, or endotoxin adhere to and
spread on culture dishes more rapidly than resident Kupffer cells (7,18,40). These proper-
ties are characteristic of morphologically “activated” macrophages. Liver macrophages
from animals treated with hepatotoxicants also exhibit varying degrees of functional acti-
vation including increased expression of cell adhesion molecules, and enhanced phago-
cytic, chemotactic, cytotoxic, and metabolic activity, as well as increased release of su-
peroxide anion, hydrogen peroxide, nitric oxide, peroxynitrite, proteolytic enzymes,
eicosanoids, IL-1, IL-6, TNFα, and chemokines (7,9,17,18,25,31–36,40,49,52–57). Acti-
vated Kupffer cells and infiltrating macrophages are thought to promote hepatic damage
through the release of these toxic secretory products (58).

A second line of evidence supporting a role for macrophages in hepatotoxicity is
derived from experiments in which animals are pretreated with agents that either inhibit

Figure 1 Scanning electron micrographs of an activated Kupffer cell (KC) and endothelial cell
(EC) from an endotoxin-treated rat. Arrows indicate fenestrae in the endothelial cell. (Photo credit:
Dr. Jay Wasserman, Bristol-Myers Squibb.)
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or enhance macrophage activity and tissue injury is then assessed. Data from these studies
clearly demonstrate that the degree of hepatic injury induced by a number of different
chemicals is directly correlated with macrophage functioning. Thus, agents that depress
macrophage functioning reduce toxicity, while compounds that augment macrophage ac-
tivity enhance tissue injury. For example, drugs such as hydrocortisone, certain synthetic
steroids, and natural substances that block inflammatory responses have been reported to
protect against liver injury induced by carbon tetrachloride and acetaminophen (59,60).
Similarly, the accumulation of macrophages in the liver and subsequent toxicity of acet-
aminophen, carbon tetrachloride, or endotoxin is prevented by pretreatment of ani-
mals with gadolinium chloride, carbon particles, dextran sulfate, or liposome-encapsulated
dichloromethylene diphosphonate, compounds known to depress macrophage activity
(61–64). Hepatoprotective effects of gadolinium chloride against 1,2-dichlorobenzene, di-
ethyldicarbamate, galactosamine, ethanol, endotoxin, allyl alcohol, and cadmium-induced
injury have also been described (45,65–72). Several studies have also demonstrated that
activation of hepatic macrophages augments hepatic injury induced by toxic xenobiotics.
Thus, pretreatment of rats with macrophage activators such as endotoxin, glucan, vitamin
A, or latex beads aggravates liver injury induced by carbon tetrachloride, galactosamine,
allyl alcohol, and C. parvum (20,32,49,55,72–80). Taken together, these observations sup-
port the hypothesis that macrophages contribute to hepatotoxicity. The specific mediators
released by these cells that are involved in the pathogenic process appears to depend on
the nature of the hepatotoxicant, as well as the levels of the mediator generated in the
tissue and the extent to which other inflammatory signals are produced.

Recent studies have focused on analyzing mechanisms regulating macrophage acti-
vation following hepatotoxicant exposure. It has been suggested that this process involves
inappropriate activation of biochemical signaling pathways in the cells leading to increased
gene expression and inflammatory mediator production. For example, following acetamin-
ophen administration to animals, a rapid increase in nuclear binding activity of the tran-
scription factor, NF-κB has been observed in the liver (81). Similar effects have been
described after treatment of animals with carbon tetrachloride, ethanol, endotoxin, or ga-
lactosamine (82–86). NF-κB is a ubiquitous transcription factor known to regulate the
activity of numerous genes involved in inflammatory responses including inducible nitric
oxide synthase (NOSII), cyclooxygenase-2 (COX-2), TNFα, and I-CAM-1 (87). Enhanced
NF-κB expression induced by toxicants presumably modulates liver injury through an
effect on the synthesis of these mediators (88). This idea is supported by the findings that
mice lacking the p50 subunit of NF-κB do not generate TNFα and are protected from
carbon tetrachloride–induced toxicity (89). Increased nuclear binding activity of the tran-
scription factor AP-1 has also been described in the liver after treatment of animals with
acetaminophen, carbon tetrachloride, or endotoxin (47,90,91). The fact that this activity
is prevented by pretreatment of animals with gadolinium chloride demonstrates that Kupf-
fer cells are crucial in the process. The proteins c-jun and c-fos constitute inducible tran-
scription factors in signal transduction and regulate the activation of a battery of genes
involved in cell growth. Recent studies have shown that c-fos and c-jun levels are also
increased following administration of carbon tetrachloride or acetaminophen (85,92).

B. Sinusoidal Endothelial Cells in Hepatotoxicity

Endothelial cells form the walls of the hepatic sinusoids and represent the major fraction
of hepatic sinusoidal cells (approximately 48%). Unlike endothelial cells in other vascular
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beds, hepatic sinusoidal endothelial cells are devoid of basement membrane (93). More-
over, they possess pores or fenestrae, which provides an opportunity for direct contact
between plasma and hepatocytes. Thus sinusoidal endothelial cells function as a selective
barrier between the blood and the liver parenchyma. Endothelial cells also possess unique
“bristle-coated” membrane invaginations and vesicles, and lysosome-like vacuoles, and
are thought to play a role in the clearance of macromolecules from the circulation. Through
Fc, carbohydrate, and scavenger receptors, endothelial cells endocytose a variety of parti-
cles in the portal circulation including glycoproteins, lipoproteins, albumin, lactoferrin,
and hyaluronic acid (2,4,5,10,94–101). It has been reported that endocytosis is upregulated
in endothelial cells when Kupffer cell functioning is impaired (94,96,102–105). In re-
sponse to inflammatory cytokines and bacterially derived lipopolysaccharide, hepatic en-
dothelial cells, like Kupffer cells, can be “activated” to release mediators that regulate the
function of parenchymal and nonparenchymal liver cells. These include chemokines, IL-1,
IL-6, PAF, fibroblast growth factor, interferons, endothelin, eicosanoids, proteolytic en-
zymes, reactive oxygen, and nitrogen intermediates (17,22,25,106–112). Expression of
cell adhesion molecules such as I-CAM and P-selectin, which facilitate inflammatory cell
emigration into the liver, is also upregulated (6,113,114). These studies suggest that endo-
thelial cells are important in inflammatory responses in the liver. The findings that endothe-
lial cells also express CD40, CD80, CD86, and MHC class II molecules, which are markers
of antigen-presenting cells, indicate that they may also play a role in immune surveillance
and potentially in the development of tolerance in the liver (115,116).

A number of studies have demonstrated that endothelial cells also increase in number
and become “activated” following exposure of experimental animals to hepatotoxicants
such as acetaminophen, endotoxin, or ethanol (Fig. 1) (17,21,25,112,117,118). Like “acti-
vated” hepatic macrophages, these cells appear larger and more granular than cells from
untreated rats, and produce increased amounts of reactive oxygen and nitrogen intermedi-
ates, eicosanoids, endothelin, IL-1, IL-6, TGFβ, fibroblast growth factor, and interferon
(17,108,110,112,118). Moreover, expression of cell adhesion molecules, as well as recep-
tors for TNFα and IL-6, are upregulated on these cells and their proliferative capacity
increases (6,22,119–124). The ability of endothelial cells to produce and respond to these
mediators may represent an important mechanism by which they participate in inflamma-
tory and immune reactions associated with hepatotoxicity.

C. Stellate Cells in Hepatotoxicity and Fibrosis

Stellate cells, also referred to as Ito cells, fat-storing cells, perisinusoidal cells, and lipo-
cytes, constitute approximately 20% of the hepatic sinusoidal cells. These cells normally
reside in a quiescent, resting state within the space of Disse between endothelial cells and
hepatocytes or between hepatocytes. Morphologically, stellate cells resemble fibroblasts
in that they possess numerous extensions, as well as dilated rough endoplasmic reticulum.
Stellate cells store vitamin A, which is localized in intracellular lipid droplets in the form
of retinyl esters (125,126). Stellate cells also have the capacity to synthesize large quanti-
ties of extracellular matrix proteins, including types I, III, and IV collagen, as well as
matrix metalloproteinases (MMP) and tissue inhibitors of metalloproteinase (TIMP), and
there is evidence that they play a major role in collagen synthesis in both normal and
fibrotic liver (127–131). It has been suggested that stellate cells can contribute to inflam-
matory responses in the liver. Following exposure of animals to toxicants such as etha-
nol or carbon tetrachloride, stellate cells undergo a process of activation (132–134).
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This involves a loss of lipid droplets and vitamin A storage capacity, migration to sites
of liver injury, and transformation into highly proliferative myofibroblast-like cells
(133,135,136). Activated stellate cells also express increased quantities of the cell adhesion
molecules, I-CAM-1, and V-CAM-1, as well as receptors for C5a, endothelin, eicosanoids,
TNFα, IL-1, and platelet-derived growth factor (PDGF) (137–143). They are also primed
to release cytotoxic and inflammatory mediators including IL-1, IL-6, IL-10, PAF, colony-
stimulating factor-1, nitric oxide, hydrogen peroxide, superoxide anion, eicosanoids, ge-
latinase, fibronectin, TGFβ, endothelin, macrophage chemotactic protein-1, and CINC
(129,144–151). Activation and transformation of stellate cells during the pathogenesis of
tissue injury and fibrosis, as well as collagen deposition, appear to be mediated by cyto-
kines and growth factors elaborated by parenchymal and nonparenchymal liver cells.
These are largely divided into mitogenic mediators (TGFα, PDGF, IL-1, TNFα, and insulin-
like growth factor) that stimulate proliferation and transformation of stellate cells and
fibrogenic mediators including TGFβ and IL-6 that induce collagen gene expression (142).

Hepatic fibrosis represents the liver’s wound healing response to injury and is char-
acterized by excessive accumulation of interstitial matrix components within the tissue.
A number of factors have been proposed to initiate and perpetuate the fibrogenic process
in stellate cells including the accumulation of inflammatory cytokines and growth factors,
alterations in the extracellular matrix, and oxidative stress (152). Xenobiotics such as
alcohol or carbon tetrachloride can induce fibrogenesis by activating stellate cells. This
can occur through the generation of lipid peroxides from damaged hepatocytes and/or
oxidants and cytokines released from activated Kupffer cells and inflammatory macro-
phages (153). During the pathogenesis of fibrosis, stellate cells exhibit increased sensitivity
to inflammatory mediators such as TNFα. This can enhance the production of chemotactic
and fibrogenic mediators by liver cells and may contribute to the maintenance of an in-
flammatory infiltrate dominated by macrophages (154).

III. INFLAMMATORY MEDIATORS IMPLICATED IN HEPATOTOXICITY

Among the more prominent proinflammatory and cytotoxic mediators that have been im-
plicated in hepatotoxicity are cytokines, reactive oxygen intermediates, reactive nitrogen
intermediates, bioactive lipids, and hydrolytic enzymes. These mediators are likely to act
in concert to promote hepatotoxicity.

A. Cytokines

Cytokines are cell-derived proteins that act in an autocrine and paracrine manner to regu-
late immune and inflammatory responses. Hepatic nonparenchymal cells and inflammatory
macrophages are known to release a number of different cytokines that may play a role
in the pathogenesis of tissue injury. Whereas some of these promote the inflammatory
response (e.g., IL-1, IL-6, TNFα, interferon-γ, TGFβ, chemokines), others exert anti-
inflammatory activity (e.g., IL-4, IL-10, IL-13). The overall outcome of the inflammatory
response depends on the balance between levels of pro- and anti-inflammatory cytokines
that are generated in the liver.

1. Proinflammatory Cytokines

IL-1 and TNFα are low-molecular-weight multifunctional proteins that induce a number
of both distinct and overlapping functions (155–157). They are produced in large part by
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macrophages in response to inflammatory stimuli and are thought to play a prominent
role in initiating the inflammatory response. Both IL-1 and TNFα stimulate the production
of chemotactic factors and upregulate expression of cell adhesion molecules, thus promot-
ing phagocyte margination and emigration to sites of injury. IL-1 also exerts mitogenic
effects on macrophages and endothelial cells and induces the release of prostaglandins,
metalloproteinases, and colony-stimulating factor (52,76,155–158). In the liver, IL-1 and
TNFα activate Kupffer cells and infiltrating macrophages for cytotoxicity and stimulate
the release of cytotoxic mediators including reactive nitrogen intermediates and reactive
oxygen intermediates (24,155–159). They also induce the release of IL-1, IL-6, colony-
stimulating factor, PAF, and eicosanoids from parenchymal and nonparenchymal liver
cells (24,25). In conjunction with IL-6, IL-1 and TNFα regulate hepatocyte acute-phase
protein and gene expression and cytochrome P450 activity (155–158,160,161). TNFα is
unique among inflammatory cytokines in that it has the capacity to induce cytotoxicity
directly. In hepatocytes, TNFα stimulates nitric oxide production and induces both necro-
sis and apoptosis (162–164). However, the biological effects of TNFα appear to be related
to levels of this mediator generated. Thus at low concentrations, TNFα exerts homeostatic
functions such as initiation of tissue repair, while at high concentrations it causes damage
to endothelium, microthrombosis, and tissue injury (155–158).

Cytokines such as IL-1, IL-6, and TNFα, as well as interferon-γ, which are known
to activate macrophages, have been directly implicated in hepatotoxicity in a number of
experimental models. Following exposure of animals to ethanol, endotoxin, turpentine,
carbon tetrachloride, cadmium, zymosan, galactosamine, dimethylnitrosamine, or acet-
aminophen, expression of these cytokines increases in the liver (25,46,165–173). More-
over, many of the observed clinical features of liver disease and injury including fever,
inflammation, cirrhosis, and acute-phase protein production can be induced by administra-
tion of proinflammatory cytokines (155,174–176). Conversely, administration of neu-
tralizing antibodies to IL-1, TNFα, IL-6, or interferon-γ, soluble cytokine receptors, or
cytokine receptor antagonists reduces inflammatory cell accumulation, acute-phase protein
production, and tissue injury induced by toxicants such as carbon tetrachloride, acetamino-
phen, endotoxin, ethanol, allyl alcohol, zymosan, and cadmium (160,165,177–185). Pro-
tection against toxicants by blocking antibodies is paralleled in many models by results
obtained using transgenic animals. For example, recent studies have demonstrated that
mice lacking the gene for the p55 TNFα receptor I or expressing only the membrane-
bound form of the cytokine are protected from the toxic effects of carbon tetrachloride,
ethanol, or the combination of endotoxin and galactosamine (89,184,186,187). Similarly,
mice lacking the gene for IL-1 receptor or overexpressing IL-1 receptor antagonist exhibit
an attenuated inflammatory response to turpentine (182), and IL-6 knockout mice are
protected against the toxicity of zymosan (188). In contrast, mice lacking the p55 receptor
of TNFα or the soluble form of TNFα have been reported to be more sensitive to the
toxic effects of acetaminophen (189), and mice deficient in IL-6 exhibit a greater hepato-
toxic response to carbon tetrachloride (190,191). These findings suggest that these cyto-
kines can exert both protective and proinflammatory/cytotoxic activity, which depend on
the toxicant, levels of cytokine produced, and the extent to which other inflammatory
mediators are generated in the liver.

2. Transforming Growth Factor-β (TGFβ)

Studies with neutralizing antibodies and transgenic animal models have also provided
evidence for a critical role of TGFβ in nonparenchymal cell activation and fibrosis. TGFβ
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is produced by activated liver macrophages in response to injury and infection. In addition
to its autocrine actions, TGFβ acts on stellate cells to prolong their survival and induce
collagen gene expression (192,193). Following exposure of animals to fibrogenic doses
of toxicants such as carbon tetrachloride, vitamin A, or alcohol, production of TGFβ
increases in the liver (150,194,195). These findings, together with the observation that
carbon tetrachloride–induced increases in collagen deposition are reduced by 80% in
transgenic mice with a targeted disruption of the TGFβ gene, or in mice treated with
antibodies to TGFβ (196), provide strong support for an involvement of this cytokine in
tissue injury and fibrosis.

3. Chemokines

Recent studies have focused on another class of proinflammatory cytokines that exhibit
chemotactic activity. These belong to a superfamily of low-molecular-weight proteins that
play a key role in orchestrating the inflammatory response. Chemotactic cytokines or
chemokines are divided into two subfamilies: C-X-C proteins (e.g., IL-8 or CINC), which
are mainly neutrophil chemoattractants, and C-C chemokines (e.g., MIP-1, MIP-2, MCP-1,
MCP-2, MCP-3, RANTES), which induce migration and activation of macrophages/
monocytes and lymphocytes (197). Continuous local release of chemokines at sites of
injury is thought to mediate the ongoing migration of effector cells into lesions during
inflammatory responses. Chemokines such as MIP-1α, MCP-1, RANTES, and CINC have
been implicated in a variety of pathogenic processes in the liver including chemically
induced toxicity (198,199). These chemokines, which are produced in large part by Kupf-
fer cells and endothelial cells (54,200,201), are upregulated in the liver after administration
of endotoxin, ethanol, cadmium, or acetaminophen to animals (68,198,199,201–204).
However, the precise role of chemokines in the pathogenesis of toxicity is controversial.
Whereas some studies have indicated that they contribute to injury (205), others suggest
that they may in fact act to reduce hepatotoxicity (206), which is most likely related to
the production of anti-inflammatory mediators by newly infiltrated phagocytes (207). Thus
mice lacking the gene for CCR2, the receptor for MCP-1, were found to be more sensitive
to the toxic effects of acetaminophen, a response that was correlated with increases in
TNFα and interferon-γ in the liver (206). Similarly, administration of MCP-1 protected
mice from endotoxin toxicity and decreased hepatic TNFα levels (208). These data sup-
port the concept that inflammatory cytokines can both prevent and augment hepatotox-
icity (209).

Hepatocytes treated with toxicants like acetaminophen, galactosamine, or alco-
hol have also been reported to release phagocyte chemotactic and activating factors
(41,210,211). Biochemical characterization studies have suggested that these factors are
members of the chemokine family. Production of chemokines by hepatocytes is upregu-
lated in response to Kupffer cell-derived TNFα and IL-1 (212,213). Thus, parenchymal
cells apparently participate in inflammatory cell recruitment into the liver and activation
during the pathogenesis of injury.

4. Anti-inflammatory Cytokines

Anti-inflammatory cytokines such as IL-4, IL-10, and IL-13 are also expressed in the liver
following hepatotoxicant exposure (207,213–215). These cytokines facilitate the recovery
of the liver from acute injury and inhibit the production of proinflammatory cytokines
(214,216–218). They also enhance the production of IL-1 receptor antagonist (219). That
these cytokines are important in toxicity is supported by the findings that administration
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of IL-13 protects mice from lethal endotoxemia and that anti-IL-13 antibodies significantly
decrease survival rate (215). Similarly hepatic fibrosis is increased in IL-10 knockout mice
after repeated carbon tetrachloride administration (214).

B. Reactive Oxygen Intermediates

Reactive oxygen intermediates including superoxide anion, hydrogen peroxide, and hy-
droxyl radical are produced in significant quantities in cells by a variety of oxido-reductase
reactions and during mitochondrial respiration. Although under physiological conditions
these mediators destroy invading pathogens and particulates, when generated in excessive
amounts, they can induce oxidative injury. This includes cell membrane, protein, and DNA
damage, lipid peroxidation, and cytotoxicity (220–223). Peroxidation of membrane lipids
by reactive oxygen intermediates can also induce the formation and release of other in-
flammatory mediators including prostaglandins, thromboxanes, and leukotrienes (see be-
low). Macrophages, and in some models, endothelial cells and stellate cells isolated from
the livers of hepatotoxicant-treated rats, have been reported to be “activated” to release
increased quantities of reactive oxygen intermediates (7,17,18,20,40,67,70,224). More-
over, stimulation of hepatic macrophages to produce additional reactive oxygen interme-
diates by administration of agents such as retinol, glucan, or latex beads augments liver
injury induced by agents such as C. parvum, carbon tetrachloride, 1,2-dichlorobenzene,
and galactosamine. In contrast, administration of antioxidants like superoxide dismutase,
catalase, allopurinol, N-acetylcysteine, methyl palmitate, endotoxin, or quinone deriva-
tives is hepatoprotective (32,43,55,65,74,78,225–233). These studies support the hypothe-
sis that oxygen-derived free radicals contribute to the pathogenesis of chemically induced
hepatotoxicity.

Reactive oxygen intermediates also appear to play an important role in fibrosis.
Both expression and synthesis of TGFβ are modulated via redox-sensitive reactions (151).
Moreover, activation of stellate cells, as well as expression of metalloproteinases and their
inhibitors, is dependent on reactive oxygen intermediates and lipid peroxidation products.
The importance of oxidants in fibrosis is underscored by the finding that there is marked
oxidative stress in the liver in most chronic disease processes affecting the tissue. It has
been suggested that reactive oxidants contribute to both the onset and progression of fibro-
sis induced by alcohol, carbon tetrachloride, viruses, iron, copper overload, cholestasis,
and hepatic blood congestion (118,134,151).

C. Reactive Nitrogen Intermediates

Nitric oxide and its oxidation products have been implicated in altered hepatic functioning
following xenobiotic exposure and in tissue injury (234–236). Nitric oxide is generated
from 1-arginine by the NADPH-dependent enzyme, nitric oxide synthase. Three major
isoforms of nitric oxide synthase have been identified: types I and III, which are produced
in cells constitutively and are calcium and calmodulin-dependent, and type II nitric oxide
synthase (NOSII), which is induced after activation of cells by bacterially derived patho-
gens or cytokines (237). Whereas the type I form is largely localized in neuronal tissue,
the type III form is found in vascular endothelium. In contrast, type II nitric oxide synthase
(NOSII) has been identified in both resident and inflammatory liver macrophages, as well
as in hepatocytes, endothelial cells, stellate cells, smooth muscle cells, fibroblasts, and
certain epithelial cells (21,24,25,48,144,145,162,209,234–239). Toxicity associated with
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excessive nitric oxide production is generally thought to be due to the actions of NOSII
(209,240).

Nitric oxide is a small, relatively stable free radical gas that readily diffuses into
cells and cell membranes where it reacts with molecular targets such as heme- and thiol-
containing proteins and amines (237,240). This can result in decreased cellular prolifera-
tion and nucleic acid biosynthesis as well as altered enzyme activity, cytotoxicity, and
apoptosis (234,238,240,241). Nitric oxide also binds to heme-containing proteins and this
can result in either inhibition or activation of enzymes involved in hepatic drug metabo-
lism. It has also been established that nitric oxide produced by macrophages is involved in
the destruction of certain intracellular pathogens and tumor cells and in cytostasis
(159,237,242,243). Nitric oxide is also known to react rapidly with superoxide anion–
generating peroxynitrite, a relatively long-lived cytotoxic oxidant that has been implicated
in stroke, heart disease, and immune complex–mediated pulmonary edema (244–247).
Peroxynitrite can also induce lipid peroxidation and can react directly with sulfhydryl
groups in cell membranes leading to cytotoxicity and/or apoptosis (248–250). Peroxy-
nitrite can also react with metals or metalloproteinases such as superoxide dismutase
to form nitronium ion, a potent and toxic nitrosylating species (251). After treatment
of animals with hepatotoxicants such as acetaminophen, carbon tetrachloride, ethanol, or
endotoxin, Kupffer cells, as well as inflammatory macrophages, sinusoidal endothelial
cells, stellate cells, and/or hepatocytes have been reported to express NOSII and to produce
excessive quantities of nitric oxide (23,48,73,143,144,239,252–255). This has been corre-
lated with nitrotyrosine staining of the liver (256,257). However, the role of nitric oxide
and peroxynitrite in hepatotoxicity is controversial. Thus, while some studies have sug-
gested that their actions are toxic, in other models, reactive nitrogen intermediates appear
to play a protective role. For example, in animals pretreated with inhibitors of NOSII,
such as aminoguanidine, or in transgenic mice with a targeted disruption of NOSII, hepato-
toxicity induced by acetaminophen, or endotoxin is significantly reduced (23,48,236,258–
261). In contrast, hepatotoxicity is augmented in NOSII knockout mice treated with carbon
tetrachloride (89). Similar increases in carbon tetrachloride- or endotoxin/C. parvum-in-
duced hepatotoxicity have been described in animals pretreated with NOSII inhibitors
(253,263–265), which is thought to be due to the ability of nitric oxide to reduce levels
of cytotoxic oxidants (244–246,266). These data indicate that the relative pathological
or protective roles of nitric oxide and peroxynitrite in toxicity depends on the nature of
the toxicant and the extent to which tissue injury is mediated by reactive oxygen inter-
mediates.

D. Bioactive Lipids

Bioactive lipids constitute a broad range of mediators with both pro- and anti-inflammatory
activity. The largest group are eicosanoids, which are derived from membrane-bound ara-
chidonic acid. Prostaglandins (PG) and thromboxanes (Tx) are generated from arachidonic
acid via the enzyme cyclooxygenase (COX). Two isoforms of this enzyme have been
identified: a constitutive form (COX-1), which is thought to provide cytoprotective func-
tion, and an inducible form (COX-2), which is involved in the generation of inflammatory
PG. Metabolism of arachidonic acid via the enzyme lipoxygenase leads to the formation
of leukotrienes (LT). Although activated liver macrophages, as well as endothelial cells,
stellate cells, and hepatocytes have been reported to synthesize a large number of different
eicosanoids including LTB4, TxA2, PGE2, PGD2, PGF2γ, and PGI2, their response to these
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mediators is distinct (24,106,145,267,268). This is most likely due to differential expres-
sion of eicosanoid receptors on these cells (140). The precise role of these eicosanoids
in hepatotoxicity is unclear. Prostaglandins such as PGE2 and PGD2 are known to play
a key role in regulating inflammatory and immune reactions and also have the capacity
to modify hepatocyte carbohydrate metabolism, calcium homeostasis, as well as protein
synthesis and phosphorylation (268–270). Enhanced release of prostaglandins has been
described following exposure of animals to toxins such as acetaminophen, ethanol, and
endotoxin (268,271–274). Moreover, administration of cyclooxygenase inhibitors to ani-
mals prevents tissue injury induced by these toxicants (60,79,268,270,274–277). Simi-
larly, inhibition of TxB2 synthase protects against endotoxic shock and liver injury
(278,279). In contrast, recent studies have demonstrated some PG may be hepatoprotec-
tive, presumably because of their ability to block inflammatory mediator production. Thus
PGE2 pretreatment prevents endotoxin-induced liver injury by downregulating TNFα and
IL-12 and upregulating the anti-inflammatory cytokine IL-10 (280). Similarly, protection
against galactosamine-induced hepatotoxicity by administration of PGE1 was correlated
with decreased TNFα release (281).

A number of leukotrienes also exhibit proinflammatory activity and are thought to
play a role in chemically induced tissue injury (44,268,281). For example, LTB4 is known
to be a potent polymorphonuclear leukocyte chemoattractant and to induce monocyte IL-1,
TNFα, and hydrogen peroxide production (267,282–284). Thus, release of LTB4 by mac-
rophages in the liver following hepatotoxicant exposure may constitute a local control
mechanism for the recruitment and activation of inflammatory cells. Kupffer cells and
endothelial cells have been shown to express mRNA for 5-lipoxygenase, a major enzyme
mediating the production of leukotrienes, while LTC4 synthase mRNA has been identified
mainly in hepatocytes and endothelial cells (285). Endotoxin administration increases the
expression of LTC4 synthase mRNA, and protein in hepatocytes, which may contribute
to hepatocellular injury during inflammation (285). The finding that administration of li-
poxygenase inhibitors or antagonists to mice protected against galactosamine-induced hep-
atitis suggests that leukotrienes have the capacity to contribute to inflammatory liver dis-
ease and injury (41,276).

PAF is a phospholipid mediator that has also been implicated in tissue injury. It is
released by a variety of cell types including macrophages, neutrophils, and endothelial
cells and is thought to act in an autocrine and paracrine manner to amplify and propagate
early stages of the inflammatory response. Thus PAF released from inflammatory phago-
cytes stimulates macrophage and neutrophil chemotaxis and oxidative metabolism and
nitric oxide generation (107,286–289). Following exposure of animals to endotoxin, liver
macrophages and endothelial cells produce increased quantities of PAF (266,286,288).
Interestingly, these cells also express increased numbers of functionally active receptors
for PAF (290). Upregulation of PAF receptors may represent an important mechanism
underlying macrophage and endothelial cell activation following hepatotoxicant exposure.
In support of this possibility is the finding that administration of a PAF receptor antagonist
reduces tissue injury induced by endotoxin (291).

E. Hydrolytic Enzymes

Macrophages and endothelial cells activated by inflammatory stimuli can also generate
proteolytic and lysosomal enzymes. These include various proteases, lipases, matrix metal-
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loproteinases, plasminogen activator, acid phosphatase, and cathepsin D (19,24,292–296).
These can act directly on hepatocyte membranes to induce damage. Several of these en-
zymes have been shown to play a role in macrophage-mediated target cell destruction, as
well as in altered hepatocyte functioning (19,24,297) and similar effects may occur in vivo
after hepatotoxicant exposure. In contrast, the matrix metalloproteinases (e.g., collagenase,
gelatinase, and stromelysin) may contribute to recovery from liver fibrosis and play a role
in fibrolysis during cirrhosis (295,298–300).

IV. CONCLUSION

Evidence has accumulated over the past several years demonstrating that chemically in-
duced toxicity is a multifactorial process involving direct tissue injury as well as a cascade
of protein and lipid mediators generated by cells in the liver. These include not only
resident cells (hepatocytes, Kupffer cells, stellate cells, and endothelial cells), but also
infiltrating leukocytes. Cytokines and reactive mediators, including nitric oxide, peroxyni-
trite, superoxide anion, hydrogen peroxide, hydroxyl radicals, and eicosanoids, produced
by “activated” nonparenchymal cells and/or infiltrating leukocytes may be cytotoxic, pro-
inflammatory, and can compromise normal liver functioning (Fig. 2). Defining the precise
role of each of these mediators in tissue injury is essential for our understanding of the
mechanism of action of hepatotoxic chemicals and for devising steps to prevent or abrogate
toxicity.

Figure 2 Model for the role of macrophages, endothelial cells, and stellate cells in hepatotoxicity.
Toxicants such as acetaminophen and carbon tetrachloride cause injury to hepatocytes. This leads
to the release of cytokines and/or growth factors that recruit and activate Kupffer cells, endothelial
cells, stellate cells, and inflammatory macrophages to sites of injury. These cells become activated
and release inflammatory mediators (IM) such as reactive oxygen intermediates, reactive nitrogen
intermediates, TNFα, IL-1, bioactive lipids, hydrolytic enzymes, and/or growth factors that contrib-
ute to hepatic necrosis and fibrosis.
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I. INTRODUCTION

After liver injury or resection the liver has the capacity to regenerate, ultimately leading
to repair and restoration of normal liver architecture. The great majority of liver cells are
involved in this process including mature nonparenchymal cells and hepatocytes. The
signals that initiate regeneration are mediated by paracrine pathways involving cytokines
(TNFα and IL-6) and growth factors (e.g., HGF) acting in concert to regulate this complex
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process. During regeneration multiple growth factor, signal transduction, and transcrip-
tional pathways are activated and large numbers of genes are upregulated. Interleukin-6
is a critical component for normal regeneration that occurs in the face of several types of
liver injury and hepatic resection. In the face of repetitive liver injury in IL-6 knockout
animals, reduction in the ability of the hepatocyte to undergo normal regeneration, progres-
sion through the cell cycle, and replication ultimately lead to prolonged stellate cell activa-
tion and increased liver fibrosis. Similarly, HGF deficiency exacerbates liver injury and
fibrosis. Telomerase-deficient animals, which have a hepatocyte replicative defect, demon-
strate increased liver fibrosis in response to repetitive liver injury. A major question that
remains is whether reduced hepatocyte proliferation in the face of chronic liver injury is
itself fibrogenic as is suggested in the telomerase-deficient model and supported partially
by the IL-6�/� and HGF models. Alternatively or in addition, HGF and IL-6 may regulate
a protein or gene expression program that directly block fibrosis by reducing the level of
TGFβ or profibrogenic metalloproteinases produced by hepatic stellate cells.

II. LIVER REGENERATION AFTER PARTIAL HEPATECTOMY:
COMPLEX PATHWAYS DISSECTED USING GENE
EXPRESSION STUDIES

The liver has the capacity for self-renewal in which parenchymal cells normally in the
G0 phase of the cell cycle may be induced to proliferate following toxic damage, hepatitis,
and surgical resection (1–4). The partial hepatectomy model of liver regeneration clearly
demonstrates the liver’s compensatory growth response that culminates in the rapid resto-
ration of hepatic parenchyma. A number of growth factors and cytokines have been impli-
cated as having a role in the regenerative response including HGF, EGF, TNF, and IL-6
(Fig. 1), and can be divided into cytokine-dependent and independent pathways. Cytokine-
dependent pathways involve the activation of the TNFα/IL-6 axis in which these cytokines
are released from Kupffer cells in response to changes in the level of portal lipopolysaccha-
ride that occur after liver injury or partial hepatectomy. Other growth factors such as HGF
are apparently released from other hepatic cells such as Ito cells. A number of other growth
factors have been proposed as emanating from other organs and tissues and regulating
proliferation of the hepatocyte.

Partial hepatectomy and toxic liver damage induce signals in the liver that result in
rapid changes in the transcriptional milieu including activation of latent transcription fac-
tors such as NF-κB and STAT3, and induction of expression of early growth response
genes during the G0 to G1 transition (3,4). In a multipathway cascade of intra- and intercel-
lular signaling, hepatocytes and nonparenchymal liver cells progress through G1 and enter
S, G2, and M phases in a synchronous fashion that ultimately leads to restoration of liver
mass within a few days. Dissection of the early signals required to trigger liver regenera-
tion has relied in part on gene expression analyses. More than 100 genes are known to
be transcriptionally activated in the early phases of liver regeneration, and gene array
studies will undoubtedly identify many others. The categories of genes that are induced
during liver regeneration parallel those in many other growth-factor-activated systems
including proto-oncogene transcription factors (AP-1, egr-1, myc), cell signaling mole-
cules, growth factors, and apoptotic pathway proteins. However, induced genes include
some liver-specific proteins as well, such as glucose-6-phosphatase and insulin-like-
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Figure 1 Model for growth factor pathways postulated to regulate liver regeneration after injury
or partial hepatectomy.

growth factor binding protein-1 (5), that are important for the adaptive response of the liver
to liver injury and allow for the maintenance of metabolic function during regeneration.

Studies identifying latent transcription factors that were rapidly activated in the rem-
nant liver immediately posthepatectomy were originally helpful in identifying pathways
that are involved in regeneration. For example, rapid changes in STAT3 and NF-κB tran-
scription factor activity pointed to the importance of cytokine pathways including TNFα
and IL-6 (6–8). The finding that genes such as IkBα that are activated by cytokines were
rapidly induced during liver regeneration provided additional support for the role of IL-6
and TNFα in regulating hepatic regeneration. TNFα and IL-6 are presumably released
from nonparenchymal liver cells within minutes of the hepatectomy. Based primarily on
data from knockout mice (9–11), IL-6 and TNFα have been shown to be critical factors
in the mitogenic response during liver regeneration. IL-6, which is downstream of TNFα
signaling, is important both for cell cycle progression and protection from liver injury.
However, neither IL-6 nor TNFα is a complete factor in that they are responsible for
only a subset of the gene expression changes that occur posthepatectomy, and alone are
insufficient to cause hepatic DNA synthesis. Likewise, knockout mouse studies indicate
that C/EBPβ, a leucine zipper transcription factor that is also activated by cytokines, acts
in an IL-6-independent fashion to induce a separate set of genes and proteins, and is also
required for normal liver regeneration (2,12). Moreover, some early growth response genes
are induced normally in the absence of C/EBPβ and IL-6 and highlight the role of other
regulatory pathways in the early phases of liver regeneration. Thus, cytokine-dependent
and independent pathways act cooperatively to control the complex series of events that
result in liver regeneration. The requirement for multiple signals also protects the liver
from undergoing hyperplasia in the absence of a compensatory need.
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III. INSIGHT FROM REGENERATION STUDIES IN GENE
KNOCKOUT MICE

Which of these genes rapidly induced during liver regeneration encode proteins that are
essential for liver regeneration is largely unknown. However, regeneration studies per-
formed in mice with gene knockouts have highlighted the importance of specific genes
(Table 1) (13–18). Unfortunately, some of the genes of greatest interest to the field resulted
in embryonic lethality after gene knockout. For example, HGF, c-Jun and NF-κB/p65 are
all required for normal liver development, and therefore studies of regeneration in these
models are not possible. Nonetheless, the finding of apoptosis in the developing liver in
these gene knockouts provides evidence for the critical importance of these proteins in
the liver. In the case of HGF this is particularly frustrating because HGF has long been
felt to be a critical regulator of liver regeneration (1). However, it has been difficult to
demonstrate that HGF is active during the initial phases of regeneration. Studies indicate
that treatment with HGF promotes regeneration and hepatocyte proliferation, and reduces
hepatic apoptosis and fibrosis, CCl4-mediated injury (19,20). Antibodies to HGF at the
time of CCl4 injection blocked the regenerative response but the study did not assess the
degree of injury (and therefore the requirement for regeneration) (21). Ultimately other
models in which HGF or Met receptor are conditionally eliminated from the liver after
birth will allow for an assessment of the requirement of HGF during regeneration.

Several of the gene knockout models showing impaired liver regeneration involve
cytokine-dependent pathways. For example, it appears that TNF is required for induction
of IL-6 after partial hepatectomy, and iNos, which helps prevent liver injury after hepatec-

Table 1 Mouse Genetics: Defining
Molecular Pathways in Liver
Development and Regenerationa

Defective liver development
HGF
p65/NF-κB
c-Jun
XBP-1

Defective liver regeneration
IL-6
TNF receptor I
iNOS
CREM
C/EBPbeta
Keratin 8
Plasminogen
Telomerase

a Gene deletions in mice that result either in ab-
normal liver development or defective liver re-
generation.
HGF, hepatocyte growth factor; IL-6, interleu-
kin-6; TNF, tumor necrosis factor; iNOS, induc-
ible nitric oxide synthase; CREM, cAMP regu-
latory element; C/EBP, caat enhancer binding
protein.
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tomy, is a possible target gene of these cytokines (9,11,17). TNFα, IL-6, and normal
iNos regulation are all required for normal liver regeneration. CEBPβ, a leucine zipper
transcriptional factor, considered to be a cytokine-regulated factor, is also required for
normal liver regeneration (12). How the activity of C/EBPβ is regulated by extracellular
signals posthepatectomy is not known. There is some support for the hypothesis that the
relative level of proproliferative forms of C/EBPβ is important in supporting liver growth,
and balances antiproliferative forms and C/EBPα, an antiproliferative factor. Interestingly,
C/EBPβ regulates a distinct set of genes posthepatectomy as compared to those regulated
by IL-6 (2). Additional studies performed in TNF receptor I and IL-6 knockout animals
suggest that NF-κB helps to protect the liver against TNF-mediated injury and allows for
the proproliferative activity of TNF. As discussed below, IL-6 is important in reducing
injury due to liver toxins and ischemia and reduces hepatic apoptosis and fibrosis.

IV. IL-6-INDUCED LIVER REGENERATION AFTER PARTIAL
HEPATECTOMY AND TOXIC LIVER INJURY: REDUCED
HEPATOCYTE PROLIFERATION AND PERSISTENT INJURY

IL-6�/� livers have been shown to respond abnormally to a variety of liver injury models
including partial hepatectomy, CCl4, ischemia reperfusion, and bile duct ligation (9,22–
27). As such IL-6�/� mice provide an excellent model system to examine the relationship
between liver regeneration, repair, and ultimately fibrogenesis. The operating hypothesis
is that impaired hepatocyte replication leads to increased fibrogenesis due to protracted
injury and therefore protracted stellate cell activation. However, it is also possible that IL-6
has a direct antifibrogenic effect through the modulation of fibrogenic proteins including
metalloproteinases (MMPs).

Following partial hepatectomy, IL-6�/� livers have impaired liver regeneration
characterized by liver necrosis and failure, a blunted DNA response in hepatocytes, and
discrete G1 phase abnormalities, including absence of STAT3 activation, and selective
abnormalities in gene expression (9,25). Partial hepatectomy in IL-6�/� livers is not
associated with increased hepatocyte apoptosis. Treatment of IL-6�/� mice with a single
preoperative dose of IL-6 returns STAT3 binding, gene expression, and hepatocyte prolif-
eration to near normal and prevents liver damage, establishing IL-6 as a critical component
of the regenerative response following partial hepatectomy (9). Additional data support
the critical role of IL-6 in liver regeneration and have defined TNFα as an upstream
inducer of IL-6 expression during liver regeneration (11).

Several studies have examined the role of IL-6 in liver injury following ischemia
reperfusion. In one study both hepatectomy and ischemia were simultaneously applied.
It was found that hepatic ischemia in combination with hepatectomy significantly reduced
the mitogenic response in mouse livers (24). Treatment with IL-6 improves the mitogenic
response in the face of ischemic injury back to the normal level. In warm/ischemia reperfu-
sion models, IL-6 is protective against ischemic injury and IL-6�/� livers show increased
injury. In this model TNFα results in injury as antibodies to TNFα are able to reduce
ischemic injury to a similar degree as administration of IL-6 (23). A program of gene
expression, activation of STAT3, NF-κB, and a high degree of hepatocyte proliferation
similar to that in the hepatectomy model have been observed in transplanted rodent livers
subjected to prolonged warm ischemia (27), indicating that IL-6-dependent hepatic regen-
eration occurs following ischemic liver injury.
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IL-6 also ameliorates acute toxic liver injury (22). CCl4 is a hepatotoxin that causes
direct hepatocyte injury by altering permeability of cellular, lysosomal, and mitochondrial
membranes (28). Highly reactive free radicals are also formed from the metabolism of
CCl4 by cytochrome P450 Cyp2E1 of the hepatocyte causing centrizonal necrosis. CCl4

causes not only primary liver necrosis but also hepatocyte apoptosis (29,30). CCl4 liver
injury is associated with increased cytokine levels including TNFα, which is felt to en-
hance CCl4-mediated injury as CCl4-induced liver necrosis can be significantly ameliorated
by treatment with anti-TNFα antibodies (31). Tumor necrosis factor receptor I knockout
(TNFRI�/�) livers subjected to CCl4 have a reduced DNA synthetic response when com-
pared to wild-type livers, but the effect on the amount of liver injury is not clear (32).
TNFα is also an established inducer of hepatocyte apoptosis although TNFα-mediated
activation of NF-κB provides some cellular protection against apoptosis (33–35).

Following acute carbon tetrachloride (CCl4) treatment, IL-6�/� mice develop in-
creased hepatocellular injury and defective regeneration with significant blunting of
STAT3 and NF-κB activation and reduced hepatocyte DNA synthetic and mitotic re-
sponses (22). After CCl4 treatment, unlike partial hepatectomy, increased hepatocyte
apoptosis is noted in IL-6�/� livers. Pretreatment with IL-6 prior to CCl4 reduces acute
CCl4 injury and apoptosis, and accelerates regeneration in both IL-6�/� and �/� livers.

Two major defects are seen in IL-6�/� livers subjected to a single dose of CCl4.
First, despite having more extensive injury, IL-6�/� livers show reduced hepatocyte pro-
liferation. Unlike the hepatectomy model in which additional IL-6 given to wild-type mice
has little impact on the course of regeneration, treatment with IL-6 clearly accelerates the
proliferative response in both IL-6�/� and �/� livers. Peak entry into S phase occurs
at 36 h rather than 48 h. This response further defines the role of IL-6 as a cell-cycle-
progression factor. The second major finding in IL-6�/� livers is a dramatic increase in
the degree of liver injury following CCl4 toxicity (roughly two-thirds greater than wild
type). IL-6�/� livers also have an increase in apoptotic hepatocytes following a single
dose of CCl4 that was not noted after partial hepatectomy. Treatment with IL-6 has a
profound impact on both IL-6�/� and �/� livers in reducing the amount of CCl4-induced
injury. IL-6 treatment also reduces the number of apoptotic hepatocytes in both IL-6�/�
and �/� livers.

CCl4-induced liver injury is associated with high levels of TNFα. TNFα enhances
CCl4-mediated injury since this injury can be significantly ameliorated by treatment with
anti-TNFα antibodies (31). In another model of liver injury associated with high levels
of TNFα, the Con A T-cell activation liver model, antibodies to TNFα reduced injury as
did injection of recombinant IL-6 (36). IL-6 may be functioning downstream of TNFα
to ameliorate liver injury. However, further data are required to elucidate this mechanism.

Along with decreasing CCl4-induced liver injury, IL-6 decreases hepatocyte
apoptosis, a component of CCl4-induced liver injury. In this model, it is not clear whether
reduction in apoptosis is due to an overall reduction in injury or whether IL-6 exerts a
primary antiapoptotic effect that serves to rescue hepatocytes. Increased levels of NF-κB
and STAT3 two antiapoptotic transcription factors are found in IL-6�/� as compared
with �/� livers. As NF-κB is considered to be upstream, not downstream of IL-6, indirect
effects could have led to its increase in IL-6�/� livers (37). A number of in vitro studies
have demonstrated an antiapoptotic effect of IL-6 and STAT3 in nonhepatic cell lines
(38–42). Fas ligation, a purer model of hepatocyte apoptosis than CCl4 toxicity, is likely
to provide more insight into mechanisms by which IL-6 reduces hepatocyte apoptosis
(Kovalovich, Li, and Taub, unpublished data). At least in the Fas model, neither STAT3
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nor NF-κB appears to be mediating the decreased apoptosis observed in IL-6�/� livers
(Kovalovich and Taub, unpublished).

V. THE ROLE OF INTERLEUKIN-6 IN CHRONIC LIVER INJURY
AND FIBROSIS

Given the increased level of injury in IL-6�/� livers following acute CCl4 injury, it is
important to consider the impact of IL-6 in chronic liver injury. Studies have demonstrated
that mice chronically exposed to CCl4 are resistant to cirrhosis (43–47). In mouse livers
sparse amounts of localized fibrosis have been induced with CCl4 after 8–12 weeks of
exposure. There are a very limited number of mouse models of lobular fibrosis, which
include: quartz-induced cirrhosis, which requires 12 weeks of therapy; fibrosis induced
by intrahepatic injection of human pathogenic mycoplasma-like organisms, which is lim-
ited by availability and high animal mortality; low protein–low choline–high fat diet,
which requires �12–24 weeks of treatment. A chronic CCl4 injury model combining CCl4

and phenobarbital in rats was adapted to mice and demonstrated a relatively rapid and
reliable fibrotic response in wild-type livers with a low mortality level (22).

Repetitive doses of CCl4 in the presence or absence of phenobarbital result in in-
creased injury and fibrosis in IL-6�/� compared with �/� livers. After acute and chronic
injury, IL-6�/� livers demonstrate the protracted presence of α-smooth muscle actin
associated with activated stellate cells suggesting a disturbed response in wound healing
that progresses to fibrosis. These data support a role for IL-6 in reducing toxin-mediated
acute and chronic liver injury and fibrosis.

A similar effect of IL-6 is found on the development of biliary cirrhosis, another
model of chronic liver injury, again using the IL-6�/� mouse model (25). In this study,
IL-6�/� and �/� mice were subjected to bile duct ligation for 3 months. This results
in protracted liver injury, and chronic biliary epithelial and hepatocyte proliferation.
IL-6�/� mice develop more severe liver disease, reduced hepatocyte proliferation, re-
duced liver mass increase, more advanced biliary fibrosis, and a higher mortality rate.
Treatment with recombinant IL-6 for several weeks improved several parameters including
liver mass restitution. The authors concluded that IL-6 had the dual effect of contributing
to biliary tree integrity and maintenance of hepatocyte mass during chronic injury. The
absence of IL-6 led to increased fibrosis.

Normally, acute liver injury is followed by a wound-healing response that seeks to
contain the injury, reconstitute lost liver cell mass, and restore the extracellular framework
of the liver (48,49). Cytokines, which may be pro- or antifibrogenic, have been shown to
play a major role in the wound-healing response to liver injury. Though the precise mecha-
nisms remain unclear, we noted the IL-6�/� livers have persistent stellate cell activation
following acute injury. Activation denotes a conversion from a resting, vitamin A–rich,
perisinusoidal cell to one that is proliferative, fibrogenic, and contractile. Following resolu-
tion of injury, it is postulated that activated stellate cells may be eliminated by apoptosis
although reversion back to a resting state has not been fully explored (50). Absence of
IL-6 may cause a persistence of activated stellate cells that would otherwise be eliminated,
leading to increased chronic liver injury and fibrosis.

Contradictory results were obtained using a chronic CCl4 model in IL-6�/� mice
incompletely backcrossed onto a Balb/c stain (51). In this model increased fibrosis was
observed in IL-6�/� (pure Balb/c) as compared to the IL-6�/� (six-generation Balb/c)
livers. The degree of fibrosis was significantly lower than was observed by Kovalovich
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et al. (22). Conceivably, this difference could be due to different susceptibilities of various
mouse strains.

The mechanisms underlying the protective effects of IL-6 in both chronic injury
models remain to be elucidated. The critical question is whether IL-6 deficiency results in
protracted injury and activated stellate cells due to increased injury and reduced hepatocyte
proliferation, or whether IL-6 has a direct role in regulating the fibrogenic process. IL-6
has effects on many cells in the liver including stellate cells where it has been reported
to be profibrogenic in culture. However, in vivo models as discussed above suggest an
antifibrotic role. Stellate cells actively produce many proteinases that degrade normal base-
ment membrane and type IV collagen. The action of stellate cells in physiological repair
is important in restoring normal liver architecture. However, prolonged activation of stel-
late cells as in the IL-6�/� livers results in buildup of pathological collagens and ulti-
mately cirrhosis. IL-6 may have a direct antifibrotic role. IL-6 has an important role in
the stimulation of the acute-phase response proteins (52,53). Many of the acute-phase
proteins expressed in hepatocytes and stellate cells in response to IL-6 have antiproteolytic
activities (54). It is possible (as depicted in the model, Fig. 2) that IL-6 by controlling
specific proteolytic activities in the liver regulates the level of MMPs that lead to the
deposition of pathological collagens and persistent stellate cell activation.

Active matrix metalloproteinase-2 (MMP-2) has been shown to be elevated in both
rat models of chronic liver injury and in human cirrhotic livers and thus, may have a
profibrogenic role (55,56). An interplay between MMP-2 and IL-6 in modulating hepatic

Figure 2 Hypothetical model showing how IL-6 may regulate liver fibrosis.
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injury and fibrosis is a possible explanation for the fibrotic response to IL-6 deficiency.
After acute and chronic CCl4 treatment, increased MMP-2 is observed in areas of necrosis
but staining is consistently higher in the IL-6�/� livers (57). At 120 h after CCl4, IL-6�/�
livers demonstrate evidence of wound healing and IL-6�/� livers persistent injury as
reflected by histological changes, increased α-SMA staining, and increased MMP-2 stain-
ing. A greater than 10-fold increase in active MMP-2 protein is found in IL-6�/� livers
beginning at 24 h, the time correlating with peak histological injury. In chronic CCl4

injury, IL-6-deficient livers have increased MMP-2 staining and persistent α-SMA staining
correlating with increased collagen type I staining. In addition, the peak in MMP-2 activa-
tion correlates with a decline in α2-macroglobulin protein expression, an endogenous pro-
teinase inhibitor. α2-Macroglobulin, an IL-6-regulated gene, is secreted by hepatocytes
as a feature of the acute-phase response and by activated stellate cells in culture. α2-
Macroglobulin has been shown to bind MMP-2 thereby resulting in sequestration and
degradation of MMP-2 (58). These findings suggest that upregulation of MMP-2 in the
IL-6-deficient livers may be important for mediating increased injury, delayed healing, and
progression to fibrosis. In addition, downregulation of α2-macroglobulin may contribute to
increased proteolytic activity of MMP-2, further intensifying its potentially deleterious
effects. Further studies will determine whether MMP-2 is directly regulated by IL-6 either
transcriptionally or posttranscriptionally and whether MMP-2 is actually involved in the
pathogenesis leading to liver fibrosis.

These results suggest that IL-6 functions in as-yet-unknown manner to stimulate
rescue factors or reduce/inhibit proinjury factors that preserve hepatocyte viability and
decreased liver injury. An accelerated hepatocyte proliferative response occurs following
liver injury in mice with an intact endogenous IL-6 response. Further research into the
mechanisms by which IL-6 ameliorates liver injury and fibrosis, and possibly hepatocyte
apoptosis, has obvious therapeutic implications. Another possible therapeutic role for IL-6
involves situations of acute massive liver injury associated with a high risk of liver failure
and death (e.g., drugs, toxins, acute viral hepatitis). Administration of IL-6 or targeting
of factor(s) downstream of IL-6 may reduce injury and accelerate the restitution of func-
tional liver mass.

VI. TELOMERASE-DEFICIENT MICE HAVE IMPAIRED HEPATOCYTE
REGENERATION AND ARE PREDISPOSED TO FIBROSIS

Like the IL-6 knockout, the telomerase gene knockout provides a possible link between
defective hepatocyte replication and persistent hepatic injury that ultimately leads to fi-
brosis (18). The results from three analyses strongly suggest that, even in the absence of
pathologically activated proteases that provoke stellate cell activation, reduced or arrested
hepatocyte proliferation may be a primary stimulus leading to stellate cell activation and
ultimately fibrosis and cirrhosis.

Mice knocked out for the telomerase RNA (mTR) gene are normal. However, after
six generations, telomerase dysfunction occurs and affects highly proliferative tissues such
as bone marrow and gut. Liver development is normal in these mice. When crossed with
the Alb-UPA transgene that causes increased hepatocyte turnover, late-generation
mTR�/� livers fail to provide sufficient replicative hepatocytes to overcome the high
hepatocyte turnover. Increased hepatocyte apoptosis is also observed. After partial hepa-
tectomy mTR�/� livers demonstrate delayed regeneration and reduced progression
through mitosis owing to the formation of aberrant mitotic spindles. After chronic CCl4
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treatment, mTR�/� livers showed increased fibrosis, which was reduced by treatment
with an adenovirus containing the mTR gene. This was associated with increased hepato-
cyte proliferation thereby providing additional evidence for a strong correlation between
hepatocyte proliferation and reduction in chronic injury and fibrosis.

However, one caveat of these studies is that few known proliferation-regulated sig-
naling pathways have been examined in mTR�/� livers subjected to injury. Thus it is
possible that in addition to defects in hepatocytes, defects in other cells such as Kupffer
cells could result in reduced production of cytokines produced in mTR�/� livers. Against
this possibility is the finding that transduction by adenovirus containing telomerase cures
the regenerative defect. It is believed that adenovirus targets specifically to hepatocytes,
not nonparenchymal liver cells. Thus any defect in nonparenchymal cells should have
remained following the adenovirus transduction.

VII. HEPATOCYTE GROWTH FACTOR INDUCES LIVER
REGENERATION AND BLOCKS FIBROSIS

Like IL-6, HGF regulates a variety of processes in the liver in addition to being a direct
stimulant of hepatocyte proliferation. It was shown that infusion of HGF into rodents
reduces the level of CCl4-induced hepatic injury (19,20). However, the effect on specific
signaling pathways leading to regeneration was not studied. In a rat model of liver cirrhosis
produced by dimethylnitrosamine, HGF produced following gene transfections into skele-
tal muscles induced a high plasma level of human HGF resulting in activation of the c-Met/
HGF receptor (19). The increase in transforming growth factor-beta1 (TGF-β1) normally
associated with dimethylnitrosamine was reduced, but it was not clear whether this was
a direct effect of HGF or resulted from the fact that there was less liver injury in the
HGF-infused animals. HGF infusion inhibited fibrogenesis and hepatocyte apoptosis. It
produced resolution of fibrosis in an already cirrhotic liver and improved survival rate of
rats. Again, as in the case of IL-6, conclusions cannot be drawn as to whether the effect
of HGF is limited to hepatocyte proliferation.

The effects of HGF on liver injury are very similar to those of IL-6, but thus far
attempts to link these two cytokine/growth factors have failed. Although HGF may be
directly upregulated by IL-6 treatment in vitro, in fact, there is no change in HGF signaling
or HGF mRNA levels in IL-6�/� livers (9). Moreover, although abnormal regulation of
plasminogen, which regulates HGF activity, is seen in IL-6�/� livers (59), no difference
in HGF-mediated signaling has been detected. It remains to be seen whether the similar
effects of IL-6 and HGF on hepatocyte apoptosis, injury, and regeneration are mutually
exclusive yet overlapping.

VIII. CONCLUSIONS

Gene expression and gene knockout studies have yielded great advances in the understand-
ing of signaling pathways that occur within the liver as it regenerates in response to a
variety of insults or resection. The link between the ability of the liver to regenerate in
response to chronic injury and the development of cirrhosis is disclosed here in the context
of three required factors for normal liver regeneration: IL-6, telomerase, and HGF. Inter-
estingly, all of these proteins either provided in excess (HGF, IL-6) or to correct a defi-
ciency (IL-6, telomerase) are able not just to induce normal regeneration, but to reduce
acute liver injury and the development of liver cirrhosis. Ultimately it will be important
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to determine whether HGF and IL-6 are directly antifibrogenic or instead simply reduce
fibrosis by allowing regeneration and repair.

REFERENCES

1. Michalopoulos GK, DeFrances MC. Liver regeneration. Science 1997; 276:60–66.
2. Taub R, Greenbaum LE, Peng Y. Transcriptional regulation signals define cytokine-dependent

and -independent pathways in liver regeneration. Semin Liver Dis 1999; 19(2):117–127.
3. Taub R. Liver regeneration in health and disease. Clin Lab Med 1996; 16:341–360.
4. Taub R. Liver regeneration 4: transcriptional control of liver regeneration. FASEB J 1996;

10:413–427.
5. Leu JI, Crissey MAS, Leu JP, Ciliberto G, Taub R. Interleukin-6-induced STAT3 and AP-1

amplify hepatocyte nuclear factor 1-mediated transactivation of hepatic genes, an adaptive
response to liver injury. Mol Cell Biol 2001; 21(2):414–424.

6. Cressman DE, Greenbaum LE, Haber BA, Taub R. Rapid activation of posthepatectomy
factor/nuclear factor-κB in hepatocytes, a primary response in the regenerating liver. J Biol
Chem 1994; 269:30429–30435.

7. Cressman DE, Greenbaum LE, Haber BA, Taub R. Rapid activation of the STAT3 transcrip-
tion complex in liver regeneration. Hepatology 1995; 21:1443–1449.

8. Taga T, Kishomoto T. GP130 and the interleukin-6 family of cytokines. Annu Rev Immunol
1997; 15:797–819.

9. Cressman DE, Greenbaum LE, DeAngelis RA, Ciliberto G, Furth EE, Poli V, Taub R. Liver
failure and defective hepatocyte regeneration in interleukin-6-deficient mice. Science 1996;
274:1379–1383.

10. Akerman P, Cote P, Yang SQ, McClain C, Nelson S, Bagbt GJ, Diehl AM. Antibodies to
tumor necrosis factor-alpha inhibit liver regeneration after partial hepatectomy. Am J Physiol
1992; 263:G579–G585.

11. Yamada Y, Kirillova I, Peschon JJ, Fausto N. Initiation of liver growth by tumor necrosis
factor: defective liver regeneration in mice lacking type I tumor necrosis factor receptor. Proc
Natl Acad Sci USA 1997; 94:1441–1446.

12. Greenbaum LE, Li W, Cressman DE, Ciliberto G, Poli V, Taub R. CCAAT enhancer-binding
protein b is required for normal hepatocyte proliferation in mice after partial hepatectomy. J
Clin Invest 1998; 102:996–1007.

13. Fausto N. Lessons from genetically engineered animal models. V. Knocking out genes to study
liver regeneration: present and future. Am Physiol Soc 1999; 277:G917–G921.

14. Smith AJ, Elferink PJOE. Liver gene disruption: winners by KO? J Hepatol 1999; 31:752–
759.

15. Loranger A, Duclos S, Grenier A, Price J, Wilson-Heiner M, Baribault H, Marceau N. Simple
epithelium keratins are required for maintenance of hepatocyte integrity. Am J Pathol 1997;
151(6):1673–1683.

16. Reimold AM, Etkin A, Clauss I, Perkins A, Friend DS, Zhang J, Horton HF, Scott A, Orkin
SH, Byrne MC, Grusby MJ, Glimcher LH. An essential role in liver development for transcrip-
tion factor XBP-1. Genes Dev 2000; 14:152–157.

17. Rai RM, Lee FYJL, Rosen A, Yang SQ, Lin HZ, Koteish A, Liew FY, Zaragoza C, Lowenstein
C, Diehl AM. Impaired liver regeneration in inducible nitric oxide synthase-deficient mice.
Proc Natl Acad Sci USA 1998; 95:13829–13834.

18. Rudolph KL, Chang S, Millard M, Schreiber-Agus N, DePinho RA. Inhibition of experimental
liver cirrhosis in mice by telomerase gene delivery. Science 2000; 287:1253–1258.

19. Ueki T, Kaneda Y, Tsutsui H, Nakanishi K, Sawa Y, Morishita R, Matsumoto K, Nakamura
T, Takahashi H, Okamoto E, Fujimoto J. Hepatocyte growth factor gene therapy of liver cirrho-
sis in rats. Nature Med 1999; 5(2):226–230.



224 Taub et al.

20. Matsuda Y, Matsumoto K, Yamada A, Ichida T, Asakura H, Komoriya Y, Nishiyama E, Naka-
mura T. Preventive and therapeutic effects in rats of hepatocyte growth factor infusion on
liver fibrosis/cirrhosis. Hepatology 1997; 26(1):81–89.

21. Burr AW, Toole K, Chapman C, Hines JE, Burt AD. Anti-hepatocyte growth factor antibody
inhibits hepatocyte proliferation during liver regeneration. J Pathol 1998; 185:298–302.

22. Kovalovich K, DeAngelis RA, Li W, Furth EE, Ciliberto G, Taub R. Increased toxin-induced
liver injury and fibrosis in interleukin-6-deficient mice. Hepatology 2000; 31(1):149–159.

23. Camargo CA, Madden JF, Gao W, Selvan RS, Clavien P. Interleukin-6 protects liver against
warm ischemia/reperfusion injury and promotes hepatocyte proliferation in the rodent. Hepa-
tology 1997; 26(6):1513–1520.

24. Selzner M, Camargo CA, Clavien P-A. Ischemia impairs liver regeneration after major tissue
loss in rodents: protective effects of interleukin-6. Hepatology 1999; 30(2):469–475.

25. Ezure T, Sakamoto T, Tsuji H, Lunz JG 3rd, Murase N, Fung JJ, Demetris AJ. The develop-
ment and compensation of biliary cirrhosis in interleukin-6-deficient mice. Am J Pathol 2000;
156:1627–1639.

26. Sakamoto T, Liu Z, Murase N, Ezure T, Yokomuro S, Poli V, Demetris AJ. Mitosis and
apoptosis in the liver of interleukin-6-deficient mice after partial hepatectomy. Hepatology
1999; 29(2):403–411.

27. Debonera F, Aldeguer X, Shen X, Gelman AE, Gao F, Que X, Greenbaum LE, Furth EE, Taub
R, Olthoff KM. Activation of IL-6/STAT3 and liver regeneration following transplantation. J
Surgical Res 2001; 96:289–295.

28. Berger ML, Bhatt H, Combes B, Estabrook R. CCl4-induced toxicity in isolated hepatocytes:
the importance of direct solvent injury. Hepatology 1966; 6:36–45.

29. Slater TF. Necrogenic action of carbon tetrachloride in the rat: a speculative mechanism based
on activation. Nature 1966; 209:36–40.

30. Shi J, Aisaki K, Ikawa Y, Wake K. Evidence of hepatocyte apoptosis in rat liver after the
administration of carbon tetrachloride. Am J Pathol 1998; 153:515–525.

31. Czaja MJ, Xu J, Alt E. Prevention of carbon tetrachloride-induced rat liver injury by soluble
tumor necrosis factor receptor. Gastroenterology 1995; 108:1849–1854.

32. Yamada Y, Fausto N. Deficient liver regeneration after carbon tetrachloride injury in mice
lacking type 1 but not type 2 tumor necrosis factor receptor. Am J Pathol 1998; 152:1577–
1589.

33. Kondo T, Suda T, Fukuyama H, Adachi M, Nagata S. Essential roles of the Fas ligand in the
development of hepatitis. Nature Med 1997; 3:409–413.

34. Beg AA, Baltimore D. An essential role for NF-kappaB in preventing TNF-alpha-induced cell
death. Science 1996; 274:782–784.

35. Beg AA, Sha WC, Bronson RT, Ghosh S, Baltimore D. Embryonic lethality and liver degener-
ation in mice lacking the RelA component of NF-kappa B. Nature 1995; 376:167–170.

36. Mizuhara H, O’Neill E, Seki N, Ogawa T, Kusunoki C, Otsuka K, Satoh S, Niwa M, Senoh
H, Fujiwara H. T cell activation-associated hepatic injury: mediation by tumor necrosis factors
and protection by interleukin 6. J Exp Med 1994; 179:1529–1537.

37. Ravi R, Bedi A, Fuchs EJ, Bedi A. CD95 (Fas)-induced caspase-mediated proteolysis of NF-
κB. Cancer Res 1998; 58:882–886.

38. Liu J, Li H, De Tribolet N, Jaufeerally R, Hamou MF, Van Meir EG. IL-6 stimulates growth
and inhibits constitutive, protein synthesis-independent apoptosis of murine B-cell hybridoma
7TD1. Cell Immunol 1994; 155:428–435.

39. Smith MR, Xie T, Joshi I, Schilder RJ. Dexamethasone plus retinoids decrease IL-6/IL-6
receptor and induce apoptosis in myeloma cells. Br J Haematol 1998; 102:1090–1097.

40. Bellido T, O’Brien CA, Roberson PK, Manolagas SC. Transcriptional activation of the
p21WAF1,CIP1,SDI1 gene by interleukin-6 type cytokines. J Biol Chem 1998; 273:21137–21144.

41. Schwarze MMK, Hawley RG. Prevention of myeloma cell apoptosis by ectopic bcl-2 expres-
sion or interleukin-6 mediated up-regulation of bcl-x1. Cancer Res 1995; 55:2262–2265.



Cytokines and Growth Factors 225

42. Fukada T, Hibi M, Yamanaka Y, Takahashi-Tezuka M, Fujitani Y, Yamaguchi T, Nakajima
K, Hirano T. Two signals are necessary for cell proliferation induced by a cytokine receptor
gp130: involvement of STAT3 in anti-apoptosis. Immunity 1996; 5:449–460.

43. Tsukamoto H, Matsuoka M, French SW. Experimental models of hepatic fibrosis: a review.
Semin Liv Dis 1990; 10:56–65.

44. Brenner DA, Veloz L, Jaenisch R, Alcorn JM. Stimulation of the collagen alpha 1 (I) endoge-
nous gene and transgene in carbon tetrachloride-induced hepatic fibrosis. Hepatology 1993;
17:287–292.

45. Ogawa M, Mori T, Mori Y, Ueda S, Azemoto R, Makino Y, Ohto M, Wakashin M, Yoshida
H et al. Study on chronic renal injuries induced by carbon tetrachloride: selective inhibition
of the nephrotoxicity by irradiation. Nephron 1992; 60:68–73.

46. Olufemi Williams S, Knapton AD. Hepatic silicosis, cirrhosis, and liver tumors in mice and
hamsters: studies of transforming growth factor b expression. Hepatology 1996; 23:1268–
1275.

47. Johnson LA, Wirostko E, Wirostko BM. Experimental murine chronic hepatitis: results follow-
ing intrahepatic inoculation of human uveitis mycoplasma-like organisms. Int J Exp Pathol
1993; 74:325–331.

48. Friedman SL. Cytokines and fibrinogenesis. Semin Liver Dis 1999; 19(2):129–140.
49. Davis BH, Kresina TF. Hepatic fibrogenesis. Clin Lab Med 1996; 16:361–375.
50. Iredale JP, Benyon RC, Pickering J, et al. Mechanisms of spontaneous resolution of rat liver

fibrosis: hepatic stellate cell apoptosis and reduced hepatic expression of metalloproteinase
inhibitors. J Clin Invest 1998; 102:538–549.

51. Natsume M, Tsuji H, Harada A, Akiyama M, Yano T, Ishikura H, Nakanishi I, Matsushima
K, Kaneko S, Mukaida N. Attenuated liver fibrosis and depressed serum albumin levels in
carbon tetrachloride-treated IL-6-deficient mice. J Leukoc Biol 1999; 66:601–608.

52. Fattori E, Cappelletti M, Costa P, Sellitto C, Cantoni L, Carelli M, Fabbioni R, Fantuzzi G,
Ghezzi P, Poli V. Defective inflammatory response in interleukin 6–deficient mice. J Exp
Med 1994; 180:1243–1250.

53. Kopf M, Baumann H, Freer G, Freudenberg M, Lamers M, Kishimoto T, Zinkernagel R,
Bluethmann H, Kohler G. Impaired immune and acute-phase responses in interleukin-6-defi-
cient mice. Nature 1994; 368:339–342.

54. Gabay C, Kushner I. Acute-phase proteins and other systemic responses to inflammation. N
Engl J Med 1999; 340(6):448–454.

55. Takahara T, Furui K, Tata Y, Jin B, Zhang LP, Nanbu S, Sato H, Seiki M, Watanabe A. Dual
expression of matrix metalloproteinase in fibrotic human livers. Hepatology 1997; 26(6):
1521–1529.

56. Nagase H. Matrix metalloproteinases. J Biol Chem 1999; 274:21491–21494.
57. Bansal MB, Kovalovich K, Li W, Taub R. The biologic interplay between IL-6 and MMP-

2 in modulating hepatic injury and fibrosis. Hepatology 2000; 32(4):110A.
58. Nagase H, Itoh Y, Binner S. Interaction of alpha-2 macroglobulin with matrix metalloprotein-

ases and its use for identification of their active fors. Ann NY Acad Sci 1994; 732:294–302.
59. Li W, Liang X, Lev J, Kovalovich K, Ciliberto G, Taub R. Global changes in interleukin-6

dependent gene expression patterns in mouse livers after partial hepatectomy. Hepatology
2001; 33:1377–1386.





11

Clinicopathological Patterns of
Drug-Induced Liver Disease

WILLIS C. MADDREY

University of Texas Southwestern Medical Center, Dallas, Texas, U.S.A.

I. Introduction
II. Spectrum of Drug-Induced Liver Disorders

III. Identification and Diagnosis of Drug-Induced Liver Injury
IV. Clinical Features of Drug-Induced Liver Disease
V. Nonsteroidal Anti-inflammatory Drugs (NSAIDs)

VI. Signals of Hepatotoxicity
VII. Assessment of Possible Drug-Induced Hepatotoxicity

VIII. Risk-Benefit Considerations
IX. Drug-Induced Chronic Hepatitis
X. Mechanisms of Injury: Effects on Clinical and Pathological Manifestations

References

I. INTRODUCTION

The liver ranks high on the list of targets affected by adverse reactions to therapeutic or
environmental agents (1–3). Therefore, detection of hepatic abnormalities receives consid-
erable attention during testing and following release of new agents. Awareness of drug-
induced reactions affecting the liver has become increasingly a matter of concern and
searches have intensified for more effective ways to identify drugs that are likely to cause
liver injury as well as subsets of patients who are at increased risk.
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Hepatotoxicity has been one of the major reasons that otherwise effective therapeutic
agents have failed during preapproval trials or have been withdrawn following release.
In the absence of specific tests to establish a drug as the cause of a liver disease, it is
often impossible to confidently establish a cause-effect relationship between the use of a
drug and the appearance of an injury. There is hardly a drug in use that has not been
proven, or at least suggested, to cause some type of adverse reaction affecting the liver.
Clinical acceptance and success of a drug in the market depend on perceptions of efficacy
and recognition of risks. Furthermore, concern regarding hepatotoxicity has limited the
use of many drugs.

There are many reasons that the hepatotoxic potential of a drug might not be recog-
nized until after a drug has been approved and is in widespread use. Even with several
thousand patients receiving a drug during testing, rare events may be missed. Likewise,
the population of patients studied before approval may not fully reflect the population
who will take the drug after its release.

II. SPECTRUM OF DRUG-INDUCED LIVER DISORDERS

Hepatic manifestations of drug-induced liver injury can mimic almost the entire spectrum
of liver diseases (1–3) (Table 1). Hepatocellular injury may be manifested as minimal
biochemical abnormalities occurring in patients in whom there is no evidence of liver
disease, or it may present as acute hepatitis, acute liver failure (fulminant hepatocellular
failure), chronic hepatitis, and cirrhosis. In addition, cholestatic disorders ranging from
those that are so mild as to be found only on routine biochemical testing to symptomatic
cholestatic syndromes closely resembling primary biliary cirrhosis and primary sclerosing
cholangitis are established manifestations of reactions to several drugs. Infiltration of fat
into the liver, both microvesicular and macrovesicular, may result as an expected event
because of the established mechanism of action of a drug, or as a clinically important
untoward event occurring in a few individuals (4). There has been increased attention to
the effects of drugs on mitochondrial respiration, which may lead to microvesicular fat,
fatty acid accumulation, and decreased ATP levels (5,6). Furthermore, drugs are estab-
lished causes of hepatic granulomatous inflammation indistinguishable from those found
in a variety of infections and sarcoidosis (Table 2) (7–9).

In some situations hepatotoxicity is manifested as acquired phospholipidosis and
as hepatic vein obstruction (Budd-Chiari syndrome). Tumors induced or promoted by
therapeutic drugs range from benign hepatic adenomas, which have been associated with
long-term use of oral contraceptives, to angiosarcomas, cholangiocarcinomas, and hepato-
cellular carcinomas.

III. IDENTIFICATION AND DIAGNOSIS OF DRUG-INDUCED LIVER
INJURY

The difficulties in establishing a drug cause for a liver injury and in determining its impor-
tance reflect the protean manifestations of drug-induced hepatic injury and the absence
of specific diagnostic features. Drug-induced liver disease is usually indistinguishable clin-
ically from other types of injury and may only be detected through awareness, suspicion in
a given situation, careful history, and inquisitive persistence by the clinician as to possible
environmental or workplace exposure.
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Table 1 Spectrum of Drug-Induced Liver Disorders

Type of injury Features Selected examples

Hepatocellular injury
Elevated aminotransferase Often asymptomatic Almost all drugs

levels
Acute hepatitis Mimics acute viral hepatitis Isoniazid

Ketoconazole
Troglitazonea

Bromfenaca

Diclofenac
Methyldopa

Chronic hepatitis May closely resemble auto- Nitrofurantoin
immune hepatitis Minocycline

Methyldopa
Oxyphenisatina

Acute hepatic failure Overwhelming liver failure Halothane
Isoniazid

Cholestatic reactions
Cholestasis Often prolonged course Chlorpromazine

Oral contraceptives may simulate Benoxaprofena

bile duct obstruction
Simulate primary biliary Antimitochondrial antibody nega- Chlorpromazine

cirrhosis tive
Simulate primary sclerosing Floxuridine

cholangitis
Granulomas Wide spectrum of diseases with Phenylbutazone Carba-

and without evidence of mazepine (Table 2)
hypersensitivity reaction

Simulate alcoholic hepatitis Amiodarone
Steatohepatitis Amiodarone
Phospholipidosis Amiodarone
Vascular lesions

Perisinusoidal fibrosis Vitamin A
Peliosis hepatis Hepatomegaly Oral contraceptives

Anabolic steroids
Azathioprine

Hepatic vein obstruction Congestive hepatopathy Oral contraceptives
Veno-occlusive disease Congestive hepatopathy Oral contraceptives
Sinusoidal dilation Hepatomegaly Cytotoxics

Oral contraceptives
Neoplasms

Hepatic adenoma Oral contraceptives
Anabolic steroids

Cholangiocarcinoma Anabolic steroids
Thorotrast

Angiosarcoma Vinyl chloride
Anabolic steroids
Thorotrast

Hepatocellular carcinoma Danazol

a Drugs withdrawn after marketing.
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Table 2 Hepatic Granulomas from
Therapeutic Drugs (62)

Allopurinol
Phenylbutazone
Sulfonamides
Carbamazepine
Quinidine
Hydralazine
Methyldopa
Phenytoin
Amoxicillin-clavulanic acid
Procainamide
d-Penicillamine

It is well recognized that many drugs cause minimal elevations in biochemical tests
of the liver that are not accompanied by any signs or symptoms suggesting liver disease.
These patients are identified only through random or preplanned blood testing. Many of
the mild elevations (especially of aminotransferase levels) represent transient adaptation
to the introduction of a new chemical compound, and with time, alternative pathways of
disposition develop leading to resolution of the abnormal level. Alternatively, finding ele-
vated levels of biochemical tests soon after introduction of a drug, and during a time when
there are no symptoms or signs of liver injury, may indicate that the liver injury will
progress and lead to clinically apparent liver disease. The unresolved dilemmas are in the
identification of individuals who are susceptible and determination of effective ways to
detect an adverse reaction that is likely to progress before serious liver injury develops.

The diagnosis of hepatic injury caused by a drug is usually based on circumstantial
evidence, depending largely on suspicion by the clinician who recognizes that the time
of onset and type of liver injury may be related to an adverse reaction to a therapeutic or
environmental agent. Ingenuity and persistence are often required to determine whether
a liver abnormality represents an adverse drug reaction and to establish whether a drug
or environmental agent is actually the cause. For example, in a patient who develops an
angiosarcoma of the liver, exposure to vinyl chloride may have occurred many years
before. The development of reliable tests to detect hepatitis A–E has made the task of
excluding viral hepatitis easier. The finding of a positive antimitochondrial antibody test
in a patient who has jaundice and biochemical evidence of cholestasis may resolve concern
as to whether the patient has primary biliary cirrhosis or a drug-induced syndrome that
resembles the disorder.

Since the clinical and laboratory abnormalities of drug-induced injuries may be in-
distinguishable from liver disorders from other causes, the strongest supportive evidence
implicating a drug may be resolution of manifestations of liver injury (deceleration) fol-
lowing withdrawal of the drug. In patients who have drug-induced hepatocellular injury,
there is usually a marked decrease in elevated aminotransferase levels within 2 weeks of
removing the drug. However, in patients who have predominantly cholestatic injury, there
may be a delay of weeks or months before the elevated alkaline phosphatase and bilirubin
levels fall to any major extent. Rechallenge with a suspected drug to establish a diagnosis
is seldom necessary and in patients in whom acute hepatitis has occurred may be contrain-
dicated. Even histological evaluation of the liver is rarely diagnostic, often allowing recog-
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nition of type and extent of injury present, rather than clearly incriminating a drug or
environmental agent as the cause.

There are the additional difficulties in determining a drug-induced injury in a patient
who has another known factor that could explain the liver injury. A well-known example
includes the heightened toxicity of acetaminophen in patients who are chronic users of
alcohol.

A. Acetaminophen

It has been well established that ingestion of excessive amounts of acetaminophen (�10–
15 g), often in suicidal attempts, predictably leads to liver injury ranging from acute hepati-
tis to acute liver failure and death (10–12). In therapeutic doses (�4 g/day), acetamino-
phen is usually quite safe and well tolerated. However, patients who are regular users of
alcohol appear to be especially likely to develop acetaminophen-induced liver injury (10–
12). Hepatic injury from acetaminophen is caused by the effects of a reactive metabolic
product, N-acetyl-benzoquinone-imide (NAPQI). Acetaminophen is predominantly me-
tabolized by conjugation reactions to form sulfate and glucuronide metabolites, which are
excreted in the urine. A lesser amount is metabolized by cytochrome P450 2E1 to form
NAPQI, which is rapidly bound to intracellular glutathione and is excreted in the urine
as mercapturic acid. When large doses of acetaminophen are ingested, the ability of the
liver to form sulfate and glucuronide metabolites is overwhelmed and metabolism by
cytochrome P450 2E1 becomes of much greater importance. In these situations, the capac-
ity of glutathione to serve as an effective hepatoprotectant is negated, and the hepatocyte
is vulnerable to an attack by highly reactive damaging intermediates.

Careful questioning to elicit factors that predispose patients to hepatic injury from
acetaminophen in nonsuicidal situations is important. First and most important is the dose
of acetaminophen. Patients may have underestimated or understated the amount ingested,
especially since acetaminophen is present in many combination products. The intracellular
concentration of NAPQI and dose of acetaminophen are clearly associated. Second is the
concomitant use of alcohol. Cytochrome P450 2E1 is the P450 subspecies involved both
in metabolism of ethanol and in the metabolism of acetaminophen. Prolonged regular use
of ethanol induces P450 2E1 activity. In individuals who are regularly using alcohol, doses
of acetaminophen near or within the suggested therapeutic range may lead to liver injury,
especially if there is a coexistent decrease in intracellular glutathione. Cytochrome P450
2E1 is induced in patients regularly using alcohol, and therefore more acetaminophen is
metabolized to yield NAPQI. In addition, the intracellular concentration of glutathione
may be lowered in patients who regularly use alcohol. No clinical features specifically
define these patients. Suspicion, careful history, and determination of blood acetamino-
phen levels should lead to the diagnosis.

IV. CLINICAL FEATURES OF DRUG-INDUCED LIVER DISEASE

A few broad generalizations may be drawn regarding clinical and laboratory manifesta-
tions of liver injury from therapeutic drugs and environmental agents, especially those
causing hepatocellular necrosis. There may be few, if any, clinical signs suggesting liver
injury, even in a patient who has biochemical and histological evidence of considerable
damage. Early symptoms sometimes associated with these injuries are usually nonspecific
and include loss of appetite, fatigue, lassitude, and occasionally a dull discomfort more
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prominent in the right upper quadrant of the abdomen. These are the same signs and
symptoms found (or not found!) in patients who have chronic viral hepatitis or alcohol-
induced liver disease. With a few drugs, there is the concomitant presence of fever, rash,
or eosinophilia—the hallmarks of hypersensitivity reactions.

With many drugs, the appearance of clinical jaundice in a patient with hepatic injury
is an indication of an adverse prognosis, with a fatal outcome occurring in approximately
10% (3). Therefore, jaundice appearing in a patient who has or might have a drug-induced
liver disease is a cause for concern.

A. Isoniazid (INH)

A remarkable range of manifestations of hepatocellular injury can be caused by isoniazid
(3,13–15). Approximately 1% of patients receiving INH develop clinically evident hepatic
injury with an acute and occasionally overwhelming hepatitis. However, 10–20% of pa-
tients receiving INH have some increase in aminotransferase levels with onset within the
first several days to weeks after beginning administration of the agent, and the vast major-
ity of these patients are asymptomatic. In most, there is a return to or toward normal
despite continued use of INH. Several important susceptibility factors affect the likelihood
of developing severe hepatic injury. INH hepatitis is rare in patients below 20 years of
age, whereas patients older than 35 years have an incidence of liver disease of at least
1.5% (3,15). Prodromal signs and symptoms are vague. If clinically apparent jaundice
develops, there is an approximate 10% mortality.

There is general agreement that hepatotoxicity from INH results from the effects of
an intermediary metabolite. The specific toxin has not been definitely established. Con-
comitant use of rifampicin increases the likelihood of an adverse reaction. Continued use
of INH after the appearance of even nonspecific symptoms is associated with a likelihood
of developing severe liver injury (13). Heightened awareness of the risk of isoniazid-
induced liver injury and regular monitoring of aminotransferase levels in patients receiving
isoniazid have proven effective in identifying evidence of hepatic injury that resolves
following drug withdrawal.

V. NONSTEROIDAL ANTI-INFLAMMATORY DRUGS (NSAIDS)

Clinically significant adverse reactions affecting the liver are fortunately rare with all the
NSAIDs presently in use (1–3,16). However, reactions of many types do occur and need
to be recognized as drug-related. The spectrum of liver manifestations resulting from
NSAIDs encompasses minimal abnormalities in biochemical tests in asymptomatic pa-
tients to acute hepatitis, cholestatic hepatitis, and, in rare instances, acute hepatic failure.
Particular attention was directed to these drugs when benoxaprofen was removed from
the market following recognition of a progressive downhill course and death from hepatic
and renal failure in a number of patients (3,17). Elderly females were especially vulnerable
to develop severe injury from benoxaprofen.

A. Sulindac

Occasionally patients receiving sulindac present with evidence of acute liver injury (18).
Liver injury from sulindac appears within a few days to 6 weeks after therapy is initiated.
Fever, rash, eosinophilia, and edema are frequently found in association with evidence of
liver injury. Many of the patients have a predominantly cholestatic injury. There have
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been a few deaths. The mechanism of sulindac-related injury is uncertain but likely results
from an immune reaction to a metabolic product.

B. Diclofenac

The NSAID that has received particular scrutiny as regards hepatotoxicity is diclofenac
(19). Liver injury from this drug presents predominantly as hepatocellular injury with
several instances of severe hepatocellular necrosis and death. Females appear to be at
increased risk. Onset of liver abnormalities most often appears within 3 months of begin-
ning therapy, although in a few patients, a much longer presymptomatic interval has been
noted. The role of prospective monitoring of biochemical tests in identifying early injury,
and thereby reducing the risk of developing severe injury, is uncertain.

C. Bromfenac

Bromfenac, a nonsteroidal drug approved for short term (10 days or less) use in the man-
agement of pain, was withdrawn from the marketplace in 1998 shortly after its release
because of several instances of severe hepatocellular necrosis and acute liver failure requir-
ing liver transplantation (20). Several deaths were attributed to the use of bromfenac (21–
23). Patients in whom severe hepatic toxicity developed had often received the drug for
longer than the approved 10-day course.

VI. SIGNALS OF HEPATOTOXICITY

Therapeutic drugs that are likely to damage the liver in many recipients at doses needed
to elicit a response are usually identified during preapproval evaluation and discarded.
The process of determining safety of a new agent extends over several years and observa-
tions are required in several thousands of patients before approval is granted. However,
the rarer the event, the more likely a signal will be missed (Table 3).

During preapproval testing, clinical and laboratory manifestations indicating actual
or potential hepatotoxicity are recorded and evaluated. There are several levels of concern
(Table 3). Signals indicating hepatotoxicity that may be seen in prerelease approval include
the appearance of any instances of overt hepatocellular failure leading to death or liver
transplantation. Even one such patient brings the proposed drug under great scrutiny and
consideration as to whether development should continue. One level less severe is the
recognition of patients who have acute hepatitis with symptoms of malaise, anorexia, right-

Table 3 Signals Regarding Hepatotoxicity

Major Development of acute liver failure
Development of symptoms
Onset of clinically apparent jaundice
Appearance of ascites, encephalopathy,

coagulopathy
Intermediate ALT � 8� ULN

ALT � 5� ULN
ALT � 3� ULN

Minor Any elevation ALT (�3� ULN) in
asymptomatic patient
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upper-quadrant abdominal pain, and especially jaundice. Most of these patients survive
although, as noted previously, clinical jaundice carries an ominous prognosis. The most
difficult signals to interpret are elevated aminotransferase or alkaline phosphatase levels
in patients who are asymptomatic or in whom it is not possible to separate the drug-
induced symptoms from those that may be from the underlying disease. As a general
guideline, slight increases in ALT (�3� ULN) in asymptomatic patients who received
a new agent, and in whom there were normal aminotransferase levels before beginning
the drug, continue in the trials. Patients who have elevations to �3� ULN to �8� ULN
(and with some agents �3� ULN to �5� ULN), even when asymptomatic, are evaluated
more extensively including immediate redetermination to note whether further increases
are occurring. Many drug evaluation protocols have mandatory drug withdrawal if the
aminotransferase level is �8� ULN (and in some instances �5� ULN) even in asymp-
tomatic patients.

There are several axioms regarding drug-induced liver disease that serve as general
guides:

1. Clinical manifestations of drug-induced hepatotoxicity are usually indistin-
guishable from those of liver disease caused by other etiologies. Therefore, the
diagnosis is often (almost always) made after exclusion of other possible etiolo-
gies.

2. In patients who develop hepatocellular injury from a drug, the appearance of
clinically apparent liver disease, especially when associated with clinical jaun-
dice, has a much less favorable prognosis than in patients who have acute viral
hepatitis with an apparently similar degree of initial injury.

3. Any instance of acute hepatic failure leading to death, liver transplantation, or
near death may lead to drug withdrawal or at least a requirement that the drug
be intensely scrutinized. In these situations there is consideration of institution
of a monitoring schedule in an effort to detect injury at a time that withdrawal
is likely to be effective in avoiding severe liver disease.

4. Histological evidence of injury, especially in patients who have hepatocellular
injury, is often more severe than is suggested by clinical signs or laboratory
studies.

5. Even large and extensive testing programs in which several thousand patients
are evaluated may not detect an idiosyncratic event that occurs in the range of
1 in 10,000 to 1 in 100,000 individuals. Therefore, compilation of data in the
first 1 or 2 postrelease years, when many are exposed, may be necessary to
identify toxicity.

6. A few drugs slip through the safety screens during preapproval evaluation and
must be withdrawn based on unfavorable experience in the marketplace.

7. Hepatic injury from a drug may have a signature as regards time of onset, type
of injury, and propensity to develop severe disease (e.g., hepatocellular or chole-
static manifestations).

8. In general, drugs that cause hepatocellular injury are more likely to produce
serious, even life-threatening injury than are drugs that cause cholestatic injury.

9. Some drugs (e.g., phenylbutazone) lead to two patterns of injury. In those pa-
tients in whom granulomatous inflammation is found, liver disease tends to be
less than in those in whom hepatocellular injury in the absence of granulomas
is found (7).
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VII. ASSESSMENT OF POSSIBLE DRUG-INDUCED
HEPATOTOXICITY

It may be difficult or impossible to assess a drug’s contribution to hepatic injury in a
patient who has an underlying disease known also to produce liver injury. There may be
masking of the effects of the drug on the liver because of abnormalities associated with
the underlying disease. Examples would include overlooking drug-induced hepatic injury
in patients who have HIV infection and acquired immune deficiency syndrome, a setting
in which several other liver disorders are often found (24–27). Furthermore, there are
difficulties in determining a drug-induced cause of liver injury in patients who are receiv-
ing many agents for treatment of a malignancy or disseminated infection. In addition,
decisions regarding attribution of an injury to a drug are especially difficult in patients
(often elderly) who are receiving many drugs (often from several physicians) (1–3). In
these situations the clinician often must make a judgment call and withdraw the drug
suspected of causing an injury, and then observe whether the liver abnormalities resolve.

In some patients considerable liver damage may occur and progress without any
clinical signs or symptoms in the early stages. There are ample examples of liver injury
progressing subclinically until there has been damage that is irreversible. Examples include
progressive fibrosis and cirrhosis induced in some by prolonged use of methotrexate, and
the hepatic failure that may develop in patients who have received amiodarone over pro-
longed intervals (3). In these situations clinical evidence of severe liver disease may be
lacking.

A. Amiodarone

Amiodarone, a benzofuran derivative used in the treatment of ventricular and atrial tachy-
arrhythmias, is an established cause of hepatic injury and acquired phospholipidosis (3,28–
30). There are many side effects from amiodarone including pulmonary, thyroid, corneal,
renal, and neurological toxicities. Liver injury is overall the most important side effect.
Amiodarone is a cationic amphiphilic compound that accumulates in lysosomes. The drug
and its major metabolite desethylamiodarone are stored in lysosomes within hepatocytes
and bile duct epithelium, thereby leading to phospholipidosis. Evidence of hepatic toxicity
may appear within the first several months of beginning therapy with amiodarone or may
become apparent after more than a year of treatment. Manifestations of liver injury may
be subtle and include anorexia and fatigue. Hepatomegaly is often present.

Types of liver injury associated with amiodarone in addition to phospholipidosis
include acute liver failure, cholestatic hepatitis, steatohepatitis, and cirrhosis (30). Eleva-
tions in aminotransferase levels are found in 15–50% of patients, usually in the range of
2–10 times the upper limit of normal. In most of these patients, elevations in aminotrans-
ferases occur in the absence of any signs or symptoms suggesting liver disease. Occasion-
ally severe cholestasis occurs. Amiodarone-induced liver injury may closely simulate he-
patic injury caused by alcohol with fibrosis, Mallory bodies, and active cirrhosis on liver
biopsy. The relation of the phospholipidosis to the hepatocellular injury is uncertain and
may be unrelated. The phospholipidosis likely results from a drug-induced inhibition of
lysosomal phospholipases.

An unfortunate feature of amiodarone-induced injury is that even upon recognition
of the relation of the drug to the liver injury and withdrawal of the drug, there may be
continued damage for months caused by the release of active drug from lysosomal reser-
voirs (31). Some patients have died from decompensated liver disease. There are no reli-
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able ways to predict when hepatic toxicity from amiodarone is near a dangerous level,
no way to accelerate removal of the drug from the lysosomal stores, and unfortunately for
many patients, no equally effective and less toxic therapy for the ventricular arrhythmias.

VIII. RISK-BENEFIT CONSIDERATIONS

With some drugs, the decision is made to accept the risk of hepatotoxicity to favorably
treat a serious problem, especially if there are few, if any, effective alternatives. Such was
the case with the drug tacrine used in the treatment of Alzheimer’s disease (32). Even
though half of all patients receiving tacrine exhibited increases in serum aminotransferases,
the possible benefits of the drug led to the decision to approve it albeit with a stringent
monitoring schedule. These issues are important to the clinician who must determine
whether abnormalities in biochemical tests or clinically apparent liver injury have resulted
from an adverse drug reaction or have been caused by an underlying medical problem.
Sorting out the likely role of a drug in liver injury is often difficult and occasionally
impossible.

A. Tacrine

Tacrine, a reversible cholinesterase inhibitor that is used in the treatment of Alzheimer’s
disease, is frequently associated with elevated aminotransferase levels (32). Approxi-
mately 50% of approximately 2500 patients who received the drug during clinical trials
had elevations in serum aminotransferase levels. ALT levels greater than 3 times the upper
limit of normal occurred in 25% and greater than 20 times the upper level of normal in
2%. Ninety percent of initial ALT elevations occur within 12 weeks of beginning therapy
(32). Women were more likely to have elevations than were men. Elevations were noted
after 12 weeks of therapy in only 10% of patients. Eosinophilia appeared to be associated
with increased ALT levels, although fatigue, malaise, nausea, and vomiting did not occur
more frequently in patients with elevated ALT levels compared to these manifestations
in patients in the trials in whom ALT elevations did not occur. Through use of a frequent
monitoring program, patients who have considerable elevations in aminotransferase levels
are identified and the drug withdrawn. P450 1A2 has a major role in tacrine metabolism
(33). It is of note that P450 1A2 is inhibited by cimetidine, metabolizes theophylline, and
is increased by smoking. Fortunately, in most patients there is resolution of the abnormal
elevations of aminotransferases within several weeks after drug withdrawal. However, at
least one death has been suggested to have been the result of tacrine-induced liver injury
(34).

Drugs that have established benefit yet show evidence of hepatic toxicity may remain
on the market until either safer drugs that achieve the same benefit are developed, or the
accumulation of evidence of severe hepatotoxicity leads to a decision to withdraw the
agent. An example is troglitazone, which has been withdrawn because of hepatotoxicity
and has been replaced by pioglitazone and rosiglitazone.

B. Troglitazone

Troglitazone, a thiazolidinedione agent that decreases hepatic glucose output and increases
insulin-dependent glucose metabolism in skeletal muscle, has been withdrawn from clini-
cal use because of hepatic toxicity (35). Several instances of acute liver failure leading
to death or the need for liver transplantation occurred after the drug was approved in 1997
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and was subsequently widely used. In the prerelease clinical trials of troglitazone, 2510
patients received the drug (35). Elevation in aminotransferase levels to �3� ULN was
found in 1.9% of the patients as compared to an incidence of 0.6% in patients receiving
placebo. Two treated patients became clinically jaundiced during the trial. No deaths or
instances of acute liver failure occurred and biochemical abnormalities seen during the trial
returned to normal following drug withdrawal with no evidence of any residual problems.

The hepatic injuries in patients who developed liver injury following release of
troglitazone were predominantly hepatocellular. Several patients developed acute liver
failure and died or required liver transplantation (36–41). No supportable mechanism to
explain troglitazone-induced liver injury has been established. Because of the many favor-
able benefits of troglitazone for diabetics, the drug continued to be marketed with a man-
dated regular monitoring schedule. However, in 2000 it was decided to withdraw the drug
from the market. Other drugs in the glitazone family (pioglitazone and rosiglitazone) have
been approved and will be closely scrutinized to determine whether similar hepatic prob-
lems develop. One patient who presumably developed hepatic failure from rosiglitazone
has been reported (42).

IX. DRUG-INDUCED CHRONIC HEPATITIS

Several drugs cause chronic hepatitis syndromes that are often indistinguishable from
autoimmune hepatitis (43–45). It is most important to recognize the drug cause for the
liver injury. Misdiagnosing those patients as having autoimmune hepatitis may lead to
the institution of corticosteroid therapy and continuation of the drug, a situation in which
the corticosteroids may blunt the manifestations of the injury while continued drug use
leads to further damage. Generally drugs that cause chronic hepatitis are taken for pro-
longed intervals and the extent of the injury correlates to some extent with the duration
of therapy. Issues include whether the chronic hepatitis results from continued ongoing
acute injury from the drug administered over a prolonged interval or whether the drug
unmasks an injury in a genetically susceptible patient.

With some drugs (e.g., nitrofurantoin, minocycline, and methyldopa), liver disease
clinically and serologically closely mimics autoimmune hepatitis type I. Most of these
patients are female, have increased serum globulin levels, and display the presence of
autoantibodies, especially increased titers of serum antinuclear antibodies. The clinical
onset of illness may be that of an apparent acute hepatitis in a patient in whom liver biopsy
changes suggesting long-standing disease are found (an acute or chronic pattern). Or the
illness may develop as insidious hepatic failure in a patient who has hepatosplenomegaly
and evidence of portal hypertension or ascites. On liver biopsy chronic inflammation in-
cluding many plasma cells is often found.

A. Nitrofurantoin

Several types of liver injury, including asymptomatic increases in serum aminotransfer-
ases, acute hepatitis, cholestatic hepatitis, and chronic hepatitis, have been attributed to
adverse reactions to nitrofurantoin (3,46–49). Nitrofurantoin-induced chronic hepatitis has
occurred almost exclusively in women who are middle-aged or older, and the most usual
presentation is the insidious development of liver disease. Many of these patients have
received nitrofurantoin for urinary antisepsis for longer than 6 months. Ascites, hypoal-
buminemia, and hyperglobulinemia have been prominent features. In these patients, liver
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biopsy showed chronic hepatitis with bridging necrosis and occasionally cirrhosis. The
hepatic manifestations of nitrofurantoin-induced injury closely simulate those of autoim-
mune hepatitis and observations of improvement following withdrawal of the drug may
be required to make a confident diagnosis. Some patients have died of progressive liver
failure even following drug withdrawal.

B. Minocycline

Minocycline, a second-generation tetracycline used in the long-term treatment of acne,
has been reported to cause several types of liver damage including acute hepatitis, often
with features of hypersensitivity and rarely acute liver failure. Occasional cholestatic fea-
tures predominate (50–55). A chronic hepatitis syndrome with features simulating autoim-
mune hepatitis has been reported. Furthermore, minocycline has been implicated in caus-
ing a drug-induced lupus syndrome (50,54).

Although most patients who have minocycline-induced liver disease have been
women, both sexes have been affected. Some patients have reported joint and muscle
aches and pains as well as muscle stiffness. Hyperglobulinemia and the presence of ANA
and anti-DNA antibodies have been reported.

C. Oxyphenisatin

The first drug recognized as causing drug-induced chronic hepatitis was oxyphenisatin, a
former component of several laxatives, which led to chronic hepatitis, cirrhosis, and liver
failure—especially in older women who had received prolonged exposure (56). The clini-
cal resemblance of oxyphenisatin-induced liver injury to the progressive liver disease of
autoimmune hepatitis was often so close that many of these patients were treated with
corticosteroids while continuing the drug. Once the drug relationship was noted and the
agent withdrawn, resolution of at least the acute ongoing component of the injury occurred,
although some patients were left with considerable damage. A quite similar chronic hepati-
tis syndrome occurred in patients receiving long-term treatment with the once widely used
antihypertensive medication methyldopa (57).

Two drugs, dihydralazine and tienilic acid, have been implicated as the cause of
chronic hepatitis resembling autoimmune hepatitis, in which there is evidence of formation
of antibodies against components of the cytochrome P450 system (45).

D. Tienilic Acid

Tienilic acid was on the market as a uricosuric diuretic and was withdrawn following
recognition of hepatotoxicity (3,58). Laboratory and clinical manifestations of liver disease
caused by this drug, as well as dihydralazine, are quite similar to those found in autoim-
mune hepatitis type I. Of additional interest is the observation that patients who developed
liver injury from the uricosuric diuretic tienilic acid often had extensive hepatic injury in
a setting in which there was development of anti-LKM2 antibodies. These antibodies were
targeted against the cytochrome P450 (CYP 2C9) enzyme that catalyzes the hydroxylation
of tienilic acid, therefore establishing that a drug can induce production of an autoanti-
body. Several of these patients had histological findings compatible with those found in
classic chronic hepatitis. Tienilic acid was removed from the marketplace because of
hepatotoxicity.
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E. Dihydralazine

In dihydralazine-induced hepatitis, the predominant autoantibody is directed against
CYP1A2, which is a liver microsomal protein (45).

X. MECHANISMS OF INJURY: EFFECTS ON CLINICAL AND
PATHOLOGICAL MANIFESTATIONS

For some drugs there is evidence that genetically controlled pathways of metabolism play
important roles in determining which individuals are likely to have an adverse reaction
affecting the liver. Undoubtedly in the future, identification of genetic control of suscepti-
bility factors will become even more important and useful. A well-studied example of
genetic susceptibility to hepatic injury is in the oxidative polymorphism of debrisoquine-
4-hydroxylase, an enzyme important in the metabolism of several drugs (1–3). Individuals
who have genetically determined impairment of debrisoquine-4-hydroxylase (up to 10%
of the population) are at increased risk of developing an adverse reaction due to increased
blood levels if exposed to a group of drugs that are metabolized by the enzyme, such as
propranolol, quinidine, and desipramine, and are at increased risk of hepatic injury from
perhexiline maleate, due to increased accumulation of the parent drug.

A. Diphenylhydantoin

An additional interesting story with genetic implications is that of adverse hepatic reactions
that occur in patients receiving diphenylhydantoin. The hepatic injury that occasionally
develops in these patients may be severe, with intense liver necrosis often occurring as
part of a syndrome that includes fever, exfoliative dermatitis, and eosinophilia (Stevens-
Johnson syndrome) (59,60). The onset of evidence of an adverse reaction is usually within
4 weeks of beginning the drug. Up to half of the affected patients who develop the full
syndrome died. Many features of diphenylhydantoin injury suggest important roles for
immunological (hypersensitivity) reactions. However, it has been established that many
of the patients have a genetically determined defect in detoxification (61), the nature of
which is not certain.
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I. INTRODUCTION

As the liver is the major site for drug metabolism, it is not surprising that drug toxicity
and adverse drug reactions would incite variable functional, histological, and ultrastruc-
tural hepatic abnormalities (1–9). Up to 10% of cases associated with abnormal liver tests
are found to be drug- or toxin-induced, with the incidence rising to over 40% in patients
over the age of 50 (10). Drug-induced liver injury is estimated to occur in from 2 to 5%
of hospitalized patients with jaundice, and is responsible for up to 15–20% of cases of
intrahepatic cholestasis, 15–30% of cases of fulminant hepatic failure, and 20–50% of
cases of nonviral chronic hepatitis (11–17). The type of liver cell injury may be intrinsic
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Table 1 Drug and Toxin-Induced Liver Cell Injury: Morphological Variants (11,19,57)

Morphology Examples

Hepatocellular injury
Lobular necrosis with minimal to absent in-

flammation
Zonal: Perivenular (zone 3) Alpha-methyldopa, acetaminophen, mush-

rooms
Midzonal (zone 2) Beryllium, dioxane
Periportal (zone 1) Allyl formate, phosphorus, ferrous salts
Diffuse (confluent) Halogenated hydrocarbons, mushrooms

Lobular necrosis with inflammation Isoniazid, phenytoin
Lobular confluent necrosis with inflam- Niacin, troglitazone

mation
Fatty change—macrovesicular Ethanol, rifampin, corticosteroids

—microvesicular Valproate, tetracycline, nucleosides
Granulomas Diazepam, ranitidine, allopurinol
Mallory bodies Amiodarone, griseofulvin

Cholestatic injury
Cholestasis, simple Oral contraceptives, methimazole,

cyclosporin
Cholestasis with inflammation Indomethacin, tamoxifen, carbamazapine,

erythromycins, chlorpromazine, sulindac,
amoxicillin � clavulanic acid

Bile duct injury
Inflammation by neutrophils Allopurinol, hydralazine
Inflammation by lymphocytes, ductopenia Cimetidine, tolbutamide

(duct loss)
Periductal fibrosis Floxuridine

Vascular injury
Sinusoids

Peliosis Arsenic, phalloidin
Dilatation Oral contraceptives

Veno-occlusive disease Pyrrolizidine alkaloids, cyclophosphamide
Thrombosis, fibrous obliteration Ethanol, oral contraceptives
Vasculitis Allopurinol, phenylbutazone

Portal fibrosis
Progression to cirrhosis Methotrexate, ethanol
Without progression to cirrhosis Arsenic, vitamin A

Neoplasia
Benign Oral contraceptives, toxic (rapeseed) oil
Malignant Aflatoxins, thorotrast

Miscellaneous
Inclusions

Hepatocytes Procainamide, lead
Reticuloendothelial Polyvinyl pyrrolidone, thorotrast

Pigments
Lipochrome Carbamazepine, nitrofurantoin
Hemosiderin Ethanol, cimetidine
Radiopaque Thorotrast
Anthracite (Coal miners, city dwellers)
Gold Gold sodium thiomalate
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and dose-dependent (18); the mechanism may relate either to formation of free radicals
or electrophilic intermediates, or to the production of reactive oxygen species, which, like
free radicals, leads to lipid peroxidation (19–21). On the other hand, liver cell damage
may be idiosyncratic and dose-independent, i.e., dependent on host susceptibility, and may
be either immunologically or metabolically mediated (11,22). A wide variety of hepatic
histological changes have been documented as secondary to drugs and toxins (Table 1);
in addition, up to 1000 drugs and toxins have been implicated in causing these histological
changes (23–25). Although the morphological features are usually reversible with stop-
page of the medication and toxin exposure, unfortunately, in severe (fulminant) hepatitis
and certain forms of chronic hepatitis, discontinuance of the drug does not alleviate the
sometimes drastic outcomes. This chapter divides drugs and toxins into the various histo-
logical features seen on biopsy.

II. HEPATOCELLULAR INJURY

A. Lobular Necrosis with Minimal to Absent Inflammation

This type of liver cell injury is usually related to direct effects of the drug itself or its
metabolites (19). Unlike drug-induced hypersensitivity reactions, the type of liver cell
necrosis can be predicted, and is most often zonal in distribution. Usually the liver cell
injury is coagulative in type, whereby the damaged liver cells become shrunken, with
eosinophilic cytoplasm, and hyperchromatic nuclei with eventual nuclear pyknosis and
karyorrhexis. Although an inflammatory reaction is not characteristic of this type of liver
cell injury, a histological response to the necrotic hepatocytes may secondarily occur, with

Table 2 Lobular Necrosis with Minimal to Absent Inflammation

Perivenular (zone 3)
Alpha-methyldopa Ethionamide Propylthiouracil
Acetaminophen Halogenated hydrocarbons Pyrrolizidine alkaloids
Aflatoxin B1 Ketoconazole Tannic acid
Carbon tetrachloride Metoprolol Tetrachlorethylene
Chloroform Mithramycin Tricrynafen
Copper Mushrooms Urethane
Dimethylnitrosamine Phalloidin Valproate

Midzonal (zone 2) Periportal (zone 1)
Beryllium Allyl formate
Dioxane Endotoxin from Proteus vulgaris

Ferrous sulfate
Phosphorus

Perivenular or periportal Diffuse confluent
Cocaine Galactosamine

Halogenated hydrocarbons
Mushrooms
2-Nitropropane
Phenelzine
Tetrachlorethane
Trinitrotoluene



246 Kanel

this type of inflammatory reaction predominantly neutrophilic. A zonal nature is often
characteristic of specific drugs; most frequently the injury is perivenular (zone 3), but
other zones may be specifically affected (Table 2, Figs. 1–5). In the more severe cases,
bridging confluent necrosis may be seen involving two zones or the entire lobule, and is
usually associated with high mortality. Often the borders of the areas of necrosis are
sharply divided and distinct from the adjacent viable hepatocytes; the spared liver cells
with time may show a ballooning change not representing liver cell injury but instead
representing regenerative activity. Sometimes fatty change secondary to intrinsic dam-
age may also occur. When there is impediment to bile flow, cholestasis may also be
present.

B. Lobular Necrosis with Inflammation

As opposed to direct injury, drugs may induce a hypersensitivity reaction. Patients with
this type of drug-induced injury may exhibit both clinical and histological features of
acute hepatitis (Table 3, Figs. 6–12). The portal tracts show an inflammatory infiltrate
that is most often lymphocytic, although coexisting eosinophils and sometimes neutrophils
may also be seen. The parenchyma shows variable degrees of spotty necrosis either without
a zonal distribution pattern, or slight accentuation in zone 3 (perivenular zone) in early-
stage disease. The hepatocytes often show both hydropic ballooning changes as well
as formation of individual cell necrosis (“acidophil” bodies), with an associated, usually
mononuclear (lymphocytic), inflammatory infiltrate and Kupffer cell hyperplasia. Al-
though cholestasis may also be seen, it usually is not pronounced except in cases of severe
hepatitis when there is significant impediment to bile flow. Although the histology in many
ways is similar to that seen in acute viral hepatitis, the degree of portal infiltrates in drug-
induced injury is usually not as striking. In addition, a helpful clue to drug-induced injury

Figure 1 Acetaminophen. This low-power field shows prominent perivenular (zone 3) liver
cell dropout with collapse of the reticulin framework in this patient who consumed approximately
10 g approximately 8 days prior to biopsy. Note that the adjacent viable parenchyma shows no
inflammatory infiltrate.
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Figure 2 Acetaminophen. This high-power field from the same patient as in Fig. 1 exhibits lobu-
lar perivenular collapse with reactive histiocytic infiltrates. The coagulative-type necrosis seen in
earlier-stage lesions is absent in the present biopsy owing to phagocytosis of the dead liver cells
by histiocytes and Kupffer cells.

Figure 3 Cocaine. Cocaine hepatotoxicity may exhibit necrosis in various zones of the lobules.
In this photomicrograph, the portal tract at the left of the field shows a mild lymphocytic infiltrate,
with the hepatocytes in the periportal zone appearing viable, without an accompanying inflammatory
infiltrate; however, the liver cells in the midzone and perivenular zone to the right of the field show
extensive coagulative-type necrosis.
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Figure 4 Cocaine. This example of cocaine hepatotoxicity shows extensive coagulative-type ne-
crosis in the liver cells occupying the periportal zone, while the perivenular hepatocytes toward the
left of the field are intact.

Figure 5 Mushrooms. Although mushroom hepatotoxicity may cause fatty change (as seen in this
field and in Fig. 17), this high-power photomicrograph shows extensive necrosis of the hepatocytes
containing the fat. No viable liver cell cytoplasm is seen, and only few nuclei are evident. Numerous
red blood cells are seen within the sinusoids.
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Table 3 Lobular Necrosis with Inflammation

Alpha-methyldopa Glyburide Pemoline
Aspirin Halogenated hydrocarbons Perhexilene maleate
Benzarone Indomethacin Phenylbutazone
Bupropion Isoniazid Phenytoin
Chlorpromazine Ketoconazole Pirprofen
Clarithromycin Lisinopril Propylthiouracil
Clometacin Methotrexate Rifampin
Dantrolene Minocycline Sulfadoxine
Dapsone Naproxen Sulfasalazine
Diclofenac Niacin Suloctidil
Dihydralazine Nitrofurantoin Sulfonamides
Disulfiram Oxacillin Toxic oil (rapeseed)
Ethanol Oxaprozin Trazodone
Etretinate Oxyphenisatin Tricrynafen
Fenofibrate Papaverine Troglitazone
Germander Para-aminosalicylic acid

is a prominent portal eosinophilic infiltrate, which unfortunately is seen in only a minority
of cases of drug-induced liver cell injury.

In instances of ongoing necroinflammatory change, a chronic hepatitis may also
ensue, with persistently abnormal aminotransferase elevations. The histological features
may show progression with time, with variable degrees of periportal inflammatory activity
(periportal or interface hepatitis, “piecemeal” necrosis), portal fibrosis, and bridging fibro-
sis if the drug is not discontinued (see below for drugs that may cause a chronic hepatitis
with fibrosis); although cirrhosis may eventually occur, this feature nowadays is quite
uncommon.

Figure 6 Methotrexate. Diffuse lymphocytic infiltrates are seen within the lobule. Scattered gly-
cogenated nuclei are also present toward the right of the field.
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Figure 7 Troglitazone. The liver cells show variable hydropic change with focal lymphocytic
infiltrates. Hypertrophic Kupffer cells and macrophages are seen within the sinusoids in areas of
necrosis owing to phagocytosis of the damaged liver cells.

Figure 8 Isoniazid. The inflammatory infiltrate seen in this field is diffuse and chiefly lympho-
cytic. Mild hydropic change of the hepatocytes is also seen.
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Figure 9 Phenytoin. The inflammatory component is lymphocytic. Note also that increased num-
bers of lymphocytes are also apparent within the sinusoids, histologically resembling that seen in
cytomegalovirus and Epstein-Barr virus infection in immunocompetent patients (“mononucleosis-
type” changes).

Figure 10 Rifampin. The lobular inflammatory infiltrate is chiefly lymphocytic, with mild hy-
dropic change of the liver cells.
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Figure 11 Alpha-methyldopa. The liver cells are quite hydropic, with associated lymphocytic
infiltrates and hypertrophic Kupffer cells in areas of necrosis.

Figure 12 Bupropion. The lymphocytic inflammatory infiltrate is diffuse, with mild hydropic
change of the liver cells.
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Table 4 Lobular Confluent Necrosis with Inflammation

Alpha-methyldopa Gold sodium thiomalate Phenelzine sulfate
Allopurinol Halogenated hydrocarbons Phenylbutazone
Bromofenac Hydralazine Phenytoin
Captopril Indomethacin Piroxicam
Carbamazepine Iprocloziden Probenecid
Chlordiazepoxide Isoniazid Prochlorperazine
Clarithromycin Ketoconazole Propylthiouracil
Cimetidine Mithramycin Sulfamethoxazole
Dacarbazine Mitomycin Sulfasalazine
Dideoxyinosine Niacin Sulfonamides
Erythromycin Nicotinic acid Ticrynafen
Ethacrynic acid Nitrofurantoin Troglitazone
Ethionamide Pemoline Valproic acid

C. Lobular Confluent Necrosis with Inflammation

The more severe forms of acute hepatitis are associated with significant liver cell necrosis
with prominent liver cell dropout and associated collapse of the reticulin framework
(confluent or submassive necrosis), and may clinically present as a fulminant hepatitis
(Table 4, Figs. 13–16). The necrosis usually involves an entire zonal population of cells,
most often the perivenular zone (zone 3); however, more than one zone is frequently
involved. When all three zones are affected, a panacinar (massive) necrosis is present,
associated with an ominous prognosis. A portal and lobular inflammatory component is

Figure 13 Isoniazid. Although isoniazid hepatotoxicity shows an acute hepatitis-like reaction
(refer to Fig. 8), that change is reversible if the drug is discontinued in time; however, this photomi-
crograph shows extensive liver cell dropout with a prominent portal and lobular lymphocytic infil-
trate in this patient, who unfortunately developed fulminant hepatitis and died.
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Figure 14 Halothane. The perivenular zone and midzone show extensive liver cell necrosis and
dropout with a prominent lymphocytic infiltrate. The inflammatory component also involves the
periportal zone as well.

Figure 15 Halothane. The perivenular and midzonal liver cells again demonstrate prominent
liver cell necrosis with a lymphocytic inflammatory infiltrate. The portal tract at the right of the
field also shows a mild lymphocytic infiltrate.
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Figure 16 Niacin. Prominent perivenular and midzonal dropout of liver cells is apparent, with
an accompanying predominantly lymphocytic infiltrate. Residual fatty change is seen, which repre-
sents the fat originally present within the damaged liver cells that were phagocytized by the Kupffer
cells and reactive macrophages.

present and is predominantly lymphocytic, with a prominent lobular Kupffer cell reaction.
The hepatocytes that are viable show variable and often prominent ballooning degenera-
tion with an accompanying mononuclear inflammatory infiltrate. Regenerative activity
may also be seen, although the incidence of recovery is meager. In this type of hepatitis,
cholestasis in the surviving lobules may be pronounced when associated with impaired
regeneration (26).

D. Fatty Change

Fatty change may be due to a number of factors, including [1] inability of the liver cell
to excrete synthesized fat owing to defective or deficient assembly of the lipid transport
moiety apoprotein VLDL, [2] increased mobilization of lipids from peripheral stores,
[3] increased synthesis but decreased oxidation of fatty acids, and [4] mitochondrial dys-
function (19,21,27–29). The type of fat may be either macrovesicular (equal to or larger
than the liver cell nucleus) or microvesicular (smaller than the nucleus) (Table 5, Figs.
17–25). A “mixed” pattern may also be seen. In addition, sometimes the microvesicles
may be extremely small ( foamy change) and difficult to identify on routine histological
sections unless the cut sections are thin (1–2 microns). Although sometimes a zonal distri-
bution pattern is seen, often the feature is spotty or diffuse. The fatty change may be the
only histological feature present, without accompanying liver cell necrosis, whereby the
change is more incidental. At other times, liver cell necrosis may also be present, either
without an accompanying inflammatory reaction (e.g., mushroom hepatotoxicity) or with
a mononuclear and/or neutrophilic infiltrate (e.g., amiodarone hepatotoxicity). The latter
condition is also termed “steatohepatitis” and is sometimes associated with Mallory body
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Table 5 Fatty Change

Macrovesicular
Acetaminophen Ethanol Microcycline
Acetylsalicylic acid Ethionine Minocycline
Alpha-methyldopa Ethyl chloride Mitomycin
Amanitin Ethyl bromide Mushrooms
Asparaginase Etretinate Nitrofurantoin
Azidothymidine (AZT) Fialuridine Organic solvents
Bleomycin Floxuridine Orotic acid
Borates Flurazepam Perhexilene maleate
Cadmium Gold sodium thiomalate Phosphorus
Carbon tetrachloride Halogenated hydrocarbons Rifampin
Chloroform Hydrazine Sulfasalazine
Chromate Ibuprofen Sulindac
Cisplatin Indomethacin Tamoxifen
Clometacin Isoniazid Tannic acid
Cocaine l-Asparaginase Tetrachloroethane
Corticosteroids Methimazole Tetrachloroethylene
Cyanamide Methotrexate Total parenteral nutrition
Dantrolene Methyl chloride Trichlorethylene
Dichloroethylene Methyl bromide Uranium compounds
Dimethylformamide Methyldichloride Warfarin

Microvesicular
Acetylsalicylic acid Dideoxyinosine Phalloidin
Aflatoxin Dimethylformamide Phosphorus
Amineptine Ethanol Piroxicam
Amiodarone Ethionine Pirprofen
Antiemetics Fialuridine Pyrrolizidine alkaloids
Aspirin Hypoglycin A Rolitetracycline
Boric acid Ibuprofen Tetracycline
Calcium hopantenate Ketoprofen Thallium compounds
Camphor Margosa oil Tolmetin
Chlortetracycline Methyl salicylate Valproic acid
Cocaine Mushrooms Vitamin Aa

Demeclocycline Oxytetracycline Warfarin
Desferrioxamine Pennyroyal oil
Didanosine Pentenoic acid

Fatty change � inflammation (steatohepatitis)
Amiodarone Perhexiline maleate
Methotrexate Sulfasalazine
Naproxen Spironolactone

Phospholipidosis
Amiodarone Gentamycin
Amitriptyline Ketaconazole
Chloramphenicol Perhexilene maleate
Chloroquine Promethazine
Chlorpheniramine Sulfamethoxazole-trimethoprim
Chlorpromazine Thioridazine
Coralgil

a Fat within sinusoidal stellate cells.
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Figure 17 Mushrooms. Diffuse macrovesicular fatty change is seen within all zones. The liver
cells also have undergone extensive necrosis, which is also a feature that may be seen in mushroom
hepatotoxicity (refer to Fig. 5).

Figure 18 Tetracycline. Microvesicular fatty change (the fat globules smaller than the size of
the nucleus) is seen involving all the liver cells. The fat in this field shows readily distinct globules
that are equal in size or smaller than the nucleus. Depending on the time of biopsy, sometimes
macrovesicular fat can also be seen (recovery phase).
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Figure 19 Tetracycline. In some instances, microvesicular fat is difficult to appreciate on typical
hematoxylin-eosin stain owing to the extremely small size of the microvesicles (“foamy” change),
as evident in this biopsy specimen; in these instances, frozen section on fresh or formalin-fixed
tissue will confirm the presence of fat by strong uptake on Oil Red O stain.

Figure 20 Cocaine. Both macrovesicular and microvesicular fatty change can sometimes be seen
in cocaine-induced hepatotoxicity in the viable hepatocytes adjacent to areas of coagulative-type
necrosis (the latter demonstrated in Figs. 3 and 4).
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Figure 21 Sulfasalazine. Macrovesicular fatty change is present diffusely within the parenchyma,
the fat chiefly macrovesicular.

Figure 22 Methotrexate. Both fatty change and inflammation (“steatohepatitis”) are present in
this example. The inflammatory component is usually lymphocytic, although neutrophils can also
occasionally be present. Portal fibrosis and intrasinusoidal collagen deposition may also be seen; if
the medication is not then discontinued, a micronodular cirrhosis can eventually occur (refer to
Fig. 47).



260 Kanel

Figure 23 Hypervitaminosis A. The fat globules are present within stellate (lto or “fat-storing”)
cells, and are seen as both large and small droplets. These stellate cells contain abundant vitamin
A, which can be demonstrated by autofluorescence on frozen sections of fresh or formalin-fixed
material.

Figure 24 Amiodarone. This photomicrograph shows not only fatty change, but also a prominent
inflammatory component consisting of both lymphocytes and scattered neutrophils (“steatohepa-
titis”). In addition, occasional Mallory bodies are also seen. These combined histological features
mimic those seen in acute alcoholic hepatitis.
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Figure 25 Methotrexate. Fatty change without an accompanying inflammatory component is
seen diffusely within the lobule, with the fat chiefly macrovesicular.

deposition. The histological features then may mimic those seen in acute alcoholic hepati-
tis (“acute sclerosing hyaline necrosis”), necessitating careful history with appropriate
laboratory interpretation. For example, in drug-induced steatohepatitis, the AST and ALT
activities are usually equally elevated or the ALT is greater than the AST (30), in contrast
to the increased AST:ALT ratio in alcoholic liver disease.

A variant of fatty change involves foamy lipid deposition within hepatocytes (phos-
pholipidosis) (19,31,32). These phospholipids accumulate within the lysosomes due to
inhibition of phospholipase A from lipid hydrolysis. Many of the drugs that are associated
with this morphological feature also may be responsible for Mallory body deposition.

E. Granulomas

Hepatic granulomas are loosely defined as distinct clusters of inflammatory cells, and may
be seen more frequently within the lobules, although portal tracts may also be involved
(Table 6, Figs. 26–30). Granulomas are the result of a cellular immune reaction by the
hepatic reticuloendothelial system to a drug or toxin (33). The granulomas may be small,
poorly circumscribed, and may contain a mixed inflammatory infiltrate consisting of lym-
phocytes, histiocytes, neutrophils, and eosinophils (inflammatory type). These granulomas
may infrequently contain multinucleated giant cells. Granulomas may also be sharply cir-
cumscribed, and composed chiefly of lymphocytes and activated macrophages that have
clear large nuclei and abundant eosinophilic cytoplasm (epithelioid type), often with multi-
nucleated giant cells. Central necrosis is seldom seen in drug-induced granulomatous
necrosis, and coalescence of granulomas, a feature sometimes seen in sarcoidosis or tu-
berculosis, is uncommon. However, more often than not the histological changes in drug-
induced granulomatous hepatitis are indistinguishable from other causes of hepatic granu-
lomas. The diagnosis then rests on exclusion (34).
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Table 6 Granulomas

Acitretin Glyburide Phenytoin
Allopurinol Gold sodium thiomalate Polyvinvyl pyrrolidone
Alpha-methyldopa Green-lipped mussel (Seatone) Prajmalium
Amiodarone Halogenated hydrocarbons Procainamide
Amoxicillin-clavulanic acid Hydralazine Procarbazine
Aprindine Interferon Pronestyl
Aspirin Isoniazid Quinidine
Azapropazone Mestranol Quinine
Barium Metahydrin Ranitidine
Bacille Calmette-Guerin (BCG) Metalazone Salicylazosulfapyridine

therapy or vaccination Methimazole Silica
Beryllium Methotrexate Succinylsulfathiazole
Carbamazepine Metolazone Sulfasuxidine
Carbutamide Mineral oil Sulfadiazine
Cephalexin Nitrofurantoin Sulfadimethoxine
Chlorpromazine Nomifensine Sulfadoxine-pyrimethamine
Chlorpropamide Norethindrone Sulfamethoxazole-trimethoprim
Copper Norethynodrel Sulfanilamide
Dapsone Norgestrel Sulfasalazine
Detajmium tartrate Oral contraceptives Sulfathiazole
Diazepam Oxacillin Sulfonamide
Dideoxyinosine Oxyphenbutazone Sulfonylurea agents
Diltiazem Oxyphenisatin Tacrine
Dimethicone Papaverine Thorotrast
Disopyramide Penicillin Tocainide
Feprazone Phenazone Tolbutamide
Glibenclamide Phenprocoumon Trichlormethiazide

Phenylbutazone Verapamil

Figure 26 Sulfasalazine. The granuloma is composed of a mixture of lymphocytes and histiocytes
without multinucleated glant cells.
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Figure 27 Chlorpromazine. This “microgranuloma” contains a small cluster of epithelioid cells
surrounded by lymphocytes.

Figure 28 Mineral oil. The mineral oil itself is contained in variably sized foamy macrophages
admixed with scattered lymphocytes (“lipogranuloma”); these granulomas can appear not only
within portal tracts but also in close proximity to the terminal hepatic venules.
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Figure 29 Sulfomadies. A granuloma is present within the parenchyma, and is composed of
lymphocytes, histiocytes, neutrophils, and eosinophils.

Figure 30 Phenylbutazone. A granuloma is present within this portal tract and is composed
chiefly of epithelioid cells with scattered lymphocytes. No multinucleated giant cells are seen in
this example.
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Table 7 Mallory Bodies

Amiodarone Griseofulvin
Collidine Methotrexate
Coralgil Nicardipine
4,4′-Diethylaminoethoxyhexestrol Nifedipine
Diethylstilbestrol Perhexiline maleate
Diltiazem Tamoxifen
Estrogens Tetracycline
Ethanol Valproic acid
Glucocorticoids Vitamin A

F. Mallory Bodies

Mallory bodies represent eosinophilic ropy cytoplasmic inclusions within hepatocytes.
These are most characteristic of both acute and chronic alcoholic liver injury, although a
variety of nonalcoholic liver diseases (such as nonalcoholic steatohepatitis, primary biliary
cirrhosis, Wilson’s disease) as well as various drugs and toxins may also be associated
with Mallory body deposition (19,35–38) (Table 7, Figs. 31,32). The Mallory bodies in
part represent proliferation and derangement of intermediate filaments, which constitute
the cytoskeleton of the hepatocyte (35,36). The Mallory bodies located within the liver
cell cytoplasm may appear alone or be associated with an inflammatory component that
is usually but not always neutrophilic. The cells containing the Mallory bodies have a
tendency to be located within the perivenular zone (zone 3), although exceptions do occur.
When induced by alcohol, associated sinusoidal collagen deposition and fatty change are
characteristic, although some drugs such as amiodarone may also demonstrate histological
features quite similar to alcoholic liver disease.

Figure 31 Amiodarone. Mallory bodies are seen here surrounded by neutrophils (“satellitosis”).
Variable fatty change and intrasinusoidal collagen deposition are also present.
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Figure 32 Ethanol. Active alcoholic liver disease characteristically exhibits Mallory bodies,
which are accentuated in the perivenular zones.

III. CHOLESTATIC INJURY

A. Cholestasis, Simple

This form of cholestatic liver cell injury is limited to impaired transport and secretion of
bile without an accompanying inflammatory infiltrate or injury to bile ducts (11,12,39).
The drugs most often associated with this form of hepatic dysfunction are listed in
Table 8 (Figs. 33–35). The bile plugs are most often conspicuous in the perivenular zone
(zone 3), and are histologically manifested by both an intracytoplasmic and intracanalicu-
lar component. In some instances the midzone and periportal zone may also be involved,
although much less frequently. In the latter instance, proliferation of cholangioles con-
taining bile concretions may be seen, often associated with a mild neutrophilic infiltrate.
The interlobular bile ducts are spared. The hepatocytes are histologically uninvolved. Por-
tal inflammatory changes are minimal to absent. What is most important in histological
diagnosis is assessment of the interlobular bile ducts, as one of the most common causes
of cholestasis is extrahepatic biliary tract obstruction. The interlobular bile ducts in ob-
struction are characteristically increased in number, often ectatic, and may show periductal
edema, periductal fibrosis, and/or acute cholangitis. In drug-induced cholestatic liver cell
injury, the interlobular bile ducts are usually normal, exceptions being the rare examples
of direct bile duct damage caused by certain drugs; however, in very early stages of bile

Table 8 Cholestasis, Simple

Anabolic steroids (oxymetholone) Methandrostenolone Oral contraceptives
Cyclosporin A Methimazole Piroxicam
Ethchlorvynol Methyltestosterone Prochlorperazine
Fluoxymesterone Norethindrone Warfarin
Gold sodium thiomalate Norethynodrel
Mestranol Norgestrel



Figure 33 Methyltestosterone. Bile plugs can be seen within dilated canaliculi within the periven-
ular zone and midzones. There is no necrosis or inflammation in this example of simple cholestasis.

Figure 34 Oral contraceptives. Bile plugs can be seen within dilated canaliculi. The adjacent
hepatocytes show mild hydropic change without an accompanying inflammatory infiltrate.

Figure 35 Methimazole. Bile plugs are conspicuous within dilated canaliculi. The adjacent paren-
chyma is devoid of inflammatory cells.
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Table 9 Cholestasis with Inflammation

Alpha-methyldopa Erythromycin Phenylbutazone
Acetaminophen Ethchlorvynol Phenytoin
Acetohexamide Ethionamide Piperazine
Allopurinol Flucloxacillin Piroxicam
Aminoglutethimide Fluoxymesterone Pizotyline
Aminosalicylic acid Fluphenazine Polythiazide
Amitriptyline Flurazepam hydrochloride Prajmalium bitartrate
Amoxicillin-clavulanic acid Flutamide Prochlorperazine
Aprindine Glibenclamide Propoxyphene hydrochloride
Atenolol Gold sodium thiomalate Quinethazone
Azathioprine Griseofulvin Ranitidine
Benoxaprophen Halogenated hydrocarbons Rifampin
Captopril Haloperidol Sulfasalazine
Carbamazepine Imipramine Sulfonamides
Carbarsone Indomethacin Sulindac
Carbimazole Iodipamide meglumine Tamoxifen
Carisoprodol Isocarboxazid Thiabendazole
Cefadroxil monohydrate Isoniazid Thiopental sodium
Cefazolin sodium Ketoconazole Thioridazine
Chlorambucil Meprobamate Ticlopidine
Chlordiazepoxide 6-Mercaptopurine Tocainide
Chlorothiazide Naproxen Tolazamide
Chlorpromazine Nicotinic acid Tolbutamide
Chlorpropamide Niacin Total parenteral nutrition
Chlortetracycline Nifedipine Toxic oil (rapeseed)
Chlorthalidone Nitrofurantoin Tranylcypromine sulfate
Cimetidine Nomifensine Triazolam
Cisplatin Oxacillin Trifluoperazine hydrochloride
Clarithromycin Oxaprozin Trimethobenzamide hydrochloride
Clorazepate dipotassium Oxyphenisatin Trimethoprim-sulfamethoxazole
Cyclosporine Papaverine hydrochloride Tripelennamine
Dacarbazine Para-aminosalicylic acid Troleandomycin
Dantrolene sodium Penicillamine Valproic acid
Diazepam Penicillin Verapamil
Diclofenac Perphenazine Zimelidine
Disopyramide phosphate Phenobarbital
Enalapril

duct obstruction, the portal duct changes may be subtle, and other parameters such as
imaging studies may be most important in identifying the cause.

B. Cholestasis with Inflammation

Cholestatic drug-induced liver cell injury may also be associated with a lobular inflamma-
tory infiltrate (39) (Table 9, Figs. 36–38). The inflammation is usually mild with the
cholestatic component more striking. The inflammation is usually composed of mononu-
clear cells. Cholestasis with inflammation is often enhanced in the perivenular zone (zone
3), although in severe cases the features may be diffuse. In contrast to simple cholestasis,
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Figure 36 Ketoconazole. Bile plugs can be seen with an associated inflammatory infiltrate, the
latter most evident in this biopsy specimen by numerous clusters of macrophages and Kupffer cells
in areas of necrosis.

Figure 37 Niacin. A bile plug within a dilated canaliculus is seen in the perivenular zone (center
of this field). Smaller bile plugs are also present. There is a mild coexisting lymphocytic infiltrate
as well.

cholestasis with inflammation is associated with a portal inflammatory component, which
may be predominantly lymphocytic but also may include eosinophils and neutrophils. Bile
ducts do not show signs of obstruction (e.g., ectasia, periductal edema, or periductal fibro-
sis); however, drug-induced bile duct injury has nonetheless been described, with the
inflammatory infiltrate neutrophilic or lymphocytic.
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Figure 38 Chlorpromazine. Dilated canaliculi containing bile plugs are present in the perivenular
zone, with bile also noticed within the cytoplasm of the liver cells. A moderate accompanying
lymphocytic infiltrate is also apparent.

Table 10 Bile Ducts: Inflammation and Injury

Inflammation by neutrophils
Allopurinol Flucloxacillin
Chlorpromazine Hydralazine
Chlorpropamide Sulindac (clinoril)
Chlorthiazide

Inflammation by lymphocytes, ductopenia
Acetaminophen Chlorthiazide Piroxicam
Ajmaline (alkaloid isolated from Cimetidine Prochlorperazine

Rauwolfia serpentina) Cromolyn Sporidesmin
Allopurinol Cyproheptadine Sulfonurea agents
Amineptine Diazepam Tetracycline
Amitriptyline Dicloxacillin Thiabendazole
Amoxicillin-clavulanate Erythromycin Tiopronin
Ampicillin Flucloxacillin Tolazemide
Arsenicals Haloperidol Tolbutamide
Azathioprine Imipramine Toxic oil (rapeseed)
Carbamazepine Methylenediame Trifluoperazine
Carbutamide Methyltestosterone Troleandomycin
Chlorpromazine Phenylbutazone Xenelamine
Chlorpropamide Phenytoin

Periductal fibrosis
Floxuridine
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Figure 39 Chlorpropamide. Both this photomicrograph and Fig. 40 are from the same patient,
and exhibit prominent cytological duct atypia. This field shows prominent duct distortion, with
overlapping nuclei, prominent nucleoli, and irregular nuclear outlines. No inflammatory cells are
seen directly infiltrating into this duct, although the duct is surrounded by a prominent inflammatory
infiltrate.

IV. BILE DUCT INJURY

Interlobular bile ducts may show histological damage, evident by variable hydropic change
of the cytoplasm, nuclear irregularity with pyknosis, and individual cell necrosis. There
is most often an accompanying inflammatory reaction oriented to the bile ducts (Table 10,
Figs. 39–42), and may be neutrophilic (acute cholangitis) or lymphocytic (nonsuppurative

Figure 40 Chlorpropamide. This field shows similar cytological duct distortion, with lympho-
cytes infiltrating through the duct wall and into the lumen.
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Figure 41 Chlorpromazine. An interlobular bile duct in the center of the field is surrounded and
infiltrated by lymphocytes, with considerable cytological atypia of the duct epithelium. Lymphocytes
and eosinophils can also be seen in the portal tract as well.

Figure 42 Chlorthiazide. The interlobular bile ducts are surrounded and infiltrated by a mixed
inflammatory infiltrate consisting predominantly of neutrophils with occasional lymphocytes. It is
important in instances such as this to rule out more common causes of acute cholangitis such as
bile duct obstruction.
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cholangitis). Persistence of duct inflammation and damage may eventually lead to duct
loss (ductopenia) (12,40). When ductopenia occurs, other etiologies for duct loss, such as
primary biliary cirrhosis, primary sclerosing cholangitis, and autoimmune hepatitis (auto-
immune cholangiopathy), must be considered. An uncommon bile duct change induced
by floxuridine in treatment of hepatic tumors (41,42) is periductal fibrosis (biliary sclero-
sis), which histologically mimics bile duct obstruction and primary sclerosing cholan-
gitis.

Table 11 Hepatic Lesions

Sinusoids: peliotic lesions
Androgenic/anabolic steroids Glucocorticoids Steroids, endogenous production

(oxymetholone) Hydroxyprogesterone (adrenal tumor)
Arsenic Hydroxyurea Tamoxifen
Azathioprine Medroxyprogesterone Testosterone
Busulfan 6-Mercaptopurine 6-Thioguanine
Danazol Methandrostenolone Thorotrast
Diethylstilbestrol Methotrexate Vinyl chloride
Estrone sulfate Methyltestosterone Vitamin A
Fluoxymesterone Phalloidin

Sinusoids: dilatation
Oral contraceptives
Metoclopramide

Veno-occlusive disease
Actinomycin D Cytosine arabinoside Indicine
Adriamycin Dacarbazine Mate tea
Aflatoxins Dactinomycin Mechlorethamine
Arsenicals Danazol 6-Mercaptopurine
Azathioprine Daunorubicin Mitomycin C
Busulfan Decarbazine Pyrrolizidine alkaloids
Carboplatin Dimethylbusulfan Tamoxifen
Carmustine (BCNU) Dimethylnitrosamine 6-Thioguanine
Cisplatin Doxorubicin Urethane
Cyclophosphamide Estramustine Vinblastine
Cysteamine Floxuridine Vincristine
Cytarabine

Hepatic vein thrombosis/fibrous obliteration
Ethanol
Oral contraceptives

Vasculitis
Allopurinol Phenylbutazone
Chlorothiazide Phenytoin
Chlorpropamide Sulfonamides
Penicillin
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Figure 43 Ethanol. The terminal hepatic venule shows total intraluminal fibrous obliteration.
Perivenular sinusoidal collagen deposition is also present.

Figure 44 Conditioning regimen for bone marrow transplant. This liver biopsy is from a 46-
year-old man with multiple myeloma who died with veno-occlusive disease 31 days posttransplant.
The conditioning regimen consisted of busulfan followed by cyclophosphamide. The terminal he-
patic venule on trichrome stain shows intraluminal fibrosis and hemorrhage. Endothelial cells are
damaged and depleted (Courtesy Dr. Howard Shulman, Fred Hutchison Cancer Research Center,
Seattle, WA.)
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V. VASCULAR INJURY

A number of different vascular hepatic lesions may be seen in drug-induced injury (Table
11, Figs. 43,44) (43). Weakening and damage to the lobular reticulin network can cause
microcystic lobular changes that fill with red blood cells, these small cysts usually but
not always devoid of an endothelial lining (peliosis hepatis) (40,44–46). Sometimes these
lesions may be large enough to be visualized on imaging; rarely the lesions may rupture
with intra-abdominal hemorrhage. Sinusoidal dilatation may be induced in livers that also
demonstrate peliosis, but also may be seen in the periportal zone (zone 1) secondary to
oral contraceptive usage (40,47,48). Veno-occlusive disease is associated with endothelial
damage of the terminal hepatic venules, with endothelial loss, sinusoidal fibrosis, and
variable intraluminal occlusion (49). It is seen in conjunction with exposure to pyrroliz-
idine alkaloids, but also is seen in patients after bone marrow transplant on various condi-
tioning regimens (49–52). Hepatic vein thrombosis has been reported in patients on oral
contraceptives (53). Chronic alcoholic liver disease shows characteristic fibrous oblitera-
tion of the terminal hepatic venules and sublobular veins due to activation of stellate cells
(54–56). Arteritis seldom directly involves the arterioles, and usually the small arteries
are also spared. Medium-sized vessels are most often affected; hence the morphological
features can be missed on biopsy unless a larger portal tract is present for evaluation (57).

VI. PORTAL FIBROSIS

Both toxin exposure and long-term usage of certain drugs may cause a chronic liver disease
with portal fibrosis that in some instances may with time progress to cirrhosis (Table 12,
Figs. 45–47). Hepatic stellate cells play a central role in extracellular fibrogenesis with
these drugs and toxins; following injury, the stellate cells undergo morphological and

Table 12 Portal Fibrosis

Cirrhosis, or portal fibrosis with progression
to cirrhosis on serial biopsies

Alpha-methyldopa Etretinate Oxyphenisatin
Acetaminophen Fenofibrate Papaverine
Acetohexamide Ferrous fumarate Perhexilene maleate
Amiodarone Isoniazid Phenylbutazone
Chlorpromazine Lisinopril Propylthiouracil
Chlorthiazide Mercaptopurine Pyrrolizidine alkaloidsa

Coralgil Methotrexate Tamoxifen
Dantrolene Methyltestosterone Thiabendazole
Diclofenac Nitrofurantoin Total parenteral nutrition
Ethanol Oral contraceptivesa Valproic acid

Portal fibrosis without progression to cirrhosis
(noncirrhotic portal fibrosis)

Anabolic steroids Toxic oil syndrome
Arsenicals Vinyl chloride
Thorotrast Vitamin A

aCardiac cirrhosis.
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Figure 45 Alpha-methyldopa. Portal fibrosis with portal-to-portal bridging fibrosis is seen. The
portal tracts exhibit a moderate lymphocytic infiltrate, with mild periportal inflammatory activity
(“piecemeal” necrosis).

Figure 46 Methotrexate. Portal-to-portal bridging fibrosis is seen, the portal tracts exhibiting a
moderate lymphocytic infiltrate. Mild periportal activity (“piecemeal” necrosis) is also present. The
adjacent liver cells are rather large and hydropic, with scattered glycogenated nuclei of hepatocytes.
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Figure 47 Methotrexate. Fibrous septa with regenerative nodule formation are seen; the nodules
are small (“micronodular” cirrhosis). The degree of liver cell dysplasia often seen in methotrexate
hepatotoxicity is not present in this specimen, as methotrexate therapy for psoriasis had been discon-
tinued 1 year earlier.

phenotypic alterations resulting in their activation and eventual extracellular matrix depo-
sition (58–60). Knowledge of these drugs with appropriate screening on biopsy has virtu-
ally eliminated development of advanced liver disease, an excellent example being metho-
trexate in treatment of rheumatoid arthritis. When cirrhosis develops, the subtype may be
macronodular (regenerative nodules � 3mm in diameter) or micronodular (regenerative
nodules � 3 mm in diameter). A biliary pattern (“geographic” appearance of the nodules)
has also been described in instances where the primary liver injury is directed to bile
ducts, with eventual duct depletion (ductopenia). Sometimes portal fibrosis will occur with
clinical manifestations of portal hypertension, without eventual progression of the liver
disease to the cirrhotic stage (“noncirrhotic portal fibrosis”). When secondary to thorotrast,
polyvinyl chloride, or arsenic exposure, this hepatic disorder is also associated with the
development of malignant primary tumors (most often angiosarcoma and cholangiocarci-
noma) (57,61,62).

VII. NEOPLASIA

Certain drugs and toxins may with time induce formation of both benign and malignant
neoplastic lesions (Table 13, Figs. 48–50) (11,57), which may be single or multiple. Oral
contraceptive usage and liver cell adenomas is a well-known example (63). These adeno-
mas may disappear when the drug is discontinued, although more often the mass lesions
persist. Liver cell adenomas have also been reported to progress to hepatocellular carci-
noma (64), although the aggressiveness of this malignant lesion is questionable, with no
known cases having metastasized. Hepatocellular carcinoma and cholangiocarcinoma are
both associated with long-term drug or toxin exposure. Angiosarcoma, which is a very
rare primary liver cell neoplasm, has a remarkably high incidence in patients with exposure
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Table 13 Neoplasia

Benign

Focal nodular Nodular regenerative
Liver cell adenoma hyperplasia hyperplasia

Anabolic steroids (oxymetholone) Estrogens Anabolic steroids
Oral contraceptives Copper
Toxic oil (rapeseed) Corticosteroids

Ethanol
Oral contraceptives
Thorotrast
Toxic oil (rapeseed)
Vinyl chloride

Malignant

Angiosarcoma CholangiocarcinomaHepatocellular carcinoma

Aflatoxin Anabolic steroids Alpha-methyldopa
Anabolic steroids Arsenic Anabolic steroids
Arsenic Copper Isoniazid
Ethanol Diethylstilbestrol Oral contraceptives
Methotrexate Oral contraceptives Thorotrast
Oral contraceptives Phenelzine
Thorotrast Thorotrast
Vinyl chloride Vinyl chloride

Figure 48 Oxymethalone. The tumor is composed of cytologically benign hepatocytes forming
normal-sized cords (liver cell adenoma). Numerous dilated canaliculi forming acinar structures are
seen, these structures filled with bile plugs.
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Figure 49 Thorotrast. The same case as in Figure 52 also demonstrates an adjacent angiosarcoma,
characterized by numerous plump hyperchromatic, closely packed endothelial cells lining dilated
hepatic sinusoids.

Figure 50 Thorotrast. Adjacent to the portal tract shown in Figure 53 is a cholangiocarcinoma,
with moderately differentiated gland formation.
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Table 14 Inclusions

Hepatocytes

Ground glass-like
Cytoplasmic Nuclear hepatocytes

Procainamide Lead Azathioprine
Chlorpromazine
Cyanamide (periportal)
Phenytoin
Glucocorticoids
Phenobarbital

Kupffer cells, portal macrophages

Polyvinyl pyrrolidone
Silicone rubber (damaged cardiac prosthetic valves)
Talc, particulate material
Thorotrast

to thorotrast (thorium dioxide, an alpha, beta, gamma emitter used from 1930 to 1953 as
an arteriographic agent), arsenic, copper, or polyvinyl chloride (61).

VIII. MISCELLANEOUS

A. Inclusions

Inclusion bodies secondary to drugs and toxins can be seen within liver cell cytoplasm,
liver cell nuclei, and Kupffer cells (Table 14, Fig. 51). The inclusions may be distinct
and well circumscribed (e.g., procainamide usage); however, sometimes the liver cell cyto-

Figure 51 Procainamide. The liver cells exhibit numerous well-demarcated compact eosinophilic
cytoplasmic globules.
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Table 15 Pigments

Lipochrome Hemosiderin Radiopaque
(hepatocytes) (hepatocytes, Kupffer cells, (Kupffer cells,

portal macrophages) portal macrophages)
Acetylsalicylic acid Cimetidine Thorotrast
Aminopyrine Ethanol
Carbamazepine Hexachlorobenzene
Cascara sagrada Iron (oral/parenteral)
Chenodeoxycholic acid
Chlordecone (kepone)
Chlorinated biphenyls
Chlorpromazine
Halothane
Insecticides
Nitrofurantoin
Phenacetin
Phenothiazines
Rifampin

Black pigments
(Kupffer cells, portal macrophages)
Anthracite
Gold sodium thiomalate
Titanium

Figure 52 Thorotrast. The granular gray-green thorotrast pigment in this first case example is
present within portal macrophages, with an associated portal lymphocytic infiltrate.
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Figure 53 Thorotrast. The thorotrast pigment in this second case example is present within portal
macrophages.

plasm has a diffuse “ground-glass” appearance, with or without distinct inclusions, as seen
with phenobarbital usage and cyanamide exposure. The inclusions are in part secondary
to hypertrophy of the smooth endoplasmic reticulum (65). Particulate material showing
positive birefringence under polarized light may be identified within portal tracts and
occasionally within Kupffer cells in long-term intravenous drug users, and represents the
injectant used.

Figure 54 Anthracite. This dark black granular pigment is present within portal macrophages,
and is most frequently seen in city dwellers or coal mine workers.
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B. Pigments

Various pigments secondary to drugs and toxins (Table 15, Figs. 52–54) may also be
identified, and can be confirmed with special stains (Ziehl-Neelsen acid-fast stain to high-
light some examples of lipochrome, Perls’ iron stain for hemosiderin). Although lipo-
chrome generally is most prominent in the elderly population, in some instances this pig-
ment deposition can be enhanced in individuals on certain medications such as phenacetin
(11). Certain pigments may have a tinctorial quality that is unique, such as the gray-green
thorotrast pigment, or the dark black granular anthracotic pigment sometimes seen in city
dwellers and coal miners. The pigment is most often seen in portal macrophages and
Kupffer cells, although sometimes the pigment appears extracellular.

IX. SUMMARY

The histological changes seen in the liver in drug-induced and toxic hepatic injury are
complex. A whole spectrum of morphological changes are observed, and unfortunately,
with rare exceptions (e.g., demonstration of thorotrast pigment), no histological features
are diagnostic. The distinction in the vast majority of cases rests upon eliminating other
causes of liver disease, as no reliable approach outside of discontinuing the medication
and observing improvement of liver tests is feasible. Usually the degree of active liver
disease manifested by monitoring of hepatic function will resolve within 1–2 weeks, al-
though in some instances the abnormal liver tests may persist for considerable time periods
(66). In instances of hypersensitivity reactions, rechallenging the patient will demonstrate
conclusively the diagnosis, but should be approached cautiously to avoid serious liver cell
injury.
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I. INTRODUCTION

Acetaminophen is the generic name in the United States for 4′-hydroxyacetanilide, the N-
acetylated derivative of p-aminophenol (paracetamol is the generic name used in Great
Britain and several other countries). This nonnarcotic analgesic/antipyretic, available over
the counter in the United States since 1960, is one of the most widely used drugs in the
world, and is available alone and in combination with many other drugs (1). In recom-
mended doses, acetaminophen is considered to be efficacious and safe, and is not associ-
ated with the high incidence of gastrointestinal bleeding caused by aspirin and nonsteroidal
antiinflammatory drugs, or with the development of Reye’s syndrome.

Although many different kinds of toxic effects have been attributed to acetamino-
phen use and abuse, except for hepatotoxicity and nephrotoxicity, their incidence is very
low and in many cases considered insignificant (for reviews see refs. 1 and 2). Even the
incidence of nephrotoxicity is low, with an estimated occurrence of acute tubular necrosis
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of less than 2% of all acetaminophen poisonings (3), and there is an insignificant associa-
tion between acetaminophen use and chronic renal injury, such as nephropathy (4,5).

Thus, the major toxicity caused by acetaminophen is hepatotoxicity characterized
by acute hepatocellular damage primarily in zone 3, the centrilobular region of the liver.
It is not the intent of this chapter to describe the clinical and morphological characteristics
of acetaminophen hepatotoxicity; readers are referred to several excellent reviews on acet-
aminophen for further information in this area (1,6,7). Suffice it to say that acetaminophen
is a major cause of acute liver failure in the United States, United Kingdom, and Australia
(8–10), and accounts for a high percentage of inquiries to poison centers (�100,000 cases/
year) and deaths from poisonings (11,12). In the United States, initial results from a
multicenter study suggest that a little over one-third of cases of acute liver failure are
caused by acetaminophen, with approximately 40% of those cases due to intentional over-
dose, and 60% classified as accidental or therapeutic misadventures where high therapeutic
doses are taken by individuals who are alcoholics, have other severe illness, and/or are
malnourished (13). The percentages are reversed in the United Kingdom, with more indi-
viduals taking intentional overdoses (9). Interestingly, reports have recently appeared that
restricting the availability of acetaminophen in the United Kingdom in 1998 by requiring
blister packs of only 32 tablets has apparently decreased the incidence of severe acetamino-
phen poisoning (14,15). Longer-term follow-up will be required to substantiate this claim.

The remainder of this chapter will focus on mechanisms of acetaminophen hepato-
toxicity with discussion of events involved in initiation or early stages of hepatotoxicity
followed by discussion of events involved in progression of the injury to hepatic necrosis.
Some limited discussion of factors (e.g., age, diet, other drugs) that may influence the
metabolism and disposition of acetaminophen will be included as they relate to the mecha-
nisms proposed.

II. EARLY EVENTS IN ACETAMINOPHEN-INDUCED
HEPATOTOXICITY

A. Pathways of Acetaminophen Metabolism

1. Introduction and General Scheme

After hepatotoxicity caused by acetaminophen was reported in animals (16,17) and hu-
mans (18,19) in the mid-1960s, several investigations commenced on the mechanism. In
1973, Mitchell and colleagues published a series of classic papers (20–22) that outlined
a scheme for the metabolic activation of acetaminophen to an electrophilic quinone imine,
N-acetyl-p-benzoquinone imine (NAPQI), that covalently bound to hepatic proteins,
mostly in centrilobular liver cells that became necrotic. The role of glutathione (GSH) in
protecting liver cells from injury also was elucidated (23), and this led to the development
of N-acetylcysteine as an effective antidote that is still widely successful today in the
management of acetaminophen toxicity (24–26).

A scheme for the metabolism of acetaminophen is shown in Fig. 1 (27). Work from
several laboratories has contributed to the development of this and related metabolic
schemes as reviewed in more detail elsewhere (1,2,6,7,28), and pathways and enzymes
primarily related to metabolism in humans will be highlighted in the following discussion.

2. Major Non-P450 Pathways

The two major pathways of acetaminophen metabolism in all species are glucuronidation
and sulfation of the phenolic group. After therapeutic doses of acetaminophen, humans
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Figure 1 Metabolic pathways of acetaminophen. Bold arrows indicate major pathways, normal
arrows indicate intermediate pathways, and broken arrows indicate minor pathways. Benzoquinone
metabolites have been detected only in mice, whereas all other pathways have been detected in
several species, including humans.
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excrete approximately 50% of the dose as the phenolic O-glucuronide and approximately
30% as the O-sulfate. These nontoxic metabolites are selectively formed by UGT1*6, a
human isoform of the uridine diphosphate (UDP)-glucuronosyltransferase family of en-
zymes (29), and members of the SULT1 family of phenol sulfotransferases (30). Decreased
elimination of acetaminophen as its glucuronide in congenic rats with a hereditary defi-
ciency in UDP-glucuronosyltransferase activity (31) or in cats with a similar deficiency
(32) makes these animals significantly more susceptible to acetaminophen-induced
hepatotoxicity, and in humans, increased susceptibility to acetaminophen-induced hepato-
toxicity may occur in Gilbert’s disease (33,34). However, except for one case report of
a possible Zidovudine interaction (35), there is no evidence that patients who receive drugs
that competitively inhibit the glucuronidation of acetaminophen are at increased risk of
acetaminophen-induced hepatotoxicity (1,27). Moreover, there have been no reports of
effects on the sulfation pathway where increased toxicity to acetaminophen has been ob-
served. It appears that if glucuronidation of acetaminophen is decreased, there is a compen-
satory increase in sulfation, and conversely, decreased sulfation is offset by increases in
glucuronidation.

Carboxylesterases of the CES1 family and N-acetyltransferases (both NAT1 and
NAT2) likely contribute to the hydrolysis of approximately 10% of a dose of acetamino-
phen to p-aminophenol and its reacetylation back to acetaminophen, a “futile cycling”
that has been documented in rats (36). The extent to which this occurs in humans is
unknown, but may be more related to the risk of nephrotoxicity from acetaminophen than
hepatotoxicity, since p-aminophenol is a known nephrotoxicant that has been implicated
in nephrotoxicity caused by acetaminophen in rats (37,38). With regard to drug interac-
tions, it has been found that therapeutic doses of acetaminophen in humans can inhibit
the polymorphic NAT2 (39).

3. Cytochrome P450 Oxidation Pathways

Cytochrome P450 (CYP)-catalyzed oxidation of acetaminophen to NAPQI is the major
metabolic pathway leading to hepatotoxicity (22,40). Originally, N-hydroxyacetamino-
phen was proposed as a precursor to NAPQI (24), but kinetic (41) and carrier-trapping
(42) experiments both showed that if this metabolite is formed, it decomposes before it
leaves the CYP active site. NAPQI has been synthesized (43,44), and has the chemical,
biochemical, and toxicological properties consistent with its role as the major ultimate
toxic metabolite of acetaminophen (43–48). Because of its short half-life in biological
systems [�0.7 s (45)], NAPQI is usually detected as thioether conjugates (49,50), but it
has also been detected directly in incubations of acetaminophen with purified rat CYP
1A1 (51). Also, because of its reactivity, NAPQI causes necrosis of cells in the periportal
region of the livers of rats infused with NAPQI through the portal vein (Fig. 2), rather
than in the centrilobular region as occurs when acetaminophen is administered (see ref.
1 for a review and photomicrographs).

Thiol ether metabolites of acetaminophen are excreted into urine as an indicator of
NAPQI formation (Fig. 1), and represent 5–10% of normal therapeutic doses in humans
(1,52). However, this is probably an underestimation of the extent of oxidation of acet-
aminophen to NAPQI because this highly reactive quinone imine can be reduced back
to acetaminophen by several reductases and their reducing cofactors including NADPH-
cytochrome P450 reductase and NADPH (40,53,54), and via ipso adduct decomposition
reactions (55,56).
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Figure 2 Section of rat liver obtained 5 h after intraportal infusion of a 20 mg/kg dose of NAPQI
in FC-43 emulsion (Oxypherol). Hematoxylin-and-eosin-stained micrograph shows necrosis of cells
proximal to the periportal vein and portal triad. The FC-43 vehicle does not cause cellular damage.

A catechol metabolite of acetaminophen, 3-hydroxyacetaminophen (Fig. 1), is ap-
parently formed in a classical CYP monooxygenase reaction, inasmuch as the hydroxyl
group oxygen is derived from molecular oxygen (57). This catechol is nontoxic based on
studies in mice (58), though small amounts of thioether metabolites of the catechol and
its 3-O-methylated metabolite are formed (�0.5%) indicating their further oxidation to
electrophilic quinones and quinone imines. Overall, the catechol and catechol-derived me-
tabolites account for 4–8% of therapeutic doses of acetaminophen in humans (1,52).

There are several reports concerning the specific CYP isoforms that are involved
in the oxidation of acetaminophen to NAPQI in laboratory animals and humans, and the
reader is referred to refs. 1 and 2 for reviews. The following discussion will focus on
relative efficiencies of expressed and, in some cases, purified human CYP isoforms with
a comparison to information obtained with human liver microsomes and in vivo studies
in humans.
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Table 1 Kinetic Parameters for Purified Human CYP Isoforms Involved in Acetaminophen
Oxidation to Its Toxic Metabolite, NAPQI, Measured as Its Glutathione Conjugate, 3′-
(Glutathion-S-yl) Acetaminophen (GS-APAP), and the Nontoxic Catechol Metabolite, 3′-
Hydroxyacetaminophen (3-OH-APAP)

GS-APAP 3-OH-APAP

Purified Km Vmax Km Vmax

human isoform (mM) (nmol/min/nmolP450) V/K (mM) (nmol/min/nmolP450) V/K

CYP 1A2 1.4 14.4 10.3 ND 0.1 NDa

CYP 2A6 4.6 7.9 1.7 2.2 14.2 6.5
CYP 2C8 1.0 0.2 0.2 ND 0.1 NDa

CYP 2C9 1.1 0.1 0.1 ND ND NDb

CYP 2D6 1.8 3.0 1.7 ND ND NDb

CYP 2E1 1.3 6.9 5.2 4.0 2.5 0.6
CYP 3A4 0.14 1.5 10.5 ND 0.1 NDb

a Although CYP 1A2, CYP 2C8, and CYP 3A4 did form measurable amounts of the catechol metabolite (Vmax

� 0.1 nmol/min/nmol P450), limits of detection of the HPLC/EC assay were not sufficient to accurately deter-
mine Km values.
b CYP 2C9 and CYP 2D6 did not form detectable amounts of the catechol metabolite.

The data in Table 1 compare data obtained in our laboratory with human liver CYP
isoforms purified to homogeneity from baculovirus expression systems (59–63). Other
human CYP isoforms (1B1, 2B6, 2C19) were obtained as Supersomes (Gentest Corp.)
and showed no detectable formation of either NAPQI or the catechol metabolite, whereas
human CYP 1A1 was nearly as active as CYP 1A2. However, CYP 1A1 is not normally
expressed in human liver, and is therefore unlikely to play a role in bioactivation of acet-
aminophen to its proximal reactive intermediate in hepatocytes.

In assessing the data in Table 1, one should consider the following. First, as dis-
cussed previously, the kinetic parameters are apparent only for NAPQI formation since
GS-APAP is the product of a very reactive metabolite that can undergo other undetectable
reactions. Second, the values obtained with the purified enzymes are not the same as
those obtained by others using partially purified preparations and transfected cells (64,65).
However, the relative importance of these human isoforms in forming the major hepatotox-
icant from acetaminophen is fairly consistent among the various studies with the possible
exception of CYP 1A2. The possible significance of each major isoform is discussed
below.

CYP 1A2. Although purified CYP 1A2 is one of the most efficient catalysts of NAPQI
formation, its importance in acetaminophen metabolism and toxicity is unclear. Induction
of this isoform in humans (e.g., charcoal-broiled meat, cigarette smoking, omeprazole)
does not increase the formation of NAPQI based on amounts of thioether metabolites
formed (66–69). Furthermore, Cyp 1a2 null mice are not significantly more susceptible
to acetaminophen-mediated hepatotoxicity than wild-type mice (70). However, CYP 1A2
is involved in acetaminophen oxidation to NAPQI in human liver microsomes (64), and
when mice have deletions of both the Cyp 2e1 and Cyp 1a2 genes, they are less susceptible
to acetaminophen hepatotoxicity than just Cyp 2e1 null mice (71,72). These results suggest
that some CYPs may function differently in intact cells, or even in their membrane-bound



Acetaminophen-Induced Liver Disease 293

states, which is consistent with much higher Km (3–4 mM) and lower Vmax (0.3–3 nmol/
min/nmol P450) values for CYP 1A2 in these preparations (61,64,65). Whether it is altered
reductase interactions or other factors that modulate CYP 1A2 activity in membranes is
unknown.

CYP 2A6. CYP 2A6 appears to be the major human CYP isoform that catalyzes the
oxidation of acetaminophen to its catechol metabolite (Table 1) (60). It also forms NAPQI,
but the relatively high Km for this reaction suggests that this would be important only at
relatively high hepatotoxic doses of acetaminophen. There is one report that methoxsalen,
a relatively specific inhibitor of CYP 2A6, decreases the formation of NAPQI from acet-
aminophen in humans (73). Methoxsalen does decrease hepatotoxicity caused by acet-
aminophen in mice (74).

CYP 2D6. Overall CYP 2D6 plays a minor role in the oxidation of acetaminophen to
NAPQI (ranging from 4.5% to 22% of total thioether conjugates formed in a panel of
human liver microsomes) as would be expected based on kinetic parameters (Table 1)
(62). However, CYP 2D6 is polymorphically expressed in humans, and it could contribute
significantly in CYP 2D6 ultrarapid and extensive metabolizers (75), and put some popula-
tions at greater risk of acetaminophen hepatotoxicity (76).

CYP 2E1. Although CYP 2E1 only accounts for about 5–10% of total P450 in most
human livers (77), this isoform appears to be the major isoform that catalyzes the oxidation
of acetaminophen to NAPQI in humans (60,64,65,78). It also forms significant amounts
of the catechol metabolite (Table 1) (60). CYP 2E1 will be discussed further below.

CYP 3A4. CYP 3A4 is the most efficient P450 in the oxidation of acetaminophen to
NAPQI (Table 1) (63,65). Its high abundance in human liver (about 30% of total hepatic
P450) (77) and relatively low Km would suggest that CYP 3A4 should be the most impor-
tant contributor to NAPQI formation from acetaminophen given at therapeutic doses in
humans. However, studies in vitro in human liver microsomes using troleandomycin as
an inhibitor of CYP 3A4 (63), and in vivo in humans using rifampin to induce CYP 3A4
(78), indicate that CYP 3A isoforms only contribute to about 10% of the oxidation of
acetaminophen to NAPQI. Because of its low Km and low Vmax, it is unlikely that CYP
3A4 is a major contributor at concentrations of acetaminophen (�1 mM) that are normally
achieved in cases of hepatotoxicity (79).

B. Factors that Influence Acetaminophen Metabolism and
Hepatotoxicity

This section will be limited to a discussion of those cases where there is substantial evi-
dence for modulating the hepatotoxicity caused by acetaminophen in humans. A much
more detailed discussion is provided in ref. 1.

1. Age

One of the few factors that has been reasonably well documented in humans that affects
the incidence of hepatotoxicity is age, and only in the sense that young children appear
to be less susceptible to hepatotoxicity caused by acetaminophen than adults (80). This
has been attributed to increased rates of sulfation of acetaminophen in children (81), and
to increased rates of glutathione resynthesis when the liver is challenged based on studies
in rats (82). When used properly in children, acetaminophen appears to be a very safe
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drug (83), but unintentional multiple overdoses of acetaminophen in children have led to
several cases of hepatotoxicity (84–89). A recommendation is that 60–90 mg/kg/day is
a reasonable therapeutic dose, but that repeated supratherapeutic dosing of greater than
90 mg/kg/day is inappropriate (90).

2. Drug-Drug Interactions

Although several chemicals, including many drugs, can induce CYPs that oxidize acet-
aminophen to NAPQI (27) (Table 14.1 in ref. 1), in only a few cases in humans on anticon-
vulsant drugs has the induction apparently led to hepatotoxicity caused by acetaminophen
(91–93). It may be that some drugs such as rifampin (94) also induce enzymes involved
in clearance of acetaminophen through nontoxic pathways, such as glucuronidation. Pro-
poxyphene is an analgesic often used in combination with acetaminophen that can cause
deaths in humans (95). This has been attributed to respiratory depression caused by pro-
poxyphene although some cases may involve induction of acetaminophen metabolism and
hepatotoxicity (95). In contrast, propoxyphene forms a tight-binding metabolite inhibitory
complex with P450 heme (96) that may have protected against hepatotoxicity after inges-
tion of a normally hepatotoxic dose of acetaminophen by an individual (97).

Other drugs known to inhibit and induce CYP isoforms involved in acetaminophen
oxidation in humans are isoniazid (98,99) and ethanol (100,101). A model of time-depen-
dent induction of CYP 2E1 by ligand stabilization, such that inhibition is observed while
the inducer is present and enhancement of activity occurs with removal of the inducer,
has been proposed (102) and was very predictive of the ethanol-acetaminophen interaction
in humans (101). Also, isoniazid was found to inhibit the oxidation of acetaminophen to
NAPQI in humans for nearly 24 h after coadministration (98,103), but between 24 and
48 h after administration, significant increases in its formation were observed that may
have contributed to hepatotoxicity and nephrotoxicity in some patients who received acet-
aminophen after taking isoniazid (104–106).

Although it seems clear that chronic ingestion of alcohol puts humans at greater
risk of acetaminophen-mediated hepatotoxicity (for reviews see refs. 1,107–109), the ma-
jority of cases appear to involve accidental overdoses of acetaminophen in chronic alcohol
abusers (110,111). Also, as previously discussed (100,101), induction of CYP 2E1 by
ethanol stabilization of this isoform is likely to increase NAPQI formation only 2–3-fold,
and additional factors such as other mechanisms of CYP 2E1 induction (112), alterations
in hepatic GSH status (113,114), and poor nutritional status (115–117) are likely to be
important contributors to hepatotoxicity. Furthermore, induction of other CYP isoforms
(such as CYP 3A isoforms) by ethanol and other alcohols present in alcoholic beverages
may play a role in increased risk of hepatotoxicity caused by chronic alcohol ingestion
based on studies in animals (118,119), although induction of CYP 3A isoforms in humans
does not appear to significantly increase acetaminophen oxidation to NAPQI (78).

Acetaminophen has been safely used for many years as the analgesic/antipyretic of
choice in patients taking the narrow therapeutic index anticoagulant warfarin, with only
a few case reports of enhanced anticoagulant effect (120–123). However, a retrospective
study (124) has suggested that acetaminophen is an underrecognized cause of excessive
anticoagulation in elderly patients. Results of a more recent case-controlled study did
not reveal any pharmacokinetic or pharmacodynamic alterations of warfarin caused by
acetaminophen (125), and acetaminophen does not significantly inhibit CYP 2C9 hydrox-
ylation of S-warfarin (126). However, unrecognized genetic and/or nongenetic factors
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may put some individuals at risk of hypocoagulation as a result of acetaminophen therapy
with warfarin.

C. Mechanisms of Reactive Metabolite Formation

Mechanisms of the oxidation of acetaminophen by cytochrome P450s to NAPQI, 3-hy-
droxyacetaminophen, and p-benzoquinone have been reviewed elsewhere (2,127). Briefly,
differential CYP isoform selectivity in the formation of NAPQI and the catechol metabo-
lite strongly implies that acetaminophen orients differently in the active sites of different
CYP isoforms, such that hydrogen atom removal by a high valency heme iron-oxo com-
plex, usually depicted as FeO3� or Fev � O, occurs to generate either an amide nitrogen
radical that rebounds to form a ternary enzyme-oxy-acetaminophen complex that essen-
tially dehydrates to yield NAPQI, or a phenoxy radical that rebounds via generation of a
stabilized semiquinone aryl radical to form the catechol metabolite.

Although there is no direct evidence to support these reactions, indirect evidence
from NMR paramagnetic-relaxation studies has demonstrated that acetaminophen binds
to the resting, ferric form of different rat CYPs consistent with the selective formation of
NAPQI by CYP 1A1 and 3-hydroxyacetaminophen by CYP 2B1 (128). Recently, we
have shown similar results with two purified human CYPs (61). The results show that
acetaminophen preferentially orients in CYP 2E1, which selectively forms NAPQI (60),
with the amide group significantly closer to the heme iron than the phenolic group (Fig.
3A), whereas the reverse is true with CYP 2A6 (Fig. 3B), which selectively forms the
catechol metabolite (60). It should be emphasized that these results do not confirm mecha-
nism, since it is known from time-resolved crystallographic studies of CYP 101 that
changes in its active site structure occur at every step of the reaction (129), and structural
changes upon reduction and oxygenation occur with other CYP active sites as well
(130,131). Nonetheless, based on the distances from the heme iron obtained for acetamino-
phen in the NMR paramagnetic relaxation studies and a CYP 2E1 homology model, a
possible mode of interaction of acetaminophen in the active site of human CYP 2E1 has
been described (132), and awaits testing and refining.

D. Reactive Metabolite Disposition

The discussion in this section will focus on the reactions of the major reactive and toxic
metabolite of acetaminophen, NAPQI. Although small amounts of quinones and qui-
noneimines of the catechol and its methylated metabolite are formed in mice (Fig. 1),
they are formed in larger amounts from a nonhepatotoxic regioisomer of acetaminophen,
3′-hydroxyacetanilide (133–135), and therefore, are unlikely to contribute significantly to
hepatotoxicity. Since NAPQI is a quinone imine that is both a strong oxidant and elec-
trophile, it can react in more than one way leading to both covalent and noncovalent
modifications of cellular constituents (1,2,6,7,28,56,127,136–138). A major unresolved
question is how important each of these modifications is in the pathogenesis of liver cell
injury.

1. Covalent Binding to Hepatocellular Proteins

At the organ level, covalent binding of acetaminophen to the liver of mice occurs in
hepatocytes in the centrilobular region, and this binding precedes cellular necrosis of those
hepatocytes (21,139,140). One study (140) showed colocalization of CYP 2E1 in necrotic
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Figure 3 (A) The favored orientation of acetaminophen in relation to the heme iron at the active
site of CYP 2E1 based on 1H-NMR relaxation studies. (B) The favored orientation of acetaminophen
in relation to heme iron at the active site of CYP 2A6 based on 1H-NMR relaxation studies.

cells in the liver and other necrotic tissues in mice that contained protein-bound acetamino-
phen. Studies of postmortem human livers from acetaminophen overdose cases have
shown acetaminophen adducts to proteins in the necrotic centrilobular regions (141), and
a strong correlation between plasma ALT and 3-(cysteinyl-S-yl) acetaminophen protein
adducts has also been observed in human acetaminophen overdose cases (142).

NAPQI is a soft electrophile that appears to form covalent adducts primarily, though
not exclusively, with cysteine residues on proteins (56,143–146). One study has provided
evidence that oxidation of acetaminophen by mouse liver microsomes yields lysine amino
adducts with some proteins (147), and minor amounts of noncysteinyl adducts of acetamin-
ophen have been detected in mouse liver (148).

Acetaminophen has been found to bind covalently in a stable enough form to several
hepatic proteins in the mouse that has allowed for the identification of the proteins (for
reviews, see refs. 1,2,149–151). For many of the proteins, investigations have not been
carried out to determine whether their function has been altered as a result of adduction
by NAPQI, but for a few, decreased catalytic activity or changes in function have been
measured (Table 2).



Acetaminophen-Induced Liver Disease 297

Table 2 Modifications to Proteins in Mouse Liver After In Vivo Administration of
Hepatotoxic Doses of Acetaminophen (see individual references for doses used and when livers
were obtained for measurements)

Activity Protein
Protein and subcellular localization Adduct (ref.) (ref.)a levelb

Cytoplasm
Selenium-binding proteins Yes (151–153) ↓↓
N-10-Formyl tetrahydrofolate dehydro- Yes (158) ↓↓ (158) ↓

genase
Glyceraldehyde-3-phosphate dehydro- Yes (146) ↓↓ (146)

genase
Albumin ↑↑
Glutathione peroxidases Yes (151) ↓↓ (136,159) ↓
Thioether S-methyltransferase Yes (151) ↓
Aryl sulfotransferase Yes (151)
Inorganic pyrophosphatase Yes (151) ↓
Proteasome subunit C8 Yes (151)
Methionine adenosyl transferase Yes (151) ↓↓

(synthetases)
Aldehyde dehydrogenases Yes (151) ↓
Osteoblast-specific factor 3 Yes (151)
Glutathione S-transferase Pi Yes (151) ↓
Glutathione S-transferase Alpha ↓↓
Carbonic anhydrase III Yes (151) ↑c

Sorbitol dehydrogenase (fragment) Yes (151) ↓↓d

Glycine N-methyl transferase Yes (151)
3-Hydroxyanthranilate 3,4-dioxy- Yes (151) ↓

genase
Adenosine kinase ↓
Phosphoenolpyruvate carboxykinase ↓↓e

Superoxide dismutase [Cu-Zn] ↓↓
Thioredoxin peroxidase 1 ↓d

Endoplasmic Reticulum
Glutamine synthetase Yes (160) ↓↓ (160,161)
Calreticulin precursor (crp 55, erp 60) In vitro only (147) ↑
A probable protein disulfide isomerase In vitro only (147) ↓↓d

(er-60)
Mitochondria
Aldehyde dehydrogenase Yes (151,162) ↓↓ (162) ↓d

Glutamate dehydrogenase Yes (163) ↓↓ (163) ↓d

Carbamyl phosphate synthetase-I Indirect evidence only (161) ↓↓ (161) ↓
ATP synthetase α subunit Yes (151)
Housekeeping protein Yes (151)
Matrix protein P1 (hsp-60, GroEl ↓↓

protein)
Mitochondrial stress-70 protein pre- ↓↓

cursor (grp 75)
Thioredoxin-dependent peroxide reduc- ↓↓

tase 2
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Table 2 Continued

Activity Protein
Protein and subcellular localization Adduct (ref.) (ref.)a levelb

Nucleus
Lamin A Yes (156)
Cytoskeleton
Tropomyosin 5 Yes (151) ↓d

Actin ↓d

Peroxisomes
Likely 2,4-dienoyl-CoA reductase Yes (151)
Urate oxidase Yes (151) ↓
Catalase ↓d

Other
Tumor necrosis factor, type 1 receptor ↓↓

associated protein
Senescence marker protein-30 ↓↓

(smp-30)

a Double arrows indicate significant decreases in enzyme activity were observed. Note: The relatively nonhepato-
toxic regioisomer 3′-hydroxyacetanilide caused significantly less decrease in the activity of glyceraldehyde-3-
phosphate dehydrogenase (146) and glutathione peroxidase (136). The effects of this isomer on other enzyme
activities have not yet been determined.
b See ref. 154 for more information. A double arrow indicates significant decreases (↓↓) or increases (↑↑) in
levels of proteins 8 h after doses of 300 mg/kg in mice. A single arrow indicates a trend toward a decrease (↓)
or increase (↑). Note: The relatively nonhepatotoxic regioisomer 3′-hydroxyacetanilide did not significantly
change protein expression levels except as indicated below.
c The relatively nonhepatotoxic regioisomer 3′-hydroxyacetanilide caused a small increase in protein expression
level.
d The relatively nonhepatotoxic regioisomer 3′-hydroxyacetanilide caused a small decrease in protein expression
level.
e The relatively nonhepatotoxic regioisomer 3′-hydroxyacetanilide caused a significant decrease in protein ex-
pression level.

The first protein, or group of proteins, that were well characterized as forming ad-
ducts with reactive metabolites of acetaminophen were 55–58-kDa cytosolic proteins that
are very similar to cytosolic selenium-binding proteins whose function is not well under-
stood (2,152,153). These proteins have also been found to decrease in concentration in
mouse liver after acetaminophen treatment, but not after treatment with the nonhepatotoxic
regioisomer 3′-hydroxyacetanilide (154) (Table 2). This regioisomer does form reactive
metabolites that covalently bind to the same set of selenium-binding proteins, but the
adducts seem to be less stable (155). Preliminary evidence has been presented that the
acetaminophen-adducted protein translates to the nucleus as a possible signal of electro-
phile damage (156). A recent report also implicates a 56-kDa selenium-binding protein
in intra-Golgi protein transport (157), and it will be of interest to determine whether acet-
aminophen affects this function.

From Table 2 it can be seen that several cellular dehydrogenases form adducts with
acetaminophen reactive metabolites, and where measured, their activities are significantly
decreased. Such reactions would favor an oxidant state in cells, and ATP synthesis could
be impaired. It is interesting that ipso adduct forms of NAPQI (see discussion below)
resemble the NADH and NADPH products of cofactor reduction, which may explain in



Acetaminophen-Induced Liver Disease 299

part the selectivity of NAPQI for these enzymes. Moreover, a mitochondrial housekeeping
protein that is a precursor to thioredoxin reductase, a selenoprotein requiring NADPH for
its activity (164–166), is also adducted (Table 2) (151).

In general, mitochrondria appear to be an important target for the pathogenesis of
acetaminophen hepatotoxicity. This organelle sustains high levels of protein adduct forma-
tion after hepatotoxic doses of acetaminophen in mice. In comparison, there is little bind-
ing to mitochrondrial proteins with doses of the relatively nonhepatotoxic analog 3′-
hydroxyacetanilide, despite similar amounts of overall cellular adduct formation (134,
135,167). However, when mitochrondrial GSH is depleted in mice, 3′-hydroxyacetanilide
does bind to hepatic mitochrondrial proteins, alters mitochrondrial function, and hepato-
toxicity ensues (168). Mitochrondria are also one of the earliest organelles to undergo
both morphological (169,170) and functional (134,136,171–177) changes in hepatocytes
after hepatotoxic doses of acetaminophen. Significant decreases in rates of ATP synthesis
(177) and ATP concentrations (136,175,177–179) occur, and mitochrondrial ATP synthe-
tase appears to be a target of acetaminophen-mediated damage (151,180).

Several other enzymes, and a few receptor and structural proteins, form covalent
adducts with reactive metabolites of acetaminophen (Table 2) but it is not yet known if
their activities or functions are affected. Furthermore, the time courses of adduct forma-
tion, repair, and/or degradation, and of activity and function are unknown for most of the
proteins identified (see below). Finally, the effects of acetaminophen on human liver pro-
teins and their activities have not been investigated. The use of human liver tissue, liver
slices, and hepatocytes, and functional proteomics approaches should yield substantial
new information in all of these areas.

2. “Noncovalent” Interactions with Cellular Proteins

As evident from Table 2, there are some hepatic proteins whose basal levels are decreased
after acetaminophen administration to mice, yet no protein adducts have been identified.
Additionally, it is known that hepatotoxic doses of acetaminophen affect some hepatocyte
enzyme activities early in the pathogenesis of toxicity without detectable adduct formation.
For example, there is evidence that acetaminophen, through its reactive metabolite NAPQI,
inhibits calcium-dependent ATPases (134,136,181–185), but no adducts to these ATPases
have been identified. Hepatocyte plasma membrane Na�/K�-ATPase activity is also sig-
nificantly inhibited after hepatoxic doses of acetaminophen in rats (186), and despite at-
tempts to detect adducts, none have been detected to this ATPase (150). Xanthine dehydro-
genase in mouse liver is converted to its oxidase form after administration of hepatotoxic
doses of acetaminophen (136,179) and may represent another indicator and mediator of
oxidant stress. Finally, protein phosphatase activity is decreased prior to evidence of cyto-
toxicity in mouse hepatocytes after exposure to toxic concentrations of acetaminophen,
with no evidence of acetaminophen binding to the phosphatase enzymes (187).

Although there are several possible explanations for these observations, including
activation of proteases and/or signal transduction pathways, another possibility is that
protein ipso adducts of NAPQI may form that react with cellular thiols to form S-thiolated
proteins with modified activities. Glutathionyl and cysteinyl ipso adducts of NAPQI have
been characterized, and evidence for protein ipso adducts of NAPQI with inhibition of
protein activity has been presented (55,56,185). It is unlikely that these ipso adducts are
stable enough to be detected as protein adducts under the conditions of gel electrophoresis
that have been used to separate adducted proteins prior to their identification by either mass
spectral or immunochemical methods. However, there is evidence that S-glutathionylated
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Figure 4 Possible reactions of NAPQI with protein thiols to generate a stable 3′-protein thiol
adduct and unstable ipso protein thiol adduct that can form S-glutathionylated proteins that can
further react with GSH to regenerate the free protein thiol and oxidized glutathione (GSSG).

proteins formed from these ipso adducts contribute to hepatocellular damage. First, both
hepatic nonprotein and protein thiols are oxidized in mice within the first few hours after
administration of hepatotoxic doses of acetaminophen (136,179). Second, some thiol com-
pounds protect against hepatocellular injury caused by acetaminophen and NAPQI without
significantly decreasing the levels of acetaminophen protein adducts (188–191). Third,
3′-hydroxyacetaminophen covalently binds to proteins but causes very little protein thiol
oxidation and is relatively nonhepatotoxic (136,188). Finally, the time course of increases
in GSSG concentrations in hepatic tissue in the pathogenesis of acetaminophen toxicity
is consistent with the resynthesis of GSH a few hours after its initial rapid depletion by
both covalent interaction with NAPQI and formation of protein ipso adducts of NAPQI
(Fig. 4), and is consistent with reaction of the newly synthesized GSH with the ipso adducts
to form GSSG and S-glutathionylated proteins (56,134,188). Alternatively, increases in
GSSG in hepatocytes, observed particularly in mitochondria, does occur in the 4–6-h time
period after acetaminophen administration when hepatocytes begin to show overt signs
of pathophysiological damage, and may simply be a result of tissue injury (138,192–194).

3. Lipid Peroxidation and Related Oxidative Events

Although some products of lipid peroxidation have been observed in mice and rats after
hepatotoxic doses of acetaminophen (195–197), the products generally appear after he-
patic damage has commenced, whereas they occur in the initiation stages of liver injury
caused by such agents as carbon tetrachloride (198–201). In humans, F2-isoprostanes were
measured as a sensitive marker of lipid peroxidation and were significantly (�9-fold)
elevated in the plasma of 10 patients with acute liver and renal failure associated with
acetaminophen overdose (202), but this was most likely late in the course after severe
injury since serum F2-isoprostanes are not elevated in the first 6 h after hepatotoxic doses
of acetaminophen in rats (201).
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Other products of oxidative stress potentially caused by acetaminophen radicals and
their secondary oxyradical products include protein carbonyls. However, these products
were not increased in rats administered hepatotoxic doses of acetaminophen, though they
were increased with the hepatotoxic redox cycling compound diquat (203). Protein carbon-
yls were modestly elevated in livers of mice administered hepatotoxic doses of acetamino-
phen, but only when the mice were pretreated with ferrous sulfate (204). It is also notewor-
thy that agents that protect against radical-mediated oxidant stress, such as the iron chelator
deferoxamine, can delay the development, but not decrease the extent, of hepatotoxicity
caused by acetaminophen (205–207). Again, the data suggest that oxyradical-mediated
oxidant events are not initiating events in the course of acetaminophen hepatotoxicity, but
rather occur later, likely as a result of Kupffer cell activation (208,209), and protection
afforded against acetaminophen hepatotoxicity by such agents as liposome-encapsulated
superoxide dismutase in vivo in rats (210) is most likely related to scavenging of superox-
ide generated by phagocytic cells.

One mechanism for radical-mediated oxidation would be redox cycling of NAPQI.
Although the semiquinone imine radical of NAPQI can be formed either by one-electron
oxidation of acetaminophen by cyclooxygenases (211,212) and peroxidases (213,214), or
by one-electron reduction of NAPQI (215,216), the semiquinone imine radical has a rela-
tively high redox potential that would not favor direct reduction of oxygen to the superox-
ide radical anion (217). However, superoxide anion may be generated in coupled reactions
of the semiquinone imine with glutathione or NAD(P)H (218,219) or the ferrous-oxy form
of cytochrome P450 (220). Thus, we cannot rule out the possibility that, under some
conditions, radical-mediated oxidant stress may play a role in the initiating events leading
to hepatocellular injury, and new functional genomic and proteomic approaches may help
resolve this issue.

III. LATE EVENTS IN ACETAMINOPHEN-INDUCED HEPATOTOXICITY

A. Introduction

According to the “covalent binding hypothesis,” the events that follow bioactivation and
covalent modification of cellular macromolecules by reactive metabolite(s) result in subse-
quent chemically induced cell death and organ damage. In the case of liver injury produced
by acetaminophen, an unequivocal causal relationship between the loss of function of a
protein “target” and eventual cell death has not yet been demonstrated. Nonetheless, the
molecular mechanisms of acetaminophen-induced hepatotoxicity represent an active area
of research with considerable relevance to other drug- and chemically induced injuries.
In this section more recent studies will be reviewed, in particular those utilizing transgenic
or knockout approaches. Where possible, these will be placed into perspective with the
considerable body of work available on acetaminophen-mediated hepatotoxicity.

For ease of study, the organ damage produced by acetaminophen can be subdivided
into two components, namely an initial (or intrinsic) cell death phase followed by a delayed
(or extrinsic) phase. These correlate approximately with the stage 1 and stage 2 classifica-
tions of Bessems and Vermeulen (2). The intrinsic phase is widely believed to result from
the loss of a critical cellular function(s) after covalent modification of an important target
protein or proteins. Although many biochemical parameters associated with the typical
centrilobular hepatocyte death observed after acetaminophen overdose have been studied,
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especially in animal systems, the consequences of such alterations to cellular homeostasis
are still mostly unknown. As will be discussed further below, the pathological sequelae
of acetaminophen-induced hepatotoxicity are likely to be considerably more complex than
outlined by Prescott in 1996; i.e., “Overall, the probable mechanism was depletion of
cellular glutathione by N-acetyl-p-benzoquinone imine followed by covalent binding to,
and oxidative depletion of, protein thiol groups causing disturbances of intermediary me-
tabolism and calcium homeostasis” (1, p. 330).

The extrinsic phase of acetaminophen-induced liver injury is equated with the re-
cruitment of immune surveillance and represents the response to loss of cellular integrity
during the intrinsic phase. Consequently, this phase of acetaminophen-induced hepatotox-
icity adds to the complexity of the initial intrinsic damage with the addition of cytokine/
chemokine mediators and further nonparenchymal and nonhepatic cell types. With such
increased complexity the probability for simple therapeutic interventions may be appropri-
ately decreased, although recent animal studies have shown promise in protecting against
hepatotoxicity by inhibiting aspects of the extrinsic inflammatory response. At present the
only clinical strategy of choice for the treatment of acetaminophen-induced hepatotoxicity
remains N-acetylcysteine (221). The benefit of N-acetylcysteine is maximal early after
poisoning, most likely either by increasing intracellular GSH levels or by acting as an
antioxidant during the intrinsic phase, but can be useful for late presenters (10–24 h). The
prospect remains that more effective clinical strategies to treat acetaminophen-induced
hepatotoxicity, or other drug-induced hepatotoxicities, will result from the interest now
evident in the mechanistic aspects of intrinsic cell death and modifications to the extrinsic
pathway of damage to the liver.

B. The Intrinsic Cell Death Pathway

Historically, the mechanisms of acetaminophen-induced cell death have focused on the
broad classifications of protein modification by arylation or indices of cellular oxidative
stress (e.g., lipid peroxidation; see above) (137,150,204). The hepatotoxicity produced
from an excessive acetaminophen dose is distinctive in that both protein covalent modifi-
cation events and oxidative stress appear to be important in the final development of
(cyto)toxicity. Nonetheless, as indicated earlier, the relative contribution of protein modi-
fication in comparison to cellular redox alterations has not been well defined for acetamin-
ophen-induced cytotoxicity.

In short, although an excellent correlation has generally been observed between the
extent of damage and the magnitude and location of covalent binding, some studies have
dissociated the two phenomena (222–224). There are no examples, however, where cell
death or liver injury caused by acetaminophen has been shown in the absence of covalent
binding of the reactive intermediate(s). This has led to a paradigm shift favoring the exis-
tence of critical protein targets in the ultimate expression of acetaminophen-induced cell
death. As detailed earlier and in Table 2, proteomic and more traditional protein identifica-
tion methods have identified a complete complement of cellular proteins modified by
NAPQI. Their identities provide support for the perturbation of cellular homeostasis by
redox and nonredox mechanisms (refer, for example, to arylation of the proteasome C8
subunit, ATP synthetase α subunit, thioredoxin reductase, and GSH peroxidase) (151).
Significantly, some of the most prominently modified proteins either have no known bio-
logical function (i.e., selenium- or acetaminophen-binding protein) or have many functions
(glyceraldehyde-3-phosphate dehydrogenase) (225). Moreover, many in vitro studies, us-
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ing modifying agents such as antioxidants or metal ion chelators (226), have indicated
that cellular oxidative stress plays a significant factor in acetaminophen-induced acute
cytotoxicity (227,228). These studies also invariably indicate that injury progression can
be delayed but not totally inhibited. In comparison, there have been relatively few in vivo
studies that address the role of reactive oxygen species (ROS) in acetaminophen-mediated
cell death. Furthermore, although methodological considerations frequently limit direct
comparison, many studies appear in conflict (136,161,229–231). As a specific example,
Gupta and colleagues (161) have recently confirmed their earlier work indicating no pro-
tein sulfhydryl (PSH) loss after acetaminophen treatment yet Birge and co-workers
(231)—using essentially identical procedures of monobromobimane fluorescence and gel
electrophoresis—found clear PSH losses. A further limitation is that the extent of inhibi-
tion of damage by antioxidant or chelator treatment in vivo is usually far less than that
observed with “comparable” in vitro studies (207,232).

There are, however, carefully designed in vivo studies that are strongly suggestive
of a ROS contribution and these provide a basis for ultimately resolving this intriguing
issue (210,233,234). These are discussed further in the following section and are notewor-
thy as an illustration of the extent of protection, or exacerbation, of damage possible in
various transgenic lines modulating responses to ROS production.

1. Glutathione and Other Detoxification Pathways in Acetaminophen-
Induced Hepatotoxicity

Transgenic and knockout animal studies have offered the promise of resolving these ques-
tions and also providing new avenues for the study of acetaminophen-induced hepatotoxic-
ity. The findings to date, however, have only added to the enigma that is acetaminophen-
induced cell death and liver injury. Nowhere is the conflict between traditional biochemical
toxicology and more recent genetically based animal studies more apparent than with the
role of nucleophilic tripeptide glutathione (GSH) in detoxification. Conjugative (phase 2)
metabolism of acetaminophen with GSH has generally been considered straightforward—
if not trivial. Consequently, enzymatic or nonenzymatic nucleophilic addition of GSH
with NAPQI is thought to provide the terminal metabolic step in the liver. Several new
studies, from diverse sources, now challenge this simplistic view and provide renewed
interest in the field.

Henderson et al. (233) have examined the absence of glutathione S-transferase iso-
zymes Pi1 and Pi2 on acetaminophen-induced hepatotoxicity. Contrary to expectations
the homozygously deficient GstP1/P2 (�/�) animals were protected from the hepatotoxic
effects of acetaminophen. Protection in the nulled animals could not be attributed to alter-
ations in bioactivation of acetaminophen to NAPQI as acetaminophen metabolism and
binding were unaffected. Moreover, in keeping with the extent of liver damage, resistant
GstP1/P2 (�/�) animals showed a good recovery of hepatic glutathione to near-normal
levels after an initial decline whereas no recovery was evident in GstP1/P2 (�/�) ani-
mals. The rebound in free hepatic GSH in the GstP1/P2 (�/�) group after acetaminophen
administration is consistent with an upregulation of novel compensatory processes to pre-
vent cellular redox status changes and may even be compatible with the recently proposed
function for selenium/acetaminophen-binding proteins as redox stress sensors (2). Alterna-
tively, upregulation of either γ-glutamylcysteine synthetase or glutathione synthetase may
be occurring. The authors, however, report no change in the content of either of these
GSH synthetic enzymes and enzymatic activities were not determined. Given the poor
correlation between γ-glutamylcysteine synthetase protein levels and activity (235) it will
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be of interest to determine γ-glutamylcysteine synthetase activities in GstP1/P2 (�/�)
mice in the future.

These findings also hint at additional, as yet uncharacterized, functions for GST Pi
within the hepatocyte. This possibility is raised with the observation that GST Pi activity
inhibits Jun N-terminal kinase (JNK). Consequently, removal of GST Pi activity may
constitutively activate JNK, a condition associated with the induction of cell death by
apoptosis (236). On a more speculative note, GST Pi may be involved in glutathiolation
pathways thereby inhibiting signal-transducing activities such as protein tyrosine phospha-
tase 1B (237)—an activity also inhibited with excessive acetaminophen concentrations
(187). Potential transport of NAPQI from its site of generation in the endoplasmic reticu-
lum to mitochondria and other target organelles may be made possible via transient ipso
adduct formation (see above) with GST. Consequently, the removal of the GST protein
target could decrease intracellular transport of the reactive intermediate, thereby limiting
damage within the hepatocyte.

Finally, it should be emphasized that GST Pi is itself arylated by acetaminophen
(151) (Table 2). As will be discussed below, this is likely to impact on the cellular homeo-
stasis of GST Pi deficient transgenic animals following acetaminophen overdose.

The intriguing observations of Henderson et al. (233) are supported by the comple-
mentary findings of Rzucidlo et al. (238), who examined acetaminophen hepatotoxicity in
animals with elevated GSH levels via transgenic overexpression of glutathione synthetase.
Again, contrary to expectation, elevated hepatic GSH levels failed to protect against
acetaminophen-induced damage. Both biochemical and histopathological criteria indicated
increased hepatic injury in the transgenic animals with �200% elevation of serum ALT
levels and increased severity and extent of centrilobular necrosis. Moreover, the level
of hepatotoxicity was further increased by injection of the GSH synthetase substrate γ-
glutamylcysteine ethyl ester (γ-GCE), which resulted in additional liver GSH levels. Al-
though evidence for nephrotoxicity was minimal in nontransgenic animals, it was clearly
evident in acetaminophen-treated GSH-overproducing transgenics presumably via down-
stream mercapturate pathway processing of systemically elevated acetaminophen-GSH
conjugate.

A comprehensive study of the effects of transgenic overexpression of three enzymes
important in protection against ROS, namely glutathione peroxidase extracellular form
(GPe), glutathione peroxidase intracellular form (GPi), and Cu/Zn-SOD (SOD1), was un-
dertaken by Mirochnitchenko et al. (234). The results indicated that overexpression of
either GPe or SOD1 resulted in near-total protection from acetaminophen-induced hepato-
toxicity and morbidity indicating that circulating levels of ROS contribute significantly
to the ultimate expression of injury. Moreover, Mirochnitchenko et al. (234) observed that
intravenously injected glutathione peroxidase protected against subsequent acetaminophen
challenge, thereby elegantly confirming from two perspectives the earlier work of Nakae
et al. (210). As further confirmation of many previous reports, the authors also observed
a lack of correlation between hepatotoxicity and animal survival with the level of lipid
peroxidation.

However, in a surprising finding that parallels the observations of Henderson et al.
(233) and Rzucidlo et al. (238), transgenic overexpression of GPi produced considerably
more hepatotoxicity and decreased survival (234). One possible interpretation of these
data is that GPi overexpression results in an alteration of the cellular redox setpoint toward
reductive stress, thereby increasing intrinsic injury. The complexity of this issue is illus-
trated by the growing body of evidence indicating that there is a fine line between cellular
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protection and cellular toxicity with regard to ROS production. For example, using knock-
out transgenic animal models, the importance of Mn-SOD (SOD2) and Cu/Zn-SOD
(SOD1) in protecting against ROS-mediated damage has been shown (239–242). How-
ever, enzymes that metabolize reactive oxygen species can also have prooxidant effects
depending on the level of expression and the balance with other enzymes. As with the
present case of GPi overexpression in acetaminophen-mediated injury, there are examples
of SOD overexpression resulting in increased ROS production and cell death (243,244).
We note here again that the increased toxicity associated with GPi overexpression is in
a protein previously identified as a target for the reactive metabolite of acetaminophen
(151) (Table 2). The potential significance of this is discussed later.

In contrast to traditional biochemical toxicology studies (e.g., 245–247) the unex-
pected findings from these transgenic and knockout experiments require an examination
of the role of GSH conjugation in acetaminophen metabolism and toxicity. The acetamino-
phen-GSH conjugate itself may have cytotoxic potential possibly from further metabolism
within the hepatocyte and warrants further investigation.

The data of Mirochnitchenko et al. (234) indicating a sizable oxidative stress compo-
nent to acetaminophen-induced liver damage are supported by the findings of Enomoto
et al. (247). Substantial, but not complete, protection from acetaminophen-induced liver
damage was evident using very young mice deficient in the antioxidant-responsive element
(ARE)-directed transcription factor NRF2 (247). As several important detoxification en-
zymes (notably catalase, SOD1, γ-glutamylcysteine synthetase, and UDP-GTs) are under
ARE control, these findings suggest the important contribution of these components in
the detoxification pathways of acetaminophen metabolism. However, the authors did not
confirm the contribution of oxidative stress more specifically by assessing catalase and/
or SOD1 activities in nfr2 (�/�) animals, inasmuch as upregulation of γ-glutamylcysteine
synthetase and UDP-GTs can protect by mechanisms unrelated to oxidative stress.

General agreement exists for a protective role for metallothionein during acetamino-
phen-induced hepatotoxicity. Both Rofe et al. (248) and Liu et al. (249) have observed
an exacerbation of injury in mice nulled in both the metallothionein-I and metallothionein-
II genes [MT (�/�)]. Rofe et al. (248) observed large increases in biochemical indices
of hepatotoxicity, and commensurate alterations to plasma and tissue zinc levels, with MT
(�/�) mice after acetaminophen dosing. Of relevance to the mechanism of injury was
the observation that toxicity was not found when glycolytic capacity, and presumably
hepatic ATP, were maintained (see below). Essentially identical findings were observed
by Liu and colleagues (249) with only minor discrepancies likely attributable to variations
in the genetic background of the animals (i.e., mice were less sensitive to acetaminophen).
Both studies attribute the protective effects of metallothionein I and II to the antioxidant
properties of metallothionein although other mechanisms were not considered. For exam-
ple, the contribution of changes in cellular zinc levels on apoptotic processes should not
be underestimated. Liu and colleagues (249) further proposed, by association, an early
lipid peroxidation component to injury. As a corollary, the possibility remains that the
protective effects observed with nrf2 (�/�) mice (247) are mediated in part via metallo-
thionein I, since metallothionein I is regulated by the ARE (250).

2. Cell Biology of Acetaminophen-Induced Cytotoxicity

The downstream cellular responses to acetaminophen-initiated damage are clearly multi-
faceted and complex. These pleiotypic effects include the well-studied examples of GSH
depletion, cellular redox imbalances, oxidation of protein thiols, and alterations to calcium
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homeostasis with associated DNA fragmentations (reviewed in refs. 1,2,6,127,150,204).
Other cell biological changes are only now being addressed. These include, but may not
be limited to:

Arylation-mediated disruption of protein structure and induction of stress proteins
Organellar/cellular effects of ATP/NAD(P)H declines following inhibition of inter-

mediary metabolism (e.g., autophagy and/or mitochondrial proliferation)
Perturbations of cellular regulatory and housekeeping pathways (e.g. proteolysis)
Pathological changes to signal transduction pathways

How these areas integrate with the mechanism of cell death and the identities of
proteins modified by reactive intermediate(s) of acetaminophen is not known, but exciting
glimpses of future directions are becoming evident. For example, stress proteins are in-
duced during acetaminophen-induced injury as might be expected from the protein-
denaturing capacity of acetaminophen-reactive intermediate(s) (251). In particular, the
inducible form of cytosolic stress protein 70 kDa (HSP70i) and HSP25 are elevated follow-
ing acetaminophen exposure within, or proximal to, the area of damage. In comparison,
HSP70i or HSP25 were not induced following treatment with the relatively nonhepatotoxic
isomer 3′-hydroxyacetanilide, despite equivalent levels of reactive intermediate binding.
The authors attribute these differences to the specific targets adducted by acetaminophen in
comparison to 3′-hydroxyacetanilide. This is supported by the published and preliminary
findings that acetaminophen hepatotoxicity is distinguished by covalent modification of
mitochondrial proteins (134,155,252).

The data of Salminen and colleagues (251) are given additional significance with
recent reports indicating that HSP70i can bind to, and inhibit, APAF1 (cytosolic apoptotic
protease activating factor 1). When fully active, APAF1 is a large complex consisting of
cytochrome c, procaspase 9, and dATP/ATP that is of central importance to apoptotic
cell death (253,254).

Considerable debate and confusion surround the mechanism of acetaminophen-
induced intrinsic cell death (i.e., prior to immune system involvement). Acetaminophen-
induced cell death and hepatotoxicity have been traditionally viewed as necrotic, although
some recent studies have proposed an apoptotic component (232,255). In keeping with
HSP70i induction and inhibition of APAF1 (251,253,254), two recent studies have failed
to find evidence of caspase activation after hepatotoxic doses of acetaminophen (246,256).
As the caspase family of proteases represents the primary proteolytic component of the
better-studied examples of apoptosis, these studies would appear to negate an apoptotic
involvement in acetaminophen-mediated cell death. Our own data support the relative
absence of caspase activation with marginal, and most likely biologically insignificant,
increases in caspase-3-like (DEVDase), caspase-9 and caspase-6 levels during acetamino-
phen treatment in vivo (257) or in vitro (258). Nonetheless, we have observed alterations to
hepatic subcellular processing and localization of the proapoptotic BCL-2 family member,
BAX, very early after acetaminophen administration (257). Moreover, acetaminophen-
induced cytotoxicity can be efficiently prevented by overexpression of BCL-Xl, the pre-
dominant antiapoptotic BCL-2 family member found in the liver (259,260).

Consequently, given these conflicting signals occurring early in the intrinsic cell
death process, it may not be appropriate to classify acetaminophen-induced cell death as
either apoptotic or necrotic. The question that should be addressed then is “What are the
defining attributes of acetaminophen-induced cell death?” instead of “Is acetaminophen-
mediated cell death apoptotic or necrotic?” Moreover, increasing evidence now points not
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Figure 5 Depiction of several cellular organelles and biochemical pathways that appear to be
affected in the hepatocyte as a result of NAPQI formation from acetaminophen and that appear to
be involved in the pathogenesis of hepatocellular injury. The scheme does not include events and
pathways extrinsic to the hepatocyte (see text for discussion).

to a bipolar pattern of physiological or pathological cell death. Instead, a spectrum of
characteristics define cell death with apoptosis and necrosis occupying the extreme ends
of the classification (261). From this viewpoint differing aspects of the cell death routine
may be initiated depending on various factors, including ATP depletion (262) and/or the
concentration of the toxicant (263). As discussed previously, excessive acetaminophen
concentrations will result in the arylation of the ATP synthetase α subunit (151), and large
depletions of cellular adenine pools (in particular ATP) are an early functional conse-
quence of this modification (136,175,177–179). Such depletions of ATP (approximately
60% of total hepatic content, and probably near-complete depletion within the area of
centrilobular damage) must clearly impact on a considerable number of cellular processes.
Therefore, it is perhaps not surprising that changes in cell death phenotype are observed
with modulations of cellular ATP content (264).

The multifaceted nature of the cellular events occurring in response to acetamino-
phen exposure is represented in Fig. 5 and is by necessity incomplete. A challenge for
the future will be to determine the critical pathways ultimately determining cell death
susceptibility amid this considerable complexity.

3. A Model for Future Genetic Studies Examining the Cell Biology of
Acetaminophen-Induced Cytotoxicity

Aside from the well-studied examples of acetaminophen-induced lipid peroxidation and
sulfhydryl/redox status, many of the cellular alterations occurring within the hepatocyte
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are mostly unexplored and represent nascent areas for investigation (Fig. 5). An important
area that has received little attention to date is the impact of acetaminophen on the removal
of abnormally folded proteins prior to aggregation. The unexpected results of Henderson
et al. (233) and Mirochnitchenko et. al. (234) provide support for this as they share a
common attribute, namely, the genetic modification of acetaminophen target proteins pre-
viously identified from proteomic studies. Since both GST Pi class and GPi are arylated
(151), the extent of cell death may be particularly prone to either overexpression (234)
or ablation (233) of the target protein. Consequently, overexpression of an acetaminophen
target protein, irrespective of its biological function, may be expected to increase cell
death and hepatotoxicity by providing a “sink” for generated reactive intermediates
(NAPQI) (234). Under conditions of sizable ATP depletion the consequences of this would
be overloading of the proteolytic quality control and removal systems of the hepatocyte
(Fig. 6). The opposite would be true for ablation of an acetaminophen target, as indeed
found by Henderson et al. (233), with protection of damage after removal of this important
detoxification enzyme.

One would predict that, with cellular ATP depletion, the overexpression of any
identified acetaminophen target protein would increase hepatotoxicity, whereas the null
genotype would correspondingly prevent liver damage after acetaminophen dosing. Fortu-
nately, there are many alternatives available from the list of identified acetaminophen
target proteins to test this hypothesis (146,150,151). Finally, as has been observed through-
out the literature, increased glycolysis and elevated cellular ATP levels can be hepatopro-
tective (248,265). Under conditions of surplus ATP, cellular proteolytic capacity is main-
tained and the elimination of acetaminophen-modified target proteins is not compromised
(Fig. 6).

Figure 6 Hypothetical scheme for how the removal or overexpression of target proteins may
affect hepatotoxic response to acetaminophen.
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Determining the significant cell biological effects of acetaminophen-induced organ
damage and its relationship to early adduction events appears to be the key to defining
the mechanism of intrinsic cell death. How the hepatocyte responds to acetaminophen-
mediated postadduction events will also likely reveal fundamental principles of the cellular
response(s) to other hepatotoxicants.

C. The Extrinsic Cell Death Pathway

1. Role of Cytokine Mediators During Acetaminophen-Induced Liver
Injury

The liver is an organ capable of mounting a major inflammatory response. Up to 35% of
all liver cells are nonparenchymal (constituting the sinusoidal endothelium, Kupffer cells,
and Ito cells). These cell types, in addition to infiltrating cells such as macrophages, are
implicated in both the protective and the pathological (i.e., necrosis/fibrosis) responses
of immune activation (266–268).

Although many cytokines/chemokines have been proposed to participate in the re-
sponses to acetaminophen exposure, the proinflammatory mediators have come under the
most scrutiny. The role of inflammation in acetaminophen-mediated liver injury is com-
plex with many proinflammatory mediators being implicated (e.g., TNF, Fas, IL-6/8,
MIP-2, MCP-1). With the influx of activated cells such as macrophages, neutrophils, and
monocytes comes the involvement of nitric oxide, superoxide anions, and other ROS. The
release of proteases from degranulation events further adds to the complexity. Nonetheless,
good evidence points to the potential for increased injury after hepatotoxicant exposure
as a result of such proinflammatory processes (269). As a consequence, the possibility
exists for the prevention of injury with treatments designed to inhibit extrinsic injury.
As mentioned earlier, Mirochnitchenko et al. (234) have observed substantial success in
preventing mortality after acetaminophen treatment in a transgenic mouse line overex-
pressing serum GPe enzyme. These data ultimately hold promise for a clinical alternative
to N-acetylcysteine since GPe would act at the level of inhibiting circulating ROS and
peroxides during the extrinsic (delayed) phase of injury progression.

Other strategies have also been employed to block inflammation and inhibit the
severity of extrinsic hepatitis after acetaminophen overdose. In a novel study, effective
protection against acetaminophen-induced hepatotoxicity was observed in mice treated
with an antisense oligonucleotide (ISIS 22023) specifically directed to inhibit Fas/CD95
expression as confirmed by a sensitive ribonuclease protection assay (270). These promis-
ing findings are in agreement with other studies that indicate a role for TNF in the delayed
progression of acetaminophen-mediated liver injury (271,272). However, an important
caveat is provided. The authors note that ISIS 22023 was not effective at higher doses of
acetaminophen, which “suggests that a reduction of Fas expression can reduce the severity
of liver damage caused by low dose, but cannot completely block the effects of high doses
of (acetaminophen).” Furthermore, the relative effectiveness of Fas-directed antisense
treatments with a more clinically relevant protocol was not examined. It would have been
of particular interest to determine the relative effectiveness of ISIS 22023 given at increas-
ing intervals after acetaminophen exposure. Under these more clinically realistic scenarios,
any reductions to the severity of hepatotoxicity (e.g., �12 h after acetaminophen) would
constitute an improvement on current N-acetylcysteine strategies (221).

The redundancy in function of proinflammatory mediators is illustrated by the well-
conducted TNF/lymphotoxin-α knockout studies of Boess et al. (273) and by analysis of
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TNF genotype in patients presenting with severe acetaminophen-induced hepatotoxicity
(274). Both studies concluded that TNF, or more widely sepsis, was unlikely to be a
primary factor in this form of hepatotoxicity. The complex interrelationship between acet-
aminophen and the extrinsic immune response is also highlighted by an observation that
acetaminophen itself can inhibit Fas/CD95 activation at the level of downstream caspase-
3 activation thereby blocking resultant apoptosis (256).

Taken collectively, the failure of ISIS 22023 and TNF receptor knockouts to prevent
hepatotoxicity at higher doses of acetaminophen argues for the importance of other media-
tors in the acetaminophen-generated extrinsic pathway. Indeed, TNF ligands and receptors
have many members and are accorded superfamily status (275). The apoptotic actions of
several proinflammatory agents, e.g., TNF and IL-1β, are considered to be mediated by
nitric oxide (NO). During inflammation an excessive production of reactive nitrogen and
oxygen species is typical, and the term “nitrosative stress” has been proposed as the nitro-
sative counterpart of oxidative stress (276). However, NO is also associated with antiapo-
ptotic actions and recent work indicates that these apparent discrepancies can be rational-
ized based on the concentration of NO and duration of release (277). The prevailing
opinion is that of a continuum with nitosative events, mediated through NO, serving signal-
ing functions whereas more irreversible oxidative modifications are associated with toxic-
ity (278). In this manner protein nitrosylation can be envisaged to either provide transient
cellular protection against damage or initiate cell death programs in the longer term.

Protein nitrotyrosine formation has been detected after acetaminophen administra-
tion and, in addition, the subsequent acetaminophen-induced liver damage can be mostly
prevented with inhibitors of macrophage activation (e.g., gadolinium chloride or dextran
sulfate) without observable inhibition of the extent of acetaminophen bioactivation (279–
283). Nonetheless, these animal studies have all required prior treatment with inhibitors of
macrophage/Kupffer cell activation. The relative effectiveness of more clinically realistic
treatment regimes, i.e., administration at increasing intervals after acetaminophen dosing,
is important and not known at present.

As with other areas in NO research, many issues that impact on the role of nitrosative
stress during acetaminophen-mediated injury have not yet been adequately defined. S-
Nitrosylation, particularly of cysteine thiols, is a major component of the biological effects
of NO (278) and has not yet been detected in acetaminophen-mediated hepatotoxicity.
Furthermore, the identification of nitrotyrosylated proteins in the area of centrilobular
damage is correlative only. Despite this good correlation, further studies will be needed
to identify nitrosylated proteins and relate protein identity to cell death in mechanistic
terms. For example, a speculation raised recently is that phosphatidylinositol 3-kinase may
be a nitrosylated species during acetaminophen-induced hepatotoxicity (280). If con-
firmed, this would still fall short of a causal relationship between phosphatidylinositol 3-
kinase and acetaminophen-induced cell death.

IV. CONCLUSIONS

Recent work has raised the possibilities of novel and more effective strategies to treat
accidental or intentional acetaminophen-induced hepatotoxicity. For example, confirma-
tion of a central role for BAX in the early cellular response to acetaminophen, as has
been shown for the CNS toxicant 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (284),
may allow for the therapeutic use of low-molecular-weight inhibitors of BAX oligomeriza-
tion to prevent early events in acetaminophen-induced hepatotoxicity.
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The possibility of effective, yet safe, inhibitors of the extrinsic response will allow
for treatment beyond the current time window available with N-acetylcysteine. However,
the lack of therapeutic strategies that stem from research in the secondary, extrinsic path-
way argues for a degree of immune complexity that may preclude effective clinical strate-
gies. Given this multifactorial complexity of the inflammatory response to acetaminophen-
mediated intrinsic injury, it may not be surprising if treatments designed to specifically
modulate only one chemokine/cytokine will turn out to be of limited clinical applicability.
Nonetheless, recent work with animal models holds considerable promise for future devel-
opments in this area.

In conclusion, determining the significant cell biological aspects of acetaminophen-
induced hepatotoxicity remains a formidable problem. How the hepatocyte responds to
the initiation of damage via protein adduction will undoubtedly reveal fundamental aspects
of hepatocyte biology and its response to external stress. In addition, the elucidation of
functions for the protein targets of NAPQI will provide information with respect to
basic processes in cell biology (e.g., protein processing, transport, and compartmentation).
Acetaminophen-induced hepatotoxicity, now considered an excellent model for chemi-
cally induced cell death, is still an enigma and remains a challenge despite over 20 years
of intensive study.
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181. Moore M, Thor H, Moore G, Nelson S, Moldéus P, Orrenius S. The toxicity of acetaminophen
and N-acetyl-p-benzoquinone imine in isolated hepatocytes is associated with thiol depletion
and increased cytosolic Ca2�. J Biol Chem 1985; 260:13035–13040.

182. Tsokos-Kuhn JO, Todd EL, McMillin-Wood JB, Mitchell JR. ATP-dependent calcium up-
take by rat liver plasma membrane vesicles: effect of alkylating hepatotoxins in vivo. Mol
Pharmacol 1985; 28:56–61.

183. Lauterburg BH. Early disturbance of calcium translocation across the plasma membrane in
toxic liver injury. Hepatology 1987; 7:1179–1183.

184. Burcham PC, Harman AW. Effect of acetaminophen hepatotoxicity on hepatic mitochondrial
and microsomal calcium contents in mice. Toxicol Lett 1988; 44:91–99.

185. Nicotera P, Rundgren M, Porubek DJ, Cotgreave I, Moldéus P, Orrenius S, Nelson SD. On
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218. Ross D, Albano E, Nilsson U, Moldéus P. Thiyl radicals—formation during peroxidase-
catalyzed metabolism of acetaminophen in the presence of thiols. Biochem Biophys Res
Commun 1984; 125:109–115.

219. Keller RJ, Hinson JA. Mechanism of acetaminophen-stimulated NADPH oxidation catalyzed
by the peroxidase-H2 O2 system. Drug Metab Dispos 1991; 19:184–187.

220. Van de Straat R, de Vries J, Vermeulen NPE. Role of hepatic microsomal and purified cyto-
chrome P-450 in one-electron reduction of two quinone imines and concomitant reduction
of molecular oxygen. Biochem Pharmacol 1987; 36:613–619.

221. Chitturi S, Farrell GC. Drug-induced liver disease. Curr Treat Options Gastroenterol 2000;
3:457–462.

222. Streeter AJ, Bjorge SM, Axworthy DB, Nelson SD, Baillie TA. The microsomal metabolism
and site of covalent binding to protein of 3′-hydroxyacetanilide, a nonhepatotoxic positional
isomer of acetaminophen. Drug Metab Dispos 1984; 12:565–576.

223. Devalia JL, McLean AE. Covalent binding and the mechanism of paracetamol toxicity. Bio-
chem Pharmacol 1983; 32:2602–2603.

224. Devalia JL, Ogilvie RC, McLean AE. Dissociation of cell death from covalent binding of
paracetamol by flavones in a hepatocyte system. Biochem Pharmacol 1982; 31:3745–3749.

225. Sirover MA. New insights into an old protein: the functional diversity of mammalian glycer-
aldehyde-3-phosphate dehydrogenase. Biochim Biophys Acta 1999; 1432:159–184.

226. Shen W, Kamendulis LM, Ray SD, Corcoran GB. Acetaminophen-induced cytotoxicity in
cultured mouse hepatocytes: effects of Ca(2�)-endonuclease, DNA repair, and glutathione
depletion inhibitors on DNA fragmentation and cell death. Toxicol Appl Pharmacol 1992;
112:32–40.

227. Kyle ME, Miccadei S, Nakae D, Farber JL. Superoxide dismutase and catalase protect cul-
tured hepatocytes from the cytotoxicity of acetaminophen. Biochem Biophys Res Commun
1987; 149:889–896.

228. Gerson RJ, Casini A, Gilfor D, Serroni A, Farber JL. Oxygen-mediated cell injury in the
killing of cultured hepatocytes by acetaminophen. Biochem Biophys Res Commun 1985;
126:1129–1137.

229. Smith CV, Mitchell JR. Acetaminophen hepatotoxicity in vivo is not accompanied by oxidant
stress. Biochem Biophys Res Commun 1985; 133:329–336.

230. Kyle ME, Sakaida I, Serroni A, Farber JL. Metabolism of acetaminophen by cultured rat
hepatocytes. Depletion of protein thiol groups without any loss of viability. Biochem Pharma-
col 1990; 40:1211–1218.

231. Birge RB, Bartolone JB, Nishanian EV, Bruno MK, Mangold JB, Cohen SD, Khairallah EA.
Dissociation of covalent binding from the oxidative effects of acetaminophen. Studies using
dimethylated acetaminophen derivatives. Biochem Pharmacol 1988; 37:3383–3393.

232. Ray SD, Mumaw VR, Raje RR, Fariss MW. Protection of acetaminophen-induced hepatocel-
lular apoptosis and necrosis by cholesteryl hemisuccinate pretreatment. J Pharmacol Exp
Ther 1996; 279:1470–1483.

233. Henderson CJ, Wolf CR, Kitteringham N, Powell H, Otto D, Park BK. Increased resistance
to acetaminophen hepatotoxicity in mice lacking glutathione S-transferase Pi. Proc Natl Acad
Sci USA 2000; 97:12741–12745.

234. Mirochnitchenko O, Weisbrot-Lefkowitz M, Reuhl K, Chen L, Yang C, Inouye M. Acetamin-
ophen toxicity: opposite effects of two forms of glutathione peroxidase. J Biol Chem 1999;
274:10349–10355.

235. Kitteringham NR, Powell H, Clement YN, Dodd CC, Tettey JN, Pirmohamed M, Smith DA,
McLellan LI, Kevin Park B. Hepatocellular response to chemical stress in CD-1 mice: induc-



Acetaminophen-Induced Liver Disease 323

tion of early genes and gamma-glutamylcysteine synthetase. Hepatology 2000; 32:321–
333.

236. Chen YR, Wang X, Templeton D, Davis RJ, Tan TH. The role of c-Jun N-terminal kinase
(JNK) in apoptosis induced by ultraviolet C and gamma radiation: duration of JNK activation
may determine cell death and proliferation. J Biol Chem 1996; 271:31929–31936.

237. Barrett WC, DeGnore JP, Konig S, Fales HM, Keng YF, Zhang ZY, Yim MB, Chock PB.
Regulation of PTP1B via glutathionylation of the active site cysteine 215. Biochemistry 1999;
38:6699–6705.

238. Rzucidlo SJ, Bounous DI, Jones DP, Brackett BG. Acute acetaminophen toxicity in
transgenic mice with elevated hepatic glutathione. Vet Hum Toxicol 2000; 42:146–150.

239. Williams MD, Van Remmen H, Conrad CC, Huang TT, Epstein CJ, Richardson A. Increased
oxidative damage is correlated to altered mitochondrial function in heterozygous manganese
superoxide dismutase knockout mice. J Biol Chem 1998; 273:28510–28515.

240. Tsan MF, White JE, Caska B, Epstein CJ, Lee CY. Susceptibility of heterozygous MnSOD
gene-knockout mice to oxygen toxicity. Am J Respir Cell Mol Biol 1998; 19:114–120.

241. Warner B, Papes R, Heile M, Spitz D, Wispe J. Expression of human Mn SOD in Chinese
hamster ovary cells confers protection from oxidant injury. Am J Physiol 1993; 264:L598–
605.

242. Majima HJ, Oberley TD, Furukawa K, Mattson MP, Yen HC, Szweda LI, St Clair DK.
Prevention of mitochondrial injury by manganese superoxide dismutase reveals a primary
mechanism for alkaline-induced cell death. J Biol Chem 1998; 273:8217–8224.

243. Fullerton HJ, Ditelberg JS, Chen SF, Sarco DP, Chan PH, Epstein CJ, Ferriero DM. Copper/
zinc superoxide dismutase transgenic brain accumulates hydrogen peroxide after perinatal
hypoxia ischemia. Ann Neurol 1998; 44:357–364.

244. Amstad P, Moret R, Cerutti P. Glutathione peroxidase compensates for the hypersensitivity
of Cu,Zn- superoxide dismutase overproducers to oxidant stress. J Biol Chem 1994; 269:
1606–1609.

245. Seo KW, Kim JG, Park M, Kim TW, Kim HJ. Effects of phenethylisothiocyanate on the
expression of glutathione S-transferases and hepatotoxicity induced by acetaminophen. Xe-
nobiotica 2000; 30:535–545.

246. Hentze H, Gantner F, Kolb SA, Wendel A. Depletion of hepatic glutathione prevents death
receptor-dependent apoptotic and necrotic liver injury in mice. Am J Pathol 2000; 156:2045–
2056.

247. Enomoto A, Itoh K, Nagayoshi E, Haruta J, Kimura T, O’Connor T, Harada T, Yamamoto
M. High sensitivity of Nrf2 knockout mice to acetaminophen hepatotoxicity associated with
decreased expression of ARE-regulated drug metabolizing enzymes and antioxidant genes.
Toxicol Sci 2001; 59:169–177.

248. Rofe AM, Barry EF, Shelton TL, Philcox JC, Coyle P. Paracetamol hepatotoxicity in metallo-
thionein-null mice. Toxicology 1998; 125:131–40.

249. Liu J, Liu Y, Hartley D, Klaassen CD, Shehin-Johnson SE, Lucas A, Cohen SD. Metallothio-
nein-I/II knockout mice are sensitive to acetaminophen-induced hepatotoxicity. J Pharmacol
Exp Ther 1999; 289:580–586.

250. Dalton T, Palmiter RD, Andrews GK. Transcriptional induction of the mouse metallothio-
nein-I gene in hydrogen peroxide-treated Hepa cells involves a composite major late tran-
scription factor/antioxidant response element and metal response promoter elements. Nucleic
Acids Res 1994; 22:5016–5023.

251. Salminen WF, Voellmy R, Roberts SM. Differential heat shock protein induction by acet-
aminophen and a nonhepatotoxic regioisomer, 3′-hydroxyacetanilide, in mouse liver. J Phar-
macol Exp Ther 1997; 282:1533–1540.

252. Qiu Y, Benet LZ, Burlingame AL. Identification of mouse liver protein targets for reactive
intermediates of nonhepatotoxic acetaminophen regioisomer, 3′-hydroxyacetanilide. 46th



324 Nelson and Bruschi

ASMS Conference on Mass Spectrometry and Allied Topics, Orlando, FL, May 31–June 4,
1998, p. 1136.

253. Saleh A, Srinivasula SM, Balkir L, Robbins PD, Alnemri ES. Negative regulation of the
Apaf-1 apoptosome by Hsp70. Nat Cell Biol 2000; 2:476–483.

254. Beere HM, Wolf BB, Cain K, Mosser DD, Mahboubi A, Kuwana T, Tailor P, Morimoto RI,
Cohen GM, Green DR. Heat-shock protein 70 inhibits apoptosis by preventing recruitment of
procaspase-9 to the Apaf-1 apoptosome. Nat Cell Biol 2000; 2:469–475.

255. Wiger R, Finstad HS, Hongslo JK, Haug K, Holme JA. Paracetamol inhibits cell cycling
and induces apoptosis in HL-60 cells. Pharmacol Toxicol 1997; 81:285–293.

256. Lawson JA, Fisher MA, Simmons CA, Farhood A, Jaeschke H. Inhibition of Fas receptor
(CD95)-induced hepatic caspase activation and apoptosis by acetaminophen in mice. Toxicol
Appl Pharmacol 1999; 156:179–186.

257. Adams ML, Pierce RH, Vail ME, Tonge RP, Fausto N, Nelson SD, Bruschi SA. Enhanced
acetaminophen hepatotoxicity in transgenic mice overexpressing BCL-2. Mol Pharmacol
2001; 60:907–915.

258. Pierce RH, Tonge RP, Chen W, Fausto N, Nelson SD, Bruschi SA. Acetaminophen, and its
nonhepatotoxic regioisomer, induce cell death by anomalous apoptosis in vitro and in vivo.
Toxicologist 1999; 48:1457 (abstr).

259. Bruschi SA, Pritchard L, Poot M, Pierce RH, Fausto N, Nelson SD, Campbell JS. Early
ATF3-mediated stress responses accompany mitochondrial alterations and precede cell death
by necrosis or mixed apoptosis/necrosis. Toxicologist 2001; 60:182 (abstr).

260. Tzung SP, Fausto N, Hockenbery DM. Expression of Bcl-2 family during liver regeneration
and identification of Bcl-x as a delayed early response gene. Am J Pathol 1997; 150:1985–
1995.

261. Nicotera P, Leist M, Ferrando-May E. Intracellular ATP, a switch in the decision between
apoptosis and necrosis. Toxicol Lett 1998; 102–103:139–142.

262. Leist M, Single B, Castoldi AF, Kuhnle S, Nicotera P. Intracellular adenosine triphosphate
(ATP) concentration: a switch in the decision between apoptosis and necrosis. J Exp Med
1997; 185:1481–1486.

263. Bonfoco E, Krainc D, Ankarcrona M, Nicotera P, Lipton SA. Apoptosis and necrosis: two
distinct events induced, respectively, by mild and intense insults with N-methyl-d-aspartate or
nitric oxide/superoxide in cortical cell cultures. Proc Natl Acad Sci USA 1995; 92:7162–7166.

264. Single B, Leist M, Nicotera P. Differential effects of bcl-2 on cell death triggered under
ATP-depleting conditions. Exp Cell Res 2001; 262:8–16.

265. Mourelle M, Beales D, McLean AE. Prevention of paracetamol-induced liver injury by fruc-
tose. Biochem Pharmacol 1991; 41:1831–1837.

266. Laskin DL, Pendino KJ. Macrophages and inflammatory mediators in tissue injury. Ann Rev
Pharmacol Toxicol 1995; 35:655–677.

267. Blazka ME, Germolec DR, Simeonova P, Bruccoleri A, Pennypacker KR, Luster MI. Acet-
aminophen-induced hepatotoxicity is associated with early changes in NF-kB and NF-IL6
binding activity. J Inflamm 1995–1996; 47:138–150.

268. DeLeve LD, Wang X, Kaplowitz N, Shulman HM, Bart JA, van der Hoek A. Sinusoidal
endothelial cells as a target for acetaminophen toxicity. Biochem Pharmacol 1997; 53:1339–
1345.

269. Blazka ME, Wilmer JL, Holladay SD, Wilson RE, Luster MI. Role of proinflammatory cyto-
kines in acetaminophen hepatotoxicity. Toxicol Appl Pharmacol 1995; 133:43–52.

270. Zhang H, Cook J, Nickel J, Yu R, Stecker K, Myers K, Dean NM. Reduction of liver Fas
expression by an antisense oligonucleotide protects mice from fulminant hepatitis. Nat Bio-
technol 2000; 18:862–867.

271. Blazka ME, Elwell MR, Holladay SD, Wilson RE, Luster MI. Histopathology of acetamino-
phen-induced liver changes: role of interleukin 1 alpha and tumor necrosis factor alpha. Tox-
icol Pathol 1996; 24:181–189.



Acetaminophen-Induced Liver Disease 325

272. Hogaboam CM, Bone-Larson CL, Steinhauser ML, Matsukawa A, Gosling J, Boring L,
Charo IF, Simpson KJ, Lukacs NW, Kunkel SL. Exaggerated hepatic injury due to acetamin-
ophen challenge in mice lacking C-C chemokine receptor 2. Am J Pathol 2000; 156:1245–
1252.

273. Boess F, Bopst M, Althaus R, Polsky S, Cohen SD, Eugster HP, Boelsterli UA. Acetamino-
phen hepatotoxicity in tumor necrosis factor/lymphotoxin-alpha gene knockout mice. Hepa-
tology 1998; 27:1021–1029.

274. Bernal W, Donaldson P, Underhill J, Wendon J, Williams R. Tumor necrosis factor genomic
polymorphism and outcome of acetaminophen (paracetamol)-induced acute liver failure. J
Hepatol 1998; 29:53–59.

275. Locksley RM, Killeen N, Lenardo MJ. The TNF and TNF receptor superfamilies: Integrating
mammalian biology. Cell 2001; 104:487–501.

276. Hausladen A, Stamler JS. Nitrosative stress. Methods Enzymol 1999; 300:389–395.
277. Beltran B, Mathur A, Duchen MR, Erusalimsky JD, Moncada S. The effect of nitric oxide

on cell respiration: A key to understanding its role in cell survival or death. Proc Natl Acad
Sci USA 2000; 97:14602–14607.

278. Stamler JS, Hausladen A. Oxidative modifications in nitrosative stress. Nat Struct Biol 1998;
5:247–249.

279. Hinson LA, Pike SL, Pumford NR, Mayeux PR. Nitrotyrosine-protein adducts in hepatic
centrilobular areas following toxic doses of acetaminophen in mice. Chem Res Toxicol 1998;
11:604–607.

280. Hinson JA, Michael SL, Ault SG, Pumford NR. Western blot analysis for nitrotyrosine pro-
tein adducts in livers of saline-treated and acetaminophen-treated mice. Toxicol Sci 2000;
53:467–473.

281. Michael SL, Pumford NR, Mayeux PR, Niesman MR, Hinson JA. Pretreatment of mice
with macrophage inactivators decreases acetaminophen hepatotoxicity and the formation of
reactive oxygen and nitrogen species. Hepatology 1999; 30:186–195.

282. Gardner CR, Heck DE, Yang CS, Thomas PE, Zhang XJ, DeGeorge GL, Laskin JD, Laskin
DL. Role of nitric oxide in acetaminophen-induced hepatotoxicity in the rat. Hepatology
1998; 27:748–754.

283. Goldin RD, Ratnayaka ID, Breach CS, Brown IN, Wickramasinghe SN. Role of macrophages
in acetaminophen (paracetamol)-induced hepatotoxicity. J Pathol 1996; 179:432–435.

284. Vila M, Jackson-Lewis V, Vukosavic S, Djaldetti R, Liberatore G, Offen D, Korsmeyer SJ,
Przedborski S. Bax ablation prevents dopaminergic neurodegeneration in the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson’s disease. Proc Natl Acad Sci
USA 2001; 98:2837–2842.





14

Acetaminophen: Pathology
and Clinical Presentation
of Hepatotoxicity

WILLIAM M. LEE and GEORGE OSTAPOWICZ

University of Texas Southwestern Medical Center, Dallas, Texas, U.S.A.

I. Introduction
II. Toxic Doses

III. Risk Factors for Acetaminophen-Induced Hepatotoxicity
IV. Suicidal Poisoning
V. Accidental Poisoning (Therapeutic Misadventure)

VI. Chronic Toxicity
VII. Epidemiology of Acetaminophen Poisoning

VIII. Clinical Features
IX. Biochemical and Other Laboratory Features
X. Pathological Features

XI. Acetaminophen-Induced Acute Liver Failure
XII. Diagnosis

XIII. Treatment
XIV. Outcome
XV. Conclusion

References

327



328 Lee and Ostapowicz

I. INTRODUCTION

Acetaminophen (called paracetamol outside the United States) is a popular and widely
used analgesic and antipyretic agent. First synthesized in 1893, it was introduced for pre-
scription use in the United States in 1955 and approved for over-the-counter use in 1960
(1). It is frequently combined with codeine or other analgesic agents, decongestants, and
antihistamines. Over 300 different preparations are now available in the United States
with more than one billion pills sold annually. Acetaminophen’s popularity has in part
arisen from its apparent lack of side effects. Unlike aspirin and other nonsteroidal anti-
inflammatory drugs (NSAIDs) it does not cause gastric irritation or erosions. Although it is
remarkably safe when used at usual therapeutic doses, it has a relatively narrow therapeutic
window.

Reports of fatal and nonfatal hepatic necrosis following suicide attempts first began
to appear in the mid-1960s (2,3) in Great Britain and in the mid-1970s in the United States
(4). Acetaminophen self-poisoning, in fact, has now became one of the most popular means
of attempting suicide in Great Britain (5,6). Significant hepatic necrosis related to acet-
aminophen is also being seen more frequently in the United States (7,8). More recently
it has also become evident that even therapeutic doses can be hepatotoxic in some individu-
als, especially in the presence of chronic alcohol consumption and fasting (therapeutic
misadventure) (7,9–11). An important problem in this scenario is the public’s perception
of acetaminophen as a safe drug and the lack of awareness of the potential dangers of its
ingestion in just above therapeutic doses. Acetaminophen is now the single most important
cause of acute liver failure in both the United States (12) and United Kingdom (13).
Unlike most other causes of acute liver failure, however, timely use of the antidote N-
acetylcysteine will prevent its development, or at least lessen the severity of hepatic dam-
age. The liver damage results from the metabolism of acetaminophen by the cytochrome
P450 system and the production of the highly reactive metabolite N-acetyl-benzoquinone-
imine (NAPQI). This is discussed in detail in another chapter.

II. TOXIC DOSES

The recommended maximum “safe” dose of acetaminophen that can be ingested over 24
h is 4 g in adults and 60 mg/kg in children. While acetaminophen is the classical example
of a dose-dependent hepatotoxic drug, there is no definite threshold dose for hepatic injury.
The amount of acetaminophen ingested as a single dose required to produce injury is rel-
atively variable. Single doses of acetaminophen exceeding 7–10 g in adults or 150 mg/kg
body weight in children are enough to cause significant hepatocellular necrosis; how-
ever, this is not inevitable. Severe liver injury, defined as ALT or AST greater than 1000
IU/L, or fatal cases usually involve doses of at least 15–25 g (14). Ingested doses have
exceeded 15 g (�200 mg/kg) in 80% of serious and fatal cases (15). As acetaminophen
metabolism and susceptibility to toxicity differ between individuals, survival is possible
even after ingestion of massive doses as large as 75 g. Among subjects with significant
acetaminophen overdose who did not undergo treatment, severe liver injury was reported
in only 20%, and among those with severe liver injury, the mortality was 20% (14). On
the other hand, daily doses as low as 2–6 g have been associated with fatal hepatotoxicity
in heavy drinkers (11,16).

It must be remembered, however, that calculation of an accurate ingested dose has
often been made difficult by the failure of patients to provide exact information, either
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because of intoxication or drowsiness caused by coingested substances, or through lack
of cooperation. Early vomiting has also interfered with the calculation of the real amount
ingested.

III. RISK FACTORS FOR ACETAMINOPHEN-INDUCED
HEPATOTOXICITY

While dose of acetaminophen ingested is clearly important in the development of hepato-
toxicity, as discussed above, a number of other risk factors can predispose to liver damage.
It has been suggested that children are relatively resistant to acetaminophen hepatotoxicity
(17). It is unclear whether this is related to vomiting part of the ingested dose, or to
biological resistance, or both. Children have a different relative importance of the meta-
bolic pathways involved, with a lower ratio of glucuronidation to sulfation, which may
protect them against liver damage (18).

A number of studies have now established that chronic alcohol use increases the
individual’s susceptibility to acetaminophen-induced hepatotoxicity (9–11,19–23). The
mechanisms appear to include both the induction of the cytochrome P450 (CYP450) sys-
tem and glutathione depletion. Results suggesting enhanced acetaminophen metabolism
have been reported. In this study, the disappearance of acetaminophen after ingestion of
1 g was faster in chronic alcoholics than in normal individuals (24). The alcohol consump-
tion threshold that predisposes to hepatic injury is uncertain, but may be relatively low.
A retrospective analysis of patients with severe acetaminophen-induced liver injury found
a higher mortality in men consuming more than 24 g alcohol/day and women consuming
more than 16 g/day compared to those who drank less (25). Hepatic injury may occur
even at therapeutic doses of acetaminophen in alcoholics. A recent study assessing
therapeutic misadventures in a group of individuals, most of whom drank more than 60 g
alcohol per day, found that 60% had ingested less than 6 g/day and 40% less than
4 g/day (11). Of these patients, 95% developed transaminase elevations greater than 1000
IU/L and 18% died. Other studies have reported similar findings with daily acetaminophen
doses ranging from 2.6 to 16.5 g/day (10,20). The association between chronic alcohol
ingestion and enhanced acetaminophen hepatotoxicity has recently been questioned how-
ever (26). In a review of acetaminophen and alcohol interactions, and clinical reports of
toxicity, the author states that the evidence is largely anecdotal and inconclusive. Neverthe-
less, he concludes that such an association is possible and alcoholics must be considered
at increased risk of hepatotoxicity.

Conversely, acute intoxication without chronic alcohol use does not predispose to
acetaminophen hepatotoxicity (27). In fact, it may have some protective effect, presumably
due to competition of alcohol and acetaminophen resulting in less formation of NAPQI.

Fasting or malnourished patients have an increased susceptibility to acetaminophen
hepatotoxicity presumed due to depressed levels of hepatic glutathione and induction of
CYP2E1. While the chronically malnourished alcoholic is a classic example of this sce-
nario, the average individual may become at risk after a subacute systemic illness that
causes nausea and vomiting with a resulting decrease in food intake. Chronic cardiopulmo-
nary insufficiency has also been reported to predispose to liver damage after short-term
ingestion of therapeutic doses of acetaminophen (�9 g over 3 days) (28). Consequent drug
metabolism studies indicated that this patient had decreased rates of hepatic metabolism
of acetaminophen to its primary nontoxic metabolites. It was speculated that limited he-
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patic blood flow and nutrient supply, resulting in reduced glutathione levels, may have
played a role.

Concurrent use of other medications such as phenobarbital (29), phenytoin (30,31),
isoniazid (32,33), and zidovudine (34) is also a risk factor for hepatotoxicity. These agents
induce CYP450 or compete with glucuronidation pathways resulting in the increased pro-
duction of NAPQI. The presence of underlying chronic liver disease or cirrhosis does not
predispose to acetaminophen hepatotoxicity. The clinical presentation may be more severe,
however, in persons with underlying liver damage because of limited hepatic reserve.

IV. SUICIDAL POISONING

Historically, the majority of cases of acetaminophen-induced hepatic damage have oc-
curred as a result of a single large ingestion taken by an individual attempting suicide,
or as a parasuicidal gesture—“a cry for help.” Ingestion of moderate to large amounts of
alcohol around the time of the overdose is common. Such persons often take the drug on
impulse and many do not want to actually die. They later regret their actions when they
present to the emergency room to receive appropriate treatment.

V. ACCIDENTAL POISONING (THERAPEUTIC MISADVENTURE)

Significant hepatic injury and death have also been reported in persons taking acetamino-
phen with therapeutic intent (7,9–11,20,35). These accidental poisonings have been
termed “therapeutic misadventures.” In contrast to suicidal poisoning, these individuals
ingest smaller amounts of acetaminophen for periods ranging from a few days to, less
frequently, a few weeks. This is most likely to occur in the setting of an acute or subacute
painful illness or condition, including febrile illness with severe myalgias, dental or trau-
matic pain, headache, acute exacerbation of chronic back pain, pancreatitis, and even hang-
over. The typical presentation involves the use of higher-than-recommended doses with
ingestions of 10–20 g over 2–3 days. Up to 40% of patients claimed to have taken less
than 4 g/day (11). While most ingestions occur over less than 7 days, up to one-third of
patients have reported using acetaminophen preparations for at least 30 days (11,36). As
outlined above, this scenario occurs most frequently in chronic alcohol users or in the
presence of illness-related fasting or underlying malnutrition. A summary of the clinical
characteristics of accidental and suicidal poisonings is given in Table 1.

Table 1 Characteristics of Accidental and Suicidal Acetaminophen Ingestions

Feature Accidental Suicidal

Presentation Late Early
Dose ingested Small Large
Association with alcohol abuse Frequent Present but less frequent
Blood acetaminophen levels Seldom elevated Usually elevated
Key to diagnosis High aminotransferases, history History, toxic blood levels
N-Acetylcysteine effective Usually of value Definitely effective
Severity �60% severe Occasionally (20%) severe
Mortality High Low
Typical hospital stay Long Short

Source: Adapted from Schiødt et al. (7).
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Multiple preparations under different trade names as well as the various acetamino-
phen and narcotic combinations result in some persons taking a few different trade name
tablets each containing acetaminophen, without realizing their combined toxic potential.
In addition, such individuals often present late, at the stage of symptomatic hepatic injury,
with a consequent increase in their mortality. Patients who develop jaundice on the back-
ground of significant alcohol use may be misdiagnosed as having alcoholic hepatitis (37).
The key to diagnosis is the extreme transaminase elevation, which is never seen with
alcohol alone, and levels greater than 5000 IU/L are rarely seen in viral hepatitis. A high
index of suspicion is required as these patients may benefit from treatment with N-acetyl-
cysteine.

Accidental poisoning has recently also been reported in children ranging in age from
5 weeks to over 12 years (17,38–44). The typical setting is the administration of frequent
doses over a few days by parents or on occasion by hospital staff, to children who have
a febrile acute or subacute illness. As in the adult cases, supratherapeutic doses (greater
than 150 mg/kg/24 h) are often used, although smaller doses have frequently been re-
ported. Doses used have ranged from 20 to over 600 mg/kg/24 h taken over periods of
1 day–6 weeks (40,42). The association of a febrile illness with or without vomiting,
resulting in a decreased oral intake, is likely to have made the children acutely malnour-
ished and predisposed them to acetaminophen hepatotoxicity at lower-than-expected
doses. In children with significant acetaminophen hepatotoxicity, progression to acute liver
failure has been reported in over 20% of cases with a significant mortality rate (39,40).

Dosing errors most frequently made by parents result from a variety of mistakes,
including: adult preparations used instead of infant or children’s preparations; dosing in-
structions misread or misunderstood; or extra doses given when symptoms persist despite
recommended dosing (40). Failure to recognize the potential danger and the resulting
delays in presentation and management further predispose to hepatotoxicity. It remains
worrisome that some children appear to develop significant hepatic injury after receiving
what are thought to be safe, though repetitive, doses of acetaminophen. Dose undercalcula-
tion cannot be discounted in at least some of these cases. The associated underlying febrile
illness in addition to causing acute malnutrition also raises the possibility of viral cofactors
playing a role in the hepatic damage. The typical course and outcome of this scenario is,
however, more in keeping with acetaminophen-induced hepatotoxicity rather than fulmi-
nant viral or indeterminate hepatitis (45).

In summary, significant hepatocellular injury from acetaminophen in children is
relatively uncommon, occurring in less than 10% of cases in which potentially toxic doses
of drug had been ingested (17,44). Accidental acetaminophen poisoning is, however, a
major cause of overdose in children 10 years of age or younger and can lead to acute
liver failure and death (39). Repetitive doses of acetaminophen, even when in the therapeu-
tic range, need to be given with caution to children suffering from a febrile illness associ-
ated with nausea and anorexia.

VI. CHRONIC TOXICITY

Possible chronic hepatotoxicity has been reported in a person who had ingested therapeutic
or near-therapeutic doses (2–6 g/day) over a prolonged period. Bonkowsky and colleagues
(46) have described significant histological damage, including fibrosis, in a male who
had ingested 4 g acetaminophen per day for 1 year. On stopping the drug, the elevated
transaminases returned to near normal. Rechallenge with a dose of 1325 mg was associated
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with a rise in transaminases within 18 h. This scenario is similar to the classic therapeutic
misadventure, although the duration of ingestion was significantly longer. While some
persons may be predisposed to developing liver damage, it remains unclear why the dam-
age did not occur earlier or whether other drugs, toxins, or intercurrent illnesses may have
made the liver more susceptible to acetaminophen-induced hepatotoxicity or, indeed,
were responsible for some of the injury. Chronic acetaminophen hepatotoxicity remains
unproven.

In contrast, some individuals ingest otherwise toxic amounts of acetaminophen over
prolonged periods without developing any obvious signs of liver injury. Doses ranging
from 3 g to 65 g/day have been reported (47–49). A recent study demonstrated that repeat
exposure to incremental acetaminophen doses provides protection in an animal model, as
a possible explanation for this scenario (49).

VII. EPIDEMIOLOGY OF ACETAMINOPHEN POISONING

Acetaminophen poisoning is predominantly a Western phenomenon, although even here
the incidence varies between different countries. Intentional overdose with acetaminophen
is one of the most popular means of attempting suicide in the United Kingdom (50). It
is of further concern that acetaminophen overdoses and toxicity appear to be on the in-
crease in the United States (8,12). Over 110,000 cases of acetaminophen poisoning are
reported per year in the United States (51) and an estimated 70,000 cases in the United
Kingdom (52). Some 150–200 deaths from acetaminophen occur annually in the United
Kingdom compared to approximately 100 in the United States. Case fatality rates have
been estimated to be 0.4% in the United Kingdom (53), and 0.1% in the United States (51)
and France (53). Accidental overdoses or therapeutic misadventures have been reported
predominantly from the United States and may comprise 30–50% of cases of severe he-
patic injury (7,36).

While a number of social and psychological factors interact in predisposing individu-
als to take overdoses, there is a clear correlation between acetaminophen availability and
sales, and the incidence of overdose (53,54). Countries such as Australia that limit the
number of acetaminophen tablets available per packet and encourage the use of blister
packaging have a significantly lower incidence of severe hepatic injury. Some evidence
is now becoming available that severe acetaminophen hepatotoxicity may be decreasing
in the United Kingdom since availability has been limited (55,56). Widespread public
education campaigns warning of the dangers of acetaminophen and chronic alcohol use
are also needed, in addition to specific medication label warnings, to decrease the preva-
lence of therapeutic misadventures.

VIII. CLINICAL FEATURES

The clinical characteristics of acetaminophen hepatotoxicity can be divided into four
stages (57). Stage 1 occurs within a few hours of ingestion. It consists of acute gastrointes-
tinal symptoms, including anorexia, abdominal pain, nausea, and vomiting as well as gen-
eral malaise, diaphoresis, and occasional vascular collapse. Drowsiness is more likely to
occur with concomitant ingestion of narcotics or sedatives. Some patients may experience
little or no symptoms. Stage 2 is seen 24–48 h after ingestion. During this period the
patients are relatively well and may, in fact, be totally asymptomatic.
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Stage 3 is seen only in those patients who develop significant liver injury. Clinical
signs of liver injury are usually present 2–5 days after ingestion. In addition to the gastroin-
testinal symptoms outlined above, patients develop lethargy, dark urine, jaundice, and
hepatic tenderness. In more severe cases overt acute liver failure is seen with the develop-
ment of hepatic encephalopathy. While this generally occurs 3–4 days after poisoning,
occasionally it may be delayed for up to 6 days. Acute liver failure may be accompanied
by renal failure, multiple organ failure, sepsis, and cerebral edema, which may lead to
death. Stage 4, the recovery phase, is usually seen 5–10 days after ingestion in those who
survive the hepatic insult. As full recovery takes place, all symptoms gradually resolve. In
those with more severe hepatic injury, jaundice and renal failure may be more prolonged.
Permanent liver damage is seen very infrequently after acetaminophen overdose (58) and
liver function returns to normal in those without underlying liver disease.

IX. BIOCHEMICAL AND OTHER LABORATORY FEATURES

A summary of laboratory values seen in acetaminophen hepatotoxicity is given in Table
2. Patients who are treated with N-acetylcysteine within 8–12 h of ingestion will often
display few or no laboratory abnormalities, even in the presence of a “high risk” serum
acetaminophen level. Those treated later, or not at all, develop a number of typical bio-
chemical and hematological abnormalities. These laboratory features in themselves are,
however, not diagnostic of acetaminophen hepatotoxicity. Serum levels of alanine amino-
transferase (ALT) and aspartate aminotransferase (AST), which are markers of hepatocel-
lular injury, can become markedly elevated, occasionally reaching over 10,000 IU/L (11).
Transaminase levels generally increase approximately 24 h after admission, occasionally
as early as 8 h, and peak at day 2 or 3 (60). Levels usually return to normal, or near
normal, within 7–10 days of the insult. Transaminase levels of the magnitude seen in
acetaminophen hepatotoxicity are rarely seen in other causes of hepatic injury with the

Table 2 Biochemical Characteristics of Acetaminophen Toxicity

Laboratory value Minor to moderate toxicity Severe toxicity

AST/ALT Normal to mildly elevated (up to Often very elevated; �3000 IU/L;
1000 IU/L) typically peak at day 2–3 after in-

gestion
Bilirubin Normal to moderately elevated (up Continues to increase, even after

to 100 µmol/L or 5.9 mg/dL) transaminases improve
INR Normal to moderately prolonged up Very prolonged; may be �10 eleva-

to 2 tion out of proportion to level of
encephalopathy

Creatinine Usually normal Acute renal failure occurs fre-
quently in patients with ALF

Acid-base balance Respiratory alkalosis, pH usually Metabolic acidosis; admission arte-
�7.60 rial pH �7.30 is a poor sign

Platelets Usually normal Thrombocytopenia (�100 � 109)
common in patients with ALF

Blood glucose Usually normal or slightly de- Severe hypoglycemia may be seen
creased in ALF

Source: Adapted from Schiødt and Lee (59).
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exception of ischemic hepatitis or heat stroke and rare cases of viral hepatitis. Serum
bilirubin elevation occurs in more severe cases. Typically bilirubin levels peak later than
transaminases and may continue to increase after ALT/AST levels have begun to improve.
Maximum bilirubin elevations are lower than seen in viral hepatitis or idiosyncratic drug
reactions. Very high bilirubin levels may be seen in the presence of acute renal failure.
Hepatic production of clotting factors becomes reduced with a resulting prolongation in
the prothrombin time (and INR) (61). In severe cases the INR may be greater than 10.
The INR prolongation is often out of proportion to the level of encephalopathy seen in
acute liver failure.

Serum creatinine may be elevated in cases of severe poisoning, resulting from direct
acetaminophen nephrotoxicity (62). As with hepatotoxicity, chronic alcohol ingestion has
been reported to predispose to the development of renal damage and failure (63,64). Acute
renal failure occurs in approximately 50% of patients with acute liver failure with grade
III or IV encephalopathy as part of the multisystem failure syndrome (65). Acid-base
disturbances are frequently seen (66). While respiratory alkalosis secondary to hyperventi-
lation occurs in the milder cases, lactic acidosis is a poor prognostic sign in hepatic enceph-
alopathy (67). Severe hypoglycemia requiring concentrated glucose infusions may be seen
in acute liver failure. Moderate thrombocytopenia can also occur in hepatic failure.

X. PATHOLOGICAL FEATURES

The characteristic histological changes seen with acetaminophen poisoning are centrilobu-
lar (zone III) hepatic necrosis and sinusoidal congestion (58,68). In severe cases, submas-
sive (bridging) or panacinar (massive) necrosis is seen. This pattern of necrosis reflects
the role of CYP2E1, which is located in this part of the hepatic acinus, and glutathione
levels that are lower. Inflammation is not a significant feature. On recovery, complete
resolution without fibrosis occurs. In the kidney, necrosis of the proximal and distal tubules
is the most prominent finding. Myocardial necrosis and pancreatitis have also been re-
ported (69,70).

XI. ACETAMINOPHEN-INDUCED ACUTE LIVER FAILURE

Hepatic injury, defined as a transaminase level greater than 1000 IU/L, is seen relatively
frequently in acetaminophen poisoning if treated late or untreated. The percentage of pa-
tients who develop acute liver failure (ALF) is, however, actually quite small (7,71). In
a series of 71 hospitalized patients from a county hospital in the United States, 14% devel-
oped ALF and 7% died (7); all but one patient was in the accidental poisoning group.
Series from Australia have reported even lower morbidity and mortality. Acute liver failure
was seen in 7% of 306 hospitalized patients, with no deaths (72). Two more recent studies
found ALF in 9% of 151 patients with one death (0.6%) (73), and only two deaths (0.2%)
among 981 patients (74). Factors associated with more severe liver injury and the develop-
ment of ALF included late presentation and treatment, ingestion of large amounts of acet-
aminophen, chronic alcohol ingestion, and accidental overdose.

The epidemiology of acetaminophen-induced ALF varies widely in countries around
the world (Table 3). It is the most common cause of ALF in both the United Kingdom
and United States, being responsible for 60% (13,76) and up to 35% (12) of all cases,
respectively. On the other hand, it plays a less important role in other European countries
and is not seen at all in Eastern countries such as India (77–79). The clinical features
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Table 3 Etiology of ALF in Different Countries

Drug Acetaminophen
HAV (%) HBV (%) reactions (%) (%) Othera (%)

UK: 1993–1994 2 2 2 73 21
(n � 342)

France: 1972–1990 4 32 17 2 45
(n � 502)

India: 1987–1993 2 31 5 0 62
(n � 423)

Denmark: 1973–1990 1 7 10 45 37
(n � 160)

USA: 1994–1996 7 10 12 20 51
(n � 295)

a Includes NANB, HEV, and miscellaneous.
Source: Adapted from Lee and Schiødt (75).

of acetaminophen-caused ALF are different from those of other etiologies. The onset of
symptoms is typically very rapid (hyperacute), extremely high transaminases are fre-
quently seen, and the INR is often elevated out of proportion to the encephalopathy grade.
The time course of clinical and laboratory abnormalities is quite rigid for suicidal inges-
tions.

XII. DIAGNOSIS

The diagnosis is straightforward in those who present with a clear history of ingestion
including the amount and time taken. Such a history is not always available, however.
Individuals may have a depressed level of consciousness due to alcohol intoxication or
coingestion of sedatives or other drugs. Others may be simply uncooperative. A high index
of suspicion is required in all potential suicidal overdose cases. Acetaminophen poisoning
must also be suspected in all persons with elevated transaminases, especially if the levels
are greater than 1000 IU/L. It must be remembered that transaminases will be normal
soon after ingestion. In those with accidental poisoning, careful questioning regarding all
medications taken is imperative, as these persons will not be aware of the potential implica-
tions of their analgesic use. The reported dose may be inaccurate owing to either under-
reporting or partial vomiting, so this cannot be relied on completely. Paracetamol serum
levels checked at 4 h after ingestion or presentation (if later than 4 h) can be very useful
in assessing the potential for significant hepatotoxicity, but have their limitations especially
when the time interval between ingestion and measurement is uncertain. In some cases
repeating the measurement in another 4 h, if this is within 8 h of ingestion, and calculation
of the acetaminophen half-life may be of help. Those who have a half-life of less than 4 h
are unlikely to develop significant hepatotoxicity. Acetaminophen levels may be normal
in accidental poisoning because of both later presentations and smaller individual doses.
Transaminase levels may be of more help in this setting.

Matthew-Rumack nomogram (see Fig. 1) (80), often used to decide on the need for
N-acetylcysteine treatment, was developed after assessment of a group of untreated pa-
tients for hepatotoxicity, defined as ALT or AST above 1000 IU/L. Plasma acetaminophen
level is plotted on the Y axis and time from ingestion on the X axis. When plotted above
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Figure 1 Matthew-Rumack nomogram for plasma acetaminophen after a single acetaminophen
ingestion. Plots in the area between the standard treatment line (solid) and the slashed line represent
a 25–30% risk of hepatotoxicity, while those above the slashed line represent a 90% risk of hepatotoxic-
ity. Treatment with NAC is instituted when a result is above either the standard treatment line or the
U.S. treatment line. It has been recommended that treatment be started at lower plasma levels for those
predisposed to acetaminophen hepatotoxicity, hence the treatment line for high-risk patients.

the line starting at a plasma level of 300 mg/L at 4 h, there is a 90% chance of developing
hepatotoxicity. Treatment is usually instituted when values fall above the standard treat-
ment line starting at a plasma level of 200 mg/L at 4 h. The nomogram is, however, of
limited use in predicting hepatotoxicity under several circumstances. It is only of benefit
in a single point ingestion, not in repeated doses as occurs in accidental poisoning. Also,
the absorption of extended-release acetaminophen preparations may be more prolonged
and thus the original “safe” values may be misleading (81). The nomogram cannot be
safely applied in patients at high risk for acetaminophen hepatotoxicity. Consequently, a
treatment line starting at a plasma level of 100 mg/L at 4 h has been suggested for high-
risk patients (82). Finally, the interval since ingestion may be uncertain or unknown. In
any case, when doubt exists about the potential toxicity of the ingestion, treatment must
be instituted.

XIII. TREATMENT

The principles of treatment of acetaminophen poisoning are interruption of drug absorp-
tion, use of a specific antidote—N-acetylcysteine—and supportive care. Prompt treatment
with N-acetylcysteine is, however, central to the successful management of acetamino-
phen toxicity.

An effort to decrease acetaminophen absorption should be made unless it is clear
that ingestion occurred more than 24 h earlier. Gastric lavage can be useful in patients
who present within 4 h of ingestion; many, however, present later. Oral activated charcoal
has been shown to reduce acetaminophen absorption by binding to it in the lumen of the
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stomach. It appears to be superior to both gastric lavage and ipecac (83). Charcoal is
unlikely to interfere with the efficacy of oral N-acetylcysteine (84).

N-Acetylcysteine (NAC) is the established antidote for acetaminophen poisoning.
It is the N-acetylated derivative of the sulf hydryl amino acid l-cysteine and its sulf hydryl
group is thought to be essential for its early antidote effects. Its most important action is the
replenishment of glutathione stores, which inhibits the damaging effects of the breakdown
product NAPQI (85,86). Other actions of NAC include vasodilatation, increased tissue
oxygen uptake, antioxidant effects, and suppression of TNFα (87–90). These actions may
in part explain the continued benefit of NAC once hepatic injury and even acute liver
failure have developed.

A number of different NAC regimens exist in clinical practice. Oral NAC is used
in the United States as the intravenous form has not been approved by the Food and Drug
Administration. The oral regimen involves a loading dose of 140 mg/kg and is followed
by maintenance doses of 70 mg/kg, every 4 h for 72 h (91). Total NAC dose given is
1330 mg/kg. Many patients have significant nausea with or without vomiting after acet-
aminophen poisoning, and the oral preparation of NAC with its strong unpleasant odor is
difficult to ingest. As a result, some units in the United States have been using intravenous
preparations (of the oral form) without any apparent problems (92,93). The standard intra-
venous protocol is given as an infusion in 5% dextrose over 20 h (94). This includes a
loading dose of 150 mg/kg given over 15 min–1 h, followed by 50 mg/kg over 4 h, then
100 mg/kg over 16 h. Total NAC dose given is 300 mg/kg and volume of dextrose required
about 1800 mL. This protocol may be extended in patients presenting late with significant
hepatotoxicity. Infusions of 150 mg/kg over 24 h can be given for a further 24–48 h.
Another intravenous regimen involves the intermittent doses based on the oral version
(95). Each dose is given over 1 h, every 4 h, for 48 h. Total NAC dose given is 980 mg/kg.
Oral versus intravenous regimens have never been compared directly. A recent meta-
analysis of seven studies reported that prevention of hepatotoxicity was similar in both
groups (74). The authors concluded that intravenous NAC may be preferable because of
a shorter hospital stay, patient convenience, and concerns over the bioavailability of oral
NAC in the presence of nausea and vomiting.

While none of the original NAC studies were of optimal design, lacking randomiza-
tion and using only historical controls, the use of NAC within 10 h of ingestion is associ-
ated with a definite protective effect. Less than 10% of patients developed hepatic damage
if given NAC within 10 h, and almost complete protection is seen within 8 h (91). In
patients who received NAC 10–24 h after ingestion, 26–63% developed hepatic damage
with a mortality of 2–7% (94). This contrasts with the development of hepatic injury in
more than 80% of historical controls. Some benefit is seen even in individuals given NAC
72 h after overdose with less frequent progression to grade III or IV encephalopathy and
a lower mortality (96,97). Furthermore, a randomized controlled trial in patients with
acetaminophen-induced ALF found that those given NAC were less likely to develop
hypotension and cerebral edema, and had a higher rate of survival (96).

N-Acetylcysteine is a safe treatment. Adverse effects have been reported in about
5–14% of patients (92,98). They occur more frequently with intravenous infusions than
oral regimens. Most represent a mild anaphylactoid reaction and include pruritus, mild
urticaria, flushing, or wheezing. Rare serious adverse reactions including arrhythmias,
angioedema, hypotension, and death have been reported. It is very likely that factors other
than NAC played important roles in the development of these events. Treatment includes
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slowing or stopping the infusion and/or antihistamine or, rarely, corticosteriod injection.
Invariably the infusion is continued without further adverse effects. Most reactions occur
early in the front-loaded infusion and giving the first dose over 60 min, instead of 15 min,
decreases the incidence of reactions (74).

In the patients who develop ALF, supportive treatment in an intensive care unit is
of paramount importance (99). Supportive care includes the close monitoring and correc-
tion of blood glucose levels and electrolyte abnormalities. Any signs of sepsis are treated
aggressively with broad-spectrum antibiotics until results of cultures are known. Some
units use prophylactic antibiotics. Sedation or analgesics are generally contraindicated.
Dialysis may be required in patients with acute renal failure who develop serious electro-
lyte disturbances or fluid overload. Signs of increased intracranial pressure are treated
immediately with intravenous mannitol. Patients with grade III or IV encephalopathy are
usually intubated and ventilated. Transfer to a specialist liver unit must be considered to
allow for urgent liver transplantation in deteriorating individuals before irreversible cere-
bral edema or multisystem failure occurs. Unfortunately, many of these patients are not
transplant candidates because of underlying psychiatric histories or substance abuse.

XIV. OUTCOME

The outcome of acetaminophen poisoning is largely related to the absolute amount of
drug taken and the time interval between ingestion and administration of the antidote.
While the overall estimated case fatality rates are very small, ranging from 0.1 to 0.4%,
this figure does not fully represent the morbidity and overall impact on both individuals
and Western societies of acetaminophen poisoning. In those persons who develop ALF
the spontaneous survival of 65% is significantly better than in ALF from other etiologies
(25%) (12). Only a small percentage undergo liver transplantation (�10%); however,
significant numbers still die (28%) either on the transplant list or after exclusion from
transplantation for psychosocial reasons. Those who undergo transplantation are faced
with lifelong immunosuppression for what was potentially a reversible condition.

A number of clinical features on presentation have been found to be associated with
a poor outcome. These include acidosis, severe coagulopathy, low plasma coagulation
factors V and VIII, high creatinine and bilirubin, and the presence of grade III or IV
encephalopathy. Accurate prognostic criteria are important to predict who is likely to
require a liver transplant or, conversely, survive without the need for transplantation. The
King’s College criteria from London (Table 4) are among the most commonly used (67).

Table 4 Indications for Liver Transplantation
in Acetaminophen-Induced ALF Patients
Developed at King’s College Hospital, London

King’s College Hospital Criteria

pH � 7.3 (irrespective of encephalopathy grade)

or

Prothrombin time � 100 s (INR � 7.0) and se-
rum creatinine �300 µmol/L (� 3.4 mg/dL)
in patients with grade III or IV encephalo-
pathy
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Fulfillment of the criteria was originally associated with an 80% probability to require
liver transplantation. As these criteria were developed some years ago, they may not be
totally applicable currently in units in other countries. A recent report concluded that
fulfillment of King’s criteria usually predicts a poor outcome (good positive predictive
value) but lack of fulfillment of the criteria does not predict survival (low negative pre-
dictive value) (100). Analysis of the U.S. Acute Liver Failure Study Group data (79 cases
of acetaminophen toxicity), on the other hand, revealed a poor positive predictive value
(54%) and moderate negative predictive value (73%) (unpublished data). Other scoring
systems such as the APACHE II (101) and III (102) have also been investigated and may
be better predictors; however, the advantage appears relatively small. Clearly, a need exists
for the development of better prognostic criteria.

XV. CONCLUSION

Acetaminophen is one of the most readily available and widely used analgesics. Although
side-effect-free and relatively safe at recommended doses, it has a narrow therapeutic
window. Both suicidal overdose and the more recently recognized accidental poisoning
or therapeutic misadventure are major causes of hepatotoxicity in Western countries. Acet-
aminophen hepatotoxicity is the most common cause of acute liver failure in both the
United States and United Kingdom and is associated with a significant number of deaths.
The timely use of N-acetylcysteine prevents significant hepatotoxicity in the majority of
cases. More importantly, measures should to be undertaken to prevent the large number
of poisonings that continue to occur in the developed world. Limiting the availability of
acetaminophen in countries such as the United States is central to these measures. Alerting
the public to the potential dangers of acetaminophen use, especially with chronic alcohol
ingestion, without emphasizing its suicidal potential, is another challenge.
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I. HEPATIC TOXICITY OF NSAIDs—A “CLASS EFFECT”?

Nonsteroidal anti-inflammatory drugs (NSAIDs) belong to a group of therapeutic agents
that are frequently prescribed because of their analgesic and antipyretic properties. Many
NSAIDs are even available without a prescription and are generally considered safe. How-
ever, because a large population of patients is exposed to these drugs, it is not surprising
that a relatively large number of adverse effects have been reported. The extremely wide
use worldwide has led to an extensive literature on the incidence and types of major and
minor adverse effects. Although the most frequent adverse effects associated with the use
of NSAIDs clearly occur in the gastrointestinal tract, other target organs, including the
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liver, have been identified. Comprehensive reviews are available that summarize the risk
and the clinical manifestations of NSAID-related hepatic disorders (1–16).

Although new NSAIDs have been designed and are becoming increasingly important
(e.g., NO-releasing compounds; highly selective COX-2 inhibitors), many of the “classi-
cal” NSAIDs, including oxicams, are still extensively used (5). In spite of the fact that
in the last few decades further clinical development of a significant number of NSAIDs
had to be stopped, or drugs even withdrawn from the market because of hepatic toxicity
(16), new cases of hepatic toxicity are being increasingly reported (4,17). Therefore, the
question arises whether this class of drugs has some common feature that would make
them particularly prone to hepatic liability through the action of similar mechanisms. How-
ever, if one analyzes the relative incidence of acute or subacute liver injury caused by
NSAIDs, it becomes apparent that the incidence is low, and not higher than that observed
for other drugs (18). An exception may be sulindac: the unusually high incidence of ap-
proximately 150 cases of liver injury per 100,000 sulindac users suggests that there is a
causal link between the use of this NSAID and an increased risk of hepatotoxicity (14,15).
For other NSAIDs, the incidence is clearly lower. For example, it is intermediate for
mefenamic acid (2.5 per 100,000), diclofenac (3.6), or naproxen (3.8), and lowest for
ibuprofen (1.6) and other NSAIDs (14,15,18).

In general, the clinical manifestations of NSAID toxicity in the liver can present as
two distinct forms. On the one hand, mild hepatic changes, evident as minor increases in
liver enzymes in the plasma, are relatively frequent and have been estimated to range
between 1 and 15% (13). They are usually observed in phase III clinical trials, prior to
marketing. In contrast, and of greater concern, are the clinically more significant hepatic
injuries, which become evident from case reports in the literature, and which sometimes
can have a fatal outcome (8,16). These latter cases are very rare, but, in view of the great
number of patients treated worldwide, the absolute numbers may be high. For example,
in Denmark between 1978 and 1987, about 9% of all hepatic drug reactions could be
attributed to NSAIDs (19). Whether the mild and severe forms of liver injury are causally
linked to each other is currently not known.

Awareness of severe hepatic adverse effects of NSAIDs became more widespread
when benoxaprofen was introduced into clinical use. Almost immediately after its intro-
duction in 1982, the drug was withdrawn from the market because of hepatic toxicity.
Subsequently, the FDA Arthritis Advisory Committee issued the statement that hepatotox-
icity is a class characteristic of NSAIDs (20). NSAIDs are, however, chemically heteroge-
neous, comprising several distinct classes (e.g., aspirin and other salicylates, phenylacetic
acid derivatives, propionic acid derivatives, indol acetic acid derivatives, pyrazolone deriv-
atives, oxicams, anthranilic acid derivatives, and the more recently introduced coxibs).
Meanwhile it has been recognized that this statement is an oversimplification for a number
of reasons (21). For example, rates and types of injury vary within and between chemical
classes. In addition, there is no consistent mechanism underlying all NSAID-induced liver
injuries. A likely reason why hepatotoxicity has been attributed to the entire therapeutic
class may simply be that these drugs are among the most widely used medications in the
world and that, therefore, hepatic adverse effects seem common.

Nevertheless, most of those NSAIDs that have been associated with liver injury
share some common structural features and follow similar pathways of hepatic metabolism
and disposition. For example, they are weak acids (pKa �3.5–5.5), share a carboxylic acid
moiety, and many of them feature lipophilic ring structures. They are often metabolized to
acyl glucuronides, excreted, at least in part, via bile, and undergo enterohepatic circulation.
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Although these features may be general and shared by many other drugs, they are high-
lighted for a better understanding of some of the molecular mechanisms underlying the
hepatobiliary toxicity of these drugs.

Only few reviews exist that describe the possible mechanisms underlying the hepatic
toxicity of NSAIDs (21,22). Apart from in vitro data, the paucity of mechanistic data may
reflect the fact that for most NSAIDs, mechanisms responsible for hepatic toxicity in
vivo have remained largely enigmatic and speculative. In search of keys to unravel these
mechanisms, the observed hepatic adverse effects of NSAIDs have often been grouped
into two categories (often referred to as “mechanisms,” which they are not). In some
cases, hepatic injury seems to be driven by a clear dose-dependent intrinsic toxicity of
the compound (e.g., aspirin-induced hepatotoxicity). In most other cases, however, the
hepatic reaction is idiosyncratic; that is, the toxicity largely depends on a host-dependent
component and occurs in selected individuals only who feature a genetic and/or acquired
predisposition. Because it is difficult at present to analyze all the individual susceptibility
factors leading to idiosyncratic toxicity, efforts have concentrated on identifying the toxic
risk of a compound. This risk is not only determined by the drug’s inherent toxic potential
on the cellular or molecular level, but also driven by factors governing its disposition and
metabolism.

II. DISPOSITION AND METABOLISM OF NSAIDs—IMPLICATIONS
FOR HEPATIC ADVERSE EFFECTS

A. Plasma Protein Binding

An important feature of NSAIDs is their high degree of reversible plasma protein binding,
which usually is higher than 99% (23). Although the overall bound fraction is high, indi-
vidual NSAIDs can exhibit marked differences in their unbound fractions (23). This be-
comes important for risk assessment in humans or for a critical extrapolation from in vitro
studies in microsomes, isolated mitochondria, or cellular systems. Often the incubation
media do not contain exogenous albumin or other plasma proteins and results from in
vitro assays can therefore be easily overestimated.

It is not only the parent compounds, but also the metabolites (including the glucuro-
noconjugates), that are highly protein-bound. For the glucuronides, the fraction of the
free (nonbound) metabolite can even be considerably higher than that of the free parent
compound. For example, although more than 90% of naproxen acyl glucuronide is bound
to plasma proteins (24), the concentration of the free acyl glucuronide was approximately
10-fold higher than that of the free parent compound. Furthermore, the iso-glucuronides
(spontaneously formed positional isomers of the acyl glucuronide) can exhibit an even
lower degree of protein binding (e.g., 66% for naproxen) (24). As glucuronides play a
putative role as pivotal mediators of NSAID hepatotoxicity, the sharp increase in concen-
tration of the free circulating conjugates can become important.

B. Bioactivation to Reactive Metabolites

Some NSAIDs (e.g., diclofenac, piroxicam, ketoprofen) have been shown to form reactive
metabolites (25), causing acute lethal cell injury in cultured rat hepatocytes. Unfortunately,
there is no clear-cut correlation between the potential to form such reactive metabolites
in vitro and the relative incidence of liver injury in patients. Acute cell killing triggered
by high drug concentrations in cell culture systems (26) cannot be directly translated into
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Figure 1 P450-mediated ring hydroxylation of diclofenac can result in the formation of quinone
imines. For example, CYP2C9-catalyzed 4′-hydroxylation leads to the 1′4′-quinone imine, which
exhibits electrophilic centers (arrows) that can react with glutathione or nucleophilic residues of
proteins.

the human situation. However, such data may provide qualitative evidence for the genera-
tion of a reactive metabolite in the liver and can help to explain certain interactions of
these intermediates with cellular macromolecules.

1. Cytochrome P450-Mediated Bioactivation

Some NSAIDs are ring-hydroxylated by selective P450 forms, which can lead to the for-
mation of reactive intermediates. For example, diclofenac has been shown to form distinct
p-benzoquinone imines (27), which are electrophilic species. In rats, these intermediates
are readily conjugated with glutathione and excreted in bile as S-glutathionyl adducts
(Fig. 1). Interestingly, the same adducts were detected in human hepatocytes (28,29). If
glutathione levels are depleted or if a metabolite is highly reactive, one can surmise that
the electrophilic intermediate will also arylate cellular proteins. Indeed, in rats one of the
metabolites of diclofenac generated by CYP2C11-catalyzed reactions is so reactive that it
forms a covalent adduct with P450 itself at the site of its generation (30). The toxicological
implications of these reactions, however, are not clear.

2. Activation by Coenzyme A to Acyl-CoA Thioesters

Carboxylic acid–containing NSAIDs can be activated by acyl-coenzyme A synthetase
(ACS1) to form acyl-CoA thioesters (31) (Fig. 2). The 2-arylpropionic acids (profens) are
particularly prone to undergoing this reaction. The liver is quantitatively the most impor-
tant site of activation of profens to CoA thioesters (32).

Figure 2 Some carboxylic acid–containing NSAIDs (e.g., 2-arylpropionic acids) can be biotrans-
formed by acyl CoA synthetase to acyl-CoA thioesters. This bioactivation step can entail a number
of toxicological consequences.
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Figure 3 Carboxylic acid–containing NSAIDs can be bioactivated by glucuronosyltransferases
(UGT) to β-1-O-glucuronides. These acyl (ester) glucuronides are reactive metabolites that can en-
gage in a number of reactions with potential toxicological consequences.

If large amounts of a drug are converted to CoA thioesters, this conjugation reaction
in hepatocytes can have several consequences. First, it can lead to a depletion of the
cytosolic CoA pool. Furthermore, similar to activated fatty acids, these NSAID-CoA thio-
esters can enter the pathways of lipid biochemistry. For example, they can be conjugated
with cholesterol, bile acids, carnitine, or other amino acids (33) or, alternatively, incorpo-
rated into glycerolipids or phospholipids (34,35). Finally, acyl-CoA-thioesters are protein-
reactive intermediates that can directly acylate proteins (36). Thus, bioactivation by CoA
is an important step in NSAID metabolism with possible toxicological implications.

Interestingly, activation of profens, which exhibit a chiral carbon atom at the α-
carboxy position, to their thioesters is stereoselective. Because there is a great variability
in the nature and extent of this stereoselectivity, both across species and across different
NSAIDs (37), one can expect that the extent of interference of profens with lipid metabo-
lism and their protein reactivity is subject to considerable variability.

3. Activation by UDP-Glucuronosyltransferase to Reactive Acyl
Glucuronides and iso-Glucuronides

Many carboxylic acid-containing NSAIDs are glucuronidated by members of the UDP-
glucuronosyltransferase (UGT) superfamily (reviewed in ref. 38) to their corresponding
acyl (or ester) glucuronides. In particular, UGT2B7 has been implicated in catalyzing the
glucuronidation of NSAIDs in humans (39,40) (Fig. 3). Because both acyl glucuronides
and their positional isomers, generated after spontaneous acyl migration (Fig. 10), are
protein-reactive metabolites, the glucuronoconjugation cannot be considered a mere detox-
ication step but must also be considered a bioactivating pathway.

UGT expression can vary interindividually, due to both environmental and genetic
factors. On the one hand, UGTs can be selectively induced by a number of drugs and
other chemicals (41). On the other hand, there exist genetic polymorphisms in the genes
coding for UGT (42,43). It is likely that additional genetic variations in the human popula-
tion will be detected that could perhaps help to explain the variability in the plasma or
urine concentrations of NSAID glucuronides in the human population (43).

Although acyl glucuronidation is a common pathway, not all carboxylic acid–con-
taining NSAIDs form these conjugates. For example, bromfenac metabolism by human
microsomes does not produce an acyl glucuronide. Furthermore, rats administered brom-
fenac unexpectedly produced an acid-labile N-glucoside conjugate (44). It is not known
whether this unusual conjugation step with glucose is related to the hepatic toxicity associ-
ated with bromfenac, which was recently withdrawn from the market (45–47).

C. Hydrolysis and Systemic Cycling

Acyl glucuronides are readily hydrolyzed, particularly in vivo (48). Serum albumin, to
which most NSAIDs bind, can increase this process by interaction of the aglycone moiety
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Figure 4 Acyl glucuronides or their positional isomers are transported across the canalicular
plasma membrane by the canalicular isoform of the multidrug resistance–associated protein (Mrp2)
into bile. Other Mrp isoforms can export the glucuronides across the basolateral membrane into
blood. The expression of Mrp is highly regulated, and genetic variations exist.

with basic amino acids (49). Thus, the reversal of glucuronidation, coupled with reglu-
curonidation, can lead to a systemic cycling, resulting in increased exposure and reduced
renal elimination (50).

D. Biliary Excretion

Biliary excretion is an important pathway of NSAID clearance. In particular, the glucuro-
noconjugates and glutathione S-conjugates are eliminated across the canalicular membrane
into the biliary tree. In those cases where NSAIDs contain a chiral center (e.g., the 2-
arylpropionic acids), the hepatocanalicular export can be stereoselective. For example, the
S-diastereomer of naproxen glucuronide has a higher export rate than the R-diastereomer
(51).

NSAID acyl glucuronides are selectively exported into bile by the canalicular iso-
form of the multidrug resistance–associated protein, Mrp2 (52) (Fig. 4). The hepatic ex-
pression of Mrp2 is inducible by a number of drugs (53). This may represent an adaptive
response aimed at enhancing biliary elimination of the inducing drug and/or its metabo-
lites. In contrast, under conditions of cholestasis, Mrp2 may disappear from the canalicular
membrane, or be relocalized to other subcellular compartments (54). Genetic defects in
the gene coding for the canalicular form of Mrp2, such as in the Dubin-Johnson syndrome
in humans or in a number of transport-deficient rat models, have been described (55).
These altered expression patterns of the canalicular conjugate export pump may have
severe toxicokinetic and toxicodynamic consequences.

When biliary elimination is impaired by drugs or by obstruction of the bile duct,
other pathways may be activated. For example, while under normal conditions acyl glu-
curonides and its isomers are excreted into bile (in the rat) and only a minor amount is
excreted into the urine, experimental bile duct ligation caused the acyl glucuronide of
zomepirac to be shunted into blood (56). These altered pathways can cause increased
systemic exposure to the drug.

E. Enterohepatic Circulation

NSAID glucuronides that are excreted via the biliary tree into the gut can be deconjugated
by several mechanisms. First, the slightly alkaline pH in bile and in the gastrointestinal
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Figure 5 Biliary excretion of the glucuronides, hydrolysis in the biliary tree and/or small intes-
tine, and reabsorption of the aglycone lead to extensive enterohepatic circulation of a number of
acidic NSAIDs. This condition can have toxicological consequences, as indicated.

tract can favor hydrolysis of the alkali-labile acyl glucuronide. In addition, acyl glucuro-
nides, but not the iso-glucuronides, can be cleaved by bacterial β-glucuronidase and non-
specific esterases. This leads to a rapid reuptake of the free parent drug and to enterohepatic
circulation (57–60) (Fig. 5). Possible consequences of this repeated cycling are increased
hepatic exposure and sustained interaction with hepatocanalicular transport, which is the
rate-limiting site in drug elimination.

That enterohepatic circulation of NSAIDs is an important factor that determines
their hepatic toxic potential can be illustrated by therapeutic studies in dogs. NSAIDs
undergo extensive enterohepatic circulation in dogs and are therefore eliminated slowly.
Carprofen administration has caused hepatopathy, manifested by increases in aminotrans-
ferase activity, cholestasis, hepatocellular degeneration, and necrosis (61,62). Similarly,
dogs that received naproxen at therapeutic doses developed toxic side effects including
increases in hepatic enzyme markers (63).

F. Cholehepatic Circulation

Following excretion into the biliary tree, some NSAIDs can be readily reabsorbed. For
example, it has long been suspected that sulindac (the aglycone, not the conjugated form)
can undergo such cholehepatic circulation in humans (64). This has been confirmed in rats:
following its canalicular secretion via the bile salt–exporting protein (cBsep), sulindac is
reabsorbed across the bile duct epithelium. This results in decreased overall biliary excre-
tion and higher blood levels during long-term administration of this drug (65). The possible
consequences of cholehepatic circulation include increased exposure and possible compet-
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Figure 6 Hepatobiliary excretion of sulindac (parent compound) across the canalicular membrane
via the bile salt–exporting protein (cBsep) and subsequent reabsorption in bile ducts leads to exten-
sive cholehepatic circulation of this compound. This condition can have toxicological consequences,
as indicated.

itive interaction at the hepatocanalicular transport site of bile salts and other substrates of
the cBsep (Fig. 6).

G. Renal Excretion

If the renal elimination of NSAID metabolites, e.g., acyl glucuronides, is impaired, this
can lead to higher levels of circulating conjugates and hence to increased exposure to
these potentially reactive metabolites. This was illustrated by experimental inhibition by
probenecid of the renal elimination of zomepirac, which caused increased formation of
drug adducts to plasma proteins (66).

III. CELLULAR AND MOLECULAR MECHANISMS OF NSAID-
INDUCED HEPATOTOXICITY

The “mechanisms” of NSAID hepatotoxicity are often classified as either intrinsic or idio-
syncratic (4,12,16). However, this distinction is merely a phenotypical classification and
reflects our lack of a clear understanding of the underlying mechanisms on a molecular
and cellular basis.

For overt dose-dependent drug toxicity, the risk of toxicity can be more readily
identified and taken into account for risk assessment. In contrast, for idiosyncratic drug
toxicity, where the toxic manifestation is cryptic or latent and clearly host-dependent, the
risk is much less easily determined because it does not manifest itself in most individuals.
Both types of drug toxicity, however, harbor an intrinsic component, and some of the
underlying cellular and molecular mechanisms may be similar.
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In search of these mechanisms, a number of key pathways have been emerging.
Apart from possible effects related to the pharmacological targets, three molecular mecha-
nisms implicated in NSAID hepatotoxicity have been identified. These mechanisms are:
(1) mitochondrial toxicity and interference with energy homeostasis, (2) protein binding
of a reactive metabolite and subsequent hapten formation, and (3) interference of NSAIDs
with hepatobiliary transport of cholephilic compounds, leading to intracellular accumula-
tion of endogenous and/or exogenous compounds.

A. Pharmacological Targets—Are They Related to Hepatotoxic Side
Effects?

The effectiveness of NSAIDs has been mostly attributed to cyclooxygenase (COX) inhibi-
tion, but other receptors, including the peroxisome proliferator-activated receptors
(PPARs) have recently gained attention. Evidence relating NSAID hepatotoxicity to these
pharmacological targets is scanty.

1. Cyclooxygenase (COX) Inhibition

NSAIDs are selective inhibitors of COX. This enzyme subfamily catalyzes the metabolic
conversion of arachidonic acid to prostaglandins. Two isoforms of COX have been identi-
fied in mammalian cells. They are encoded from two different genes and exhibit tissue-
specific expression. COX-1 is constitutively expressed and is a house-keeping enzyme,
whereas COX-2 is an inducible form that is normally expressed at very low levels in
many tissues but is upregulated by inflammatory mediators (67).

It is possible that inhibition of the degradation of arachidonic acid via the COX
pathway by NSAIDs will in turn stimulate the alternative pathway of arachidonic acid
metabolism, that is, activation of the lipoxygenase pathway. This would increase the for-
mation of leukotrienes and could therefore alter microsomal membranes (68) via genera-
tion of hydroperoxy derivatives (69) and inflammatory responses (70,71). However, there
is no experimental evidence that this pathway may be related to the hepatic liability associ-
ated with NSAIDs.

Recent efforts have aimed at developing selective COX-2 inhibitors that spare COX-
1. Although these new drugs (e.g., celecoxib, rofecoxib) have not been associated with
adverse effects in the liver, one cannot conclude from this safety profile that liver injury
from traditional nonselective COX inhibitors is linked to COX-1 inhibition (72).

2. Peroxisome Proliferator-Activated Receptors (PPARs)

NSAIDs can bind to and activate PPARs, which are ligand-activated nuclear receptors
that are involved in the regulation of lipid homeostasis. Among the several isoforms of
PPAR, PPARα is abundant in liver and plays a key role in peroxisomal fatty acid β-
oxidation and peroxisome proliferation. In fact, earlier observations had revealed that cer-
tain NSAIDs (e.g., ibuprofen and flurbiprofen) are inducers of peroxisomal β-oxidation
(73). Although these compounds are structurally similar to clofibric acid, a powerful in-
ducer of peroxisomal β-oxidation, NSAIDs are not as potent inducers as clofibric acid.

In contrast to PPARα, PPARγ is normally expressed at low levels in the liver. How-
ever, obesity and nutrition can upregulate PPARγ expression in the liver (74,75). PPARγ
plays a key role in decreasing mitochondrial β-oxidation and in increasing fatty acid incor-
poration into storage lipid. In cell cultures, indomethacin, fenoprofen, ibuprofen, and flu-
fenamic acid all have been shown to bind and activate PPARγ and to induce lipogenesis
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(76). Interestingly, at low (nanomolar) concentrations, indomethacin blocked only COX
activity, thus inhibiting the formation of prostaglandin derivatives that are activators of
PPARγ, without directly binding to PPARγ. At higher (micromolar) concentrations, how-
ever, indomethacin not only inhibited COX activity but also activated PPARγ. Thus de-
pending on the concentration, NSAIDs may function as either inhibitors or activators of
PPARγ-mediated processes (76).

One of these PPARγ-mediated processes is apoptosis. NSAIDs have been shown to
induce apoptosis in cell lines by a COX-independent pathway (77). This has been causally
linked with the compounds’ well-known chemopreventive activity against intestinal tu-
morigenesis (78–81).

In spite of these well-known interactions of NSAIDs with PPARs, the relevance of
these findings for the liver has remained unclear.

B. Disruption of Mitochondrial Energy Production

Mitochondrial bioenergetics have been implicated as a potential target of the toxic action
of NSAIDs in the liver. The underlying mechanisms of mitochondrial damage include
uncoupling of oxidative phosphorylation, opening of the mitochondrial permeability tran-
sition pore, and inhibition of mitochondrial β-oxidation.

1. Uncoupling of Oxidative Phosphorylation

Mitochondrial uncoupling of oxidative phosphorylation is one of the most widely dis-
cussed mechanisms underlying the toxicity of NSAIDs (82–86). This effect can be ex-
plained by the chemical structure; many NSAIDs are monocarboxylic acids with one or
more aromatic rings and most of them are lipophilic. These features are typical for uncou-
pling agents.

Uncoupling compounds short-circuit the proton gradient that is normally built up
in the intermembraneous space during electron transport, by reversing the proton flux from
the intermembraneous space back into the matrix (Fig. 7). The resulting dissipation of the
proton gradient precludes the oxidative phosphorylation of ADP by the ATP synthetase.
This ultimately leads to release of Ca2� and to an energy crisis and cell demise (87–90).

At least three major mechanisms have been identified that form the basis of this

Figure 7 Acidic NSAIDs dissipate the mitochondrial membrane potential by facilitating proton
reflux across the inner mitochondrial membrane. This can occur both by the protonophore activity
of the carboxylic acid moiety or the diphenylamine structure of an NSAID, causing uncoupling of
electron transport from ATP synthesis, and effects on the mitochondrial permeability transition pore
(MPTP), which opens and allows rapid influx of protons.
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uncoupling effect. First, the protonophoric activity of acidic NSAIDs shuttles the protons
back into the matrix. Evidence indicates that the diphenylamine structure may also contrib-
ute to this effect (89,91). Second, NSAIDs can directly cause opening of the mitochondrial
permeability transition pore, which allows rapid influx of protons into the matrix. Finally,
there is evidence that the hydrophobic NSAIDs accumulate nonspecifically in the mito-
chondrial membranes and cause membrane disordering, which also could contribute to
the uncoupling effects (85).

Most of the experiments demonstrating an uncoupling effect of NSAIDs were car-
ried out either in isolated mitochondria (85) or in isolated or cultured hepatocytes. The
concentrations needed to induce such mitochondrial changes ranged from low micromolar
(for, e.g., mefenamic acid, flufenamic acid, diflunisal) (82), to high micromolar (100–250
µM for, e.g., diclofenac), to the millimolar range (e.g., for aspirin). Some NSAIDs did
not inhibit hepatic mitochondrial ATP synthesis at all (e.g., indomethacin or sulindac),
even at concentrations exceeding 5 mM (82). A comparison among NSAIDs of the IC50

values for inhibition of ATP synthesis and the relative incidence of inducing liver dysfunc-
tion in humans readily reveals that there is no positive correlation between the in vitro data
and the hepatotoxic potential in humans. For example, sulindac, which is more frequently
associated with hepatotoxicity than all other NSAIDs (92), was not cytotoxic and did not
deplete hepatocellular ATP in rat hepatocyte cultures (89). In contrast, nimesulide and
meloxicam have few hepatic side effects, yet are among the most potent uncouplers (86).
Thus, uncoupling is not a general property of all NSAIDs and this effect is unlikely to
contribute to the toxicity in vivo. In addition, most of the effects observed with isolated
mitochondria or cell cultures were caused by high drug concentrations only. Because most
NSAIDs are highly bound to plasma proteins in vivo (23), the concentration of “free”
(unbound) drug is approximately three orders of magnitude smaller than the concentrations
used in vitro.

2. Induction of the Membrane Permeability Transition in Mitochondria

In recent years, the mitochondrial membrane permeability transition (MPT) pore, a tightly
regulated megachannel associated with Ca2�-dependent increases in the permeability of
ions and solutes with molecular masses �1500 D, has gained much attention. The MPT
has been implicated in mitochondrial uncoupling and induction of apoptosis. A recent
report indicates that induction of the MPT is a general response to short-chain carboxylic
acids having a pKa of 4–5 (93).

NSAIDs are able to differentially induce the mitochondrial MPT, leading to a col-
lapse of the proton gradient and an energy crisis (91,94,95) (Fig. 7). While some NSAIDs
(e.g., piroxicam, aspirin) exert this effect only at relatively high concentrations (500 µM),
others (e.g., diclofenac, mefenamic acid) cause opening of the MPT pore at concentrations
as low as 2 µM. The mechanism of MPT induction caused by NSAIDs is not well under-
stood, but it has been suggested that oxidation of pyridine nucleotides or protein thiols
may play a role.

3. Inhibition of Mitochondrial β-Oxidation

Inhibition of mitochondrial β-oxidation has been discussed as one of the mechanisms
involved in NSAID hepatotoxicity, in particular that associated with 2-arylpropionic acid
derivatives (96–101) (Fig. 8). Mitochondrial β-oxidation is the process by which nonester-
ified fatty acids (NEFAs) are oxidized and shortened into acetyl-CoA fragments, which
in turn are either condensed to ketone bodies or further metabolized by entry into the
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Figure 8 Inhibition by 2-arylpropionic acids of long-chain fatty acyl β-oxidation in mitochondria.
CoA is sequestered by the acidic NSAIDs and is less available to activate long-chain fatty acids
prior to their carnitine-mediated transport across the inner mitochondrial membrane. The ensuing
accumulation of fatty acids in hepatocytes may lead to microvesicular steatosis.

citrate cycle. In contrast to short- and medium-chain NEFAs, which can readily penetrate
into mitochondria, long-chain NEFAs have to be activated to an acyl-CoA intermediate
prior to being transported across the inner mitochondrial membrane by the carnitine shuttle
system. Inhibition of β-oxidation, which is an important sink for NEFAs in the liver, leads
not only to decreased ATP production but also to an accumulation of fatty acids. Ulti-
mately, this can develop into microvesicular steatosis.

The mechanism underlying NSAID-induced inhibition of β-oxidation has both a
stereoselective and a nonstereoselective basis (97). The first mechanism can be explained
by the stereoselective formation of 2-arylpropionic acid-CoA thioester formation, which
can lead to extramitochondrial CoA sequestration. As a consequence, activation of long-
chain NEFAs is inhibited and, hence, β-oxidation is decreased (100,102). Second, for
those 2-arylpropionic acids that do not form CoA intermediates (e.g., flurbiprofen), a non-
stereoselective, CoA-independent β-oxidation pathway has been described (83). The exact
mechanism is not known but, because these drugs are also uncouplers, it has been sug-
gested that the NSAID may enter mitochondria and directly inhibit β-oxidation (83). Fi-
nally, as many NSAIDs are activators of PPARγ, which is associated with downregulation
of the mitochondrial β-oxidation pathway and accumulation of NEFAs, it is possible that
the observed microvesicular steatosis in hepatic parenchymal cells could be attributed, at
least in part, to activation of upregulated PPARγ in the liver.

The concentrations required to achieve a significant inhibition of β-oxidation in vitro
are usually much higher than the therapeutic plasma concentrations, considering again
that the nonbound (“free”) drug is less than 1% of the total. Therefore, it is not likely that
these effects will become important in the vast majority of patients. However, the data
can explain a mechanism that may become relevant in compromised cells, in genetically
altered mitochondrial β-oxidation (103), or at exceedingly high intracellular NSAID con-
centrations.

Indeed, microvesicular steatosis has been described in patients who received pirpro-
fen (104), naproxen (105), ibuprofen (106), or ketoprofen (107). However, because mi-
crovesicular steatosis can be nonspecific and because it is more prevalent than previously
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Figure 9 Covalent adduct formation of a NSAID acyl glucuronide (unsubstituted at the α-carbon
atom) to a nucleophilic amino acid residue of a target protein by the transacylation mechanism.

suspected, a causal link with NSAIDs is often difficult to establish. A causal link can only
be made with the use of aspirin (108).

C. Protein Adduct Formation and Immune-Mediated Toxicity

1. Mechanisms and Molecular Targets of NSAID Acyl Glucuronides and
iso-Glucuronides

Carboxylic acid–containing NSAIDs are biotransformed both in the liver and extrahepat-
ically to reactive metabolites. Among these, acyl glucuronides have gained special atten-
tion because they are quantitatively important and because they are protein-reactive. As
a consequence of their moderate reactivity, they often do not react with target molecules
in their immediate vicinity, but leave the site of their formation and reach the blood or
biliary compartment. In the vascular system, acyl glucuronides can react with plasma
proteins (109–112). Protein binding to, e.g., albumin, has also been demonstrated in vitro
(113–120) and has been used to investigate the molecular mechanisms of binding.

For human serum albumin, the most prominent binding site for covalent interactions
with NSAIDs has been determined. Following exposure to tolmetin acyl glucuronide,
the intramolecular target has been identified as Lys-199 (117,121). This is particularly
interesting, as Lys-199 is a lysine ε-amino group located in a hydrophobic region of the
protein that is a target for covalent binding of penicillin derivatives, well-known immuno-
genic drugs (122).

One mechanism of covalent binding of an NSAID acyl glucuronide to protein is
nucleophilic displacement or transacylation, whereby the NSAID acylates a nucleophilic
amino acid residue of a target protein and the glucuronic acid moiety is released (Fig. 9).
A second mechanism of binding is protein glycation, by which the glucuronic acid moiety
is retained in the adduct. This reaction is made possible after intracellular rearrangement
(acyl migration), where the acyl group migrates from the 1-O-position to the 2-, 3-, or 4-
position of the sugar ring, exposing a new electrophilic center in the resulting iso-glucuro-
nide (Fig. 10). Protein glycation by this mechanism is quite common, in particular by 2-
arylpropionic acids (51,123). Protein adducts with iso-glucuronides may be quantitatively
as important as those derived from the original acyl glucuronide (124). They may even
become more relevant in toxicology as they are more persistent than the less stable adducts
formed from the 1-O-acyl glucuronide.
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Figure 10 Covalent adduct formation of a NSAID iso-glucuronide to a target protein by the
glycation mechanism. Following intracellular rearrangement (acyl migration of the aglycone along
the sugar ring), positional isomers can be formed. These iso-glucuronides (in this example, the 3-
O-glucuronide of an NSAID) can exist transiently in the open ring form, where the exposed aldehyde
group is attacked by a nucleophilic amino acid residue.

There is a clear correlation between the stability of a formed acyl glucuronide and
its reactivity (covalent binding) (125). For a number of acyl glucuronides, the apparent
first-order disappearance rate constant in buffer correlated in a linear fashion with maxi-
mum irreversible binding to albumin in vitro. The degree of substitution at the α-carboxy
atom is crucial in determining the stability; unsubstituted acetic acid derivatives are rela-
tively unstable and exhibit high covalent binding. More stable glucuronides are mono-α-
substituted acetic acids, which exhibit intermediate covalent binding. Finally, stable acids
fully substituted at the α-carbon exhibit only little covalent binding (125). It has therefore
been suggested that steric factors hindering the reaction may play a role in this differential
reactivity. However, the predictability of covalent binding becomes less accurate for the
in vivo situation: besides the degradation rate constant of a given glucuronide, many other
factors can modify the site and extent of binding considerably, including differential bioac-
tivation pathways and pharmacokinetic variables.

Stability and, hence, protein adduct formation of acyl glucuronides are pH-depen-
dent. Acyl glucuronides are unstable at pH � 8, a pH that may occur in the biliary tree
and the lower intestine. Therefore, covalent binding in the biliary tree will occur more
extensively than under conditions of lower pH, as is found in blood.

In the liver, targeting of covalent protein binding does not occur at random, but is
directed against selective proteins. A number of experimental studies have characterized
or identified proteins that are preferentially alkylated or acylated by reactive NSAID me-
tabolites (30,52,126–131). Which proteins are detected in Western blots or by fluorogra-
phy depends on a number of factors, including the duration of drug administration and
the time that has elapsed between the dose and the sacrificing of the animal. In most
studies, persistent adducts were found to be associated with plasma membrane proteins
(52,128,130–132) (Fig. 11).

Subcellular fractionation studies and immunohistochemical analysis have revealed
that one (or one group of) particularly abundant adduct(s) is associated with proteins of
the canalicular plasma membrane domain. Evidence suggests that the proteins targeted
by a number of NSAIDs including diclofenac (52,128,131), sulindac (131), or benoxapro-
fen (133) may be identical. Specifically, they all are in the molecular mass range of 110–
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Figure 11 NSAID metabolites covalently bind to one or several 110–118-kDa plasma membrane
proteins exposed to the canalicular lumen. One identified common target is dipeptidyl peptidase IV
(DPPIV).

126 kDa, and one common target that has been identified is dipeptidyl peptidase IV
(DPPIV) (130,134,135).

Adducts to canalicular membrane proteins are only generated when the protein-
reactive metabolite (the acyl glucuronide or isomers) is transported from the hepatocyte
across the canalicular membrane into the bile canalicular lumen (52). This was inferred
from the observation that in mutant transport-deficient (TR�) rats, which do not express
a functional export pump for the glucuronides (canalicular Mrp2), no membrane protein
adducts were detectable after treatment with diclofenac. The reason for this compartment-
selective reaction is severalfold. First, the reactive metabolite that is exported from the
cell by an ATP-dependent transporter is upconcentrated in the canalicular lumen and
reaches high concentrations. Second, the reactivity of the acyl glucuronides is increased
in a slightly alkaline compartment, such as the biliary tree (136,137). Finally, the nature
of the target protein(s) may favor a primary interaction with the glucuronide metabolite.

The role of covalent protein binding in NSAID hepatotoxicity is not clear. However,
theoretically, adduct formation can have toxicological consequences, including inactiva-
tion of a critical target protein or hapten formation and an immunogenic response against
the drug-altered protein.

2. Inactivation of Critical Protein Function

For some proteins covalently modified by NSAID metabolites, a clear functional impair-
ment has been demonstrated. For example, the activity of DPPIV, which is an abundant
ectoenzyme residing in the canalicular plasma membrane and a major target, was reduced
by 22% in rats treated with diclofenac (130). The biological significance of this functional
alteration has remained unclear, as there is no obvious relationship between the decrease
in DPPIV activity and hepatotoxicity. In fact, NSAIDs that produce focal necrosis and
apoptosis in rat liver (diclofenac and sulindac), as well as an NSAID that produces much
less overt injury (ibuprofen), caused equal inhibition of DPPIV expression and activity
(134).

The function of a number of other proteins covalently modified by NSAIDs was
shown to be similarly compromised. For example, acute administration of diclofenac to
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rats resulted in covalent binding to CYP2C11 and a 72% decrease in the catalytic activity
of this P450 (30). Furthermore, incubation of suprofen acyl glucuronide with human serum
albumin or superoxide dismutase significantly inhibited both the binding capacity of albu-
min for other drugs and the catalytic activity of superoxide dismutase (138). Finally, the
reactive acyl glucuronide of zomepirac covalently modified tubulin and inhibited its as-
sembly into microtubules (139).

The relevance of these findings for NSAID hepatotoxicity is not clear. Acute damage
of a protein and rapid replacement may not be so critical. Thus, for proteins featuring a
relatively short half-life, such as albumin, binding may be less relevant than for proteins
featuring a much slower turnover rate (e.g., collagen), where accumulating adducts may
be more severe (138).

3. Hapten Formation and Immune-Mediated Hepatic Injury

Covalent binding of a reactive NSAID metabolite to hepatocellular proteins may lead to
the formation of a hapten that could play a role in a possible immune response against
the drug-altered self-protein (140). The hapten itself, or conformational changes of the
target protein, could then result in the formation of structural and conformational epitopes,
respectively. Direct evidence for the involvement of such a mechanism is, however, scanty.

Several requirements have to be fulfilled for an adduct to become immunogenic.
First, the adduct density (mol adduct bound per mol protein) is an important determinant.
Chronic treatment will increase the adduct density; indeed, multiple dosing, as opposed
to single administration of an NSAID, can lead to accumulation of the protein adducts
(112,141). Second, the half-life (stability) of the adduct itself may also determine its poten-
tial immunogenicity. The stability of an adduct is partially determined by the mechanism
of covalent binding: for many drugs, adducts arising from the reactive iso-glucuronides
are more stable than those arising from the acyl glucuronide. Often the adducts actually
persist in plasma far beyond the period when concentrations of the parent compound and/
or its glucuronides are measurable (112,141). For example, in human volunteers (6-day
oral study), the terminal half-life of covalently bound diflunisal to plasma proteins was
calculated to be 10 days (142). Long-lived adducts may lead to enhanced uptake by macro-
phages, resulting in greater processing and presentation of antigenic peptides compared
with unaltered albumin (143).

Adduct formation alone, however, is not sufficient to trigger an immune response.
In fact, most, if not all, recipients receiving NSAIDs form adducts and the formation of
drug-altered peptides induces tolerance rather than an immune response. To stimulate B
cells or T cells, peptides require presentation by MHC molecules. This process is limited
in the liver: hepatocytes express MHC class I molecules at a very low level, and class II
molecules are not expressed under normal conditions (144). MHC class I molecules can,
however, be upregulated under pathophysiological conditions, including viral hepatitis,
autoimmune liver disease, or cholestasis (145–147). Similarly, MHC II antigen can be-
come expressed in hepatocytes following stimulation by cytokines or under pathophysio-
logical conditions such as hepatitis (144,148–150). By implication, one can speculate that
alkylated hepatic proteins (“nonself” peptides) are released during cell turnover or after
toxic injury, phagocytosed by Kupffer cells, degraded, and presented in conjunction with
MHC II, thus activating a particular Th cell clone bearing an appropriate T-cell receptor.
The activated T-cell clone may begin to express IL-2 receptors and to secrete various
immune modulators including IL-2 and IL-4, which will activate other immune cells,
including B cells and cytotoxic T cells (Fig. 12).
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Figure 12 Putative pathways of immune-mediated hepatocyte injury induced by NSAIDs. Cova-
lent adducts of reactive metabolites of NSAIDs will be accessible to cells of the immune system
following degradation of hepatocytes. Adducts are primarily formed in the endoplasmic reticulum
and at the canalicular plasma membrane. Internalization of NSAID-modified proteins by antigen-
presenting cells (e.g., Kupffer cells) is followed by processing and presentation of the peptides in
conjunction with MHC class II. The hapten or conformational epitope of the peptides is recognized
by the T-cell receptor of T helper cells. Cytokine release and subsequent activation of B cells and
cytolytic T-cell precursors results in clonal expansion and maturation to cytolytic T cells. These T
cells recognize the antigen presented in conjunction with MHCI on the hepatocytes and destroy the
target cell. Activated macrophages or natural killer cells may also lyse target cells by various media-
tors. Alternatively, NSAID-altered proteins may interact with a B-cell receptor, followed by internal-
ization, processing, and presentation by MHCII, which leads to activation and clonal expansion of
B cells, maturation to plasma cells, and secretion of antibodies. These antibodies may bind to epi-
topes on the plasma membrane of hepatocytes (exposed protein adducts). This may result in nonspe-
cific recognition and binding via the Fc receptor of killer cells and macrophages and killing of the
target hepatocytes.

Immune-mediated liver injury could be mediated by a number of effector mecha-
nisms. First, antibodies may bind to alkylated membrane proteins on the cell surface and
induce cell lysis through complement or killer cells. Although, in some cases, such anti-
bodies against NSAID-altered peptides have indeed been found, the pathophysiological
significance of antibodies is not clear. In particular, it is not clear whether they are causally
involved in the killing of target cells or merely markers for antigenicity. For example, two
independent experiments have shown that immunization with a syngeneic serum albumin
conjugate of a NSAID (diflunisal and tolmetin) acyl glucuronide stimulated an antibody
response in rodents (151,152). These studies show that self-proteins covalently modified
by incubation with a reactive NSAID glucuronide can be immunogenic. They do not,
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however, provide evidence that these antibodies are indeed causally involved in an aber-
rant immune response in the liver.

It is only in few cases that there is evidence that these antibodies may play a caus-
ative role in cell-mediated toxicity. For example, the addition of sera from patients with
clometacine hepatitis to cultured human hepatocytes that had been exposed to clometacine
resulted in hepatocellular injury when autologous lymphoid cells were added (153). The
antiserum from such patients did not, however, recognize drug-modified proteins, but only
native proteins. Therefore, it is likely that clometacine, and possibly other NSAIDs, can
in rare cases induce autoimmune-type hepatitis. This has been inferred from the presence
of accompanying high titers of anti-DNA or anti–smooth muscle antibodies, typical for
autoimmune hepatitis (154). It is possible that the role of the drug, being one of the factors
that add to the risk of developing autoimmune hepatitis, would be in revealing a latent
autoimmune disease (155). One hypothesis involves autoreactive B cells that are normally
quiescent but would present both the drug-altered protein and native peptides, triggering
a Th response against the native protein (156). Recent evidence also indicates that drugs
can disrupt the process of positive selection of immature T cells in the thymus that occurs
throughout life, breaking the tolerance to self, and that this process can lead to autoimmune
disease (157).

The second effector mechanism involves cytolytic T cells, following appropriate
stimulation by Th cells. Cytolytic T cells would recognize the drug-modified peptides
presented in conjunction with MHC I and destroy the target cells by Fas- or perforin-
mediated mechanisms. Such a mechanism has not been proven in vivo, and to date there
is no animal model available with which one could study these pathways. Limited evidence
stems from a mouse study that has shown that in vivo activated T cells derived from
diclofenac-immunized mice are able to kill hepatocytes that had been exposed in vitro to
diclofenac (158) (Fig. 13).

In this ex vivo/in vitro model, C57BL/6 mice were immunized with diclofenac
coupled to the carrier protein, keyhole limpet hemocyanin (KLH). To explore the role of a
T-cell-mediated response directed against diclofenac-modified peptides, splenocytes from
KLH-diclofenac (and KLH only) immunized mice were harvested and either used as a
crude splenocyte fraction (containing T cells, B cells, NK cells, and macrophages) or

Figure 13 Cytotoxic T cells from diclofenac-immunized mice kill hepatocytes previously ex-
posed to diclofenac in vitro. Immunization alone or exposure to diclofenac alone did not cause
hepatocyte injury.
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further purified to a T-cell-enriched fraction. These splenocytes were then combined with
isolated and precultured syngeneic hepatocytes and kept in coculture for several days. Prior
to being combined with splenocytes, the hepatocytes were exposed to high but nontoxic
concentrations (100 µM) of diclofenac, which was biotransformed to a reactive metabolite
and subsequently formed covalent adducts to hepatocellular proteins. Upon contact with
these diclofenac-modified hepatocytes, the primed lymphocytes responded with a prolifer-
ative burst and an upregulation of interleukin-2 receptor expression, both specific markers
of T-cell activation. Furthermore, the activated T cells were able to kill the diclofenac-
pretreated hepatocytes as demonstrated by a delayed increase in ALT release from injured
hepatocytes. Prior incubation of diclofenac-exposed hepatocytes with an anti-MHC I anti-
body afforded partial protection against T-cell-mediated cell killing. This indicates that
hepatocyte injury was, at least in part, dependent on the T-cell receptor that recognized
MHC class I–associated diclofenac-modified peptides, rather than being a nonspecific
effect. A number of other observations also suggest that in this model cytolytic T cells
were primarily involved as effectors of hepatocyte injury. For example, the highest degree
of hepatocyte lysis was achieved when a T-cell-enriched fraction was used, as opposed
to a crude splenocyte fraction. Furthermore, the supernatant from an activated lymphocyte
culture, containing cytokines and other soluble mediators, alone had no damaging effect
on hepatocytes unless effector cells were added. Importantly, control experiments revealed
that immunization with diclofenac alone or exposure of hepatocytes to diclofenac alone
was not sufficient to induce hepatocyte injury. However, because high effector cell/target
cell ratios were required to elicit the cytotoxic effects, and because both the extent and
molecular identity of the diclofenac adducts (or other forms of intracellular stress) gener-
ated by high concentrations of diclofenac in vitro are not directly comparable with those
following in vivo exposure to diclofenac, caution has to be exerted in interpreting the data
as a general mechanism.

Finally, another possible effector mechanism of NSAID-induced immune-mediated
liver injury could involve lymphokine release by activated Th cells, which would recruit
and activate macrophages, and which would result in tissue damage and inflammation.

Collectively, the evidence for immune-mediated reactions that are involved in
NSAID-induced liver toxicity stems primarily from clinical criteria (delayed onset of dis-
ease, appearance of rash, fever, eosinophilia, rapid onset of symptoms after rechallenge
with drug). When these criteria are employed, a number of NSAIDs, including clometa-
cine, phenylbutazone, diclofenac, naproxen, piroxicam, and tolmetin, all exhibit, at least
to some degree, signs of hypersensitivity. The molecular pathways that can trigger such
an immune response and, even more important, the mechanisms underlying breaking of
immune tolerance, are, however, poorly understood.

D. Impairment of Canalicular Transmembrane Transport of
Endogenous Compounds and Retention of Toxic Bile Acids

Some NSAIDs can interfere directly with the hepatobiliary transport of endogenous or
exogenous cholephilic compounds, such as bile salts (Fig. 6). For example, sulindac at
high doses not only inhibits the basolateral uptake of bile salts, but also inhibits the ATP-
dependent canalicular export of conjugated bile acids (65). In rats, this drug can induce
cholestasis, leading to retention of bile salts in the hepatocytes. If toxic (hydrophobic)
bile salts accumulate, they can pose an oxidative stress (159) and/or induce apoptosis and
necrosis (160) by Fas-mediated pathways (161).
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Figure 14 NSAID-associated enteropathy can lead to increased release of bacterial lipopolysac-
charide and trigger secondary hepatic effects including downregulation of hepatobiliary transporters.

Alternatively, NSAIDs may impair the excretion of cholephilic compounds by path-
ways other than direct inhibition of the bile salt transporter, including secondary hepatic
effects due to gastrointestinal injury. Because most NSAIDs affect the gastrointestinal
epithelium and cause bleeding and ulceration in sensitive species even at low doses
(60,162), intestinal injury could entail increases in the permeability of the small intestine.
Increased release of bacterial endotoxin can not only cause cholestasis and impairment
of liver function but also downregulate some hepatobiliary carriers including the conjugate
export pump, Mrp2 (163,164). This condition may lead to an accumulation of the drug
or drug conjugate in the hepatocyte (Fig. 14).

E. Other Mechanisms

1. Formation of Mixed Lipids

Because some carboxylic acids can be activated to acyl-CoA thioesters, they can enter
the pathways of lipid biosynthesis, similar to endogenous fatty acids activated by CoA.
For example, a number of 2-arylpropionic acids that are substrates for acyl CoA ligase
thus become incorporated into “hybrid” triacylglycerol (165,166) (Fig. 15). This incorpo-
ration and accumulation of NSAIDs in endogenous lipid is stereoselective; only the R-
enantiomer is activated and incorporated into lipids (35,167,168). Because hybrid triacyl-
glycerides have the potential to form long-lasting residues in adipose tissues and to be
incorporated into biomembranes, where they may disturb membrane function, their forma-

Figure 15 Steroselective activation by CoA and incorporation of 2-arylpropionic acids into “hy-
brid” triacylglycerols.
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tion has been considered a potential pathway for toxicity (33,169,170). However, no clear
mechanistic link to the hepatic toxicity of NSAIDs has been established.

2. Predisposition by Hepatic Changes Caused by Rheumatic Diseases
for Which the NSAIDs Are Prescribed

In search of mechanisms of toxicity, it is often overlooked that the treated individuals are
patients whose liver function may already be altered due to the disease and prior to the
intake of the drug. For example, in patients with acute rheumatic fever, NSAID disposition
can be altered: it has been shown that the unbound fraction of the drug in plasma was
higher than that in healthy persons. This condition was not only inversely related to the
serum albumin concentration, but also showed a positive correlation with increased amino-
transferases (171). In fact, liver tests in rheumatoid arthritis patients or in systemic lupus
erythematosus (SLE) patients are often abnormal, featuring increased serum activities of
alkaline phosphatase and other liver-selective enzymes (13,172–174).

IV. IDIOSYNCRATIC LIVER TOXICITY CAUSED BY NSAIDs

The frequently used (and often misused) term “idiosyncratic” liver injury implies that
toxicity occurs in a very small population subset and that the etiology is unknown. More
importantly, it also implies that host-dependent factors govern whether the drug is well
tolerated or whether liver injury will ensue. Traditionally, NSAID-associated idiosyncratic
reactions have been considered largely dose-independent and have been subdivided into
metabolic idiosyncrasy and hypersensitivity reactions (4,12,16).

More recent concepts have, however, slightly altered the view about the mechanisms
underlying these rare toxicities (175). In particular, there is growing evidence that idiosyn-
cratic liver toxicities are dose-dependent, too. Because “idiosyncrasy” does not refer to a
mechanism, it is proposed here not to use this term any more in the context of mechanistic
explanations of drug effects. Most NSAIDs that rarely cause liver injury are intrinsically
toxic. In the vast majority of individuals, however, the risk is small and toxicity does not
manifest itself because of a powerful system that mediates tolerance and/or secures cellular
defense and repair, or simply because the exposure is too small. It is only a small subset
of patients who exhibit a specific genetically determined abnormality or an acquired pro-
clivity for altered toxicokinetics or toxicodynamics or for abnormal immune responses.
If, in these patients, unusually large amounts of reactive metabolites are generated, com-
bined with low levels of detoxifying pathways, or if factors causing intracellular accumula-
tion or impaired transport prevail, then NSAIDs will eventually precipitate hepatic toxicity
by the mechanisms discussed above (Fig. 16).

V. CONCLUSIONS

NSAID-induced hepatotoxicity has become a paradigm for studying drug-induced liver
injury. The reason for this is not necessarily that these drugs are more toxic, but that they
are more frequently used than other drugs, and that, therefore, the number of reported
hepatic adverse effects has become significant.

It has become clear that multiple mechanisms are involved in NSAID toxicity to the
liver and that not a single mechanism can be advocated for the adverse effects. Although
mitochondrial injury, immune-mediated toxicity, and impaired hepatobiliary transport
have all been discussed as potential mechanisms contributing to the toxicity, the evidence



366 Boelsterli

Figure 16 NSAID-induced idiosyncratic reactions are multifactorial and become manifested
when several critical risk factors (both genetically determined and acquired) are simultaneously
expressed in an individual (overlapping area). The intrinsic toxicity of NSAIDs does not normally
become apparent, owing to immune tolerance and/or cellular defense and repair systems.

has remained circumstantial. On this basis, a toxic hazard has been recognized for many
NSAIDs.

Nevertheless, although the tools for both detecting mechanisms and calculating drug
exposure have been improved, risk assessment and a reliable prediction of hepatic effects
caused by NSAIDs in humans have remained difficult for a number of reasons. First, in
spite of vigorous efforts, no animal model is available to study the hepatic toxicity of
NSAIDs, in particular immune-mediated mechanisms (176). Furthermore, there is no clear
correlation between the in vitro toxicity (e.g., mitochondrial toxicity) and the reported
incidence of hepatic toxicity in patients. Finally, and importantly, it is impossible to date
to define and detect the individual risk factors in the patient population.

Prediction of NSAID hepatotoxicity can be made at two different levels: at the drug
level and at the patient level. Prediction for a chemical can only be made on the basis of
a number of factors. These include the formation of acyl glucuronides and iso-glucuronides
with a relatively high protein reactivity (137), the formation of canalicular membrane
protein adducts in the molecular mass range of 110–120 kDa, and a high degree of entero-
hepatic circulation. Prediction at the patient level is much more difficult. However, the
advent of genomics, technologies that will allow us to detect specific genetic abnormalities,
as well as novel techniques to detect the regulation of certain key genes, will hopefully
lead to a better understanding of how and why NSAIDs can precipitate liver injury in
some susceptible patients.
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I. INTRODUCTION

Nonsteroidal anti-inflammatory drugs (NSAIDs) as a class are an important cause of drug-
induced toxic injury to several organ systems, including well-known injury to the gastroin-
testinal tract and kidneys. While perhaps less well appreciated, NSAIDs are a leading
cause of drug-induced hepatotoxicity. For instance, in Denmark, NSAIDs accounted for
approximately 9% (97 of 1100) of all drug-related liver injury reports between 1978 and
1987 (1) and they continue to be reported at a rate that often exceeds other drug classes
(2).

The early history of NSAID-induced hepatic injury dates back more than 60 years
(3). Cinchophen was one of the earliest agents to be associated with hepatotoxicity, with
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a case-fatality rate of nearly 50% that forced its withdrawal from clinical use (4,5). Over
the ensuing decades, several other NSAIDs have been developed or introduced into prac-
tice only to be abandoned during pre- or postmarket evaluation owing to serious liver
injury (3,6) (Table 1). Early examples included glafenine (7), an NSAID similar to cincho-
phen; ibufenac (8), a precursor of ibuprofen; fenclozic acid, an early acetic acid derivative
NSAID (9); and fluproquazone, the precursor compound of quinazolone derivatives (3).
However, it was not until the withdrawal of benoxaprofen (Oraflex) in 1982 owing to
reports of fatal jaundice in the United Kingdom (10) that attention was intensively focused
on the hepatotoxicity of NSAIDs as a group (3,6,11). At that time, the Arthritis Advisory
Committee of the Food and Drug Administration concluded that hepatic injury should be
considered a class characteristic of NSAIDs (12). However, this uniform characterization
of hepatic injury obscures the many individual differences and potential for hepatic injury
found within and among the different NSAID classes (13). Newer NSAIDs continue to
include agents associated with instances of fulminant hepatic failure (FHF) that have
forced their withdrawal, as most recently occurred with bromfenac (14). For others, such
as diclofenac, liver enzyme monitoring to detect hepatoxicity is recommended to help
prevent FHF (11). Several other agents, including sulindac, piroxicam, and mefenamic
acid, also should be monitored closely for clinical signs of liver injury (11).

This chapter will review the clinical presentation and pathological features of the
acute hepatic injury associated with the currently available NSAIDs. For many agents,
liver injury has been well characterized; for several others, however, only limited data
are available and clinical summaries are necessarily less complete.

Table 1 Examples of NSAIDs of
Various Classes Withdrawn or
Abandoned Due to Hepatotoxicity

Anthranilic acid derivatives
Cinchophen
Glafenine

Acetic acid derivatives
Amphenac
Fenclozic acid
Isoxepac
Bromfenac

Propionic acid derivatives
Benoxaprofen
Ibufenac
Pirprofen
Suprofen
Fenbufen

Pyrazolone derivatives
Phenylbutazone
Oxyphenbutazone

Oxicams
Isoxicam
Sudoxicam

Quinazonlone derivatives
Fluproquazone
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II. INCIDENCE OF NSAID-INDUCED HEPATIC INJURY

It has been suggested that the occurrence of serious overt hepatic injury due to NSAIDs
as a group is well under 0.1% (15), although figures to determine the true incidence of
NSAID-induced hepatic damage are generally lacking. However, with upward of tens of
millions of patients in the United States taking NSAIDs on a regular basis, even this very
low incidence of injury may translate into a substantial number of affected individuals.
For example, using Medicaid billing data from hospital admissions for acute liver disease
in Michigan and Florida, Carson and colleagues (16) reported an annual incidence of acute
hepatitis due to NSAIDs leading to hospitalization of 2.2 per 100,000 persons. However,
when NSAID cases were compared with controls, none of the individual NSAIDs was
associated with a statistically significant increased risk. In contrast, a large retrospective
Canadian study involving nearly 230,000 patients and 650,000 person-years of NSAID
exposure showed a risk of NSAID-associated hospitalization for acute (mostly cholestatic)
liver injury of 1.7, based on an excess risk of injury of 5 per 100,000 person years (17).
A similar estimate of the relative risk of NSAID-associated liver injury was also reported
in Denmark for sulindac and fenbufen, which were reported more often than other NSAIDs
(1). Incidence rates for individual agents have been reliably estimated for only a few drugs,

Table 2 Effects of Some Rheumatological Diseases on the Liver

Disease Hepatic abnormalities Pathology

I. Rheumatoid arthritis Elevated alkaline phospha- Steatosis
tase, GGT in 25–50% Nonspecific changes

Hepatomegaly 10% Mild portal inflammation
II. Systemic lupus erythe- Elevated LAEs 20–50% Steatosis

matosus Autoimmune (lupoid) hepa- Cholestasis
titis CAH

Hepatomegaly 20–25% Granulomas
Jaundice 4% Cirrhosis
Ascites 10%

III. Fetty’s syndrome (RA, sple- Elevated LAEs 33% Nodular regenerative hyper-
nomegaly, neutropenia) Hepatomegaly 33–66% plasia (up to 70%)

Portal fibrosis
Portal hypertension

IV. Sjögren’s syndrome Elevated LAEs 5% CAH
Jaundice 2% May be part of PBC

V. Essential mixed cryoglobuli- Chronic hepatitis C in 40%
nemia

VI. Polyarteritis nodosa Hepatitis B HBs Ag-associated immune
Hepatomegaly complexes; changes of
Elevated LAEs vasculitis
Acalculous cholecystitis

VII. Psoriatic arthritis Elevated LAEs Steatosis, inflammation,
hepatic necrosis, fibrosis
cirrhosis (�1%)

Source: After Refs. 20–23.
LAE, liver-associated enzymes (usually ALT, AST); CAH, chronic active hepatitis; PBC, primary biliary cir-
rhosis.
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as will be presented. In general, spontaneous reports do not reliably reflect the results of
large epidemiological studies (18,19).

III. EFFECT OF RHEUMATIC DISEASES ON THE LIVER

Any discussion of NSAID-induced hepatic injury must take into account the underlying
rheumatic disease being treated that may also adversely affect the liver. Many rheumatic
diseases may have hepatic-associated enzyme elevations that may mimic drug injury. For
example, rheumatoid arthritis is associated with elevations of alkaline phosphatase levels
in 25–50% of individuals not receiving drug treatment (20–23). Hepatic involvement in
systemic lupus erythematosus (SLE) is present in as many as 20% of individuals with a
twofold elevation in hepatic-associated enzymes (23,24). Hepatic abnormalities in bio-
chemical testing as well as hepatic histology have also been observed in patients with
Felty’s syndrome, Sjögren’s syndrome, progressive systemic sclerosis, polyarteritis no-
dosa, essential mixed cryoglobulinemia (which may be associated with underlying chronic
hepatitis C infection), polymyalgia rheumatica, Reiter’s syndrome, and occasionally even
osteoarthritis (22,23) (Table 2). Data observed with agents such as diclofenac suggest that
patients, of either gender, with osteoarthritis are more susceptible to minor drug-induced
hepatic injury compared to those with rheumatoid arthritis, and that susceptibility to clini-
cally significant injury is enhanced even further in women (3,13).

IV. CLINICAL AND BIOCHEMICAL SPECTRUM OF NSAID-INDUCED
HEPATIC INJURY

While most NSAIDs that can produce overt hepatic injury (with jaundice) do so rarely,
many agents are associated with mild abnormalities of hepatic enzymes such as aspartate
aminotransferase (AST) and alanine aminotransferase (ALT). Elevations in AST and ALT
values occur in 5–15% of patients taking NSAIDs as a class (15). Most of these levels
remain less than three times the upper limits of normal (ULN), and in some cases may
resolve despite continuation of the NSAID. In general, however, the higher the incidence
of even mildly elevated aminotransferase levels (especially ALT), the more likely the risk
of overt hepatic disease (12).

The histological lesions produced by NSAIDs depend on the agent involved and on
the mechanism of injury. Table 3 lists the predominant types of injury for the currently
available NSAIDs. Acute hepatocellular injury involves hepatic degeneration or cell necro-
sis, while cholestatic injury is characterized mainly by the agents that arrest bile flow.
Mixed injury refers to hepatocellular (cytotoxic) injury and cholestasis. Intrinsic hepato-
toxins cause injury that is mainly cytotoxic with necrosis, degeneration, and/or steatosis,
although a few can cause cholestasis. In contrast, idiosyncratic injury results in cholestatic
or hepatocellular injury (3,11).

The biochemical changes seen with NSAID-associated liver injury reflect the histo-
logical pattern of damage. Hepatocellular injury with necrosis resembles acute viral hepati-
tis with AST and ALT levels increased 10–100-fold or more and bilirubin levels that are
variably increased. Serum alkaline phosphatase values are generally normal or only mildly
elevated. Toxic microvesicular steatosis may resemble acute fatty liver of pregnancy or
Reye’s syndrome with aminotransferase values 5–20 times normal and up to threefold
elevations in alkaline phosphatase and bilirubin (25).
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Clinically, hepatocellular injury may cause anorexia, fatigue, nausea, malaise, and
jaundice. Massive necrosis leading to fulminant hepatitis may result in hepatic coma,
coagulopathy, ascites, and death. Drug-induced jaundice associated with hepatocellular
injury must by regarded as a serious lesion since case fatality rates are 10% or more,
depending on the agent. The prognosis of complete recovery is usually good for patients
who survive the acute phase of injury (3).

Cholestatic injury is characterized by elevated alkaline phosphatase levels (3–10
times normal) with parallel increases in gamma glutamyl transpeptidase or 5′-nucleotidase
and variable increases in serum bilirubin, with AST and ALT remaining normal or only
modestly elevated. The predominant features of cholestatic injury are jaundice and pruri-
tus. Some patients complain of abdominal pain that may mimic acute extrahepatic biliary
obstruction. Rarely does intrahepatic cholestatic injury cause a fatal outcome, although
prolonged jaundice may sometimes be seen (26).

V. HEPATIC INJURY DUE TO INDIVIDUAL NSAIDs

A. Salicylates

1. Aspirin (Acetylsalicylic Acid)

Several hundred of cases of aspirin-related hepatic injury have been reported since the
1970s (27). However, this represented a delay of more than 75 years before the hepatotoxic
potential of aspirin was truly appreciated. In part this may have been due to the fact that
the injury is often mild and anicteric and was overlooked in the era prior to routine enzy-
matic testing (3,27). Alternatively, the injury may have been attributed to the underlying
rheumatic disease (21). In contrast, NSAIDs developed in the past two decades often have
had hepatic injury observed during clinical trials or soon after initial marketing because
of the routine use of biochemical testing (13).

Aspirin injury is primarily hepatocellular, but in general is clinically mild and revers-
ible with ALT/AST levels �10-fold elevated. Bilirubin levels usually remain normal or
are minimally elevated with jaundice seen in fewer than 5% of cases (27). Liver biopsy
characteristically shows areas of focal necrosis with a mild inflammatory response in the
portal areas. In addition, cellular unrest, ballooning, and eosinophilic degeneration have
been described (27). Ultrastructural changes include increased numbers of lysosomes, per-
oxisomes, and mitochondria with dilation of the smooth and the rough endoplasmic reticu-
lum (28).

Aspirin injury is both dose- and blood concentration–dependent consistent with in-
trinsic toxicity (27) as seen in both animals and cell culture experiments (29,30). The
major metabolites of aspirin are salicyluric and salicylphenolic glucuronide. It has been
suggested that these metabolic pathways are readily saturated in children as well as adults
leading to the accumulation of an otherwise minor nontoxic metabolite that may become
responsible for hepatic injury (31). The exact mechanism of the cellular injury is unclear,
although several possible modes of action have been postulated. These include lipid perox-
idation, mitochondrial damage, hydroxyl radical scavenging, and injury to hepatocyte
membranes (30,32).

Hepatic damage as indicated by elevated AST and ALT levels is seen in up to 50%
of patients taking sufficient aspirin to produce serum blood levels above 15 mg/dL, al-
though hepatic injury has been noted with levels as low as 10 mg/dL (27). This appears
to be a property of the salicylate molecule, since sodium and choline salicylate also lead
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to elevated aminotransferase values (6,33). Susceptibility to aspirin injury is reported to
be greater in patients with juvenile rheumatoid arthritis, SLE, and rheumatic fever, perhaps
because of the relatively higher doses taken for these disorders (21,27,33–37). The inci-
dence of abnormal hepatic-associated enzymes detected in these patients ranges from 20
to 70% with children under age 12 having a higher incidence compared to adults (27,36).
No gender differences in susceptibility have been observed, although a possible genetic
predisposition for hepatotoxicity was reported for children with juvenile rheumatoid arthri-
tis (JRA) who have the A2BW40 haplotype (37). Hypoalbuminemia has been reported to
increase the risk from decreased protein binding (38), as has chronic liver disease in gen-
eral, where more salicylate is free to distribute to the tissues and injure the liver (39).

Aspirin-associated injury, in general, has not been serious and resolves promptly
when the drug is stopped. Severe injury occurs in less than 3% of patients and no convinc-
ing cases of fatal necrosis have been reported (3,27), although a few instances of fatal
illness associated with encephalopathy and coagulopathy in patients with JRA and SLE
receiving high doses were reported prior to 1980 (27,40), and possibly may have repre-
sented early examples of Reye’s syndrome (RS), as will be discussed. Several reports
have suggested that chronic active hepatitis may develop as a result of acute injury (41),
although these cases antedated the availability of hepatitis C testing (12). Reports of
aspirin-related chronic hepatitis are lacking in the hepatitis C era.

Epidemiological studies in the 1980s demonstrated a strong association between
aspirin and RS in children with influenza or varicella (chickenpox) (42–44). Adults were
also affected as evidenced by several reports of older individuals developing RS after
taking aspirin for a presumed viral infection (45–47). Convincing evidence for the associa-
tion also comes from the striking decline in the incidence of RS in the United States that
paralleled the decreased use of aspirin (48,49). In work by Pinsky and colleagues (50),
an increased risk of RS was associated with an increased dose of aspirin, although doses
as low as 15 mg/kg/day (the equivalent of two 325-mg tablets in a 40-kg child) were
associated with a substantially increased risk. As a result, the use of aspirin continues to
be strongly discouraged in acute febrile illnesses, especially in children.

The mechanism by which aspirin acts with the viral illness to produce RS is unclear.
Salicylate toxicity leads to mitochondrial injury resembling that of RS both in vivo and
in vitro (51), although other antipyretics, including acetaminophen (not thought to be
related to RS), have the potential in animal models to exacerbate the lethal effects of a
viral infection by decreasing interferon-induced antiviral responses (52). Recently, the
association between aspirin and RS in children has been challenged as more likely being
the result of one of several inborn errors in ammonia metabolism that were first diagnosed
in the 1980s. According to Orlowski (53), 69% of patients who survived a bout of RS in
Australia were subsequently diagnosed as having medium-chain aryl–coenzyme A dehy-
drogenase deficiency or other now well-described metabolic disorders; none of their 49
original RS patients would be diagnosed as having definite RS by today’s criteria.

2. Other Salicylates

Nonacetylated salicylates also appear able to produce hepatic injury with sodium and
choline salicylate resulting in elevated aminotransferase levels and jaundice in some in-
stances (6). A rather severe but reversible hypersensitivity reaction with markedly elevated
AST and ALT values accompanied the injury reported in a 66-year-old woman who took
choline magnesium trisalicylate after just 3 days (54). Diflunisal (Dolobid), a difluoro-
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phenol derivative of salicylic acid, has been incriminated in cholestatic and mixed chole-
static hepatocellular jaundice in a few reports (55,56). Diflunisal does not undergo metabo-
lism to salicylate, which may explain the relative absence of clinical hepatic injury (57),
although experimentally, diflunisal causes cytotoxicity (58). Hypersensitivity has been
suggested as the mechanism (52). Benorilate is an acetaminophen ester of acetylsalicylic
acid cited as producing hepatic injury resembling that caused by acetaminophen (paraceta-
mol) toxicity, namely zone 3 (centrilobular) necrosis, rather than degeneration and mi-
crovesicular steatosis more typical of aspirin-related injury (59). Salsalate also has been
reported to cause elevated aminotransferase values, but serious injury appears unlikely
(13).

B. Acetic Acid Derivatives

1. Diclofenac

Diclofenac (Voltaren, Cataflam), a benzene–acetic acid derivative, is one of the most
widely prescribed NSAIDs worldwide, having been introduced in the United States more
than a decade ago. There are two formulations, a delayed-released enteric-coated diclo-
fenac sodium and an immediate-release potassium formulation, which will be considered
together for purposes of hepatic injury. The drug has been implicated as the cause of
approximately 250 cases of hepatocellular damage in published reports, with a case-fatality
rate of approximately 10% (60–63). Abnormal aminotransferase values develop in 15–
20% of patients taking the drug that may not progress (62). It has been estimated that
there are approximately one to two cases per million prescriptions of hepatic injury due
to delayed-released diclofenac (63,64), although Food and Drug Administration (FDA)
data suggest an incidence that may be two to three times higher (60). Diclofenac is more
likely to produce hepatic injury than are most other NSAIDs, exceeded only by sulindac
(60,65), although not all cohorts have demonstrated an increased risk (66).

Diclofenac injury is predominantly hepatocellular, resembling acute viral hepatitis.
In the series by Banks and colleagues (60), 79% of affected individuals were women,
most of whom were aged 60 or above, and two-thirds had underlying osteoarthritis. A
majority of cases (67%) were initially detected on the basis of hepatic symptoms with the
remainder identified by abnormal liver-associated enzymes. Latency periods were ob-
served to be 1 month in 24% of cases, with cumulative rates of injury being 63% by 3
months and 85% by 6 months. Twelve percent of individuals had taken diclofenac for 6–
12 months, and only 3% for more than 12 months, prior to the onset of hepatic injury.

Hepatocellular injury was apparent in 97 of the 180 patients studied (54%), of whom
60% were jaundiced. Mixed injury was seen in 12%, indeterminate injury in 26%, and
intrahepatic cholestasis in 8%. When the alkaline phosphatase was elevated greater than
three times the upper limits of normal, the injury was invariably mixed or cholestatic.
However, published reports of acute cholestatic hepatitis with diclofenac are less common
outside of this series (67). Most patients present with jaundice, fatigue, anorexia, nausea,
and vomiting. Fever, rash, and eosinophilia are uncommonly seen (60). Aminotransferase
levels range from 10 to 100 times the ULN, and jaundice may be prominent. Based on
the biopsy or autopsy material available for review in 21 of the FDA series cases (60),
the main lesion was acute hepatic necrosis (predominantly zone 3), the severity of which
often matched the marked elevations of aminotransferase levels. Other histological find-
ings included granulomas in one of 21 patients and changes of chronic hepatitis in six
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individuals. About 50% of the 180 cases reported to the FDA and analyzed by Banks
and colleagues were anicteric with only modestly elevated aminotransferase values, and
occurred in mostly asymptomatic individuals with elevated enzymes found during routine
biochemical testing (60). Females and patients with osteoarthritis (OA) appear to have a
significantly higher risk of hepatic injury than do males or rheumatoid arthritis patients.
The average age of affected individuals has been 60 years, reflecting their underlying OA
(60).

Autoimmune chronic active hepatitis has been suspected in several patients reported
and summarized by Scully et al. (68) and by Sallie (69) based on the presence of antinu-
clear or anti–smooth muscle antibodies. Histological findings in these cases ranged from
periportal inflammation with mild fibrosis to panlobular hepatitis (68).

The delayed onset of injury after taking diclofenac (up to 12 months) and a late
response to rechallenge (as long as 5 weeks after readministration) suggest metabolic
idiosyncrasy as the likely mechanism (60). While six of 21 patients in the collected series
reported by Scully et al. had features of a hypersensitivity reaction, including peripheral
eosinophilia and rash, the other 15 patients had injury in keeping with a metabolic abnor-
mality (68). None of the patients in the larger FDA series had hypersensitivity features
(60). Several investigators have identified reactive metabolites of diclofenac that are con-
centrated in bile canaliculi, decrease cellular ATP, and are presumably responsible for
experimental liver toxicity (70–74) as well as that seen in humans (75).

Recovery is usually prompt after diclofenac is withdrawn, although as with other
drug-induced hepatocellular injury, massive necrosis with fulminant hepatic failure and
death is a feared complication that occurred in about 8% of icteric cases in the FDA series
(60). A report from Japan cites the beneficial effects of an intravenous prostaglandin E
infusion in combination with intravenous prednisolone that contributed to the recovery of
a 56-year-old man who developed fulminant hepatitis from diclofenac (76). A few patients
have received corticosteroids for presumed diclofenac-associated autoimmune hepatitis
(68), although its value is unclear in this setting.

2. Etodolac (Lodine)

This pyranocarboxylic acid derivative rarely caused hepatic injury in clinical trials. A rise
in aminotransferase levels or bilirubin values greater than 1.5 times ULN was seen in
only 10 of 3302 patients in doses from 50 to 600 mg daily for 6 weeks to as long as 88
months (77). However, a recent report of fatal hepatitis underscores the possibility of
serious hepatic injury (78). That case involved an obese 67-year-old woman who had taken
etodolac 300 mg twice daily for about 4 months before developing a 1-week prodrome of
nausea, vomiting, weakness, anorexia, jaundice, and confusion, followed by liver failure.
At autopsy, the liver revealed submassive bridging necrosis, early fibrosis, and microvesi-
cular steatosis. The mechanism of the hepatocellular injury, similar to other members of
this class, was presumably metabolic idiosyncrasy. Etodolac undergoes extensive entero-
hepatic circulation and its elimination is markedly inhibited in rats with either hepatic or
renal failure producing high plasma levels (79). A false-positive test for urinary bilirubin
may occur due to its phenolic metabolite (80).

3. Ketorolac (Toradol)

I am not aware of any published report of hepatic injury with this agent although the
manufacturer notes that patients with impaired hepatic function or other causes of hypoal-
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buminemia may be at risk for hepatic toxicity, including liver failure (81). Elevated AST
and ALT values may be seen in patients with preexisting liver disease and the drug should
be used with caution in this setting.

4. Bromfenac

This acetic acid derivative was introduced in 1997 as a nonnarcotic analgesic of the phenyl
acetate class for short-term pain relief, but was removed from the market in 1998 owing
to several instances of fulminant hepatic failure leading to death or transplant that occurred
after prolonged administration (14,82–84). While the drug did not appear to be hepatotoxic
during limited short-term use (less than 10 days), reports of severe hepatotoxicity began
to appear in patients who were treated for periods exceeding 30–90 days. In a case-series
reported by Fontana and colleagues (14) a prodrome of malaise and fatigue heralded severe
hepatocellular injury progressing to fulminant hepatic failure. The histological findings
included massive or submassive centrizonal necrosis accompanied by a lymphocytic infil-
trate. Two patients with a protracted clinical course developed nodular regeneration. Reso-
lution of fulminant hepatic failure within 3 months using supportive measures was seen in
a patient reported by Moses and colleagues (78). Others have required liver transplantation
(14,83), and deaths were reported (84).

No evidence of a hypersensitivity reaction was apparent in any of the reported cases.
The drug binds to plasma albumin and is extensively metabolized (85). As a result, the
mechanism of injury was thought to be metabolic idiosyncrasy. The inability to identify
individuals at risk from prolonged use forced its withdrawal soon after initial fulminant
hepatic failure cases were reported (14).

5. Fenclozic Acid

This early derivative of the arylakanoic acid group produced mixed or cholestatic jaundice
in 10% of recipients and was withdrawn in 1970 (9,86).

6. Indomethacin (Indocin)

This indole acetic acid derivative has been available in the United States since 1963.
Despite its use being limited by side effects that appear in up to 50% of patients, only a
few instances of jaundice have been reported (6). An analysis of adverse reactions to
NSAIDs during a 9-year period in the United Kingdom showed indomethacin to be respon-
sible for more than 1260 total reactions, of which 114 were fatal. However, only approxi-
mately 3% of all reactions and about 6% of fatalities involved the liver in that series (8).

Indomethacin has produced mainly hepatocellular necrosis (massive or central),
sometimes accompanied by microvesicular steatosis and striking cholestasis (87). A high
case-fatality rate (approximately 15%) was estimated by Cuthbert in 1974 (8). Although
there are few reports documenting indomethacin as the cause of fatal hepatic disease,
children appear more vulnerable and the drug is not recommended in the pediatric age
group based on several deaths involving hepatocellular necrosis in children with JRA (88–
90).

Indomethacin is converted to active metabolites, and since none appear to be intrinsi-
cally hepatotoxic, metabolic idiosyncrasy seems the most likely mechanism (15). Experi-
mentally, indomethacin has completely prevented the mortality and hemorrhagic hepatic
necrosis caused by the mushroom toxin phallidin (91) and also protects against carbon
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tetrachloride–mediated injury, possibly increasing mitochondrial respiration (92). Never-
theless, it is suggested that individuals with underlying liver disease avoid this agent given
the high case-fatality rate (3).

7. Sulindac (Clinoril)

This indene derivative, which bears a structural similarity to indomethacin, was approved
for use in the United States in 1978 after several years of study in Europe. The overall
incidence of adverse side effects has been 25%, and toxicity requiring withdrawal of the
drug was seen in 5–7% of patients (93–95). It is considered one of the most likely NSAIDs
to produce hepatic injury (96,97). More than two dozen published case reports or case
series of sulindac-associated jaundice have been published (6). Among 338 cases of sus-
pected sulindac hepatic injury reported to the FDA, and analyzed by Tarazi and colleagues
(98), 91 were considered probably or definitely related. This relatively high case number
is consistent with an incidence of sulindac-associated hepatic injury that exceeds that for
most other NSAIDs and is comparable to that of diclofenac (1).

In the series by Tarazi and colleagues (98), the onset of illness usually occurred
within 8 weeks of starting the drug and in many cases (48%) developed in less than 4
weeks. Histological material was available for review in 15 of these 91 cases, and revealed
that most were cholestatic or had mixed jaundice. However, one-quarter of cases were
hepatocellular, and another 20% were indeterminate (98). Women outnumbered men by
3.5 to 1 and 69% were over age 50 with only 6% of individuals being under age 20. The
biochemical features of injury mimicked the histological picture; those with cholestatic
injury had an alkaline phosphatase elevated �2� ULN ranging up to 3500 mU/mL with
a mean bilirubin elevation of 7 mg/dL (ranging up to 35 mg/dL). AST and ALT values
were raised 3–4� ULN in this group. Among those with hepatocellular injury, mean
elevations in AST and ALT were 20–25� ULN ranging to more than 100-fold; mean
bilirubin was 5.4 mg/dL and alkaline phosphatase was normal. Since sulindac has also
led to pancreatitis (99), ductal obstruction due to pancreatitis may have contributed to
some of the jaundiced cases.

Hypersensitivity features were present in most patients, with fever in 55%, rash in
48%, pruritus in 40%, and eosinophilia in 35% in the series reported by Tarazi et al. (98).
These percentages are nearly identical to those reported in the literature and were uni-
formly distributed across the histological groups, except for eosinophilia, which was ab-
sent in patients whose ALT/AST values were elevated more than eightfold (98). Rechal-
lenge with the drug after recovery has led to recurrence of hepatic injury within several
days, as was seen in nearly one-quarter of cases overall, and supports drug allergy (immu-
nological idiosyncrasy) as the mechanism of injury (98). Further support is found in cases
of Stevens-Johnson syndrome reported with sulindac (100,100a).

Most patients recover within 1–2 months after stopping the drug (98), but recovery
may be delayed for as long as 7 months (101). Case fatality rates are about 5%, and
deaths appear to be due to severe generalized hypersensitivity, including toxic epidermal
necrolysis and renal failure, rather than to hepatic disease alone, since the most common
pattern is cholestatic injury. However, there have been a few cases of fatal hepatic necrosis
(98). As with aspirin, children with rheumatoid arthritis and patients with SLE may be
at increased risk of sulindac injury (102,103), although in general, factors associated with
increased susceptibility include older age and female gender. While the use of NSAIDs
(including sulindac) is not advised in patients with cirrhosis owing to the risk of renal
toxicity and hepatorenal syndrome, sulindac is a less potent inhibitor of renal eicosanoids
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compared to other NSAIDs, such as ibuprofen, and is reported to have renal-sparing effects
(104).

8. Tolmetin (Tolectin)

This pyrrole acetic acid derivative has been in use in the United States for about a decade.
A few reports have been submitted to the FDA including cases of jaundice, although the
rate of hepatic injury appears to be somewhat less than for other NSAIDs (3). One pub-
lished case report involved microvesicular steatosis as part of widespread multisystem
organ failure in a 15-year-old girl who died having a markedly elevated tolmetin blood
level (105). It has been reported that about 5% of individuals receiving tolmetin develop
minor elevations in aminotransferase levels that do not progress (106).

9. Nabumetone (Relafen)

This naphthyl acetic acid derivative includes mention of mild elevations in aminotransfer-
ases in the class labeling in the package insert based on �1% risk among 1677 patients
in premarketing studies. Worldwide safety experience in nearly 38,000 patients does not
include any reports of liver necrosis (107).

10. Clometacin

This agent is an isomer of indomethacin and is used primarily in France. It is not available
in the United States. Clometacin has been associated with a form of autoimmune hepatitis
that is seen in women after a latent period of 6 months to several years (2,3,108). In a
series of 30 cases reported by Islam and colleagues (109), a female predominance of 29
to 1 was seen, with an age range of 32–84 years. Acute hepatitis with centrilubular necrosis
was present in 17 of 25 patients undergoing liver biopsy, and eight showed chronic active
hepatitis. Anti–smooth muscle (anti-actin) and antinuclear antibodies were found in 66%
and 52%, respectively, in titers ranging to 1/2560. Seventy-three percent of these patients
had hypergammaglobulinemia. The syndrome seen with clometacin was noted to be simi-
lar to that produced by the laxative oxyphenisatin (110). Renal injury, rash, and eosino-
philia may accompany the hepatic disease (3). In addition to acute and chronic autoimmune
hepatitis, other histological forms of injury seen with clometacin include granulomatous
injury, multinuclear giant cell hepatitis, cholestatic hepatitis, and cirrhosis (3,110). The
acute syndrome with fulminant hepatitis has been fatal in some instances (110,111). Immu-
nological idiosyncracy is the presumed mechanism of injury, although intrinsic toxicity
has also been suspected as the basis of injury seen in overdose settings (3).

C. Propionic Acid Derivatives

1. Ibuprofen (Motrin, Advil, and Others)

This derivative of ibufenac [a drug withdrawn from use in the 1960s because of fatal
hepatocellular injury (8)] has proven to be far less hepatotoxic (3,15). In fact, the relatively
few reports of hepatic injury in early United Kingdom and FDA series suggest that ibupro-
fen is among the least likely of the commonly used NSAIDs to produce hepatic injury
(15). Figures from the 1970s also indicated that adverse reactions to ibuprofen (4% overall)
rarely involved the liver (8). More recent studies suggest that ibuprofen is safer compared
to aspirin and oxaprozin in arthritis patients undergoing AST monitoring (112), consistent
with its safety profile amassed over a 15-year period (113).
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Occasional reports of acute hepatocellular or mixed cholestatic injury have appeared
with ibuprofen (114–116), including a case of overlapping susceptibility with diclofenac
(60). Fever and generalized hypersensitivity accompanied the injury and supported immu-
nological idiosyncrasy as the mechanism. The occurrence of fatal steatosis in one patient
(116) indicates that the injury may be metabolically mediated (15). Indeed, reactive metab-
olites have been demonstrated (70). A report of acute hepatocellular injury in a patient
taking a large overdose (20 g) implies some intrinsic toxicity is also possible (117) and
is supported by experimental studies of the relative hepatotoxicity of ibuprofen and related
agents given in high doses (118). In vitro, ibuprofen alters mitochondrial membrane per-
meability (119) and induces hepatocellular hypertrophy and hyperplasia through an effect
on peroxisomes (120).

While most ibuprofen-associated liver toxicity has been transient in nature, a report
by Alam and colleagues (121) suggests that this agent should be added to the growing
list of drugs causing prolonged cholestasis as part of the vanishing bile duct syndrome
(26). They describe a 29-year-old man who presented with acute right-upper-quadrant
pain, nausea, vomiting, hepatosplenomegaly, and jaundice 3 weeks after taking ibuprofen
daily for body aches and headaches during hyposensitization treatment for common aller-
gens. He had no prior exposure to ibuprofen. Values for liver-associated enzymes included
a peak bilirubin of 24 mg/dL, an alkaline phosphatase of nearly 4000 IU/L, and an ALT
of 488 IU/L. These abnormalities persisted over the next year, with serial liver biopsies
that evolved from a marked portal inflammatory process with bile duct proliferation by
neutrophils and eosinophils, to one of increased cholestasis, obliteration, and eventual
paucity of bile ducts. Progressive xanthomatosis and hypercholesterolemia also developed,
and the syndrome defied treatment, as well as any other explanation. When the report was
published, the current status of the patient was unknown.

Riley and Smith (122) recently reported a provocative case series of possible in-
creased susceptibility to ibuprofen-induced hepatotoxicity among three patients with
chronic hepatitis C infection. Sudden rises in ALT and AST values to greater than 1000
IU/L were recorded after the brief use (up to 1 week) of ibuprofen for pain. These rises
were reproducible in one of these patients on rechallenge. The transaminases slowly re-
turned to baseline 2–3 months after ibuprofen was discontinued. I am currently unaware
of any other reports that corroborate this observation, although caution and hepatic enzyme
monitoring have been advised in this setting.

2. Naproxen (Naprosyn, Anaprox, and Others)

Only a few cases of hepatic injury have been reported (8) for this arylacetic acid derivative,
including hepatocellular jaundice, cholestatic jaundice, a case of indeterminate jaundice,
and a case with fulminant hepatic failure (123–125). Cuthbert (8) reported that 4% of
179 adverse reactions involved the liver in the United Kingdom in the 1970s. The onset
of overt injury has been within 1–12 weeks of starting the drug and mild elevations in
serum aminotransferases have regressed during continued therapy in some instances (6).
Fever in one patient and hepatic eosinophilia in another indicated possible hypersensitivity
(125). While there have been too few cases to precisely identify the mechanism, no evi-
dence of intrinsic toxicity, following accidental overdose or experimental studies, has been
seen (126,127).

3. Fenoprofen (Nalfon)

This drug resembles ibuprofen in its structure and metabolism, and also rarely results in
hepatic injury (128), having been incriminated in only two instances (129,130). One pa-
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tient developed cholestatic jaundice while initially taking a form of naproxen (125). After
it was discontinued and recovery from jaundice was complete, rechallenge with fenoprofen
led to recurrence of the abnormality, implying cross-sensitivity. In the other case, jaundice
occurred after 7 weeks of therapy and resolved on discontinuation (130). Injury in animals
has not been observed (128). A related agent, fenbufen, has produced AST/ALT elevations
in 25% of recipients, possibly by a hypersensitivity and/or intrinsic mechanism (131). It
is not available in the United States.

4. Flurbiprofen (Ansaid)

There has been only one published report of jaundice to my knowledge, in which the
injury was apparently hepatocellular, and was accompanied by symptoms of hypersensitiv-
ity (132). The onset in that case, however, was unusually delayed for hypersensitivity,
occurring 3 months after the drug was started.

5. Oxaprozin (Daypro)

This agent elevates aminotransferase levels in about 15% of patients, but only 1% had
values exceeding a threefold elevation. In two-thirds of patients with abnormal ALT, the
values decreased or remained essentially unchanged, despite continuation of the drug
(133). Overt hepatitis appears to be rare, although at least two cases of symptomatic liver
injury have been reported. In one, massive necrosis was fatal (134), and in the other,
recovery from acute hepatocellular jaundice occurred (135). The mechanism is unknown,
but is presumed to be a toxic metabolite.

6. Ketoprofen (Orudis)

A few instances of jaundice have been reported to the manufacturer (136), but the overall
incidence of injury appears quite low and I am unaware of any published reports. In
contrast, pirprofen, an earlier phenyl propionic acid derivative, was withdrawn from use
after fatal liver toxicity was reported (137). Most of the cases of severe necrosis occurred
in older women who had taken the drug for 1.5–9 months. An hepatotoxic metabolite
was suspected from clinical and experimental data (93,137).

7. Benoxaprofen (Oraflex)

Benoxaprofen was approved in the United States in April 1982, only to be withdrawn 4
months later after several elderly patients in the United Kingdom had died with hepatic
and renal disease (3,16,138). In Britain, about 500,000 patients took the drug, and the
Committee on the Safety of Medicines received about 3500 reports of adverse reactions,
most involving photosensitization of the skin (139,140). Other toxicity included gastro-
intestinal upset, a few cases of Stevens-Johnson-type reactions, and several instances of
hepatic injury (6,10,139–141). Many of the fatalities had hepatic and renal involvement.
While there were no published U.S. case reports, several hundred instances of hepatic
disease were submitted to the Adverse Reaction Registry of the FDA (3). Although the
validity of these reports has not been firmly established, the sheer number suggests hepatic
injury occurred, and its historical importance warrants the inclusion of benoxaprofen in
any discussion on NSAID-induced hepatotoxicity.

Hepatic injury appeared after the drug had been taken for 1–12 months in a daily
dose of 600 mg. (10,141). The first prominent symptom was jaundice, although this was
sometimes preceded by anorexia, nausea, and vomiting. Several patients had abdominal
pain and hematemesis. Even after the drug had been stopped, some individuals continued
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to deteriorate with deepening jaundice, renal failure, and coagulopathy progressing to
death.

Peak bilirubin levels ranged up to 17 mg/dL, although most were below 8 mg/dL.
Aminotransferase levels were modestly elevated, exceeding eight times ULN in only a
few individuals. Alkaline phosphatase levels were elevated threefold or more in about
half of the patients. The histological features consisted of marked cholestasis and slight
to moderate necrosis. Cholestasis was particularly evident in zone 3, and both cholangioles
and canaliculi showed characteristic inspissated bile casts (6,26).

The lack of hypersensitivity hallmarks and the prolonged exposure to the drug prior
to the injury suggest metabolic idiosyncrasy was responsible. About 50% of the drug is
converted to a glucuronide, and concentrations of the drug found in bile canaliculi may
have been composed of this or other poorly soluble metabolites. Precipitation of the drug
in the small bile ducts apparently led to jaundice (26).

All but one of the published fatal cases involved women, most of whom were over
the age of 70. Elderly individuals metabolize the drug much more slowly than younger
people, the half-life of the drug being almost four times greater in elderly patients than
in those 40 years and younger (142). Prolonged metabolism may have led to higher blood
levels and, ultimately, biliary excretion of larger amounts of higher concentrations of a
poorly soluble product that precipitated in the bile canaliculi.

In experimental studies using isolated rat hepatocytes, marked toxicity was seen
independent of the P450-mediated metabolism of benoxaprofen (143). Injury, however,
did correlate with both concentration and duration of exposure in this model. Injury was
also demonstrated in a cultured rat hepatocyte model, where, again, dose-related injury
was seen (144). More recent investigations have found that benoxaprofen has a molecular
structure similar to clofibrate and may be a substrate for CYP4 resulting in hepatic peroxi-
somal proliferation. The structural similarity of benoxaprofen with psoralen explains its
association to phototoxicity (145,146).

The cause of death in the patients who developed benoxaprofen jaundice remains
unclear. Drug-induced cholestasis is rarely associated with case fatalities (26), yet 11 of
the 14 individuals with benoxaprofen-induced cholestasis died (10). The biochemical data
and histological features suggested that the parenchymal liver injury was not severe
enough in most of these individuals to have led to death. It has been proposed that the
slower metabolism in these older individuals led to higher benoxaprofen blood and tissue
levels and that it was a combination of cholestasis and, perhaps more importantly, renal
failure that led to their demise. As a result, death seemed more likely due to a generalized
drug toxicity and renal failure than to hepatic injury alone (12).

D. Oxicams

The first member of this class of benzothiazine derivatives to be studied, sudoxicam, was
implicated in several cases of hepatocellular jaundice, including fatal hepatic necrosis,
and was withdrawn from further clinical trials in 1977 (3).

Piroxicam (Feldene) is a carboxamide derivative used as a once-a-day treatment for
rheumatoid arthritis and osteoarthritis. It has been available since 1982 and a number of
instances of severe hepatic necrosis and cholestatic jaundice have been reported (15,147–
150). While most of these cases have occurred in patients over age 60, a report of transient
hepatic dysfunction in a 2-year-old child who ingested an inadvertent overdose has been
published (151). Some of the cases were fatal from massive or submassive necrosis, and
several other individuals have had prolonged cholestatic jaundice (�4 months). Hypersen-
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sitivity is suspected given the short latency period (as early as 3 days) as well as the
clinical features.

In the perfused rat liver, piroxicam has an effect on energy metabolism via its action
to decrease mitochondrial ATP generation (152,153). Piroxicam has a possible protective
effect on ethanol-induced glutathione depletion in rats that deserves further study (154).

Meloxicam (Mobic) is an enolic acid derivative that in clinical trials has not been
associated with any hepatic abnormalities to date (155).

Droxicam and tenoxicam are oxicams available outside of the United States that are
both associated with hepatic injury, mostly cholestatic (156). Eosinophilia in some cases
suggests an immunoallergic mechanism of injury similar to piroxicam. In the case of
isoxicam, reports of toxic epidermal necrolysis in association with cholestatic injury forced
its withdrawal from clinical use (157).

E. Pyrazolone Derivatives

Phenylbutazone (PBZ, Butazolidin) was introduced in 1949 in the United States for the
treatment of rheumatoid arthritis and related disorders. At present, it is no longer being
manufactured for human use but is still used in veterinary medicine (158). Side effects
were recorded in up to 45% of recipients and serious reactions in 10–15% of patients
forced its withdrawal from the market several years ago (8,12). More than 100 cases of
hepatic injury were described with an incidence of overt hepatotoxicity of 1–5%, de-
pending on the series (15,159). Most patients who developed PBZ hepatotoxicity were
adults who had taken the drug for 1–6 weeks. Men and women appeared to be affected
equally; most were over age 30, and one-third were older than age 60. Nearly half had
hypersensitivity hallmarks such as fever, rash, and eosinophilia. Hepatocellular injury pre-
dominated in two-thirds with cholestasis in one-third of cases. Hepatic granulomas were
found in 30% of those who underwent liver biopsy (159). The relatively short, fixed latent
period, a prompt response to rechallenge, and the high incidence of allergic manifestations
and granulomatous hepatitis suggested an immunological mechanism, although intrinsic
toxicity most likely explained the injury that was seen in children receiving an overdose,
as well as in some experimental models (159). The prognosis from PBZ hepatotoxicity
depended on the morphological form of injury. Those with cholestatic features or granulo-
mas usually recovered within a few weeks or months, although one case evolved into
chronic cholestasis. A case-fatality rate of 25% was recorded for those with severe hepatic
necrosis (15,159). In mice, hepatic and renal cell tumors developed in long-term carcinoge-
nicity studies (160).

Oxyphenbutazone is the hydroxylated derivative of phenylbutazone and one of its
active metabolites. It shares a similar toxicity profile with the parent compound (8,161)
and is not currently marketed.

Other pyrazolone derivatives that have been developed and were chemically related
to phenylbutazone, include azapropazone and feprazone. They have side effect profiles
similar to the parent compound and are not currently available (6,8). Proquazone, a quina-
zolone compound designed to replace fluproquazone, a parent compound that proved too
hepatotoxic for clinical use (3), is not in use in the United States, although it produced a
low incidence of elevated hepatic enzyme in initial clinical trials(162).

F. Fenamates (Anthranilic Acids)

Mefenamic acid (Ponstel) has been incriminated in at least one instance of severe but
nonfatal necrosis (163). A related agent, meclofenamic acid (Meclomen), leads to minor
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elevation of aminotransferases in fewer than 5% of recipients who regress in many in-
stances despite continued use of the drug (164).

G. Cyclooxygenase-2-Selective Inhibitors

1. Nimesulide

This sulfonamide derivative is currently available outside of the United States as one of
the new selective COX-2 inhibitors that have fewer gastrointestinal side effects. In clinical
trials, nimesulide rarely produced elevations in AST or ALT values (1.6% of patients
treated for greater than 3 months), as reported by McCormick and colleagues (165). How-
ever, several recent reports of acute liver injury with this agent have subsequently appeared
(165–171). Van Steenbergen and colleagues (166) from Belgium described four women
with centrilobular or panlobular necrosis and two men with bland intrahepatic cholestasis,
where jaundice was the presenting symptom in five of six. Two individuals (one man and
one woman) had eosinophilia, suggesting drug allergy, but none of the others had any
hypersensitivity signs or symptoms. All abnormal values returned to normal after the drug
was discontinued, but this took between 6 and 17 months. One of their patients was diag-
nosed with pancreatic cancer and succumbed to that illness, which was considered unre-
lated to the drug. Other reports of acute cholestatic hepatitis from nimesulide have ap-
peared (171), but are less common than hepatocellular injury.

Several reports of fulminant hepatic necrosis, some fatal, have been described with
nimesulide. McCormick and colleagues (165) described a middle-aged woman who devel-
oped fulminant and hepatic failure after restarting nimesulide for back pain. She developed
mild to moderate increases in aminotransferase values from a normal baseline, and subse-
quently developed jaundice and markedly elevated aminotransferases (AST 2014, ALT
2857) at which time the drug was discontinued. Despite undergoing an emergency liver
transplant, she died of primary graft nonfunction. The explanted liver revealed massive
necrosis.

Weiss and colleagues (167) reported six individuals (five of whom were women)
with acute hepatitis that resolved when the drug was discontinued. Most had associated
fatigue, nausea, and vomiting, with median ALT values elevated 15 times the upper limits
of normal. These returned to normal within 2–4 months after the drug was stopped. One
patient, however, continued the drug for 2 weeks after becoming symptomatic and devel-
oped a fatal subfulminant hepatic failure including hepatorenal syndrome and died 6 weeks
later. These authors recommended liver enzyme monitoring with this agent and caution
to discontinue it immediately if any biochemical or clinical symptoms of hepatitis develop.

Celecoxib and rofecoxib, are the two newest COX-2 selective inhibitors to be ap-
proved for use in the United States. Celecoxib is a nonarylamine benzene sulfonamide
derivative that has been associated with hepatic injury in only a few reports (172). Rofe-
coxib does not contain a sulfonamide moiety and has not been associated with liver toxicity
in any published reports as of yet (173).

VI. MONITORING FOR NSAID-INDUCED HEPATIC INJURY

Although the FDA considers hepatic injury to be a class effect of NSAIDs, the agency
stopped short of recommending mandatory enzyme monitoring during NSAID therapy
(12). However, in the case of diclofenac, monitoring has been recommended by other
authorities (174). Table 4 includes the information from monitoring statements included in
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manufacturers’ current package inserts. While class labeling varies somewhat, it generally
mentions that for any given agent, liver abnormalities are possible and may progress, may
remain unchanged, or may be transient with continued therapy.

For many compounds, the labeling adds that cases of severe hepatic injury, including
jaundice and even fatal fulminant hepatitis, have been reported. For these particular agents,
physicians should be aware of the potential toxicity and remain alert for abnormal hepatic
enzymes that persist or worsen, to clinical signs and symptoms of liver disease, or systemic
manifestations such as eosinophilia, rash, or fever. For a few agents, mention is made that
they should be used cautiously in individuals with underlying chronic liver disease.
NSAIDs, in general, are usually best avoided in cirrhosis because of a risk of renal toxicity
leading to hepatorenal syndrome, the possible exceptions being sulindac and the newer
COX-2-selective agents. More intensive monitoring in patients with chronic hepatitis or
cirrhosis seems prudent for NSAIDs as well as other agents, but uniform recommendations
await additional study.

It is recognized that liver enzyme monitoring is controversial from a clinical, as
well as a cost, standpoint. For drugs whose incidence of injury is extremely low, routine
monitoring is not warranted and, if prescribed, would probably not be followed. For injury
due to hypersensitivity, a rational case for no biochemical monitoring also could be made,
since the drug toxicity announces itself when the hypersensitivity reaction develops. It is
unlikely that monitoring would serve as a harbinger of impending hepatic injury in this
setting (3).

In contrast, drugs capable of causing severe hepatic injury and that act through
metabolic idiosyncrasy should be monitored on a periodic basis (6,13,175). For those
agents where a greater than threefold rise in ALT from a normal baseline is seen, the
specter of hepatotoxicity is raised and the monitoring frequency should be increased. If
the abnormality does not subside or if it progresses, the drug should probably be stopped.
In the event that clinical signs of symptoms of liver disease develop (i.e., nausea, fatigue,
lethargy, pruritus, abdominal discomfort, in addition to jaundice), the drug should be dis-
continued immediately. If the biochemical abnormality resolves despite continuation of
therapy, the NSAID can be continued.

While the performance of biochemical testing and periodic symptoms assessment
and physical examinations does not guarantee the detection or prevention of NSAID- or
any drug-induced hepatic injury, it is the expectation of any reasonably designed monitor-
ing program that abnormalities detected early will prevent progression to more serious or
irreversible toxicity.
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I. INTRODUCTION

The advent of modern anesthesia occurred in the 1840s, when the clinical value of ether
and chloroform was first described. These were the most popular anesthetic agents
throughout the remainder of the nineteenth century and the first part of the twentieth
century, even though they had significant practical disadvantages (1). Ether is highly com-
bustible, irritates the respiratory tract, and has appreciable solubility in blood, which results
in a slow onset of action and slow recovery. Chloroform is a cardiorespiratory depressant,
has arrhythmogenic effects, and is both nephrotoxic and hepatotoxic. The organ toxicity
of chloroform has been ascribed to bioactivation in liver and kidneys to reactive species
that interact with macromolecules and cause cellular necrosis (2).

To circumvent these and other adverse effects, a range of alternative volatile
agents were developed throughout the twentieth century. Halothane was introduced in
the late 1950s and was shown to be potent, relatively fast-acting, nonirritant, and easy to
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use. However, cases of severe postoperative liver injury in patients exposed to halo-
thane soon appeared in the medical literature and it is now well established that a
small, but significant, proportion of the population (including certain medical personnel
who undergo occupational exposure) are susceptible to “halothane hepatitis.” Usage
of halothane has declined markedly since the 1970s and a series of alternative agents
(enflurane then isoflurane, followed more recently by sevoflurane and desflurane) have
been introduced that have markedly reduced hepatotoxic potential. The purpose of
this chapter is to review the clinical features of liver damage caused by halothane and
the recent generation of volatile anesthetics, to evaluate the data obtained to date on un-
derlying biochemical and cellular mechanisms, and to discuss individual susceptibility
factors.

II. CLINICAL FEATURES OF VOLATILE ANESTHETIC-INDUCED
HEPATOTOXICITY

A. Halothane

The clinical features and pathology of liver injury caused by halothane are now well
documented and have been reviewed extensively (1,3–5). Typically, patients have no his-
tory of preexisting liver disease, do not abuse alcohol, and have no concurrent intake of
drugs with known hepatotoxic potential. The incidence of this adverse reaction is not
known precisely but is low (between 1 in several thousand and 1 in 30,000 patients). This
led to considerable debate over many years concerning whether halothane was the true
causative agent, or patients with liver injury due to other causes (e.g., acute viral infection)
were being misdiagnosed. Attempts to resolve the controversy by undertaking large retro-
spective and prospective studies were inconclusive (6) and the matter was only resolved
when diagnostic antibody tests were described (see below).

A substantial proportion of patients who sustain halothane hepatitis are frequently
female and of late middle age, and obesity is common. Nevertheless, many cases of halo-
thane hepatitis in nonobese males have been described (1,3–5), as have several well-
documented cases in young children (7). Liver damage that can be attributed to occupa-
tional halothane exposure has also been reported in medical personnel (8). The first
symptoms displayed by patients frequently include malaise, anorexia, and nonspecific
gastrointestinal symptoms (nausea and upper-abdominal discomfort). The majority of
patients exhibit delayed-onset pyrexia, while some develop nonspecific rash and/or arthral-
gia (3,9,10). These symptoms are followed by large elevations in serum transaminases
and then by jaundice. The time to onset of jaundice is very variable, and may be greater
than 28 days (11). In some patients the liver damage is severe and fulminant hepatic failure
develops, which may require liver transplantation. However, many patients with halothane
hepatitis do not sustain liver failure (11). Nonfatal cases have been reported to resolve
progressively and uneventfully and not to be associated with development of chronic liver
disease, provided further exposure to halothane (and to structurally related compounds,
as discussed below) is avoided.

Investigations of liver pathology have shown that centrilobular hepatic necrosis
is a common histological feature (1,9,12). A spectrum of severity ranging from panlob-
ular and multifocal necrosis to massive necrosis has been observed, as has ballooning
degeneration of hepatocytes, inflammatory infiltration, and fibrosis. Fatty infiltration has
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been reported in many patients, and in some cases granulomatous aggregates have
also been observed (12). Mitochondrial membrane abnormalities have been identified
by electron microscopy in some instances (9,13), but not in others (14). Overall, the
pathological features of halothane hepatitis are not diagnostic and are similar to those
described in cases of acute hepatitis due to acute viral infection and to various other
drugs.

The vast majority of patients who develop halothane hepatitis have been anesthetized
with halothane on multiple occasions. Halothane hepatitis has been described in cases
where the interval between anesthetic exposure has been many years (11,15). However,
retrospective analyses have indicated that the severity of liver injury and the interval from
final anesthesia to onset of jaundice tend to be inversely related to the interval between
anesthetics (3,11). A significant proportion of patients who sustain halothane hepatitis
have exhibited adverse reactions (delayed-onset pyrexia or jaundice) following previous
halothane exposure (3,11,16,17). Consequently it is important to take a careful clinical
history before exposing patients to halothane. Halothane hepatitis is characterized by a
high incidence of peripheral eosinophilia, circulating autoantibodies to tissue antigens,
and cellular and humoral immune sensitization to reactive metabolite-modified liver neo-
antigens (3–5,17). In view of this, it has been proposed that the disease process has a
major immune component, which is discussed in detail below.

A much milder, and clinically unimportant, form of halothane-induced liver injury
in humans has also been described. This was identified in prospective studies, which re-
vealed that up to 30% of patients who underwent surgical anesthesia with halothane devel-
oped mild liver injury that resolved asymptomatically (18,19). Serological investigations
revealed no evidence of immune activation in these patients, including no detectable anti-
bodies to metabolite-modified liver neoantigens (20,21). It has been concluded that this
mild form of liver injury does not have an immune component.

B. Other Volatile Agents (Enflurane, Isoflurane, Desflurane,
and Sevoflurane)

A retrospective review of 24 cases of otherwise-unexplained liver damage in patients
anesthetized with enflurane has indicated that, in common with halothane, this agent can
cause severe liver damage in humans (22). The incidence of enflurane-induced liver injury
is very low, and of the order of 1 in 800,000 exposed patients (23). The clinical, biochemi-
cal, and pathological features of patients with enflurane hepatitis are similar to those de-
scribed for halothane hepatitis, including a delayed interval between anesthesia and onset
of jaundice, frequently a previous history of exposure to enflurane of halothane, and a
significant incidence of mortality due to liver failure (22). In addition, an association be-
tween prior exposure of certain patients to halothane and subsequent liver injury following
anesthesia with enflurane has been reported (22,24,25). This can be attributed to immune
cross-sensitization between the anesthetics (see below).

Numerous cases of liver injury that may be attributable to anesthesia with isoflurane
have also been described (26–29), although the number reported to date is small when
one considers the widespread worldwide use of this agent since its introduction in 1984.
It is reasonable to conclude that the incidence of hepatitis due to isoflurane is far lower
than the incidence of halothane hepatitis. Although causality has been difficult to establish,
at least some cases of possible isoflurane hepatitis exhibit clinical and pathological features
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that are consistent with a “halothane hepatitis–like” mechanism. These are an association
with multiple exposures to volatile anesthetics, a preponderance of females, obesity, and
severe centrilobular hepatocellular injury (30). Detection of antibodies to metabolite-
modified protein neoantigens has been described in two cases (31,32), which is consistent
with an immune pathogenesis.

A single case of postoperative liver injury in a patient exposed to desflurane has
been described (33). Antibodies that recognized metabolite-modified liver neoantigens
were detected in the patient’s serum and it was noted that the patient had a prior history of
anesthesia with halothane (albeit 12 and 18 years previously). By analogy with halothane
hepatitis, the proposed mechanism of liver injury was immunological.

Sevoflurane was introduced into anesthetic practice relatively recently in the West-
ern world (in 1995), but prior to this was used widely as a surgical anesthetic for over
10 years in Japan. Cases of liver injury in patients anesthetized with sevoflurane have
been described in the Japanese literature (34–36). However, it is unclear whether these
can be attributed to the anesthetic agent (see below).

III. METABOLISM OF VOLATILE ANESTHETICS

A. Halothane

About 20% of an inhaled dose of halothane is metabolized in humans (37). This process
is catalyzed by isozymes of hepatic cytochrome P450 and proceeds via distinct oxidative
and reductive pathways that have been reviewed elsewhere (38) and are summarized in
simplified form in Fig. 1. The reductive pathway is favored at reduced oxygen tensions but
occurs only to a limited extent at normal oxygen tensions (i.e., during surgical anesthesia in
humans) (39). The initial step in this pathway is insertion of a single electron to form
the trifluorochlorobromoethyl radical, which undergoes a well-defined further series of
chemical reactions and biotransformations to other chemically reactive species. These ini-
tiate lipid peroxidation, bind covalently to cellular macromolecules (both lipids and pro-
teins), and/or are excreted as urinary and volatile metabolites. Oxidative metabolism is
the major pathway of metabolism in humans (39). This proceeds via insertion of oxygen,
which is followed by spontaneous debromination to produce a reactive species (trifluoro-
acetyl chloride) that reacts with water to form the major urinary metabolite trifluoroacetate
(39). In addition, a small fraction of trifluoroacetyl chloride binds covalently to ε-amino
groups of cellular phospholipids (i.e., phosphatidylethanolamine) and proteins (40–42),
thereby generating trifluoroacetylated lipid and protein adducts (Fig. 1).

Several different cytochrome P450 isozymes have been shown to catalyze reductive
and oxidative metabolism of halothane (43). However, oxidative metabolism is catalyzed
preferentially by CYP 2E1 and this is the major isozyme responsible for bioactivation of
halothane in humans (44,45).

B. Other Volatile Agents

In common with halothane, enflurane and isoflurane are metabolized by hepatic CYP 2E1
via oxidative dehalogenation (46,47). However, these compounds do not undergo reduc-
tive metabolism. The extent of metabolism in humans is 2–4% for enflurane (48) and
about 0.2% for isoflurane (49), which is markedly lower than the extent of metabolism
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Figure 1 Metabolism of halothane. CYP, cytochrome P450; UGT.

of halothane (50). Metabolism of enflurane proceeds via a reactive intermediate that either
reacts with water to form an acid that is excreted in urine as a glucuronide conjugate (51)
or binds covalently to liver proteins to form protein adducts (52) (see Fig. 2). CYP 2E1-
mediated oxidation of isoflurane results in renal excretion of inorganic fluoride and trifluo-
roacetic acid (53) and proceeds via reactive intermediates (believed to include trifluoro-
acetyl chloride) that covalently modify liver proteins and form protein adducts (52)
(Fig. 2).

Desflurane is extremely resistant to biodegradation and the extent of metabolism in
humans is no more than 10% of that described for isoflurane (i.e., less than 0.02%) (54).
Trifluoroacetic acid has been identified as a urinary metabolite (54), which implies that
metabolism of desflurane proceeds via pathways similar to those proposed for isoflurane
and involves formation of protein adducts (33) (Fig. 2).

The rate of metabolism of sevoflurane by hepatic cytochromes P450 is markedly
greater in vitro when compared with the other anesthetics described above (including
halothane) (55) but is limited in vivo owing to its low blood and tissue solubility. Conse-
quently, about 2–5% of an anesthetic dose of sevoflurane is metabolized in humans
(56,57). In common with halothane, enflurane, isoflurane, and desflurane, the process is
catalyzed in vivo by CYP 2E1 (57). The first step is oxidation of the fluoromethyl group
(Fig. 3), which may involve generation of formyl fluoride. Since formyl fluoride is a highly
reactive species, this is a possible mechanism of generation of novel liver protein adducts
derived from sevoflurane. However, whether such adducts are actually produced in livers
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Figure 2 Metabolic bioactivation of enflurane, isoflurane, and desflurane (UGT � UDP-glucu-
ronyltransferase).

Figure 3 Metabolism of sevoflurane.
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of sevoflurane-exposed animals or humans is unknown. Metabolism of sevoflurane results
in liberation of inorganic fluoride and carbon dioxide and in formation of hexafluoroiso-
propanol, which is excreted in urine as a glucuronide conjugate (57) (Fig. 3).

IV. ANIMAL MODELS OF ANESTHETIC-INDUCED LIVER INJURY

A. Halothane

Reproducible and dose-dependent hepatotoxicity has been produced by pretreatment of
rats with polychlorinated biphenyls or with phenobarbitone to induce cytochromes P450,
then exposure of the animals to halothane at reduced oxygen tensions to promote reductive
metabolism (58–60). The liver injury produced in these models has been attributed to a
combination of direct toxic effects of reductive reactive metabolites (which promote lipid
peroxidation and bind covalently to hepatocellular lipids and proteins) plus ischemic injury
caused by tissue hypoxia (61,62).

Liver toxicity that has been attributed to hypoxia alone has been observed in rats
exposed to halothane at normal oxygen tensions, following pretreatment with triiodothyro-
nine (63). In addition, two animal models have been described that involve hepatotoxicity
mediated via oxidative metabolites of halothane. In the first of these models Fischer 344
rats were exposed to halothane at normal oxygen tensions following pretreatment with
isoniazid, which is a potent CYP 2E1 inducer that increased oxidative metabolism of the
anesthetic (64). In the second model, hepatotoxicity was produced in guinea pigs by expo-
sure to halothane at normal oxygen tensions (65,66). Marked strain- and sex-dependent
differences in susceptibility to halothane-induced liver injury were observed in the guinea
pig model. These were not attributable to differences in oxidative metabolism of halothane,
but could be a consequence of variable effects of halothane on hepatic blood flow (67)
and/or due to variability in hepatic thiol status (which will affect capacity to detoxify
electrophilic reactive intermediates, as illustrated in Fig. 1) (68).

Although the various animal model studies have demonstrated that both oxidative
and reductive pathways of metabolism of halothane may mediate hepatotoxicity, the
mechanisms underlying tissue injury remain largely undefined. Alteration in hepatic lipid
peroxidation has been observed in the reductive rat models (69) and altered calcium
homeostasis has been proposed to play a role in liver toxicity in the rat (70) and the guinea
pig (71). It is notable that none of the models require multiple exposures to halothane, all
are reproducible and dose-dependent, and none are characterized by the selective immune
stimulation that is characteristic of halothane hepatitis in humans. Consequently, it is con-
sidered that these models are not directly relevant to halothane hepatitis in humans. One
or more of the models could explain why up to 30% of halothane-exposed patients sustain
very mild and transient liver injury, however (38,62).

B. Other Volatile Agents

Hepatocellular liver injury has been produced by pretreatment of rats with triiodothyro-
nine, then anesthesia with enflurane, isoflurane, or halothane (63). In addition, exposure
of phenobarbitone-pretreated rats to halothane, enflurane, or isoflurane under markedly
hypoxic conditions has been reported to result in liver damage (72–74). The toxicity ob-
served in these studies has been attributed to ischemic liver damage caused by tissue
hypoxia and not to specific toxic effects of the anesthetics themselves. This is because
similar extents of liver injury were observed when rats that had been pretreated with
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phenobarbital were anesthetized intravenously with thiopental or fentanyl under hypoxic
conditions, in place of the volatile agent (74). When rats were pretreated with phenobarbi-
tal and then anesthetized with halothane, enflurane, or isoflurane under mildly hypoxic
conditions, liver injury was observed only in the group of rats that had received halothane
(73). It was concluded that enflurane and isoflurane have minimal intrinsic hepatotoxic
potential when compared with halothane. Hepatotoxicity has not been observed in the
animal investigations undertaken to date with desflurane or sevoflurane.

V. THE IMMUNE HYPOTHESIS OF ANESTHETIC-INDUCED
LIVER INJURY

A. Halothane

Immune responses to halothane metabolite–modified liver neoantigens in patients with
halothane hepatitis was described initially by Vergani and co-workers. Specific cellular
sensitization to such antigens in patients with halothane hepatitis, but not control individu-
als, was observed using the technique of in vitro leukocyte migration (75). In addition,
antibody-dependent cytotoxic killing of hepatocytes from halothane-treated rabbits was
demonstrated following incubation of the hepatocytes with sera from patients with halo-
thane hepatitis (which had been adsorbed to deplete antibodies to normal liver antigens)
and normal human leukocytes (76). The hepatocyte toxicity was not observed when experi-
ments were undertaken using control hepatocytes, or hepatocytes from rabbits that had
been anesthetized with ether, or when hepatocytes from halothane-treated rabbits were
incubated with sera from various groups of control individuals (including anesthetists,
patients exposed to halothane who did not sustain liver injury, patients with various other
types of liver disease, and normal controls) (76,77). It was concluded that the cytotoxicity
was mediated by antibodies in sera from patients with halothane hepatitis, that the antibody
response to the antigens was specific to the patients, and that the target antigens were
halothane-modified macromolecules expressed on the surface of hepatocytes (76).

Subsequent investigations, which have used a variety of other methods to detect
the antibodies (including enzyme-linked immunosorbent assay and immunoblotting), have
confirmed these findings and have shown that antibodies to halothane-induced neoantigens
are predominantly of IgG class (78,79). The specificity of the immune response indicates
that it is not simply a secondary consequence of halothane exposure and/or liver damage,
while the finding of IgG-class antibodies implies that patients’ immune responses have
been sensitized to halothane-induced antigens following previous halothane exposures.
This is consistent with the known association of halothane hepatitis with multiple expo-
sures to the anesthetic.

The nature of the halothane-induced neoantigens has been explored by SDS–poly-
acrylamide gel electrophoresis (SDS-PAGE) and immunoblotting (which involves sub-
stantial protein denaturation due to exposure to the detergent SDS), and also using two
nondenaturing approaches (ELISA and immunoprecipitation). The immunoblotting stud-
ies have identified a range of different liver microsomal polypeptide neoantigens expressed
in halothane-exposed rabbits, humans, and rats, but not in livers from control animals or
humans (79,80). The neoantigens were shown to be generated via oxidative cytochrome
P450–mediated metabolism of halothane (81). As described previously, this proceeds via
trifluoroacetyl chloride, which is a highly reactive intermediate that binds covalently to liver
macromolecules (see Fig. 1). The neoantigens contain covalently bound trifluoroac-
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etyl groups (which are bound to ε-amino groups on lysine residues of the carrier proteins)
and comprise the major trifluoroacetylated proteins expressed in livers of halothane-
exposed animals (81–84). Antibodies from patients with halothane hepatitis bind to
epitopes that include the trifluoroacetyl group and also individual structural features (pre-
sumably amino acid residues adjacent to the covalently modified lysine residues) that are
unique to each of the individual target proteins (81).

The ELISA and immunoprecipitation studies revealed the existence of an additional
group of halothane-induced neoantigens that were recognized by antibodies from patients
with halothane hepatitis, but were not detected by SDS-PAGE/immunoblotting (85,86).
Generation of these neoantigens was also found to require oxidative metabolism of halo-
thane, and the immunoprecipitation studies have established that the target proteins are
trifluoroacetylated integral membrane proteins (85,86). In contrast, the neoantigens de-
tected by immunoblotting are predominantly peripheral membrane proteins (87).

Many of the trifluoroacetylated liver target proteins have been characterized by
amino acid sequence analysis and/or cDNA cloning (Table 1) (86,88–98). The majority
are highly abundant and relatively long-lived peripheral membrane proteins that reside in
the lumen of the endoplasmic reticulum (87). The trifluoroacetylated forms of these pro-
teins accumulate progressively in the liver over a period of about 24 h and they persist for
many days once formed (82). Presumably they become covalently modified in a relatively
nonselective manner. Since the active site of CYP 2E1 (the enzyme responsible for neoan-
tigen formation) is located on the cytosolic face of the endoplasmic reticulum, yet these
target proteins are lumenal, it has been proposed that their generation requires diffusion
of trifluoroacetyl chloride across the lipid bilayer (87), as illustrated in Fig. 4. The normal
cellular functions of these proteins include calcium storage, carboxylesterase activity,
shuffling of disulfide bonds on nascent polypeptide chains during folding of newly synthe-
sized proteins, and mediation of protein folding via chaperone interactions, and are unre-
lated to metabolism of halothane or other xenobiotics.

The major conformation-dependent neoantigen detectable by immunoprecipitation
comprises a trifluoroacetylated form of microsomal epoxide hydrolase (86), which is a

Table 1 Trifluoroacetylated Liver Neoantigens Derived from Halothane

Recognition by
Molecular mass antibodies from
(kDa) determined Method initially used patients with
by SDS-PAGE Identity of protein to detect neoantigen halothane hepatitis Ref.

29 Cytosolic glutathione-S-transferase Protein purification Not demonstrated 88
50 Microsomal epoxide hydrolase Immunoprecipitation Yes 86
52 CYP 2E1 Immunoprecipitation Yes (autoanti- 89,90

bodies)
57 Protein disulfide isomerase Immunoblotting Yes 92
58 Unknown function Immunoblotting Yes 91
59 Microsomal carboxylesterase Immunoblotting Yes 93
63 Calreticulin Immunoblotting Yes 94
80 Erp72 Immunoblotting Yes 95
82 BiP/GRP78 Immunoblotting Yes 96

100 Endoplasmin/Erp99/GRP94 Immunoblotting Yes 97
170 UDP-glucose:glycoprotein glu- Immunoprecipitation Not demonstrated 98

cosyltransferase
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Figure 4 Proposed mechanism of generation of trifluoroacetylated protein neoantigens derived
from halothane, and of cell surface expression of trifluoroacetylated CYP 2E1. ER, endoplasmic
reticulum.

highly abundant integral membrane protein. In addition, a trifluoroacetylated form of CYP
2E1 has been detected in livers of halothane-treated rats by immunoprecipitation (89),
and a high incidence of autoantibodies to a nontrifluoroacetylated form of CYP 2E1 has
been demonstrated in sera from patients with halothane hepatitis (89,90). It has been pro-
posed that these CYP 2E1 autoantibodies are generated because trifluoroacetylation of
CYP 2E1 leads to a selective breakdown in immune tolerance (89,90). Similar processes
may explain the presence of autoantibodies to unmodified forms of other trifluoroacety-
lated neoantigens in the patients’ sera (91,92,95,99,100).

Expression of a low, but significant, fraction of total trifluoroacetylated CYP 2E1
on the hepatocyte plasma membrane has also been demonstrated (89). This is likely to
occur via membrane flow through the Golgi apparatus, as has been described for other
CYP isozymes (101), and could involve inversion of the normal topology of the protein
in the endoplasmic reticulum (102) (see Fig. 4). Cell surface expression of other trifluoro-
acetylated neoantigens [particularly microsomal epoxide hydrolase (103)] is also likely,
but has not yet been demonstrated directly.

The available data indicate that exposure of susceptible individuals to halothane
“primes” immune effector mechanisms directed against trifluoroacetylated liver protein
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Figure 5 Proposed mechanism of immune-mediated hepatotoxicity of volatile anesthetics.

neoantigens, which mediate liver injury when the patients are rechallenged with halothane.
This is illustrated schematically in Fig. 5.

B. Enflurane, Isoflurane, Desflurane, and Sevoflurane

Analysis of livers from rats treated with enflurane or isoflurane by immunoblotting has
demonstrated expression of novel microsomal protein neoantigens similar to those de-
rived from halothane (52,104) (Fig. 2). These neoantigens were expressed at markedly
lower levels than the trifluoroacetylated neoantigens derived from halothane and the
rank order was halothane � enflurane � isoflurane (52,104). This is consistent with the
relative extents of cytochrome P450-mediated metabolism of the anesthetics (50). The
neoantigens derived from enflurane and isoflurane were shown to be recognized by
an anti-(trifluoroacetyl-protein) rabbit antiserum that had been raised by immunizing
rabbits with trifluoroacetylated rabbit albumin (52), while the neoantigens derived
from enflurane were also recognized by antibodies from patients with halothane hepati-
tis (104). In addition, antibodies to trifluoroacetylated protein neoantigens have been de-
tected in sera from two patients with hepatitis presumed to be attributable to isoflurane
(31,32).

It has been concluded that both enflurane and isoflurane have the potential to elicit
liver injury in humans via immune processes similar to those implicated in halothane
hepatitis (see Fig. 5) and that this provides a mechanistic basis for clinical cases of apparent
cross-sensitization between the anesthetics (52,104). However, it is important to note that
many patients who have developed halothane hepatitis have been anesthetized unevent-
fully with isoflurane and/or enflurane (indicating that cross-sensitization had not oc-
curred). Presumably the relatively low levels of expression of liver neoantigens derived
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from the latter anesthetics are insufficient to trigger immune responsiveness in the majority
of cases, regardless of whether or not sensitization to halothane (and development of
halothane hepatitis) has occurred.

Antibodies that recognize trifluoroacetylated liver neoantigens have also been de-
tected in serum from a patient with presumed desflurane hepatitis (33). The proposed
mechanism of liver injury was immunological, and similar to that proposed for halothane
hepatitis (see Fig. 5). In view of the chemical structure and predicted pathway of cyto-
chrome P450–mediated metabolism of desflurane (Fig. 2), it seems likely that trifluoro-
acetylated neoantigens are generated in livers of animals and humans exposed to this
anesthetic (33). However, this has not been demonstrated experimentally and the levels
of the expression of neoantigens derived from desflurane should be extremely low, be-
cause of the very limited extent of metabolism of the compound (105). Consequently, the
risk of immune-mediated liver injury in patients exposed to desflurane is likely to be
extremely small.

It is unclear whether sevoflurane has the potential to elicit immune-mediated liver
injury in humans. Although liver protein neoantigens might be formed via formylation, as
discussed previously, this possibility has yet to be investigated experimentally. In addition,
formylated liver neoantigens may not cross-react immunochemically with trifluoroacety-
lated neoantigens derived from halothane. Although cases of possible “sevoflurane hepati-
tis” have been reported in the Japanese literature, and in some instances data obtained
using in vitro lymphocyte transformation tests have suggested that the patients had become
sensitized to sevoflurane (34,36), the diagnostic value of the in vitro lymphocyte transfor-
mation studies is unclear. This is because lymphocytes have minimal cytochrome P450–
dependent metabolic capability and the analyses were undertaken in the absence of liver
proteins.

C. Hydrochlorofluorocarbon Refrigerants

The ozone-depleting chlorofluorocarbons are being replaced as industrial chemicals by
hydrochlorofluorocarbons (HCFCs), which have little ozone-depleting potential. Some of
the HCFCs are similar in structure to halothane and the other volatile anesthetic agents. It
has been shown that several of these compounds are metabolized in the liver by CYP 2E1
to reactive species that covalently bind to proteins, thereby generating protein adducts
that are immunochemically cross-reactive with the trifluoroacetylated protein adducts de-
rived from halothane (83,106). Moreover, hepatotoxicity has been reported in guinea pigs
exposed to HCFC 123 (1,1-dichloro-2,2,2-trifluoroethane) (107) and in nine humans who
received repeated accidental occupational exposure to very high concentrations of a mix-
ture of HCFC 123 and HCFC 124 (1-chloro-2,2,2,2-tetrafluoroethane) (108). Trifluoro-
acetylated protein adducts were detected in liver from one of the occupationally exposed
human cases, while autoantibodies to two of the target proteins implicated in the mecha-
nism of halothane hepatitis (CYP 2E1 and protein disulfide isomerase) were detected in
five of the cases (108). It was concluded that humans exposed on multiple occasions to
very high concentrations of certain HCFCs (most notably HCFC 123) are at risk of liver
injury. It is not known whether HCFC-induced liver injury in humans is immune-mediated,
or can be attributed to direct cytotoxicity. However, it is reasonable to presume that pa-
tients who have become sensitized to volatile anesthetics may become cross-sensitized to
certain HCFCs.
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VI. INDIVIDUAL SUSCEPTIBILITY FACTORS

Why a very small fraction of individuals exposed to volatile anesthetics sustain hepatic
injury, while the vast majority do not, has yet to be established. In view of the proposed
mechanism of immune-mediated liver injury (Fig. 5), both metabolic and immune factors
are likely to be involved.

A. Metabolic Factors

A key metabolic susceptibility factor may be the balance between CYP 2E1-catalyzed
metabolic bioactivation of the volatile anesthetics and detoxification of reactive intermedi-
ates by glutathione and other cellular nucleophiles (45).

This could vary throughout the human population (due to individual differences in
CYP 2E1 activity, glutathione-S-transferase activity, and/or levels of hepatic glutathione)
and thereby result in interindividual variability in levels of expression of metabolite-
modified liver neoantigens (45,82). Studies undertaken with various haptenated autologous
proteins have shown that the density of hapten groups and the concentrations of haptenated
proteins play major roles in breaking immunological tolerance to self-proteins (109). Con-
sequently, patients who express relatively high levels of neoantigens derived from volatile
anesthetics are likely to be at greater risk of developing a neoantigen-driven immune
response, and sustaining immune-mediated liver injury, than patients who express lower
levels of the neoantigens.

This would explain why the incidence of liver injury in patients exposed to enflurane
or isoflurane (which are metabolized to a markedly lesser extent than halothane) is mark-
edly lower than the incidence of halothane hepatitis. It may also explain why obesity
[which can enhance metabolism by inducing CYP 2E1 (110) and/or by enhancing distribu-
tion of volatile anesthetics into body fat (111)] has been identified as a risk factor in
halothane hepatitis (17). In addition, existence of a metabolic susceptibility factor is sup-
ported by a report of abnormal sensitivity to electrophilic reactive metabolites derived
from phenytoin in lymphocytes from 11 patients with halothane hepatitis, when compared
with control lymphocytes (112). This abnormality, which implies a defective ability to
detoxify the reactive intermediates, was exhibited also by lymphocytes from 19 family
members of four of the patients, indicating that it is genetically inherited (112). An inher-
ited susceptibility factor is consistent with reports of cases of halothane hepatitis in pairs
of closely related women (113).

B. Immunological Factors

A consistent association between susceptibility to halothane hepatitis and HLA phenotype
has not been observed (114,115). Experiments undertaken by Gut and co-workers have
shown that trifluoroacetylated epitopes on proteins are very similar (both structurally and
immunochemically) to the lipoyl-lysine regions contained within the E2 subunits of mito-
chondrial pyruvate dehydrogenase and other 2-oxoacid dehydrogenase proteins (116). The
molecular mimicry was found to extend to epitopes recognized by antibodies from patients
with halothane hepatitis (117,118). This structural similarity could result in immunological
tolerance to trifluoroacetylated protein epitopes and may help to explain why “normal
individuals” do not develop neoantigen-induced immune responses and do not sustain
immune-mediated liver damage when exposed to halothane and other volatile anesthetics.
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Marked interindividual variability in levels of expression of the E2 subunit of pyruvate
dehydrogenase was observed in a panel of 19 human liver samples and abnormally low
levels of expression of the protein were observed in liver biopsy samples from five of
seven patients with halothane (119). In view of this, it has been proposed that susceptibility
to halothane hepatitis (and to liver injury caused by other volatile anesthetics) may arise,
at least in part, because certain individuals express unusually low levels of lipoylated E2
subunits of PDH and related proteins and so have defective immune tolerance to trifluoro-
acetylated proteins epitopes (116,119).

Recently the “danger hypothesis” has been proposed by Matzinger in an attempt to
provide an explanation for the loss of immune tolerance that occurs in autoimmune dis-
eases (120). According to this hypothesis, an immune response is triggered when an anti-
gen is presented to the immune system in the context of a “danger signal,” such as cell
damage, but not if a danger signal is absent. It has been suggested by other investigators
that this could help to explain many immune-mediated adverse drug reactions, including
liver damage due to anesthetic agents (121,122). This is an intriguing suggestion that
merits further investigation, especially since several of the trifluoroacetylated neoantigens
identified in livers of halothane-treated rats are stress proteins (Table 1).

VII. SUMMARY

Liver damage that can be attributed to volatile anesthetic agents is rare, but clinically well
documented. This may occur following exposure to all of the volatile agents in use cur-
rently, with the possible exception of sevoflurane. Liver damage due to halothane, enflu-
rane, isoflurane, and desflurane is a consequence of their CYP 2E1-mediated bioactivation
to reactive intermediates that bind covalently to numerous different liver proteins to form
neoantigens. The neoantigens elicit immune responses in susceptible patients and these
immune responses have been implicated in the mechanism of anesthetic-induced liver
damage. A variety of antibody assays have been described that aid diagnosis. The available
evidence indicates that a complex combination of metabolic and immunological suscepti-
bility factors explains why certain anesthetic-exposed individuals sustain liver injury,
whereas the vast majority of the population do not.
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I. INTRODUCTION

Historically, as a therapeutic class, anticonvulsant agents have been associated with severe
liver toxicity. Agents such as mephenytoin and phenacemide were removed from clinical
use as a consequence of unacceptably high frequencies of liver toxicity and it is clear that
a clinically significant risk of hepatotoxicity also accompanies the use of phenytoin (Dilan-
tin, Parke-Davis, Morris Plains, New Jersey), carbamazepine (Tegretol, Novartis Pharma-
ceuticals, Basel, Switzerland), and valproic acid (Depakene, Abbott Laboratories, Abbott
Park, Illinois), the three most commonly prescribed anticonvulsants at present. The com-
plex pathogenesis of seizure disorders and their general refractoriness to anticonvulsant
therapy often result in the use of two or more agents such that it becomes difficult to fully
evaluate the hepatotoxic potential of individual agents. Nevertheless, the purpose of this
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chapter is to describe the clinical presentation, histopathology, mechanisms, and determi-
nants of susceptibility of anticonvulsant-induced liver toxicity with a particular focus on
the aromatic anticonvulsants phenobarbital, phenytoin, and carbamazepine, as well as la-
motrigine, valproic acid, and felbamate.

II. CARBAMAZEPINE

Carbamazepine (CBZ) is a widely used anticonvulsant, and is regarded as the drug of
choice for partial epilepsies (1). It is also used in trigeminal neuralgia, neuropathic pain
syndromes, and bipolar depression. Since it was introduced in the 1960s, CBZ has been
widely reported to adversely affect liver function. It can do this in one of three ways:

1. It leads to an increase in gamma glutamyl transferase (γ-GT), and to lesser
extent in alkaline phosphatase (ALP), due to its enzyme-inducing properties. A
retrospective analysis showed that 64% and 14% of users had elevations of γ-
GT and ALP, respectively (2). Such an increase in liver enzymes is not an
indication to stop the drug.

2. It leads to an asymptomatic mild to moderate increase in liver function tests,
including transaminases. This has been observed in up to 22% of patients (3).
The relationship to more severe forms of liver dysfunction is unclear.

3. It leads to clinically symptomatic hepatic injury, which is often part of a general-
ized hypersensitivity reaction. The exact incidence is unknown; an analysis of
all adverse reactions of CBZ reported to the Swedish Regulatory Agency
showed that liver disorders accounted for 10% of all reactions (4). The risk was
estimated to be 16 cases per 100,000 treatment-years. Furthermore, analysis of
the reports of hepatotoxicity to the Danish Committee on Adverse Drug Reac-
tions showed that CBZ rose from ninth in frequency between 1968 and 1978
(5) to second during 1978 and 1987 (6). In a systematic review of 165 published
cases of CBZ hypersensitivity up to 1998, liver involvement was observed in
47% (Pirmohamed et al., unpublished data).

A. Clinical Manifestations

Liver involvement by CBZ is often part of a hypersensitivity syndrome, although the liver
can be affected on its own (3,7). In terms of severity, the effects on the liver range from
an asymptomatic increase in liver enzymes (8) to fulminant hepatic failure, which has
been reported to require liver transplantation (9). There is no obvious relationship with
either the dose or serum levels of CBZ. The time to onset of symptomatic hepatotoxicity
is about 4 weeks with a range of 1–16 weeks (10).

Hepatic injury is often accompanied by fever, rash, and eosinophilia (11–15), typical
features of a hypersensitivity reaction (7). Occasionally, the hepatotoxicity is associated
with hematological abnormalities (leukocytosis, agranulocytosis, pancytopenia, thrombo-
cytopenia) (11,16,17), renal dysfunction (18), or pneumonitis (15). In some instances, the
clinical picture resembles cholangitis, with jaundice, right-upper-quadrant abdominal pain,
nausea, and vomiting being the predominant symptoms (19,20); the cholestasis may be
prolonged in some cases (14,21). Rechallenge has been reported in a number of patients
(10,11,19,22), and in accordance with an immune reaction, occurs sooner on reexposure
than on the initial challenge.
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Hepatic injury from CBZ usually recovers on drug withdrawal (10). However, the
reactions can be fatal, with an estimated case fatality rate of 12% (23). Prognosis is worse
in those with a predominantly hepatocellular pattern than in those with cholestatic injury
(10,23), although it is important to note that prognosis has been derived from individual
case reports or small case series, and may thus be subject to reporting bias.

Biochemical abnormalities in patients with CBZ-induced hepatic injury are variable;
about 30% of patients have a cholestatic pattern with elevation of both ALP and γ-GT,
about 50% have a mixed pattern where elevation of ALP and γ-GT is accompanied by
an increase in transaminases, while the rest have a hepatocellular pattern where transami-
nases are grossly elevated with minimal changes in the cholestatic enzymes (24). There
may be a rise in bilirubin levels, although the degree is variable, and is most prominent
in those patients who present with cholestasis (19,20). A prolonged rise in bilirubin levels
is observed in patients with vanishing bile duct syndrome (14,21). In patients with hepato-
cellular necrosis, the rise in bilirubin levels reflects the severity of damage (25), and may
be accompanied by changes in clotting parameters.

B. Pathology

The histology, like the biochemical picture, is also variable. Granulomatous hepatitis is
observed in up to three-quarters of patients (10,19,20). Granulomas, which are the predom-
inant lesion, may be accompanied by tissue eosinophilia (24). Pericholangitis and bile
duct injury are present occasionally; the vanishing bile duct syndrome has also been re-
ported with CBZ therapy (14,21). This is characterized by disappearance of interlobular
bile ducts, with or without inflammatory infiltration, and in more severe cases, cholestasis.
Predominantly hepatocellular necrosis has also been reported; a case report of two children
with acute liver failure demonstrated the presence of submassive necrosis on liver
biopsy (9).

C. Diagnosis

Diagnosis of CBZ-induced hepatotoxicity is largely a clinical diagnosis. The onset and
offset of hepatic injury are important factors to consider; in most cases, onset occurs within
12 weeks of the start of drug therapy, while improvement in liver tests is seen within 4
weeks of stopping treatment (10). Rechallenge is often positive (10,22) but is usually
not possible on ethical grounds. Clearly, patients with suspected CBZ-induced liver in-
jury should have other causes excluded by the use of appropriate virological, immuno-
logical, and radiological investigations. There are no specific diagnostic laboratory tests.
Positive cytotoxicity assays (7,22) and lymphocyte transformation tests (26) have been
demonstrated in some patients, while others have been shown to have circulating autoanti-
bodies (27–30). However, these tests are largely research tools at present; they are also
labor-intensive, difficult to reproduce, and may be associated with a high false-negative
rate.

D. Susceptibility Factors

Older patients may be more sensitive to hepatic reactions from CBZ, while there is no
sex predilection (10,31). However, it is important to note that this is based on an analysis
of adverse reaction reports, and is clearly liable to be biased by vagaries of any spon-
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taneous adverse-drug-reaction-reporting scheme. Certainly, severe reactions in children
have been reported (9). It is thought that susceptibility to CBZ hypersensitivity may
be genetically determined (7,32); this has been borne out by a recent case report that
described the occurrence of hypersensitivity in a pair of monozygotic twins (33). Gen-
etic case-control association studies have to date not shown any relationship to polymor-
phisms in genes coding for the metabolizing enzymes (34,35), although a recent study
has reported an association with a TNF promoter region gene polymorphism (36) (dis-
cussed below).

E. Postulated Mechanisms

Metabolism is thought to play an important role in the pathogenesis of CBZ hypersensitiv-
ity and hepatotoxicity (Fig. 1). Although the mechanism of toxicity is poorly understood,
it has been postulated that metabolites (and not the parent drug) are the causal agents (7).
Evidence for this has come from in vitro studies. CBZ can be metabolized to stable,
cytotoxic, and protein-reactive metabolites (37). The reactive metabolite has been sug-
gested to be an arene oxide and an inability to detoxify may act as a predisposing factor for
the toxicity observed in vivo (7,22). The metabolism of CBZ in humans, and experimental
animals, is complex. The major route of metabolism both in vitro and in vivo is 10,11-
epoxidation to CBZ-10,11-epoxide (which is itself a pharmacologically active drug) (38–
40). Detoxication products from the postulated arene oxide have been detected in rat bile

Figure 1 Mechanism of carbamazepine hypersensitivity. Bioactivation of carbamazepine to an
unstable arene oxide metabolite leads to hapten formation. Subsequent involvement of the immune
systems results in tissue injury at the site(s) of hapten formation, including the liver.
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(41) and suggested to be present in human urine (42). In vitro metabolism studies using
enzyme inhibitors and purified enzymes have indicated that both stable epoxide formation
and reactive metabolite formation are, at least in part, dependent upon CYP 3A4 (43,44).
In vivo, CBZ autoinduces its own metabolism by CYP 3A4 including the formation of
the ring-hydroxylated metabolites 2- and 3-hydroxyCBZ, which could be generated from
an unstable arene oxide intermediate (45). The arene oxide may also undergo further
metabolism to catechols and quinones, as demonstrated by recent studies in mice (46).
Most recently, a reactive iminoquinone intermediate has been postulated based on the
appearance in patient urine of its precursor 2-hydroxyiminostilbene and degradation prod-
ucts of a glutathione adduct (47).

Based on the results of the in vitro cytotoxicity assay (7,22), a deficiency of micro-
somal epoxide hydrolase was thought to be responsible for predisposing to CBZ hypersen-
sitivity. However, genetic analysis of the microsomal epoxide hydrolase gene has not
identified specific mutations in patients with CBZ hypersensitivity (34,35). Furthermore,
analysis of polymorphisms in glutathione transferases, catechol-O-methyl transferase, and
quinone reductase has also not revealed any association with CBZ hypersensitivity (48).

Hypersensitivity reactions to CBZ are thought to have an immune basis. This is
evidenced by clinical manifestation of hypersensitivity such as rash, fever, and lymphade-
nopathy (7), as well as rapid recurrence on rechallenge (22). Furthermore, patients with
CBZ hypersensitivity have been reported to have circulating autoantibodies (27–30), drug-
reactive T cells (26,49), and positive patch tests (50), all of which support an immune-
mediated pathogenesis. A recent study demonstrated that serious hypersensitivity reactions
(which comprised patients with varying forms of hepatotoxicity), but not mild skin reac-
tions, showed an association with the -308 polymorphism, but not the -238 polymorphism,
in the promoter region of the TNFα gene (36). This is consistent with immunohistochemi-
cal analysis of affected skin, which exhibits high TNFα levels (50). Although this is the
first genetic factor that has been demonstrated in patients with CBZ hypersensitivity, it
is important to note that the polymorphism was not present in all hypersensitive patients,
suggesting that it is acting as a susceptibility gene. This would be consistent with the
multifactorial pathogenesis of CBZ hypersensitivity reactions (51), and would suggest that
predisposition to CBZ hypersensitivity is likely to be dependent on multiple genes.

III. OXCARBAZEPINE

Oxcarbazepine is a keto-analog of CBZ that has been available in Scandinavia for many
years, and has only recently become licensed in the rest of Europe. It undergoes less
oxidative metabolism than CBZ, and is a less potent enzyme inducer (52). There have
been no literature reports of symptomatic hepatic injury with oxcarbazepine. However,
there is cross-reactivity between CBZ and oxcarbazepine (22,53,54), with an estimated
frequency of 25% (53). Therefore, it is possible that an individual who has suffered hepatic
injury with CBZ will also develop similar injury with oxcarbazepine; in such patients,
oxcarbazepine should either be used with caution or preferably not at all.

IV. PHENYTOIN

Phenytoin, like CBZ, is an aromatic anticonvulsant. It has, however, been around for much
longer, and the first report of hypersensitivity to phenytoin appeared in 1941 (2). As with
CBZ, phenytoin-induced hepatotoxicity is an idiosyncratic reaction and is often associated
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with generalized hypersensitivity phenomena (55,56). Phenytoin is also an enzyme in-
ducer, and can lead to an asymptomatic elevation of γ-GT in almost 100% of recipients
(57). A mild elevation of serum transaminases may also be present, and may normalize
despite continuation of therapy (58).

More than 100 cases of symptomatic hepatic injury have been reported (23). How-
ever, the exact incidence is unknown, but has been estimated to be less than 1 in 10,000
patients. In a systematic review of 271 published cases of phenytoin hypersensitivity, liver
involvement ranging from an elevation of liver enzymes to hepatic failure was present in
56% of cases (Pirmohamed et al., unpublished data).

A. Clinical Manifestations

The onset of hepatotoxicity after starting phenytoin ranges from a few days to 8 weeks
(24). In accordance with the fact that this is an idiosyncratic reaction, there is no obvious
relationship to dose or serum levels. Hepatic injury often occurs as part of a hypersensitiv-
ity reaction (55,56), with hepatitis being second only to rash as the most common manifes-
tation (59). The clinical features, in fact, are very similar to those of CBZ hypersensitivity,
with rash, fever, eosinophilia, and leukocytosis often accompanying the hepatic injury.
Jaundice is seen in nearly half of the patients with hepatitis (24). Lymphadenopathy and
splenomegaly occur in 60% of cases (56), with the constellation of symptoms mimicking
infectious mononucleosis. Interstitial nephritis, pneumonitis, myositis, eosinophilic fasci-
itis, lupus-erythematosus-like syndrome, rhabdomyolysis, and pseudolymphoma have also
been reported (55,56,60–62). Positive rechallenge has been reported in a number of pa-
tients (24).

Early reports suggested a case-fatality rate of 30–40% (2,63,64); however, this is
probably an overestimate since liver involvement in most cases is mild and recovers rap-
idly on drug withdrawal.

An elevation of transaminases is the most common abnormality (ALT � AST), with
values ranging from 2 to 100 times the upper limit of normal (56). ALP may also be
elevated, although less so than the transaminases, values ranging from 2 to 8 times the
upper limit of normal. Cholestasis seems to be less common than observed with CBZ.
Bilirubin is variably raised, and in severe cases there may be prolongation of the prothrom-
bin time (24).

B. Pathology

Hepatocellular injury accompanied by a prominent inflammatory infiltrate is the most
common histological abnormality (56). The histological picture is, in fact, very similar to
that seen in infectious mononucleosis with the exception that there is prominent eosinophil
infiltration. Submassive or massive necrosis is seen in 15% of patients, and the necrosis
tends to be mainly panacinar. Cholestasis has been reported in 10% of cases (65). How-
ever, cholestasis is rarely the predominant lesion as it is often accompanied by hepatocellu-
lar injury producing a mixed pattern. Granulomatous hepatitis has also been reported al-
though it is probably less common than witnessed with CBZ (56).

C. Diagnosis

The principles of diagnosis are similar to those mentioned above for CBZ. Thus, diagnosis
is largely clinical, and requires the exclusion of nondrug causes. Although positive lym-
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phocyte cytotoxicity (7,66) and transformation tests (67) have been reported, these cannot
be routinely used as diagnostic tests.

D. Susceptibility Factors

Phenytoin hepatotoxicity occurs predominantly in adults, with 80% being over the age
of 20 years (23). However, phenytoin hepatotoxicity does occur in children, and indeed
cholestatic hepatitis has been reported in a newborn infant (2). There appears to be no
sex predilection (68). It has been suggested that American blacks are more susceptible to
phenytoin reactions than Caucasians (56), including a cluster of three cases that was re-
ported in an African-American family (69). In reviewing this issue, it has been suggested
that the apparent higher incidence of reactions in blacks may reflect inaccurate epi-
demiological data, presumably reflecting the patient population served by inner-city
hospitals (68).

Predisposition to phenytoin hypersensitivity is thought to be genetically determined:
this has been suggested from the results of the in vitro cytotoxicity assay (7,66,70) and
from a report of familial occurrence of phenytoin hypersensitivity (69), with two of the
three affected siblings developing significant hepatitis. The nature of the genetic defect
is unclear (discussed in more detail below).

E. Postulated Mechanisms

Evidence supporting the concept that phenytoin reactions are immune-mediated include
the clinical features, recurrence on rechallenge, positive lymphocyte transformation tests
(67), and circulating antibodies to phenytoin (71). Chemically reactive metabolites pro-
duced through cytochrome P450 (CYP)-mediated metabolism of phenytoin are again
thought to be important in the pathogenesis of phenytoin hypersensitivity. It has been
suggested that phenytoin is metabolized to reactive arene oxides (72), and binding of these
metabolites to endogenous macromolecules initiates an immune reaction (66). In human
liver microsomes, the p-hydroxylated phenytoin metabolite, 5-(4′-hydroxyphenyl)-5-phe-
nylhydantoin (p-HPPH), is more readily converted to a covalent adduct than is the parent
drug, phenytoin (73). Furthermore, the protein targets of the reactive species appear to
be the members of the human CYP 2C and CYP 3A subfamilies that are responsible for
their generation (74). CYP 2C9, CYP 2C19, and CYP 3A4 are also responsible for the
formation of a catechol metabolite of phenytoin (75), suggesting that the protein-reactive
metabolites may be the o-quinone species derived from the catechol (Fig. 2). Antibodies
in patient sera recognize members of the rat CYP 2C and CYP 3A subfamilies (27),
suggesting that there may be a link between the bioactivation process and immune re-
sponse in the pathogenesis of phenytoin idiosyncratic toxicity.

As with CBZ, cells taken from patients with phenytoin hypersensitivity are more
sensitive to toxic metabolites of phenytoin generated by a murine microsomal system
than cells from controls, suggesting a detoxification deficit (7,66). Although this has been
postulated to be a deficiency of microsomal epoxide hydrolase, molecular analysis of the
gene has not demonstrated the presence of specific mutations in patients with phenytoin
hypersensitivity (34). Whether there is a defect in the immune response genes, as demon-
strated for CBZ hypersensitivity, is unknown.

V. PHENOBARBITAL

Phenobarbital is the oldest aromatic anticonvulsant, having been introduced in 1918. It is
also an enzyme inducer, and thus can lead to asymptomatic increases in γ-GT and ALP
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Figure 2 Mechanism of phenytoin hypersensitivity. The pathogenesis of phenytoin hypersensitiv-
ity is thought to proceed by mechanisms analogous to those described for carbamazepine. In addition
to the postulated reactive arene oxide intermediate, recent evidence implicates a reactive ortho-
quinone metabolite of phenytoin in hapten formation.

(57). Symptomatic hepatic injury has been reported with phenobarbital, although it is
relatively rare (24). It is often associated with hypersensitivity manifestations such as rash,
fever, and eosinophilia (76). Formation of chemically reactive metabolites and an inherited
deficiency in the detoxication of these metabolites is thought to be involved in the patho-
genesis of phenobarbital hypersensitivity (7).

A. Cross-Sensitivity Between the Aromatic Anticonvulsants

Given the common mechanisms of aromatic anticonvulsant hypersensitivity, it is not sur-
prising that certain patients exhibit cross-sensitivity with these drugs. Shear and Spielberg
suggested that the rate of cross-sensitivity might be as high as 80% (7). A recent clinical
study of 633 patients showed that 58% of patients who had a rash with phenytoin also
developed a rash with CBZ, while 40% of those with a CBZ rash also developed a rash
with phenytoin (77). The factors that determine whether a patient is going to exhibit cross-
sensitivity are unclear.

VI. VALPROIC ACID

Valproic acid (VPA) was introduced into clinical use in France in 1964, and eventually
into the United States in 1978. It has a broad spectrum of anticonvulsant activity and is
approved for the treatment of generalized absence seizures. It is also effective in the treat-
ment of generalized tonic-clonic, myoclonic, atonic, and partial seizures with or without
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secondary generalization (78). In recent years, VPA has also become popular as adjunctive
therapy for the treatment of bipolar disorders (78). Approval for this indication was re-
ceived in 1995, and for the treatment of chronic headache in 1996. Initiation of VPA
therapy is frequently associated with nausea, vomiting, and gastrointestinal disturbances
that can be attenuated by gradual increases in dose, administration after meals, or use of
sustained-release formulations. Excessive weight gain, hair changes, and neurological ef-
fects such as drowsiness, acute confusional states, irritability, and tremor may also be
encountered (79). Most morbidity and mortality, however, is attributed to adverse events
involving the liver.

A. Clinical Manifestations

The clinical manifestations of VPA hepatotoxicity cover a broad spectrum. Dose-related
elevations in hepatic transaminases may occur in approximately 40% of patients without
attendant symptoms of hepatic dysfunction (80). These elevations are transient and gener-
ally abate with a reduction in dose (63). Occurring less frequently, but of greater clinical
concern, is the potential for fulminant hepatic failure that is irreversible in most cases.
Several retrospective reviews of fatal VPA hepatotoxicity have been published from which
a consistent pattern of signs and systems has emerged (81–86). Severe hepatic damage
initially manifests as nausea, vomiting, abdominal pain, increased seizure frequency, leth-
argy, and coma. An episode of status epilepticus in close temporal proximity to the appear-
ance of symptoms has been reported in approximately 40–60% of patients (82,83,85).
More recent reviews describe the frequent occurrence of febrile illness immediately prior
to the onset of hepatic failure (85). The onset of symptoms occurs within the first 6 months
of therapy in 95% of affected individuals (83,85), generally within the first 2–3 months
(82,84,86). However, onset as early as day 6 (87) and as late as 6 years after initiation
of therapy (88) has also been reported.

Measures of hepatic function such as AST, ALT, and bilirubin may exceed three
times the upper limit of normal in VPA-treated patients although fatal hepatotoxicity actu-
ally occurs in only a small number (�0.01%) of individuals (82). In fatal cases, high serum
transaminase and bilirubin levels represent the consequences of extensive hepatocellular
damage rather than being specific markers of VPA-associated hepatotoxicity. On the other
hand, indicators of synthetic function, such as the prothrombin time and accompanying
impairment of coagulation, likely provide more accurate assessment of residual hepatic
function (63). Elevated ammonia levels are also present but are also observed in the ab-
sence of other indicators of compromised hepatic function. VPA has been reported to
unmask latent heterozygous phenotypes of ornithine transcarbamylase deficiency leading
to fatal hyperammonemic coma (89,90).

B. Pathology

The histopathology of VPA hepatotoxicity differs substantially from that associated with
the aromatic anticonvulsants phenytoin, phenobarbital, and CBZ in that signs of immune
involvement and eosinophilia are not present. In fatal cases, the most prominent findings
reported by Zimmerman and Ishak consisted of microvesicular steatosis together with
zone 3 necrosis (81). A similar picture of hepatocellular damage, including microvesicular
steatosis, cellular ballooning, and single-cell or group necrosis, was observed in a series
of fatal pediatric cases (85). These authors also noted proliferation of bile ducts in two
patients, as has been reported by others (91).
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C. Susceptibility Factors

A series of three retrospective studies of VPA-associated hepatotoxicity in the United
States delineated patient age less than 2 years, polytherapy with enzyme-inducing antiepi-
leptic medications, developmental delay, and coincident metabolic disorders as important
risk factors for developing this adverse event (82,84,86). Although VPA hepatotoxicity
may occur at any age, data collected between 1978 and 1986 indicated that the risk of
fatal hepatotoxicity was highest in children less than 2 years of age receiving concurrent
anticonvulsant therapy in whom the incidence was estimated to be approximately 1:500
(82,84). This represents a 16-fold increase in risk relative to children of the same age on
VPA monotherapy (1:8000). Comparative estimates of risk for older children aged 3–10
years were 1:11,000 in those on monotherapy and 1:6000 in those on polytherapy. The
risk of fatal hepatotoxicity was essentially unchanged (1:600) in children less than 2 years
of age on polytherapy between 1987 and 1993 despite a trend toward decreasing use of
VPA in very young children—0.8% of the studied population from 1987 to 1993 (86)
compared to 2.6% in the earlier studies (82,84). Other studies have confirmed polytherapy
as a risk factor but found that there was little difference in risk between younger (less
than 3 years of age) and older children (3–6 years of age) (83,85).

Patients with inborn errors of metabolism or reduced hepatic mitochondrial activity
also appear to be at increased risk for fatal hepatotoxicity associated with VPA (83).
König et al. pointed out that a similar picture of hepatic involvement may manifest as a
consequence of several metabolic defects including medium chain acyl CoA dehydroge-
nase deficiency, ornithine transcarbamylase deficiency, carbamoyl phosphatase synthetase
deficiency, pyruvate dehydrogenase deficiency, primary carnitine deficiency, and methyl
malonic acidemia, among others (85). The metabolic effects of VPA and its metabolites
on mitochondrial β-oxidation (discussed in more detail below) may exacerbate existing
metabolic defects or unmask latent deficiencies in susceptible individuals.

Epidemiological studies have failed to demonstrate a relationship between VPA dose
and hepatotoxicity (82,84,86). However, dose cannot be separated from polytherapy as a
risk factor since patients receiving concurrent antiepileptic drug therapy usually receive
higher doses of VPA. The formation of putative toxic metabolites reportedly increases in
proportion to serum VPA concentration (92) and with increasing VPA dose (93). It is
most likely that the pathogenesis of severe VPA-associated hepatotoxicity is a multifacto-
rial process with no single risk factor being a sole determinant of individual susceptibility.
Rather, for example, low doses (and relatively low levels of toxic metabolite formation)
may be sufficient for a hepatotoxic event in an individual with latent metabolic disorders
whereas much larger doses would be required in less susceptible individuals.

D. Postulated Mechanisms

Two general mechanistic hypotheses for VPA-associated hepatotoxicity have emerged
over the past few years. In each, VPA biotransformation appears to be intimately involved
in the process leading to hepatotoxicity although the precise mechanism remains to be
elucidated. There is no clinical or laboratory evidence to implicate the immune system in
the hepatic injury caused by VPA, suggesting that it may be a form of metabolic idiosyn-
crasy. The first hypothesis focuses on VPA interference with β-oxidation of endogenous
lipids. VPA forms an ester conjugate with carnitine (94) that may lead to secondary carni-
tine deficiency (95). Several lines of indirect evidence and in vitro studies (96) indicate
that a thioester derivative of VPA and coenzyme A may exist as a metabolic intermediate
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Figure 3 Major pathways for valproic acid (VPA) biotransformation. Glucuronidation of the
VPA carboxyl group to form an acyl glucuronide is quantitatively the most important pathway of
VPA biotransformation in humans. A significant proportion of VPA undergoes β-oxidation. Oxida-
tion of VPA by CYP 2C9 and CYP 2A6 initiates metabolism down a “bioactivation” pathway. The
extent of reactive metabolite formation can be estimated from glutathione conjugates of 2,4-diene-
VPA detected in the urine as N-acetylcysteine adducts.

in liver tissue. Depletion of coenzyme A or the VPA-CoA ester itself could be responsible
for inhibition of mitochondrial metabolism (97). VPA undergoes β-oxidation to several
products (2-ene-VPA, 3-hydroxy-VPA, and 3-oxo-VPA; Fig. 3) and competes with endog-
enous lipids for enzymes in the β-oxidation pathway (98). Any or all of these effects could
exacerbate existing latent deficiencies of mitochondrial function.

The second important hypothesis focuses on hepatotoxic unsaturated VPA metabo-
lites. This hypothesis is based on earlier observations that the microvesicular steatosis
characteristic of VPA-associated hepatotoxicity bears considerable similarity to the clini-
cal and histological features of Jamaican vomiting sickness and Reye’s syndrome. An
unsaturated metabolite of the ω-oxidation pathway, 4-ene-VPA (Fig. 3), has received spe-
cial attention because of its similarity to methylene cyclopropylacetic acid, the ω-oxidation
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product of hypoglycin A, which is responsible for microvesicular steatosis in Jamaican
vomiting sickness, and 4-ene-pentanoic acid, which is used to generate experimental mod-
els of Reye’s syndrome. In in vivo experimental models, 4-ene-VPA is more steatogenic
than VPA in young rats (99) and is more potent as an inhibitor of β-oxidation (100). In
vitro studies with cultured hepatocytes also indicate that 4-ene-VPA is more cytotoxic
than the parent compound (101). Experimental evidence suggests that chemically reactive
metabolites generated from 4-ene-VPA have the potential to inhibit enzymes in the β-
oxidation pathway (102,103).

Hepatic microsomal cytochrome P450 (CYP) isoforms are responsible for the
formation of 4-ene-VPA and this activity is inducible by phenobarbital (104). Further work
has specifically implicated CYP 2C9 and, to a lesser extent, CYP 2A6 in the formation
of 4-ene-VPA in humans (105). Administration of phenytoin and CBZ to adult epilepsy
patients increases 4-ene-VPA formation approximately twofold under steady-state condi-
tions (106). Induction of CYP 2A6 and CYP 2C9 activities by anticonvulsants has not
been rigorously evaluated in humans although modest increases in CYP 2C immunoreac-
tive proteins have been observed following phenobarbital treatment of cultured primary
human hepatocytes (107,108). Given the comparative variabilities of CYP 2A6 activity
(30-fold) and CYP 2C9 activity (�5-fold) in human liver microsomes (109), it has been
proposed that CYP 2C9 may be responsible for the majority of constitutive VPA 4-ene-
desaturation while CYP 2A6 plays a greater role during polytherapy with anticonvulsants
(105).

The implied relationship between coadministration of inducers, increased 4-ene-
VPA formation, and increased risk of hepatotoxicity in patients is analogous to the in-
creased VPA toxicity observed in animal models following pretreatment with phenobarbi-
tal, an inducer of CYP 2A, CYP 2B, CYP 2C, and CYP 3A isoforms in rodents (110).
Likewise, therapeutic drug monitoring studies of other drugs primarily metabolized by
CYP 2C9 (e.g., phenytoin) indicate that CYP 2C9 activity in young children exceeds
that of adults, gradually declining to adult levels during childhood (111). The fractional
metabolism of VPA to the 4-ene metabolite [but not to the 2- or 3-ene metabolites) also
has been shown to decline with increasing age (92,112)], providing one possible explana-
tion for the increased incidence of VPA-associated hepatotoxicity in young children. Fur-
thermore, indirect evidence for a causal relationship between 4-ene-VPA and hepatotoxic-
ity is derived from the observation of relatively high levels of 4-ene-VPA in case reports
and studies of patients with fulminant hepatic failure (83,113) but not in VPA-treated
children free of hepatic side effects (83).

Despite these considerations, a direct causal relationship between 4-ene-VPA forma-
tion and hepatotoxicity has not been demonstrated unequivocally. For example, 4-ene-
VPA has been detected in the plasma of patients with no or only minimal overt evidence
of hepatic dysfunction (92), and in some studies, plasma levels of 4-ene-VPA did not
appear to correlate with the degree of hyperammonemia (114) or hepatic involvement
observed (115,116). Finally, in contrast to the two studies cited earlier (92,112), Siemes
et al. reported lower concentrations of 4-ene-VPA in children less than 2 years of age
compared to older children (116).

The apparent discrepancies in the literature regarding the role of 4-ene-VPA as a
hepatotoxic metabolite and further resolution of toxic metabolites versus inhibition of β-
oxidation as the primary mechanism of toxicity represent challenges for future research.
The complexity of VPA metabolism obfuscates efforts to establish clear relationships
between individual metabolites and the hepatotoxic process. Therefore, it may be useful
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Figure 4 Hypothesis for the mechanism of VPA hepatotoxicity. Both the parent compound, VPA,
and reactive metabolites from the bioactivation pathway can lead to decreased β-oxidation by various
mechanisms. In patients rendered susceptible by inborn errors of metabolism or latent deficiencies
in mitochondrial metabolism, the effects of VPA or its reactive metabolites on β-oxidation may tip
the balance toward the manifestations of hepatotoxicity.

to conceptualize the VPA hepatotoxic process as proceeding by two parallel processes
(Fig. 4): VPA itself depletes the intramitochondrial pool of CoA and thus inhibits the
mitochondrial β-oxidation of long-, medium-, and short-chain natural fatty acids (117).
Chemically reactive metabolites generated from 4-ene-VPA, such as 2,4-diene-VPA,
have the potential to deplete mitochondrial glutathione pools (118) and, through forma-
tion of conjugates with CoA (119), inhibit enzymes in the β-oxidation pathway (102,
103). Identification of N-acetylcysteine conjugates of (E )-2,4-diene-VPA in human urine
provides evidence that metabolites sufficiently reactive to form thiol adducts have
been formed (120). These conjugates are potentially useful markers for future inves-
tigations assessing the relationship between reactive metabolite exposure and hepatic
damage.

VII. FELBAMATE

Felbamate was approved as an antiepileptic agent in the United States in July 1993 for
use as monotherapy and adjunctive therapy for partial seizures (with and without general-
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ization) in adults and as adjunctive therapy for generalized seizures associated with Len-
nox-Gastaut syndrome in children. While felbamate provided significant benefits to treated
patients, reports of aplastic anemia attributed to felbamate started to appear in mid-1994
as well as cases of hepatic failure, including four deaths, by the fall of 1994. The clinical
use of felbamate was severely curtailed after September 1994 when the Food and Drug
Administration issued a warning of a higher-than-expected incidence of aplastic anemia
and hepatic failure among patients treated with the drug (121).

A. Clinical Manifestations and Pathology

The risk of hepatic failure due to felbamate was initially estimated to be 1 per 26,000–
34,000 exposures (121) and has been revised to approximately 1 per 18,500–25,000 expo-
sures (122). In one published case, a 61-year-old Caucasian woman presented with a chief
complaint of nausea, vomiting, and lethargy over the previous 3.5 weeks (123). On the
first day of hospitalization (day 24 of felbamate therapy), evidence of hepatic dysfunction
(AST 601 U/L and γ-GT 978 U/L) and eosinophilia were present. Hepatic function contin-
ued to decline over the ensuing 2 weeks, ultimately progressing to multisystem organ
failure. Massive to submassive necrosis without significant fibrosis was observed on mi-
croscopic sections and moderate inflammatory infiltrate consisting primarily of lympho-
cytes was present within portal tracts. Although few data are available to describe the
typical presentation and clinical course, available information from seven cases of likely
felbamate hepatotoxicity reveals a high incidence of females (6/7) and time to presentation
of 25–181 days. Two of the seven patients were less than 12 years of age and an aromatic
anticonvulsant (primidone, phenobarbital, phenytoin, or CBZ) was concomitantly admin-
istered in six cases (122).

B. Postulated Mechanisms

The mechanism of felbamate hepatotoxicity is unknown. However, considerable progress
has been made over the past 5 years in identifying and characterizing potential reactive
metabolites that may play a role in the pathogenesis of felbamate idiosyncratic toxicities.
Evidence has been presented for an unstable aldehyde carbamate intermediate, 3-carba-
moyl-2-phenylproprionaldehyde (aldehyde monocarbamate), in the pathway leading to the
formation of the major metabolite in humans, 3-carbamoyl-2-phenylproprionic acid (acid
monocarbamate; Fig. 5). This aldehyde carbamate metabolite predominantly undergoes
reversible cyclization to form a stable cyclic structure that may serve as a “reservoir” for
transport to tissues distant to the site of formation, the liver. Alternatively, it may undergo
elimination to form 2-phenylpropenal (commonly called atropaldehyde), a potent elec-
trophile that is toxic to cells in culture (124). Atropaldehyde undergoes rapid conjugation
with glutathione and can be observed in urine from felbamate-treated patients as mercapt-
urate derivatives (125). Formation of the aldehyde carbamate appears to be a “commitment
step” whereby the molecule is committed to a detoxication pathway leading to 3-carba-
moyl-2-phenylproprionic acid, the major urinary metabolite, or to a toxic pathway leading
to atropaldehyde. The ratio of urinary mercapturate metabolites to the acid monocarbamate
metabolite represents an estimate of the balance between bioactivation and detoxication,
and may provide a marker for susceptibility to felbamate hepatotoxicity or aplastic anemia
for future investigations (126).
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Figure 5 Proposed mechanism of felbamate bioactivation. The initial step toward felbamate bio-
activation is thought to involve hydrolysis to form an alcohol monocarbamate metabolite that is
further oxidized to an aldehyde monocarbamate. The aldehyde monocarbamate metabolite can cy-
clize to form a structure that has been proposed to function as a relatively stable “reservoir” for
transport throughout the body. More importantly, the aldehyde monocarbamate metabolite represents
a “commitment” step with commitment down a detoxication pathway to form the major urinary
acid carbamate metabolite, or down a bioactivation pathway leading to the reactive metabolite, atro-
paldehyde, which can be detected in urine as N-acetylcysteine adducts. Individual susceptibility may
be determined, in part, by the relative contributions of each competing pathway.

VIII. LAMOTRIGINE

Lamotrigine, a phenyltriazine, is a broad-spectrum anticonvulsant that has been in use for
about a decade. The main idiosyncratic adverse effects associated with lamotrigine use
are skin rashes, which occur in 3–10% of patients (127). Children seem more to be more
susceptible to cutaneous adverse reactions than adults (128). Such rashes, however, are
often only one component of a generalized hypersensitivity reaction, which is also accom-
panied by fever and eosinophilia (129). In such cases, liver involvement is characterized
by an abnormality of liver function without clinical symptoms of hepatitis (129). However,
more severe liver damage from lamotrigine has also been reported; for example, there are
two case reports of fulminant hepatic failure (130,131). In both patients, hepatic failure
developed after introduction of lamotrigine, and was characterized by jaundice, an increase
in transaminases, and coagulopathy that proved fatal in one case.

The mechanism of lamotrigine-induced hypersensitivity and hepatotoxicity is un-
clear. Patients started on high doses of lamotrigine and those on concomitant therapy with
sodium valproate seem to be at higher risk of lamotrigine rashes; the strategy of starting
at low doses and escalating the dose slowly seems to reduce the risk. The clinical symp-
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tomatology is suggestive of an immune-mediated pathogenesis, and is consistent with
reports of positive lymphocyte transformation tests (132). As with the aromatic anticonvul-
sants, metabolism is likely to be important in the pathogenesis of the reactions. Lamotrig-
ine largely undergoes N-glucuronidation with little oxidative metabolism (133,134). A
recent study in a rat model has shown that lamotrigine can undergo bioactivation to an
arene oxide (135), which may be important in the pathogenesis of the hypersensitivity
reactions. No pharmacogenetic studies have been performed so far to investigate whether
there is genetic predisposition to lamotrigine hypersensitivity.

IX. MANAGEMENT

The first and essential step in management of anticonvulsant-associated hepatotoxicity is
the recognition that the drug is responsible for the hepatic injury. This is essentially a
diagnosis of exclusion, and will require measurement of biochemical, immunological, and
virological markers to exclude non-drug-induced diseases. If the drug is suspected, discon-
tinuation of the offending agent is important. Subsequently, the management of severe
hepatic toxicity attributed to anticonvulsant therapy is essentially supportive. Little evi-
dence supports the use of steroids in treatment, even when the hepatic injury is thought
to be immune-mediated. As a result, prevention and monitoring are more effective means
of minimizing the impact of anticonvulsant-associated hepatotoxicity. In the case of VPA,
risk factors are reasonably well characterized and the drug should be avoided in children
less than 3 years of age and those treated with CYP-inducing aromatic anticonvulsants.
Likewise, extreme caution should be exercised if a family history of fatty acid oxidation
defects or urea cycle defects is present. If there has been a hepatic reaction to one aromatic
anticonvulsant, then given the possibility of cross-sensitivity, the other aromatic anticon-
vulsants should be avoided. There is no evidence of cross-reactivity between the aromatic
anticonvulsants and VPA, and this may be used for future control of seizures, although
the drug should be introduced cautiously while liver function is still impaired. Routine
monitoring of liver function tests is recommended by several manufacturers of the anticon-
vulsants reviewed; however, little evidence supports the predictive value of such monitor-
ing. Therefore, as a general rule, clinicians should suspect and rule out hepatotoxicity in
any patient who becomes ill in the first 6 months of anticonvulsant treatment.
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I. INTRODUCTION

Many psychoactive medications are highly fat-soluble and require hepatic metabolism.
Therefore, not surprisingly, metabolism of many these drugs is affected by hepatic dys-
function and, further, their metabolites may have hepatotoxic effects. The majority of
psychotropic drugs cause a hepatitis-like illness but some may lead to a cholestatic picture.
In fact, chlorpromazine’s mechanism of cholestatic injury represents one of the most ele-
gantly elucidated examples of drug-induced liver injury. A few drugs cause a mixed hepa-
tocellular-cholestatic form of injury (Fig. 1).

The associated symptoms, particularly the prolonged pruritus due to cholestasis,
may be quite distressing to the patient and frustrating to the physician but fulminant hepatic
failure is uncommon. Vigilant monitoring of liver enzymes, particularly in patients with
underlying liver disease, is justified. Discontinuation or dose modification is warranted if
hepatic biochemical tests become elevated to �3.5 times the upper limits of normal.
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Figure 1 The predominant pattern of injury caused by psychotropic drugs is hepatocellular, but
some result in cholestatic injury and a few in a mixed hepatocellular and cholestatic pattern. Only
a few drugs have been noted to result in fulminant hepatic failure.

II. ANTIPSYCHOTIC MEDICATIONS (Table 1)

The most extensively studied of the psychotropic drugs appears to be the phenothiazine
chlorpromazine (Thorazine), which was developed in 1951 as a central nervous system
depressant. Partly because of its widespread use, reports of chlorpromazine’s hepatotoxicity
quickly followed and elegant studies of its mechanism of injury have made this medication
a classic example of hepatocanalicular cholestatic injury. Overall, 1–3% of individuals on
phenothiazines as well as those on haloperidol may have a hypersensitivity reaction (1).
Progression to cirrhosis is rare and recovery can be expected within 2–12 months (1).

A. Phenothiazines

Although predominantly a cholestatic presentation is seen with the phenothiazines, mild
hepatocellular necrosis and microscopic cholangitis in the portal tracts may also be en-
countered (2). Unlike many other drugs that lead to impaired bile secretion by a diffuse
cytotoxic mechanism, the phenothiazines seem to selectively inhibit bile secretory func-
tion. It is not surprising, then, that the phenothiazines, chlorpromazine in particular, have
been extensively studied to further elucidate the specific steps of bile secretion and to
obtain more information regarding drug-induced cholestasis.

Table 1 Pattern of Injury of Antipsychotic Medications

Cholestatic Hepatocellular

Butyrophenones (e.g., haloperidol) (30–32) Clozapinea (43–46)
Clozapinea (48) Loxapine (50)
Phenothiazines (e.g., chlorpromazine)b (3,4) Molindone (49)
Thioxanthenes (e.g., chlorprothixene) (33–34) Risperidone (36–38)

a May cause both hepatocellular and cholestatic injury.
b Rarely, chlorpromazine-induced injury is in a hepatocellular pattern.
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In Ishak and Irey’s classic review of 94 cases of presumed phenothiazine-induced
toxicity referred to the Armed Forces Institute of Pathology (AFIP), more extensive evalu-
ation determined that 47 cases resulted from other causes of liver disease (3). A total of
36 cases had good, convincing evidence of phenothiazine-induced toxicity. In the re-
maining 11, the relationship to the medication was uncertain. Of the group of the 36 with
convincing evidence of phenothiazine-induced toxicity, 33 had received chlorpromazine,
with one of these 33 having received promazine as well. The other three patients had
received prochlorperazine (Compazine) (3).

1. Chlorpromazine

Chlorpromazine’s hepatotoxicity is now well established with jaundice having been re-
ported in 0.5–1.2% of recipients (3,4).

Clinical Presentation. On initial presentation, the picture may be confused with extrahe-
patic biliary obstruction because a cholestatic illness is characterized with marked eleva-
tion of alkaline phosphatase, bilirubin, and cholesterol values. Typically aminotransferase
elevations are minimal. A transient eosinophilia is present in 10–40% of cases. Accompa-
nying agranulocytosis and/or thrombocytopenia may also be seen (3). A prodromal viral-
like syndrome may be noted in approximately two-thirds of the patients. Anorexia, nausea,
and abdominal pain may follow. The majority of patients develop pruritus that may be
quite bothersome. Although rare, at least one case of chronic hepatitis has been attributed
to chlorpromazine 4 weeks after initiation of therapy (5).

Liver biopsy findings include bile stasis, predominantly in zone 3, with some hepato-
cyte necrosis and portal inflammation. Eosinophils may also be seen and their presence
supports a drug-induced etiology.

Course of Disease. Most episodes of toxicity have been noted after 2–3 weeks of expo-
sure although cases have been noted as late as 10 weeks and as early as 5 days. After
cessation of the medication, the majority of patients symptomatically recover within a
month of withdrawal of the medication. Liver enzyme abnormalities usually persist for a
longer time with one report noting elevations in 7% after 6 months (6). Corticosteroids
are of no proven benefit.

In some patients, a prolonged course may evolve. A process resembling primary
biliary cirrhosis has been described and called the vanishing bile duct syndrome (7). Al-
though classically seen with chlorpromazine, it has also been seen with other drugs includ-
ing thiabendazole, tolbutamide, and cotrimoxazole among others.

Liver biopsy reveals marked paucity of bile ducts and changes of cholestasis. The
disease may be self-limited but cirrhosis and complications of end-stage liver disease may
ensue. In a review of 31 reported cases, the jaundice lasted anywhere from 6 to 76 months
(7). Chronic jaundice, defined as lasting at least 6 months, was used for inclusion. Onset
of jaundice had occurred approximately 14 days after initial exposure. Pruritus was com-
mon. No dose-related effect was reported. Examination frequently found hepatomegaly,
splenomegaly, and xanthomatous skin changes. Hepatic biochemical tests are distin-
guished by a markedly elevated alkaline phosphatase. Despite the finding of steatorrhea,
very high cholesterol levels are also found (7).

Mechanism of Toxicity. The time course of injury, the presence of eosinophilia, and
recurrence on repeat exposure all support hypersensitivity’s contribution to the mechanism
of chlorpromazine hepatotoxicity (8–10). The immunological reaction may be directed at
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chlorpromazine itself or one of its more than 170 identified metabolites. The drug is also
intrinsically toxic to the liver and most treated patients experience subclinical cholestasis.
It is likely that hypersensitivity and intrinsic toxicity both contribute to the frequent chole-
static injury seen with this medication.

Chlorpromazine is a cationic detergent that is highly concentrated in bile and under-
goes enterohepatic circulation. In humans and experimental animals, it alters the physical
properties of hepatocellular membranes and induces marked cholestasis. Multiple mecha-
nisms of injury including impaired synthesis, secretion, and uptake of bile acids, decreased
bile-salt-independent flow, altered canalicular membrane enzymes, abnormal permeability
of the canalicular membranes, modified gelation and polymerization of actin, inhibition
of Na�, K� -ATPase activity (an effect diminished by glutathione administration), accumu-
lation of intracanalicular precipitates, and enhanced bile viscosity have been demonstrated
(8–12).

Cyclooxygenase inhibitors such as indomethacin and ibuprofen prevent the decrease
in chlorpromazine-induced hepatic bile flow. This finding supports the theory that arachi-
donic acid–derived metabolites, most notably prostanoids, may be involved in inhibition
of bile flow (13).

Ultrastructural study of a perfused rat liver has demonstrated that infusion of tauro-
deoxycholate resolved chlorpromazine-induced changes such as dilatation of canaliculi
and fragmentation or loss of canalicular microvilli (14). Taurodeoxycholate, but not tauro-
cholate, also reverses chlorpromazine-induced cholestasis in the isolated perfused rat liver,
a difference attributed to its relative hydrophobic properties (15). Ultrastructural analysis
of liver biopsy tissue from a woman with acute chlorpromazine-induced hepatotoxicity
showed not only swollen and damaged bile ducts but also marked proliferation of peroxi-
somes and mitochondria. It is unclear whether these latter changes result directly from
the drug or occur as part of the liver injury and/or regeneration (16).

Susceptibility to chlorpromazine toxicity has also been evaluated. One such study
postulated that individuals who were poor sulfoxidizers would be more susceptible to
chlorpromazine-induced jaundice. The capacity for hydroxylation and sulfoxidation was
assessed in healthy controls, subjects with chronic liver disease, and subjects with known
history of chlorpromazine-induced jaundice. All of the subjects with a history of chlor-
promazine-induced jaundice were poor sulfoxidizers compared to only 22% of healthy
controls and 23.8% of chronic liver disease subjects. Hydroxylation capacity was intact
(17). One study found that four of five patients with known chlorpromazine hepatitis as
compared to 22% of controls had HLA DR6 phenotype (18). Chronic alcohol consumption
also predisposes to cholestasis due to chlorpromazine (19). Thus it appears that there
might be host and environmental factors that influence susceptibility to chlorpromazine
hepatotoxicity.

2. Other Phenothiazines

Cyamemazine, a phenothiazine closely related to chlorpromazine in structure, has rarely
been associated with hepatotoxicity. A series of six cases have been reported with one of
them being a 23-year-old woman who had ingested a full bottle of cyamemazine (total
dose of 4 gm) and subsequently developed pruritus 16 days after the suicide attempt and
developed jaundice at day 25 (20,21). Liver biopsy showed moderate infiltration of portal
tracts by lymphocytes, monocytes, neutrophils, and eosinophils. Few necrotic hepatocytes
were seen but the predominant feature was of centrilobular cholestasis with canalicular
bile plugs. There was slow improvement in the pruritus and subsequent normalization of
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liver enzymes after 2 months (20). A case report has outlined cross-hepatotoxicity between
cyamemazine and the tricyclic antidepressants desipramine (Pertofran) and trimipramine
(Surmontil) (22). All three drugs have a similar molecular structure.

Thioridazine (Mellaril) is felt to have a very low incidence of jaundice and/or hepati-
tis but at least seven cases of hepatitis (one cholestatic) have been reported (23,24). One
of these cases was associated with agranulocytosis (25). Trifluoperazine (Stelazine) has
been reported to result in jaundice (26,27). In a 26-year-old woman, jaundice was noted
2 weeks after initiation of the medication with resolution 18 days later. Subsequent halo-
peridol therapy was well tolerated (27). Interestingly, trifluoperazine results in calmodulin
antagonism. This antagonism has been shown to be protective in animal models of acet-
aminophen-induced carbon tetrachloride injury (28,29).

B. Butyrophenones

Haloperidol (Haldol) is the most commonly used agent in this group and has infrequently
been associated with cholestatic liver injury (30). Bromperidol (31) and sulpiride (32)
have also been noted to cause reversible hepatitis after a short period of therapy.

C. Thioxanthenes

The thioxanthenes chlorprothixene (Taractan) and clopenthixol (Ordinol) have caused cho-
lestatic jaundice and abnormal transaminases (33,34).

D. Other Antipsychotics

1. Risperidone

A novel antipsychotic agent, risperidone (Risperdal) has potent serotonin and dopamine
antagonist properties. It is a nonphenothiazine antipsychotic (a benzisoxazole derivative)
with a different structure than other antipsychotics that have been associated with hepato-
toxicity. Nevertheless, cases of hepatotoxicity have been attributed to this drug. In 1996,
two schizophrenic patients, one of whom had alcoholic liver disease, developed hepatotox-
icity due to risperidone. One of the two patients had jaundice, which reversed upon discon-
tinuation of the medication (35).

A number of subsequent reports have reported abnormal hepatic biochemical profile,
weight gain and/or obesity, and steatosis and/or steatohepatitis (36–38). In at least one
case, there was baseline obesity (37) and in another, no biopsy was done (38). A case of
an 81-year-old man who developed jaundice after only two doses of risperidone has also
been reported. He had mild right-upper-quadrant discomfort and no other symptoms. Re-
peat transaminases 2 weeks later had normalized (39).

It has been suggested based on observations of hepatotoxicity that prior to treatment
with risperidone baseline liver function tests be performed and patients be followed with
careful monitoring of weight and transaminases during the maintenance phase of therapy
(36). A subsequent response from the manufacturer, Janssen Pharmaceuticals, questions
the need for such monitoring (40).

2. Clozapine

Clozapine (Clozaril) is an atypical antipsychotic agent that is quite effective in previously
treatment-resistant schizophrenia. Further, it has a low incidence of extrapyramidal symp-
toms. Its most feared adverse effect, however, is agranulocytosis. Clozapine has been
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noted to be a frequent cause of hepatic biochemical test abnormalities with reports ranging
from 1 to 31% but with most of them resolving within the first 13–18 weeks (41).

In a prospective nonrandomized clozapine-drug-monitoring study, patients on clo-
zapine were compared to a group on haloperidol (42). All patients had normal transami-
nases prior to treatment and were followed for 13 weeks. Patients on clozapine (37.3%)
had significantly more frequent elevations of aspartate aminotransferase (AST), of at least
twice the upper limit of normal, than those treated with haloperidol (16.6%). At least 60%
of the cases of abnormal AST resolved within the first 13 weeks of treatment. In this
study, male gender and higher plasma clozapine levels were associated with higher risk for
increase in AST. In one case clozapine was discontinued because of elevated AST but
subsequent reinitiation of the drug was without evidence of hepatotoxicity. In the event
of persistently elevated enzymes, the investigators suggest dose reduction with concurrent
monitoring of clozapine plasma levels (42). While clinically significant hepatotoxicity is
infrequent, laboratory monitoring is recommended by some (43). There are reported cases
of clozapine-induced hepatitis with diffuse liver damage with or without systemic symptoms
as well as marked elevation of aminotransferases (43–45). One report describes two cases
that resulted in elevation of liver enzymes, which subsequently necessitated discontinuation
of the drug. In one of the two cases, drug rechallenge resulted in recurrence of the abnormal-
ity (43). One report outlines a case of hepatocellular damage due to clozapine in a patient
with underlying hepatitis C (46). A case of fatal fulminant hepatic failure has been reported
(47). In another case, cholestasis with eosinophilia was encountered (48).

3. Molindone

Molindone (Moban), an antipsychotic drug with a unique structure, has been associated
with asymptomatic transaminase elevations. It has also been documented by rechallenge
as the cause of hepatocellular injury in a 17-year-old schizophrenic patient 4 weeks after
initiation of the drug (49).

4. Loxapine

Loxapine (Loxitane) has been implicated in one case of hepatocellular injury during the
first 3 weeks of therapy (50).

III. ANTIDEPRESSANT MEDICATIONS (Table 2)

A. Tricyclic Antidepressants

Tricyclic antidepressants may lead to either a hepatocellular or cholestatic injury, with
the latter being a more common finding particularly with amitriptyline (Elavil), imipramine

Table 2 Pattern of Injury of Antidepressant Medications

Cholestatic Hepatocellular

Selective serotonin reuptake inhibitors (82–87,89–93) Monamine oxidase inhibitors
Tetracyclic antidepressants (74–79) Nefazodone (110)
Trazadone (114) Nomifensinea (116–120)
Tricyclic antidepressants Trazadone (112,113)

Tricyclic antidepressants
Zimelidine (54,122)

a Granulomatous liver disease noted in one report (121).
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(Tofranil), and amineptine (Survector). Jaundice typically is seen a few weeks after initia-
tion of therapy and recovery is rapid. Nevertheless, imipramine and amitriptyline have
been associated with a prolonged disorder characterized by progressive fibrosis, portal
inflammation, and ductopenia (51). The incidence of abnormal liver enzymes on tricyclic
antidepressants has been reported up to 10–20% whereas the incidence of cholestatic
jaundice due to imipramine is thought to be approximately 0.5–1% (52).

An in vitro study evaluating the leakage of cytoplasmic and lysosomal enzymes into
the surrounding media ranked the cytotoxicity of a number of different tricyclic antidepres-
sants. The rank order of toxicity was clomipramine (Anafranil) � nortriptyline (Pa-
melor) � amitriptyline � imipramine � doxepin (Sinequan, Adapin) (53). The mechanism
of injury is believed to be idiosyncratic without intrinsic hepatotoxicity of these medica-
tions. Their toxicity has been documented with rechallenge in a number of cases. The
cholestatic injury may resemble that of chlorpromazine and may be prolonged. Interest-
ingly, the molecular structure of tricyclic antidepressants does have a similarity to that of
phenothiazines.

Imipramine, amineptine, and iprindole (Prandol) have been more frequently associ-
ated with hepatotoxicity. Multiple reports of imipramine-induced liver injury (54–56) are
available and a hypersensitivity mechanism is suspected at least in part due to the presence
of eosinophils on liver biopsy (54). Imipramine and its metabolite desipramine (Nor-
pramin) have been implicated in two cases of combined myocarditis and hepatitis (56).
Isolated desipramine hepatotoxicity appears uncommon. In a study of 42 outpatient chil-
dren treated with this medication, no abnormal liver function tests were found in the 24-
month follow-up (57). In rats, clearance of imipramine diminished in the setting of hepati-
tis (58). Interestingly, in a rat model, imipramine prevented carbon tetrachloride–induced
liver necrosis, an effect believed to be due to blocking of the damaging effects of calcium
or modulation of protein phospholipids synthesis or degradation (59).

Amitriptyline hepatotoxicity is seen less frequently than with imipramine and pre-
sents with cholestatic jaundice both with chronic therapy and with overdose. The biopsy
findings reveal a cholestatic pattern similar to that seen with chlorpromazine and may
reveal eosinophilia, suggesting a hypersensitivity mechanism (60,61). In a study of a hepa-
tocellular carcinoma cell line assessing amitriptyline and acetaminophen acute and chronic
toxicity, there was no acute (24 h) toxicity but there was chronic cytotoxicity (chronic
exposure of up to 10 days) (62).

Numerous European reports outline cholestasis, hepatitis, or a mixed liver injury
pattern induced by amineptine (63–67). Onset of hepatotoxicity was noted 16–75 days
after initiation of treatment with clinical improvement noted typically within 3 weeks of
cessation although abnormalities have persisted for up to 12 weeks (63). It is believed
that amineptine metabolism takes place by beta-oxidation of its side chain into a chemi-
cally reactive metabolite that may have the structure of an epoxide (65). In a study of
drug oxidation capacity of nine patients with previous amineptine hepatitis, the toxicity
appeared to occur in patients with extensive oxidation capacity but with increased suscepti-
bility to amineptine’s active metabolites (68).

Although cross-hepatotoxicity is quite uncommon, a case of cross-hepatotoxicity
between amineptine and clomipramine was reported in 1986. In that case, the patient had
previously been treated with amineptine complicated by jaundice and hepatotoxicity. Two
days after cessation of the amineptine, clomipramine was started while the aminotransfer-
ases were still abnormal. One week later the patient complained of recurrent abdominal
pain and liver functions were again markedly elevated. With cessation of clomipramine
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therapy, there was complete resolution of the pain and complete normalization of amino-
transferases (66).

Clomipramine by itself has also been implicated as a cause of hepatotoxicity (67).
A case report has outlined cross-hepatotoxicity between desipramine, trimipramine, and
the antipsychotic cyamemazine (69). All three drugs have a similar molecular structure.

Tianeptine, similar in structure to amineptine, has been implicated as a cause of
hepatitis (70) and of microvesicular steatosis (71), the latter being due to beta-oxidation
of fatty acids in a manner similar to amineptine.

Cases of nitroxazepine (72) and lofepramine (73) hepatotoxicity have been reported.
An open-label study that followed 52 elderly patients (�65 years old) prospectively during
a 12-week course of treatment with lofepramine observed transient abnormalities in trans-
aminases (73).

B. Tetracyclic Antidepressants

Hepatotoxicity of two tetracyclic antidepressants, minaserine and maprotiline, has also
been reported. Maprotiline is thought to induce steatosis and hepatitis (74–77) in some
patients following prolonged exposure. Incidents of cholestatic jaundice with both mapro-
tiline and minaserine have also been observed. Isolated minaserine-induced hepatitis
(78,79) as well as cross-hepatotoxicity between minaserine and a tricyclic depressant has
been documented (80).

C. Serotonin Reuptake Inhibitors

The serotonin reuptake Inhibitors are now widely used. They inhibit hepatic isoenzymes
function, particularly the IID6 isoenzyme system. Paroxetine (Paxil) is the most potent
inhibitor. The concern for potential drug interactions with this class of medication goes
beyond this isolated system however. Some of them appear to affect multiple isoenzyme
systems [e.g., fluoxetine (Prozac) inhibits the CYP 2C9/19 system], which increases the
number of potential drug interactions (81).

Fluoxetine results in asymptomatic increased tranaminases in approximately 0.5%
of patients on long-term therapy (82,83). A Spanish group has reviewed 11 cases of hepato-
toxicity, including six with clinical hepatitis (84). There have been other reports of hepato-
toxicity (85–87), including one case of chronic hepatitis with positive autoimmune
markers attributed to fluoxetine. In fact, the patient was treated with prednisone and azathi-
oprine after fluoxetine was discontinued. Subsequently however, the patient was docu-
mented to have hepatitis C by RT-PCR, which brings the contribution of fluoxetine into
question (88).

Paroxetine has been implicated in both chronic and acute hepatitis (89,90). Elevation
of aminotransferases is not uncommon. Severe hepatitis leading to decompensated liver
disease in a man with chronic hepatitis B has been attributed to paroxetine. The patient
recovered after withdrawal of the drug (91). There have been two cases of severe hepatitis
in young women using both atrium and paroxetine. Both cases eventually resolved, one
rapidly and one gradually (92). There is one report of acute hepatitis attributed to sertraline
(Zoloft) (93). Venlafaxine (Effexor) is a serotonin and norepinephrine reuptake inhibitor
implicated in two cases of acute hepatitis, one of which had a cholestatic component
(94,95). Both patients recovered after withdrawal of venlafaxine. One case of liver injury
has been attributed to the combined use of sertraline and venlafaxine (96).
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D. Monamine Oxidase Inhibitors

Severe hepatic necrosis attributed to iproniazid (Marsilid) was first reported in 1960 (97)
and eventually the drug was taken off the market. A number of similar reactions with
other monamine oxidase inhibitors were subsequently reported and many of these medica-
tions were eventually abandoned. Two hydrazine monamine oxidase inhibitors still in
clinical use are phenelzine (Nardil) and isocarboxazid (Marplan). Both appear to be less
hepatotoxic. Tranylcypromine (Parnate) is a nonhydrazine monamine oxidase inhibitor in
clinical use with a low incidence of hepatocellular toxicity (98).

1. Mechanism of Injury

The mechanism of injury is idiosyncratic. Some investigators believe that the idiosyncratic
reaction is not immunological but rather mediated by an intermediate hepatotoxic metabo-
lite (99), isopropylhydrazine, via a mechanism analogous to the role of acetylhydrazine
in the toxicity of isoniazid (100). Others have postulated an immunological mechanism
because of the discovery of antimitochondrial antibody 6 (anti-M6), which appears to be
very specific for iproniazid toxicity (101). In one report, a patient with iproniazid toxicity
was found to have an anti-M6 at a high titer. The titer progressively decreased after with-
drawal of the medication and was no longer detectable at 6 months. Interestingly, anti-
M6 was not found in 15 patients taking the medication but without hepatitis or in six
other patients who had liver injury due to isoniazid (102). Whether the anti-M6 is a result
rather than the cause of iproniazid toxicity remains unclear (103).

2. Clinical Course

Iproniazid was estimated to produce jaundice in approximately 1% of recipients (104).
The onset is typically insidious, with anorexia, malaise, and fatigue. Jaundice appears
after at least 1 month of exposure. Duration of illness is variable from 1 to 6 months after
starting the medication. Laboratory, histological, and clinical features are consistent with
a hepatocellular injury pattern. A high mortality rate of approximately 15% is reported
with massive hepatic necrosis observed on a liver biopsy (105). Information on hepatotox-
icity of other monoamine oxidase inhibitors is sparse. At least three cases of fatal fulminant
hepatitis after administration of iproclozide (Sursum) have occurred. In all three cases,
jaundice occurred within 7–10 days after the addition of another medication that induced
microsomal enzymes (106).

Monoamine oxidase inhibitors currently in clinical use include isocarboxazid (Mar-
plan), phenelzine (Nardil), and tranylcypromine (Parnate). Isocarboxazid was initially
withdrawn in 1994 and reintroduced in 1999 in the United States market (107). Rather
than being metabolized by hepatic microsomal cytochromes or by hepatic acetylation,
isocarboxazid is a specific substrate for and is hydrolyzed by RL2 hepatic microsomal
carboxylesterase, as observed in rats (108). Phenelzine was the cause of cholestatic hepati-
tis in a 59-year-old man after 70 days of treatment. Subsequent detailed metabolic evalua-
tion revealed that he was a rapid acetylator. The authors propose that rapid acetylation
predisposes to phenelzine-induced hepatic injury (109).

E. Remaining Antidepressants

Nefazodone (Serzone), a new antidepressant, has resulted in hepatocellular injury and
subfulminant hepatic failure in three women (110). One patient recovered but the other
two required liver transplantation, with one dying after transplantation (110). In another
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case, a woman with severe hepatocellular jaundice recovered after withdrawal of nefazo-
done (111). Trazadone (Desyrel) has been associated with jaundice and a case of chronic
hepatitis (112,113). A fatal case of hepatic necrosis occurred in a patient initially started
on trazadone, trifluoperazine, and lithium. Ten weeks later, her alanine aminotransferase
(ALT) was 107 and 1 week later trifluoperazine was replaced by thioridazine. Nine weeks
later she developed jaundice and all medications were stopped. Nevertheless she developed
encephalopathy and died 54 days after onset of jaundice. Postmortem liver biopsy revealed
hepatic necrosis with cholestasis. The authors implicated trazadone although the impact
of the neuroleptic agents cannot be excluded (114).

Chemically unrelated to other antidepressants, bupropion hydrochloride (Wellbu-
trin) is also marketed as a nonnicotine aid for tobacco cessation (Zyban). One patient
receiving bupropion hydrochloride for depression developed hepatitis 6 weeks after
initiation with rapid resolution upon cessation of the drug (115). The antidepressant nomi-
fensine was withdrawn from the market due to hemolytic anemia and granulocytopenia
but was also associated with a number of cases of hepatotoxicity (116–120) including
granulomatous liver disease (121). Zimelidine, another antidepressant, was withdrawn be-
cause of incidents of Guillain-Barré syndrome but was also associated with hepatotoxicity
(122).

IV. BENZODIAZEPINES (Table 3)

As a group, benzodiazepines are highly protein-bound agents and thus carry a small risk
of hepatotoxicity. A cholestatic injury pattern has been seen with alprazolam (Xanax)
(123,124), chlordiazepoxide (Librium) (125,126), diazepam (Valium) (127), flurazepam
(Dalmane) (128), and triazolam (Halcion) (129). A hepatitis-like clinical picture has been
observed with clonazepam (Klonopin) and clorazepate (Tranxene) (130).

A case of fulminant hepatitis has been attributed to alprazolam (131). Clotiazepam,
an agent used in Europe and Asia, has been associated with a rare but nonfatal case of
extensive hepatocellular necrosis 7 months after initiation (132).

Benzodiazapenes need to be used with caution in patients with underlying liver
disease. Cirrhosis produces a two- to threefold increase in the half-life of both diazepam
and chlordiazepoxide but does not have a significant effect on lorazepam (Ativan) and
oxazepam (Serax). This impaired elimination in liver disease may lead to oversedation
(133). Similarly, aging appears to lead to a significant prolongation of the half-life of
diazepam and chlordiazepoxide but does not appear to have an effect on lorazepam and
oxazepam (134).

Table 3 Pattern of Injury of Benzodiazepines

Cholestatic Hepatocellular

Alprazolam (123,124) Clonazepam (130)
Chlordiazepoxide (125,126) Clorazepate (130)
Diazepam (127) Clotiazepam (132)
Flurazepam (128)
Triazolam(129)
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V. DRUGS OF ABUSE INCLUDING STIMULANTS

A. Stimulants

1. Amphetamines

Hepatotoxicity of amphetamines and metamphetamine is rare and, when present, appears
to be related to the induction of hyperthermia (135,136). One particular amphetamine that
is hepatotoxic is “ecstasy” (3,4-methylenedioxy metamphetamine), a hallucinogenic drug.
This is a synthetic amphetamine that was initially developed in 1914 as an appetite sup-
pressant but was never marketed for that purpose. Typically used illicitly as a “dance
drug,” it is taken for recreational purposes. Over 24 cases of hepatotoxicity have been
reported (137–143). It is associated with hyperthermia, hypotension, tachycardia, dissemi-
nated intravascular coagulation, acute renal failure, rhabdomyolysis, and death. Hyperther-
mia may also play a role in the pathogenesis of hepatotoxicity with “ecstasy.” One death
has been reported and another patient required liver transplantation (144). Recovery is
reported to take place in a variable amount of time from 3 weeks to 3 months (145).

2. Phencyclidine (PCP)

Known on the street as “angel dust,” phencyclidine (PCP) is abused because of its potent
psychedelic properties. It too results in hyperthermia and presumably leads to hepatic
necrosis via this mechanism.

3. Cocaine

In the United States, cocaine abuse is a problem of enormous social, economic, and medi-
cal magnitude (146). The hepatotoxicity of cocaine is well established and may occur in
conjunction with other systemic manifestations such as myocardial infarction, rhabdomyo-
lysis, and shock (146).

Mechanism of Injury. Animal models have shown cocaine to be a dose-dependent hepa-
totoxin, and a series of oxidative steps mediated primarily by the cytochrome P450 mono-
oxygenase system are required for its hepatotoxicity (147–150). Cocaine’s metabolite,
norcocaine nitroxide, is thought to induce lipid peroxidation by covalently binding to
cellular macromolecules with the resultant oxidative stress-inducing hepatocyte injury
(151–162). Ultrastructural studies in mice indicate that first there is dilatation of the rough
endoplasmic reticulum in the centrilobular hepatocytes, followed by mitochondrial mem-
brane disruption and swelling ultimately resulting in cell death in 6–8 h (163). Such studies
support the role of lipid peroxidation in cocaine’s hepatotoxicity (163–164).

Concomitant ingestion of ethanol potentiates the hepatotoxicity of cocaine (165–
168). This effect appears to be dependent on the cytochrome P450 monooxygenase system
but is not associated with diminished intracellular glutathione (GSH) or vitamin E content
(167). Nor is the effect attenuated by supplementation with antioxidants such as GSH or
vitamin E (165–168).

Histopathology. Hepatic necrosis and microvesicular steatosis are seen in humans (169).
The lobular distribution of hepatic necrosis is variable with some patients exhibiting pre-
dominantly zone 1 and 2 necrosis whereas others exhibit mainly zone 3 necrosis. It appears
that prolonged exposure at lower doses leads to zone 1 necrosis whereas induction by
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alcohol and/or higher doses lead to zone 3 necrosis. Exposure to very high doses results
in panlobular necrosis.

Clinical Presentation. Those who abuse cocaine also have a high incidence of underlying
chronic liver disease and/or viral hepatitis (170). The presence of underlying liver disease
makes these individuals more susceptible to hepatic dysfunction related to cocaine. There
is typically an early marked rise and subsequent rapid decrease of aminotransferases, mild
to moderate elevation of prothrombin time, and moderate azotemia (169). Concomitant
cardiac, neurological, renal, and muscular manifestations are often present.

In a retrospective evaluation of 39 consecutive patients who presented with cocaine
intoxication and rhabdomyolysis over an 8-year period, 23 had biochemical evidence of
hepatic dysfunction whereas 16 had severe liver injury defined by an ALT �400. Care
must be taken to delineate the source of elevated AST in the setting of rhabdomyolysis
(muscle vs. liver). Seven of these 16 patients died (44%). Postmortem examination of the
liver revealed extensive centrilobular and midzonal necrosis in three patients and panlobu-
lar necrosis in two (171). Aggressive supportive measures may provide benefit.

4. Methylphenidate

Reversible cases of hepatocellular injury have been noted with both oral and intravenous
use of methylphenidate (172,173) and in one case hepatocellular injury was part of
multisystem organ failure that subsequently resolved (174).

B. Miscellaneous

1. Agents for Neurological Disorders

Tolcapone (Tasmar) is a reversible inhibitor of catechol-O-methyl transferase (COMT)
that is used as an adjunct to enhance levodopa levels in the treatment of Parkinson’s
disease. In the premarketing studies tolcapone resulted in a threefold increase in transami-
nases in 1.3–3.7% of patients. Subsequently, during postmarketing surveillance, four cases
of liver failure were reported (175,176). All four patients were women, three died, and
at least two of the cases were consistent with fulminant hepatic failure. This resulted in
issue of a “black box” warning by the Food and Drug Administration suggesting stringent
monitoring requirements for patients treated with tolcapone (176). Because liver enzyme
abnormalities and clinical liver dysfunction have universally occurred within the first 6
months of initiating therapy, an expert panel has recommended more frequent monitoring
during the first 6 months and less frequent monitoring thereafter; withdrawal is recom-
mended only if the transaminase elevation is two to three times the upper limit of normal
(177).

Tacrine (Cognex), a cholinesterase inhibitor used in the treatment of Alzheimer’s
disease, has been associated with frequent elevations of liver enzymes (�50%) in treated
patients (178). Increases up to 20-fold have been seen in 2% of patients (178).

The mechanism of injury remains unclear. The presence of eosinophils on biopsy
raises the possibility of hypersensitivity, yet the fact that ALT levels are lower on rechal-
lenge argues against this mechanism. The fact that tacrine is metabolized by CYP 1A2
supports the possibility of metabolic idiosyncracy (179) yet CYP 1A2 activity does not
predict toxicity (180). Another proposed mechanism is uncoupling of mitochondria by
tacrine (181). In a third hypothesis, tacrine induces cholinergic celiac ganglion stimulation
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of afferent sympathetic pathways. This is thought to result in hypoperfusion of sinusoids
and subsequent reperfusion injury (182).

The hepatotoxicity typically occurs in the first 12–16 weeks of therapy, and despite
the frequent liver enzyme abnormalities, the incidence of clinically detectable tacrine-
associated liver disease is rare. At least one case of reversible hepatic necrosis has been
noted (183) but fulminant hepatic failure has not been described. An uncontrolled study
suggests that ursodeoxycholic acid supplementation may prevent moderate, but not severe,
liver enzyme abnormalities associated with tacrine (184).

Riluzole (Rilutek), an antiglutamate agent approved for the therapy of amyotrophic
lateral sclerosis (ALS), has been associated with two cases of acute hepatitis with variable
degrees of microvesicular steatosis (185). The hepatitis occurred 25 and 48 days after
initiation in the two patients with the former case confirmed by rechallenge and repeat
onset of hepatitis within 15 days. Currently, the package insert recommends baseline eval-
uation of hepatic biochemical tests followed by monthly testing for the first 3 months and
every-3-month testing for the remainder of the first year. Thereafter, “periodic” monitoring
is recommended.

2. Opioids

On the whole, narcotics other than propoxyphene do not result in significant hepatotoxic-
ity. Abuse of heroin, methadone, and morphine has been associated with elevations of
transaminases (186), but this finding has typically been attributable to concomitant viral
hepatitis. Sphincter of Oddi spasm as a cause of abnormal hepatic biochemical profile has
also been postulated. Many illicit opioids that are injected intravenously typically contain
talc (magnesium silicate), cornstarch, cotton fibers, and refractile fibers (187). The pres-
ence of talc granulomas in the liver is a common finding in patients with intravenous drug
abuse.

Although methadone’s half-life is slightly prolonged in patients with chronic liver
disease, the maintenance dosage need not be changed (188). In humans, the kidneys elimi-
nate morphine via glucoronidation and subsequent excretion of metabolites (morphine-3-
glucoronide and morphine-6-glucoronide). After a single intravenous dose, however, no
significant difference is detected between plasma levels of cirrhotic or healthy patients.
Increased bioavailability of orally administered narcotics has been noted, however (189).

3. Propoxyphene (Dextropropoxyphene)

Propoxyphene, a commonly used analgesic, has been associated with multiple cases of
cholestasis believed to be idiosyncratic in nature, some of which have been corroborated
by rechallenge (190–193). Interestingly, a number of these patients had presented with
upper abdominal discomfort and were incorrectly diagnosed with gallbladder disease
(192,193). When the drug was administered to rats, both hepatomegaly and fatty infiltra-
tion of the liver have been noted (190).

4. Marijuana

The liver is the primary organ for metabolism of tetrahydrocannabinol (THC) and this
compound is thought to inhibit liver microsomal enzymes. Although some studies have
implicated marijuana as the etiology of the frequent (20–67%) liver enzyme elevations
in regular users of this drug (194,195), others attribute such elevations to other causes of
liver dysfunction. Four unusual cases of intravenous self-administration of this drug have
indeed resulted in development of marked toxic hepatitis (196).
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Table 4 Latency Period and Incidence of Hepatotoxicity due to Psychoactive Medications

Medication Incidence Latency period

Antidepressants
Tricyclic antidepressants

Amineptine Rare 2–3 months
Amitriptyline 0.5–1% �8 weeks
Desipramine 1–3 weeks
Imipramine Elevated ALT �10% 1–3 weeks

MAO Inhibitors Rare Weeks
SSRIs Rare �4 weeks
Atypicals

Nefazadone Rare 14–28 weeks
Trazadone Rare 2–20 weeks

Benzodiazepines
Diazepam Rare Days–months
Chlordiazepoxide 2–6 weeks

Butyrphenones
Haldoperidol 0.002% 4–5 weeks

Cocaine ? Hours–days
Ecstasy ? Hours–weeks
Phenothiazines

Chlorpromazine 0.1–1% 2–3 weeks
Range: 5 days–10 weeks

Source: Modified from ref. 197. Used with permission.

VI. SUMMARY

A spectrum of psychoactive medications has been associated with hepatic dysfunction
and liver disease. The incidence of hepatotoxicity due to these drugs and from drugs of
abuse is variable and often low. The manifestations are usually evident within the first 6
months as is seen in most cases of drug-induced liver injury (197) (Table 4). Despite the
frequent use of these medications and high baseline prevalence of underlying liver disease
in this patient population, fulminant hepatic failure is rare (Table 5). The mechanism of
hepatotoxicity in most cases appears to be intermediate metabolite-related idiosyncrasy

Table 5 Fulminant Hepatic Failure
due to Psychoactive Agents

Alprazolam (131)
Clozapine (47)
Cocaine (171)
Ecstasy (3,4-MMTP) (144)
Iproniazid (105)
Nefazadone (110)
Tolcapone (175)
Trazadonea (116)

a A case report in which patient was also ex-
posed to trifluoperazine and lithium.
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that may have hypersensitivity manifestations. The syndrome of cholestatic hepatitis can
be quite distressing particularly due to the prolonged nature of jaundice and the accompa-
nying pruritus. Conservative management, monitoring with cessation of the offending
medication, supportive measures, and reassurance of patients with debilitating cholestasis
are likely to result in a good outcome in the majority of these patients.
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I. INTRODUCTION

Although antimicrobial and antifungal agents are among the most widely prescribed drugs,
symptomatic hepatotoxicity remains uncommon and far less frequent than other adverse
effects such as gastrointestinal disorders or cutaneous reactions. However, the potential
severity of the hepatotoxic reactions to some antibacterial or antifungal agents makes the
issue of importance.

Antimicrobial-related liver injuries encompass most of the clinical and histopatho-
logical expressions of hepatic dysfunction, including hepatocellular necrosis, intrahepatic
cholestasis, mixed hepatitis, vanishing bile duct syndrome, microvesicular steatosis, and
chronic active hepatitis.

The large majority of hepatic reactions related to antimicrobial agents are idiosyn-
cratic; liver injury occurs rarely and unpredictably. Only tetracyclines and oxypenicillins
exhibit partial relationship to dose. Immunological mechanisms and a genetically deter-
mined predisposition may play a pathogenic role in acute liver injury and facilitate progres-
sion to chronic liver disease.

Establishing the clinical diagnosis of a drug-induced liver disease is often awk-
ward because the diagnosis is based mainly on circumstantial evidence. Some confound-
ing factors may intervene and make it difficult to identify precisely the cause of liver
injury. For example, no doubt polypharmacy can render the diagnosis problematic. Also,
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elevated levels of liver enzymes and bilirubin during sepsis in adults without preexist-
ing malignant neoplasms or hepatobiliary disease are common. In a prospective study
including 84 patients with bacteremia, there was an abnormality of at least one of the
hepatic biochemical parameters (aspartate aminotransferase, alanine aminotransferase, al-
kaline phosphatase, and bilirubin) in 65% of the patients (1). The elevations were usually
mild (only rarely exceeded the upper limit of normal by threefold), of short duration,
common to a variety of gram-positive and gram-negative infections, and of no prognostic
signification.

Furthermore, jaundice in bacterial pneumonia is not rare (2) and is recognized to
be of hepatocellular origin. The specific cause for the hepatic impairment in these clinical
conditions is unknown.

The present chapter addresses the current knowledge of the hepatotoxic potential
of commonly used antibacterial or antifungal agents.

II. ANTIBACTERIAL AGENTS

A. Beta-Lactam Antibiotics

1. Penicillins

Penicillins are a well-recognized cause of subclinical liver injury, which is more frequently
cytolytic than cholestatic (3).

Hepatotoxicity is rarely associated with natural penicillin. Reports of benzylpenicil-
lin and phenoxymethyl-penicillin liver injury are limited to very few case reports of acute
hepatitis (4,5) or cholestasis (6).

Similarly a few single case reports of aminopenicillin-related hepatotoxicity have
been described; ampicillin and amoxicillin have been involved in severe cholestasis and
the vanishing bile duct syndrome (VBDS) (7,8). Rarely, cases of acute liver injury and
granulomas have been attributed to amoxicillin (9). The incidence rate of developing
acute liver injury related to amoxicillin has been estimated as 0.3 per 10,000 prescriptions
(10).

Mild anicteric hepatitis has been described following large doses of carbenicillin
(30 mg/day) (11). Biopsy specimens of the liver showed spotty liver cell necrosis without
cholestasis. However, in another study, prolonged therapy with high daily dosage does
not seem to be a risk factor for the occurrence of liver damage: no case of hepatotoxicity
was recorded in a retrospective review of 35 courses of intravenous treatment with carbeni-
cillin (12).

The semisynthetic penicillinase-resistant oxypenicillins oxacillin, (di-)cloxacillin,
and flucloxacillin exhibit a well-known hepatotoxic potential. Surveys of liver reactions
probably or possibly induced by oxypenicillins and spontaneously reported to some Ad-
verse Drug Reactions Advisory Committees have allowed the clinical features and natural
history to be better delineated (13,14), especially for flucloxacillin hepatotoxicity.

Flucloxacillin has been recognized as an important cause of antibacterial-induced
hepatotoxicity. The risk of a patient developing flucloxacillin hepatotoxicity proves to be
similar in different countries: 1 in 13,000 prescriptions in the United Kingdom, 1 in 15,000
to 1 in 26,000 in Australia, and 1 in 11,000 to 1 in 30,000 prescriptions in Sweden
(13,15,16). Gender (female predominance with a sex ratio of 2:1), increasing age (odds
ratio of 18 when comparing age � 55 years vs. � 30 years), duration of therapy over 14
days, and high daily doses were associated with increased risk of hepatotoxicity (13,17).
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The time to onset of hepatic reaction is 1–9 weeks after starting therapy and up to
6 weeks after stopping the agent. The serum biochemical abnormalities are indicative of
cholestatic hepatitis. The dominating histological feature is cholestasis, both hepatocellular
and canalicular, with minimal hepatic necrosis and usually, a moderate inflammatory reac-
tion and lymphocytic infiltration. In some cases neutrophilic and eosinophilic granulocytes
may be observed. Bile ducts may be reduced in number and size, while the bile duct
epithelium usually shows degenerative changes.

The course of cholestatic hepatitis is often prolonged. The tendency to protracted
course in the flucloxacillin-induced cholestasis may be accounted for by the fact that some
patients show continued progression of liver test abnormalities several weeks after with-
drawal of the drug (13).

However, flucloxacillin is associated with an increased risk of chronic cholestasis,
with 10–30% of cases continuing for more than 6 months. In these cases, histopathological
pattern is characterized by paucity of smaller bile ducts and ductules, and portal tract
inflammation focused on injured bile ducts. This pattern may further progress toward the
VBDS or biliary cirrhosis (8,13,18–20).

The other oxypenicillins, oxacillin, cloxacillin, and dicloxacillin, can also cause
cholestasis, with an estimated risk of developing hepatotoxicity about half that of flu-
cloxacillin (13). The predominant pattern is cholestatic hepatitis. It usually appears after
1–4 weeks of treatment (21–27). A delay between cessation of therapy and occurrence
of jaundice can be observed; it is usually about 1 week. Histological findings include
portal inflammation and centrolobular cholestasis (13,24). Occasionally, granulomas may
be seen (23). After discontinuation of the drug, spontaneous resolution usually occurs
within 3 months (13). Oxacillin has been associated with a hepatocellular picture of liver
damage (25). This is an uncommon reaction that resolves rapidly on withdrawal of the
drug. High dosage and intravenous administration have been identified as risk factors (21–
23,25).

Liver injury is likely to result from an idiosyncratic reaction, given the rarity of
hepatotoxicity, the lack of dose dependency, and the highly variable lag period before the
onset of liver abnormalities. Despite the variability of clinical symptoms indicative of
allergy, other findings suggest an underlying immunoallergic process. These include the
rapid recurrence of hepatic dysfunction on rechallenge, the relative frequency of mild
peripheral or liver tissue eosinophilia, and the results of immunoallergic tests such as
mast-cell degranulation, macrophage inhibition factor, and lymphocyte sensitization tests
(27–29).

Hepatotoxicity of amoxicillin–clavulanic acid (ACA) has been extensively de-
scribed (31–42). The liver function abnormality is mainly cholestatic (31,32,37). Less
commonly, hepatocellular or mixed hepatocellular-cholestatic involvement is observed
(32,42). In contrast to most adverse drug reactions, males appear to have a greater risk
than females (2–4:1) (32,36,43).

The incidence rate of acute liver injury associated with ACA in a recent retrospective
cohort study (10) proved to be 1.7/10,000 prescriptions. The source population was a
general population registered on a single large general-practice-based computerized data-
base. The risk increased with duration of therapy (defined as completion of two or more
consecutive prescriptions) and with age. Among users of ACA combination, the risk of
developing acute liver injury was more than 3 times greater after a course of two or more
consecutive prescriptions than after a single one. The risk was enhanced with age: the
incidence rate was 3.2/10,000 prescriptions in subjects over 65 years versus 1.3/10,000
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in younger patients. Elderly people receiving repeated prescriptions of ACA appear to be
the group at higher risk, with an incidence rate of 135/100,000 users, indicating substantial
interaction between both risk factors.

Similar findings have been reported in a retrospective case-control study aimed at
identifying risk factors for the development of ACA-associated jaundice (44): patients
over 55 years had an odds ratio of 16.1 (95% confidence interval CI, 2.9–88.9) com-
pared with patients less than 30 years. Men had an odds ratio of 2.5 (95% CI, 1.1–5.4)
compared with women. Interestingly, there was no association with previous drug aller-
gies. Furthermore, no association has been found with previous ACA exposure: some
patients with ACA hepatotoxicity had taken one or more previous courses of ACA with
no documentated ill effect, possibly indicating the development of a hypersensitivity
response.

It should be stressed, however, that adverse hepatic biochemical and histological
abnormalities associated with ACA are few, considering its widespread use (45). It remains
clear that elderly patients should be more closely monitored for the occurrence of ACA
hepatotoxicity.

Often, there is a delay between the cessation of drug administration and the onset
of jaundice; this delay can range from several days up to 8 weeks (46,47). A minority of
patients develop jaundice while taking the drug.

Features of hypersensitivity, such as fever, skin rash, arthralgias, and eosinophilia,
have been variably observed in approximately 30–60% of the patients. In addition, hepati-
tis may be accompanied by prominent extrahepatic manifestations such as acute interstitial
nephritis or acute lacrimal gland inflammation and sialadenitis (42). The period of recovery
proves to be variable with jaundice resolving within 1–8 weeks and complete recovery
occurring over a longer period of 4–16 weeks. Although the outcome is usually good,
fatalities have been reported (39,40,41,48). One case of chronic liver disease related to
ACA has also been reported (46).

Histological findings include centrilobular canalicular cholestasis, variable portal
edema, and mixed inflammatory infiltrate with lymphocytes, neutrophils, and eosinophils.
Interlobular bile duct injury of varying degree seems to be common (42): abnormalities
include irregularity of the nuclei, vacuolization of the epithelial cells, neutrophilic or
lymphocytic infiltration of the epithelium, and destruction of the cells with endothelializa-
tion of the biliary epithelium (31,39,42). It appears that the presence of bile duct damage
and associated bile duct proliferation in the face of cholestasis would be relatively charac-
teristic of ACA-induced hepatotoxicity (49).

Another finding reported is the presence of a focal destructive cholangiopathy with
the ducts showing extensive inflammatory infiltration and necrosis of part of the bile duct
wall (46), bearing some similarities to the lesions observed in primary biliary cirrhosis or
primary sclerosing cholangitis. Occasionally, granulomatous hepatitis has been described
(37,38,46). Clavulanic acid is thought to account for ACA hepatotoxicity. Indeed, although
amoxicillin by itself has been reported to cause abnormalities in hepatic biochemical tests
and, very rarely, acute hepatitis, rechallenge with this aminopenicillin in individuals who
had previously experienced ACA-related hepatotoxicity has not been associated with re-
currence of liver injury; in contrast, rechallenge with ACA was positive (31,36,37,46).
The results of the retrospective cohort study by Garcia Rodrigues et al. (10) also lend
some support to the role of clavulanic acid: the incidence rate ratios and 95% CIs of acute
liver injury for ACA compared with amoxicillin alone were 6.3 (3.2–12.7) for all cases
and 8.4 (3.6–20.8) for cases presenting with jaundice. Data were derived from a cohort
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of 93,433 users of ACA and 360,333 users of amoxicillin alone who were followed up
from 1991 through 1992.

The presence of hypersensitivity clinical manifestations suggests that an immunoal-
lergic mechanism underlies ACA-related hepatotoxicity. This hypothesis has recently been
substantiated by a HLA typing study in 35 patients with biopsy-demonstrated ACA-in-
duced hepatitis (50). The study group was characterized by a higher frequency of DRB1
* 1501–DRB5 * 0101–DQB1 * 0602 haplotype (57% vs. 11.7% in controls, p highly
significant). Those patients with this haplotype were more likely than patients without it
to have a cholestatic (70% vs. 60%) or mixed (30% vs. 13%) than a hepatocellular pattern
of hepatitis (0% vs. 27%). The authors conclude that ACA-induced hepatitis is associated
with the DRB1 * 1501–DRB5 * 0101–DQB1 * 0602 haplotype, and that these data sup-
port the view that HLA-mediated recognition of neoantigens also plays a crucial role in
the pathogenesis of drug-induced immunoallergic hepatitis. However the DRB1 * 1501–
DRB5 * 0101–DQB1 * 0602 haplotype was present in 11.7% of normal controls, whereas
ACA-induced hepatitis only seems to affect from 1/1000 to 1/10,000 treated patients
(10,37). HLA association thus cannot be the only factor responsible to explain the patho-
genesis of the disease. Other factors must act concurrently. The simultaneous existence
of a metabolic idiosyncrasy is not ruled out, given the extensive metabolism of clavulanic
acid in humans (51).

Transient mild elevations in liver aminotransferases have been reported in 2–5% of
all patients receiving ureidopenicillins (52–54), but there have not been any reports of
clinically evident hepatotoxicity. In isolated populations, however, higher frequencies
of mild abnormalities have been observed: 21% (17 of 78 patients) AST elevation with
piperacillin (53). All aminotransferase elevations were reversible and of no major clinical
importance.

Safety of large doses of ureidopenicillins (mezlocillin, azlocillin, or piperacillin)
given for prolonged periods for the treatment of chronic pseudomonal osteomyelitis has
been assessed in a retrospective study (12). Liver damage—i.e., two- to threefold increases
of aminotransferase serum levels—occurred in 19.3% (6/31) of the patients. The number
and the severity of the reactions appeared to be related to the cumulative ureidopenicillin
dose and/or the duration of therapy. In the subgroup of patients treated with mezlocillin,
adverse reactions, including liver dysfunction, were most likely to occur with a cumulative
dose of more than 250 g or when duration of therapy exceeded 2 weeks.

A review of abnormal laboratory tests noted during phase I and phase III trials
assessing the antibiotic combination piperacillin/tazobactam showed that the most com-
mon abnormalities were related to hepatic function (55): 1.1% of patients had increased
total bilirubin levels, and 5.6% had increased alanine aminotransferase levels. In compara-
tive studies, the rates of abnormalities during administration of piperacillin/tazobactam
were two- to threefold lower than those noted with imipenem/cilastatin. Laboratory test
profiles observed in published clinical trials tended to parallel those described in the pre-
marketing trials (56): rates of abnormalities in tests of hepatic function occasionally ex-
ceeded 10% among patients given piperacillin/tazobactam; these higher rates, however,
were seen almost exclusively among the more seriously ill patients, including those who
were bacteremic. No case of overt hepatitis was reported.

2. Other Beta-Lactam Antibiotics

Transient increases in serum aminotransferase levels and alkaline phosphatase are com-
monly observed in patients receiving parenteral cephalosporins (53,57,58). These in-
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creases have also been reported in 0.7–11% of patients on orally administered cephalospo-
rin therapy, including ceflaclor, cefixime, and cefprozil (58). Very rarely, cholestatic
hepatitis following cephalosporin therapy has been described (59–62).

Review of adverse experiences and tolerability in the first 2516 patients treated with
imipenem/cilastatin has shown that transient elevations in hepatic enzyme levels occurred
in approximately 1% of cases (63). One anecdotal case of cholestatic hepatitis related to
imipenem/cilastatin has been described (64).

In a worldwide overview of 2117 patients who received aztreonam (65), transient
increases in serum aspartate or alanine aminotransferase and alkaline phosphatase enzyme
levels had occured in about 5% of patients. When such increases did occur, however,
enzyme levels never increased more than three times normal and were not associated with
hepatobiliary dysfunction. In all cases, when drug treatment was discontinued, enzyme
levels returned to pretreatment values. Until now, no case of overt hepatitis has been
reported (66).

B. Macrolide Antibiotics

1. Epidemiology

Erythromycin has long been associated with hepatotoxicity. Earlier reports in the sixties
considered erythromycin estolate as the derivative most frequently responsible for hepati-
tis. Other erythromycin derivatives, such as erythromycin propionate (67), erythromycin
stearate (68), and erythromycin ethylsuccinate (69–71), all have also been associated with
cholestatic hepatitis.

Two studies have led to the conclusion, however, that the risk of hepatotoxicity
associated with erythromycin does not significantly differ from one salt to another. The
first study was a prescription event monitoring in 12,208 patients (72): three cases were
attributed to erythromycin stearate and no cases of jaundice were ascribed to the estolate.
The second study analyzed the data from a voluntary reporting system: in 10 (0.29%) of
3422 reports erythromycins were considered to have caused hepatotoxicity; the incidence
did not significantly differ between the various forms of erythromycin (73).

There are no prospective trials determining the true incidence of erythromycin-
related hepatotoxicity. In a general practice-based, retrospective, cohort study, the esti-
mated risk for erythromycin-induced cholestatic hepatitis was 3.6 per 100,000 patients
(74). In a hospital-based case-control study (75), Medicaid billing data from Michigan
and Florida between 1980 and 1987 were examined to determine whether erythromycin
derivatives were associated with an increased risk for acute hepatitis. The 107 cases in-
cluded were patients hospitalized with acute symptomatic hepatitis without an identifiable
cause of liver disease noted in the medical record. Four controls per case were randomly
selected. The relative risk (odds ratio) of acute liver disease associated with erythromycins
was 5.2 (95% CI, 1.1–26.6). The authors concluded that the number of patients developing
acute symptomatic liver disease resulting in hospitalization for each million patients
treated with a 10-day course of erythromycin was 2.28 cases.

2. Clinical and Histopathological Characteristics of Erythromycin-Related
Liver Injury

In approximately three-fourths of cases, there is a lag period of about 6–20 days between
initiation of therapy and the onset of clinical symptomatology. In some cases, hepatitis
may be clinically obvious only after completion of erythromycin therapy, especially if
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the treatment has been of short duration, i.e., �8 days, or in the unusual cases where
hepatitis appears within 45 days after treatment has begun (74). The clinical picture of
erythromycin-induced hepatitis is similar to that of all the types of derivatives, and often
resembles acute cholecystitis, including abdominal pain, nausea, jaundice, and fever
(68,76). Aminotransferase serum levels are moderately increased (less than 10 times nor-
mal), and frequently associated with mild elevation of alkaline phosphatase and bilirubin
serum levels, i.e., a primarily cholestatic picture. Serum eosinophilia is found in approxi-
mately 40–50% of cases. The latter, coupled with the usual lag period quoted above,
prompt hepatitis after rechallenge (usually within a day), and frequent symptoms of sensiti-
zation (fever, rash), are in favor of an immunoallergic process (68,71,76,77). In addition,
some cases of recurrent hepatitis due to cross-reactivity between erythromycin derivatives
have been described (67,70). Keefe et al. (70) described two patients with hepatotoxicity
to erythromycin estolate who developed accelerated toxicity to erythromycin ethylsucci-
nate many years later, including rapid recurrence of symptoms in both subjects, with eosin-
ophilia, fever, and rash in one subject. Usually, there is complete recovery after discontinu-
ation of the drug, but it may take several weeks. Until now, only one case of fatal hepatic
coma possibly related to erythromycin hepatotoxicity (following high intravenous doses
of the lactobionate derivative) has been reported (78).

Histopathological findings include centrizonal cholestasis, frequently associated
with portal and lobular inflammatory infiltrate, presence of eosinophils, and mild hepato-
cellular necrosis (68,79). These features classify the lesions as mixed hepatic injury, pre-
dominantly cholestasis. Electron microscopy reveals dilated canaliculi, distorted or absent
microvilli, diminished nuclear size, and enlargement of the endoplasmic reticulum (80).

Ductopenia as a chronic manifestation following erythromycin-induced cholestasis
has been rarely reported (81,82). The absence of interlobular bile ducts in at least 50% of
the portal tracts has been observed in such cases. This histopathological pattern resembles
primary biliary cirrhosis. Prognosis depends on the potential of such a disease to evolve
toward progressive destruction of the intrahepatic bile ducts even though the drug has
been early withdrawn.

3. Hepatic Dysfunction Induced by Other Macrolides

In a review encompassing 17 multicenter comparative or noncomparative studies, less
than 0.7% of 2917 patients treated with roxithromycin (150 mg twice a day) had changes
in serum total bilirubin, ALT, AST, or alkaline phosphatase (83). Some cases of cholestatic
hepatitis have been ascribed to roxithromycin (84,85).

The overall tolerability of clarithromycin has been assessed by compilation of data
from comparative investigations conducted worldwide in a total of 4291 patients who
received at least one 250- or 500-mg dose of the drug (86). The incidence of elevated
AST or ALT activity was 5%.

The first cases of cholestatic hepatitis in patients who received clarithromycin ther-
apy were reported several years ago. In a series of 13 elderly patients with chronic lung
disease due to Mycobacterium avium complex or Myco. abscessus, high-dose clarithro-
mycin monotherapy (2 g/day) elicited elevation in liver enzyme levels at weeks 1–6 of
therapy in five cases (38%) and was associated with unexpectedly high serum levels of
the drug (87). Three additional cases of clarithromycin-induced hepatotoxicity were subse-
quently reported (88,89). On the whole, the biochemical pattern was primarily cholestatic
(six of eight cases) with minimal elevation of the levels of AST and ALT (seven of eight
cases). In all cases the maximum absolute values for alkaline phosphatases and/or gamma
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glutamyl transpeptidases exceeded those for aminotransferases. The patients who devel-
oped these signs of hepatotoxicity were typically elderly or had reduced body mass, and
were receiving clarithromycin doses of 2 g/day. The liver serum enzyme levels became
abnormal after 4–8 weeks of therapy and were frequently asymptomatic (five of eight
patients). It usually took from 1 to 3 months for levels to return to normal. Interestingly,
retrial with lower dose of clarithromycin (500 mg twice a day) in four of these patients
did not cause elevation of hepatic enzymes (87). Accordingly, the ability of some patients
to tolerate lower dose of clarithromycin would suggest that the toxicity might be at least
in part dose- and serum-level-related. In one case, however, rechallenge of clarithromycin
elicited prompt recurrence of hepatic dysfunction (88), which lends some support to the
possibility of hypersensitivity or an idiosyncratic reaction in some subjects.

Erythromycin acistrate is a relatively recent ester prodrug of erythromycin with a
chemical structure that resembles erythromycin estolate. In toxicological studies acistrate
did not determine the problems of hepatotoxicity (90). In a large postmarketing study
1549 patients with respiratory tract or skin infections were monitored for liver parameters
while being treated for 7–14 days with acistrate. Ten patients (0.6%) had two or more
clearly elevated liver enzyme values by the end of therapy. In only three of these cases
could liver enzyme abnormalities be ascribed to acistrate therapy (91).

The tolerability profile of oral azithromycin has been evaluated by compilation of
data from comparative studies conducted in the United States and Europe (92). A total
of 3995 patients were included. Assessments of adverse events and laboratory tests were
performed before beginning of treatment and approximately 7–14 days and 30 days after
the start of therapy. Treatment-related biochemical abnormalities exceeding a frequency
of 1% were recorded for ALT (1.7%) and AST (1.5%). In clinical trials of community-
acquired pneumonia, tolerance of intravenous azithromycin has been favorable. Labora-
tory abnormalities, including elevated ALT or AST, were reported with an incidence of
4–6% (93), leading to discontinuation of therapy in some patients, but no case of overt
acute hepatitis has been reported.

Sides and Conforti (94) reviewed the data from clinical studies over a 6-year period
to assess the safety of dirithromycin in the treatment of a variety of acute infections. The
review encompassed a total of 4263 patients treated with dirithromycin (500 mg once
daily for 7–10 days). Mild elevation of ALT or AST was seen in less than 1%.

Rarely some cases of cholestatic hepatitis occurring during the course of josamycin
therapy have been described (95,96).

4. Mechanism of Macrolide-Related Hepatic Injury

The mechanism for hepatotoxicity of macrolides remains relatively unknown. However,
there are several lines of evidence both for toxicity and for immunoallergic processes.

Results of in vitro experiments argue for an intrinsic hepatotoxic potential of erythro-
mycin. It has been shown to be cytotoxic against cultured hepatocytes (97), and to decrease
bile secretion in the isolated perfused rat liver (98). Hepatotoxicity can also be produced
in rats and dogs by administration of high doses of different esters or salts of erythromycin,
suggesting a direct hepatotoxic effect (90,99).

In humans also, a number of clinical reports lend some support to such an effect:
the afore-mentioned ability of certain patients to tolerate retrial of clarithromycin at lower
dosage than that having previously elicited hepatotoxicity runs in favor of a toxic-type
hepatic dysfunction (87).

In contrast, jaundice is frequently associated with hypersensitivity manifestations,
as mentioned above.
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Erythromycin is known to induce its own biotransformation by enhancing micro-
somal enzymes in the liver and particularly some isoenzymes of the cytochrome P450 3A
subfamily with high affinity to erythromycin, especially the cytochrome P450 3A4 (CYP
3A4) (100,101). The latter demethylates and oxidizes erythromycin into unstable metabolic
intermediates (so-called nitrosoalkanes), which would subsequently form inactive cyto-
chrome P450 Fe(II)-metabolic intermediate complexes (102), thereby inhibiting CYP 3A
catalytic activity. This mechanism explains largely the vast majority of pharmacokinetic
drug interactions induced by the macrolides (103,104). However, unless they are stabilized
through the formation of stable complexes with the iron of cytochrome P450, nitrosoalkanes
are unstable, reactive metabolites that can also react with glutathione or with cysteine and
might, accordingly, bind covalently to the SH groups of hepatic proteins (76). The hypothet-
ical mechanism proposed by Pessayre et al. (76) links up all these clinical or experimental
data: in some patients, the hepatotoxic potential of macrolides would produce minor liver
lesions and mildy raise serum aminotransferase activity. Necrosis of a few hepatocytes
would release in the circulation plasma membrane proteins modified by covalent binding
of the reactive metabolites. These modified liver antigens would be recognized as foreign
and might subsequently trigger immune response. In a few individuals, the immune re-
sponse might be cytotoxic for the hepatocytes, eventually resulting in hepatitis.

There may be some relationship between metabolism of macrolides and their hepato-
toxicity. Macrolide antibiotics differ in their abilities to bind to and inhibit cytochrome
P450 isoforms. These differences allow macrolides to be classified into three groups
(103,105). Group 1 agents include troleandomycin (now withdrawn) and erythromycin;
these bind strongly to and inhibit CYP 3A4 by forming an inactive CYP 3A4-metabolite
complex. Group 2 macrolides include clarithromycin, roxithromycin, and josamycin
(100,105,106), have intermediate binding affinity to CYP 3A4, and form complexes to a
lesser extent. Group 3 agents encompass spiramycin, azithromycin, and dirithromycin,
which have been shown not to form nitrosoalkanes in vitro and, hence, not to inhibit CYP
3A4 (107–109). Some structural features of macrolides might account for these differences
(107–110).

It has been observed that, to some extent, there is some correlation between the
above-mentioned classification and the various potential of macrolides for drug interac-
tions of metabolic type (104,105). Apparently, on the basis of the epidemiological data
reported above on macrolide-induced hepatotoxicity, such a correlation might also exist
between this classification and the different propensities of macrolides to cause hepatotox-
icity. Indeed, erythromycins, which form nitrosoalkanes, produce hepatitis, whereas group
3 macrolides, which do not form these metabolites, have not been shown as yet to cause
hepatitis. Group 2 macrolides exhibit an intermediate figure.

This apparent parallelism between the differential formation of nitrosoalkanes from
the various macrolides and the propensity to cause hepatotoxicity appears therefore to be
consistent with the mechanism proposed by Pessayre et al. (76) for macrolide-induced
hepatotoxicity.

C. Sulfonamides

1. Clinical and Histopathological Features

Several of the sulfonamides alone or as part of a combination drug have been reported
to be hepatotoxic. Those include sulfamethoxazole (111–113), trimethoprim-sulfamethox-
azole (114–126), sulfamethoxypyridazine (113), sulfasalazine (127–130), pyrimethamine-
sulfadoxine (131–133), and sulfamethizole (113).
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Sulfonamides may cause hepatocellular injury, which usually starts within a few
weeks of administration and may be accompanied by fever, skin rash, eosinophilia, and
injury to other organs (68,112). Liver biopsy may show cholestasis with little or no necro-
sis (68,112), or prominent hepatocellular necrosis (114). The inflammatory infiltrate is
usually lymphoid, sometimes with eosinophils (112–114). Infrequently, granulomatous
hepatitis due to pyrimethamine-sulfadoxine, sulfasalazine, or trimethoprim-sulfamethoxa-
zole has been observed (118,128,133). Occasionally, sulfonamide-induced liver injury
may progress to chronic liver disease (113).

Although sulfonamide-induced liver injury is usually mild, massive necrosis of the
liver after a short course of sulfasalazine (127) has been described, and fatal hepatotoxicity
due to trimethoprim-sulfamethoxazole (114,116,122) and pyrimethamine-sulfadoxine
(134,135) has been reported.

Most forms of liver dysfunction have been linked with trimethoprim-sulfamethoxa-
zole (cotrimoxazole).

Although transient increases in aminotransferase serum levels are common, oc-
curring in approximately 10% of patients (136), clinical hepatotoxicity is rare, except in
patients with AIDS. A hospital-based case-control study has estimated that the frequency
of trimethoprim-sulfamethoxazole-induced hepatitis requiring hospitalization is less than
1 in 100,000 prescriptions (75). Similarly a case history study that included approximately
280,000 patients (137) found only one case of trimethoprim-sulfamethoxazole-induced
liver disease requiring hospitalization during a 5-year period.

Several cases of symptomatic hepatic injury have been reported after trimethoprim-
sulfamethoxazole therapy (114–126). Most were accompanied by fever and rash, or less
frequently, leukocytosis or eosinophilia.

In a number of cases, there was a multisystem reaction with lymphadenopathy, pul-
monary lesions, renal insufficiency, pancreatitis, and only mild elevation of liver enzymes
in the serum (68,116).

Cases where hepatitis was the predominant feature were usually cholestatic
(117,124,125), but hepatocellular patterns were also reported (114). Symptoms appeared
within 3 days–4 weeks of therapy, but in case of rechallenge with the sulfonamide in
patients with previous hypersensitivity reactions, the latent period before adverse drug
reaction is reduced and may lead to fatal outcome (122,124). The average duration of
trimethoprim-sulfamethoxazole therapy before onset of symptoms of toxicity has been 2.5
weeks. Cholestasis has been of moderate severity, with serum total bilirubin �20 mg/dL.
The duration of illness has varied from 1 week to 3 months, and the great majority of
patients recovered. Cholestasis may be sometimes prolonged up to 6–8 months (125,126),
however, and some fatal cases have been described (114,116,122).

Histopathology often showed almost pure centrilobular cholestasis, with mild to
moderate portal inflammation and feathering degeneration (68,117,124,125); massive ne-
crosis was seen in some fatal cases (114). Recently, bile duct injury with depletion of
ducts and ductular proliferation has been reported with trimethoprim-sulfamethoxazole
(126,138). The portal inflammatory infiltrate was mixed with a predominance of lympho-
cytes and small numbers of eosinophils and neutrophils. In such a pattern, ductopenia
accompanies, but does not cause, the early tissue cholestasis. This may imply that the
injury would be directed to both hepatocytes and duct cells and that early cholestasis
would be determined by the hepatocellular injury. Subsequently, late cholestasis would
be related to duct proliferation. An unusual case of hepatic phospholipidosis combined
with intrahepatic cholestasis following trimethoprim-sulfamethoxazole therapy has been
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reported (125). The striking feature observed on electron microscopic evaluation was the
presence of prominent hepatocyte lysosomal inclusions, which were characterized by con-
centric arrangements of lamellar membranous structures.

2. Mechanism

Several lines of evidence substantiate an immunoallergic mechanism underlying ad-
verse reactions to sulfonamides: the relatively frequent clinical manifestations of allergy,
the significant proportion of eosinophils in the inflammatory infiltrate found in liver biop-
sies, positive in vitro lymphocyte transformation tests in patients with trimethoprim-
sulfamethoxazole-induced skin lesions, the reduced latent period before adverse drug reac-
tion in case of rechallenge, and cross-reactions between sulfonamides (122,124,139).

However, a number of studies have recently argued in favor of an additional
metabolite-dependent mechanism that would account, at least in part, for the idiosyncratic
toxicity of sulfonamides.

Sulfonamides are eliminated primarily by renal excretion following N-acetylation,
but a small fraction of a given sulfonamide dose undergoes hepatic oxidative metabolism
by the cytochrome P450 3A4 and 2C9 isoforms (140) to a reactive metabolite, the hy-
droxylamine (141–143), that is toxic to peripheral blood lymphocytes (144,145).

N-Acetyltransferase activity has been demonstrated to be polymorphic, with slow
and fast acetylator phenotypes (146). When the acetylator phenotype of patients with a
history of sulfonamide toxicity and controls is compared, a significantly larger percentage
of patients are slow acetylators compared with controls (90 vs. 55%) (147). Similar results
have been subsequently reported by Wolkenstein et al. (148). These findings corroborate
and substantiate the initial report by Das et al. (149), who showed that in a series of
133 patients with inflammatory bowel disease treated with sulfasalazine, 21% developed
adverse reactions due to the drug. These reactions were shown to correlate with slow-
acetylator phenotype. It should be stressed, however, that slow-acetylator phenotype per
se is not sufficient to account for susceptibility to sulfonamide toxicity, since approxi-
mately half the population of western Europe and North America are slow acetylators
(146), whereas the incidence of sulfonamide hypersensitivity reactions occur in 1/1000–
1/10,000 non-AIDS patients given sulfonamides.

The role of other factors involved in the detoxification of reactive metabolites of
sulfonamide has been demonstrated. When peripheral blood lymphocytes from patients
who have experienced sulfonamide hypersensitivity reactions or controls are incubated
with sulfonamide hydroxylamines, the lymphocytes of patients show significantly more
cell death than do the cells of controls, suggesting that there are differences between
patients and controls in their capacity to detoxify reactive metabolites of sulfonamides
(150,151). Susceptibility to sulfonamide metabolites has also been found in some parents
of the patients (150). The nature of the presumed deficiency remains unknown as yet.

This suggests that pharmacogenetic differences in the production and detoxification
of reactive metabolites of sulfonamide contribute significantly to the pathophysiology of
sulfonamide hypersensitivity reactions. The role of N-acetylation capacity in sulfonamide
hepatoxicity may be explained as follows: in case of slow-acetylator phenotype, sulfon-
amides are preferentially metabolized by cytochrome-P450-mediated oxidation. This can
lead to the formation of chemically reactive metabolites, in particular hydroxylamines,
which need to be actively detoxified. The enhanced production of these toxic metabolites
would overwhelm host defenses in patients with defective detoxification capacities for
these metabolites. It is believed that these reactive metabolites would produce direct cyto-
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Figure 1 Pathogenesis of hypersensitivity reactions to sulfonamides.

toxic effects and, also, bind to macroproteins, producing haptens. These haptens might
elicit an immune response, promoting the occurrence or the enhancement of hepatitis, as
well as other idiosyncratic drug reactions observed in patients receiving sulfamethoxazole
(152) (Fig. 1).

It should be stressed that some uncertainty remains, however, on the potential role of
trimethoprim in trimethoprim-sulfamethoxazole hepatotoxicity. Although the sulfonamide
component of the combination is suspected of causing the toxic effect (112), an anecdotal
report exists of a patient who developed jaundice after trimethoprim-sulfamethoxazole
exposure and had a recurrence of the jaundice when she was subsequently challenged
with trimethoprim alone (153). Additionally, a retrospective study has given some epide-
miological evidence that the combination of trimethoprim and sulfamethoxazole was more
likely to cause hepatotoxicity than administration of the sulfonamide alone (154).

3. Trimethoprim-Sulfamethoxazole in AIDS Patients

Sulfonamides are used as both prophylaxis and treatment for Pneumocystis carinii pneu-
monia in patients infected with the human immunodeficiency virus (HIV). The use of
trimethoprim-sulfamethoxazole (cotrimoxazole) is hampered by the high incidence (24–
57%) of hypersensitivity reactions in these patients (155–158). The side effects consist
of rash, fever, liver and kidney damage, as well as thrombocytopenia, neutropenia, and
hemolysis. These reactions typically occur during the second week of sulfonamide therapy
and do not correlate with circulating levels of the sulfonamide. The incidence of hepatic
injury due to trimethoprim-sulfamethoxazole appears to be especialy high, around 20%,
in patients with AIDS (159–161).

The reason for the high incidence is not clear. The association of slow-acetylation
phenotype with adverse reactions to sulfonamides in AIDS patients has been described
repeatedly (147,162,163). It has been therefore hypothesized that the increased incidence
of drug reactions to trimethoprim-sulfamethoxazole in HIV-infected patients was due to
the increased production of the hydroxylamine metabolite of sulfamethoxazole. In addi-
tion, HIV-infected cells are markedly more sensitive to sulfonamide reactive metabolites
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than are noninfected cells (164). The increased prevalence of slow-acetylation phenotype
is not due to the HIV infection per se but appears to be associated with the acute illness
in advanced stages of HIV infection; indeed only the latter patients are at risk (165,166).

However, the status of acetylation phenotype does not completely explain the sus-
ceptibility of AIDS patients to trimethoprim-sulfamethoxazole (167,168). Oxidative path-
ways for drug metabolism are altered in AIDS patients as compared with control subjects
(165). Some investigators had hypothesized that HIV-infected patients are deficient in
glutathione and would therefore be more susceptible to the reactive metabolites (156,169).
However, no evidence to support this hypothesis has been found in subsequent studies
(170,171).

One further factor appears to modulate the risk of adverse drug reactions to
trimethoprim-sulfamethoxazole. Carr et al. (172) have shown that patients with higher
CD4 lymphocyte cell counts and CD4:CD8 ratios are prone to develop adverse reactions.
The lack of any correlation between CD4 counts and metabolic ratios of the caffeine test
(162) suggests that those two factors might be independent risk factors for trimethoprim-
sulfamethoxazole-induced hypersensitivity.

D. Tetracyclines

The classic description of tetracycline hepatotoxicity was made in individuals who re-
ceived high intravenous doses of tetracycline or oral doses of greater than 2 g/day (68,173).
Most cases of tetracycline-induced hepatotoxic effects have been observed in women
(174). Susceptibility seems to be enhanced by pregnancy and renal disease. Fatal outcome
by liver failure was mainly observed with high parenteral doses. Clinical signs (nausea,
vomiting, abdominal pain, mild jaundice) and biochemical disorders usually appear after
4–6 days of therapy. Values for aspartate aminotransferase rarely exceed 500 IU/L but
may rise up to 1000 IU/L. High serum amylase levels have been reported in a majority
of cases.

Characteristic histopathological findings of the liver usually show microvesicular
steatosis with little necrosis. Portal tracts are generally spared with cellular infiltration
being sparse and consisting predominantly of mononuclear cells (175). Very rarely tetracy-
clines have been associated with chronic cholestasis: cases of the vanishing bile duct
syndrome with prolonged cholestasis have been ascribed to doxycycline and tetracycline
(176).

Freneaux et al. (177) have highlighted a significant part of the involved mechanism.
They showed that tetracycline inhibits the mitochondrial oxidation of fatty acids. This
basic effect results in increasing precursor free fatty acid concentrations in the liver and
subsequently may contribute to their increased esterification and accumulation in the form
of triglycerides. As both free fatty acids and their microsomal oxidation products are toxic
to the mitochondria, this toxicity might contribute to the severity of high-dose tetracycline-
induced liver disease. Aside from this direct, dose-related, hepatotoxic effect common to
all tetracyclines, other forms of liver injury have subsequently been recognized. In particu-
lar, minocycline, a semisynthetic tetracycline with extensive hepatic metabolism, has been
associated most commonly with two types of hepatotoxicity. The first type, hypersensitiv-
ity hepatitis (178–182) has an acute onset within days to weeks after initiating minocy-
cline. Hypersensitivity hepatitis may be associated with fever, rash, eosinophilia, and
lymphadenopathy. Rarely, hypersensitivity hepatitis can result in fulminant hepatic failure
(178–180). The second type, minocycline-induced hepatitis with autoimmune features
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(183–186), has a delayed onset, usually a few months after initiating the drug. A series
of five patients presenting with polyarthritis, positive antinuclear antibodies, and chronic
hepatitis has been reported (184). The majority were young women with chronic active
hepatitis on liver biopsy but negative smooth muscle antibodies. The serum aspartate ami-
notransferase levels ranged from 100 IU/L to nearly 2300 IU/L, while alkaline phospha-
tase level was elevated (twice the upper limit of normal) in only one patient. All recovered
within 3 months of stopping minocycline. The reactions are unpredictable, dose indepen-
dent, and features of drug hypersensitivity are prominent. A review of 16 additional cases
reported to the U.K. Committee on Safety of Medicines (184) reveals that there are two
predominant syndromes of autoimmunity, which overlap. The first is typical drug-induced
systemic lupus erythematosus, with polyarthritis, rash, hyperglobulinemia, and positive
antinuclear antibody tests. The other is hepatitis, commonly associated with rash, arthral-
gia, and hyperglobulinemia. Two of these patients died, one from liver failure and the
other from neutropenia. A particular feature was the variable and delayed interval between
starting the drug and diagnosis; indeed, it exceeded 6 months in 18 of the 21 cases reported
in this review.

In a case-control study, Carson et al. (75) found that the increased risk per million
patients exposed to a 10-day course of tetracycline was 1.56 cases. On the basis of the
number of tetracycline prescriptions in 1991, the authors estimated that annually in the
United States 31 cases of acute symptomatic liver disease resulting in hospitalization were
due to tetracycline.

E. Quinolones

Cholestatic hepatitis as well as a mainly hepatocellular pattern has been described with
nalidixic acid, starting within 2 weeks after the first intake (68).

Hepatotoxicity (cholestasis, hepatitis, and hepatic failure) has been reported infre-
quently with norfloxacin, ofloxacin, levofloxacin, and ciprofloxacin (187–193). Two re-
ports of fatal hepatic failure have been published possibly related to ciprofloxacin treat-
ment. In the first case, a 66-year-old man developed fulminant hepatic failure with
extensive centrilobular necrosis 24 h after initiation of ciprofloxacin treatment (189). In
the second case, a 92-year-old man developed progressive hepatic failure 2 days after the
initiation of ciprofloxacin therapy (191). Additionally, a number of cases of ciprofloxacin-
associated hepatotoxicity have been reported to the manufacturer.

Ten cases of cholestasis were observed among 10,094 patients included in phase
IV studies and postmarketing surveillance of intravenous ciprofloxacin, but another report
dealing with oral ciprofloxacin revealed only three cases of liver disorders among over
37,000 recipients (incidence of 0.81/100,000 recipients) (194). Arcieri et al. (195) re-
viewed data from 1878 courses of intravenous ciprofloxacin therapy, administered to 1869
patients in 59 clinical trials for drug safety. Over 1000 patients were treated for more than
5 days. Ciprofloxacin was administered in a unit dose of either 200 mg (68% of the pa-
tients) or 300 mg (28%) by intravenous infusion. Elevated alkaline phosphatase or ALT
or AST levels were recorded in 96 cases—i.e., 39, 32, and 25, respectively (1.4, 1.7, and
2.1%, respectively). One patient who had undergone cardiac transplant was reported to
have hepatic necrosis.

Similarly, the safety profile of oral ciprofloxacin (196) was established on a database
(compiled through the end of 1988) of 9473 well-documented treatment courses world-
wide. The daily dosage ranged between 200 mg and 2000 mg orally. The duration of
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treatment ranged from less than 2 days to more than 90 days. More than 38% of the
patients were older than 60 years. Asymptomatic rises in alkaline phosphatase or serum
aminotransferase levels amounted to 3.6% of the total number of patients. No irreversible
hepatotoxicity was reported during the clinical trial period.

Minor elevations of serum aminotransferases are less common in patients treated
with norfloxacin (0.1%) or ofloxacin (0.2%) (197,198).

Trovafloxacin is a new fluoroquinolone recently launched on the market. From Feb-
ruary 1998 through early May 1999, 2.5 million prescriptions for trovafloxacin were writ-
ten, and 140 patients were reported to have experienced a hepatic adverse event (incidence
rate of 0.0056%). In 14 of these cases, the Food and Drug Administration (FDA) deter-
mined that liver failure was strongly associated with the concomitant administration of
trovafloxacin. Four patients required liver transplantation, and five additional patients died.
Some of the cases were associated with eosinophilic infiltration of the liver, suggesting
a hypersensitivity hepatitis. Many of the severe cases of hepatic events seemed to be due
to a hypersensitivity allergic-type reaction. Although hepatic reactions occurred between
1 and 60 days after the start of therapy, the risk of serious hepatic injury increases with
exposure beyond 14 days of therapy. The development of hepatic reactions seems to be
unpredictable and has occurred in some patients receiving a second or subsequent course
of the drug. As a result, it has been recommended to limit the use of trovafloxacin to
serious infections in hospitalized patients with monitoring of hepatic enzymes (FDA, Pub-
lic Health Advisory, June 9, 1999) (199).

F. Nitrofurantoin

The incidence of symptomatic nitrofurantoin-induced liver injury has been estimated as
approximately 0.02–0.003% (200).

Several types of hepatic injury have been attributed to nitrofurantoin, including acute
cholestatic or cytolytic damage, granulomatous lesions, or chronic active hepatitis with
or without cirrhosis after prolonged exposure to the drug (201–206).

In those instances with an acute onset, both cholestatic and cytolytic hepatitis are
found (200). Cases usually present within 6 weeks of initiation of therapy and are some-
times accompanied by fever, rash, and eosinophilia. Nitrofurantoin-associated chronic
liver disease is a condition seldom seen in present-day clinical practice. Typically, chronic
active hepatitis has been observed in women who had been taking nitrofurantoin for ex-
tended periods of time ranging from 1 month to several years (202–205).

In a clinicopathological study of 52 reported cases of hepatic injury associated with
the use of nitrofurans, Stricker et al. (200) found that nitrofurantoin-associated chronic
liver disease was less common than the acute type. Both types were more frequent in
women and in the elderly. Biochemically, the pattern was mainly hepatocellular (32%),
whereas mixed cholestatic-hepatocellular and cholestatic patterns were unusual. HLA typ-
ing showed no increase of the HLA B8 or HLA DRw3 haplotype. HLA DR2 and HLA
DR6 were more frequent than in controls, but this was not statistically significant. Progno-
sis is good, although recovery usually takes several months.

Nitrofurantoin hepatotoxicity is not due to direct toxicity, since the reactions are
not dose-dependent and are relatively rare and unpredictable. A number of clues point to
an immunoallergic mechanism: clinical manifestations of allergy are often present in acute
forms of hepatic injury, and rechallenge elicits an accelerated hepatic reaction (207). Hepa-
totoxic manifestations related to nitrofurantoin may develop even when it is readministered
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after a latent period of 17 years, pointing to a long-term hepatic memory for hypersensitiv-
ity to nitrofurantoin (208). Furthermore, evidence for cross-reactivity to different nitrofu-
ran derivatives has been reported (209). Finally, the relatively high frequency of autoanti-
bodies (antinuclear or antismooth muscle) in chronic forms of hepatic injury also suggests
the involvement of an immunoallergic process. Diagnostically, these antibodies may cause
difficulties in differentiating autoimmune from nitrofurantoin-induced chronic active hepa-
titis. HLA B8 and HLA DRw3 have been shown to be more frequently involved in cases
of autoimmune chronic active hepatitis (210), so it has been suggested that HLA typing
may help in differential diagnosis (200).

As nitrofurantoin is biotransformed partly into superoxide anions (211), which are
well-recognized toxic agents (212), it is possible that the immunological process involved
in liver toxicity could be directed against structurally modified cellular components.

G. Rifampicin

Rifampicin may cause hyperbilirubinemia by interfering with the uptake of the unconju-
gated form and excretion of the conjugated form of bilirubin (213). Since rifampicin is
nearly always used in combination with other antibiotics (e.g., in Myco. avium complex
or staphylococcal infections) or with antituberculous agents, the actual hepatotoxic poten-
tial of this drug is not well defined.

In a large series of 836 patients receiving rifampicin without isoniazid (214), there
was no instance of raised serum aminotransferase activity, which is consistent with the
rarity of rifampicin-induced hepatotoxicity.

In fact, the risk of hepatotoxicity associated with this agent is mainly related to
its combination with isoniazid. The risk of hepatotoxicity associated with the isoniazid-
rifampicin combination appears to be considerably higher than with the use of rifampicin
alone. Increases in serum aminotransferase activity occur in 20% of patients receiving the
combination, compared with 10% in patients receiving isoniazid alone (215). Steele et al.
(216) carried out a meta-analysis of 34 studies of patients taking isoniazid and/or rifampi-
cin. The incidence of hepatotoxicity was 0.6% in 38,257 patients receiving isoniazid alone
(for chemoprophylaxis), 1.6% of 2053 patients taking isoniazid with other antituberculous
agents except rifampicin, 1.1% of 1264 patients receiving rifampicin but not isoniazid,
and 2.5% of 6105 patients on both isoniazid and rifampicin.

Hepatitis occurs within the first 15 days of treatment with isoniazid � rifampicin,
whereas the delay of occurrence is more than 1 month of therapy in patients receiving
isoniazid alone. Biochemical abnormalities include a marked increase in serum amino-
transferase activity and elevated serum bilirubin level. Histopathological findings comprise
liver cell necrosis and hepatocellular degeneration, mild inflammatory infiltrates located
mainly in the portal tracts, and, occasionally, cholestasis (215).

The hepatotoxicity associated with isoniazid or the isoniazid-rifampicin combination
is caused by a metabolite-dependent direct toxicity, rather than by immune mechanisms:
first, the frequency of liver dysfunction is relatively high; second, hypersensitivity mani-
festations such as fever, skin rash, or eosinophilia are usually absent; third, rechallenges
do not lead to accelerated recurrence of hepatotoxicity (215).

Hepatic enzyme induction during rifampicin treatment enhances the hepatotoxicity
of isoniazid. Rifampicin has been shown by several studies to stimulate the metabolism
of isoniazid, resulting in the increased formation of hydrazine, a proven hepatotoxic agent
(217–219).
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Ellard and Gammon (217) demonstrated that hydrolysis of isoniazid by the isoniazid
hydrolase induced by rifampicin is of greater significance in slow than in rapid acetyla-
tors. They also showed that this pathway is readily operating while the other metabolic
pathway, which results in the formation of monoacetyl hydrazine, operates at a minimal
level. Higher plasma levels of free hydrazine have been shown in slow acetylators as
compared with rapid acetylators receiving isoniazid both before and during rifampicin
administration (218). It is now generally agreed that concomitant administration of
rifampicin and isoniazid results in increased levels of hydrazine, especially in slow
acetylators, and that this higher amount of hydrazine can elicit hepatotoxic manifesta-
tions. This mechanistic explanation for hepatotoxicity is corroborated by the clinical find-
ings of increased hepatotoxicity in slow acetylators (219,220). However, the role of ace-
tylator phenotype on the occurrence of isoniazid-induced hepatotoxicity remains contro-
versial.

Increased age, chronic liver disease, poor nutritional status, and chronic alcoholism
are considered other predisposing factors in hepatitis induced by isoniazid-rifampicin treat-
ment of tuberculosis (220–222).

Nonetheless, monitoring liver status appears necessary for prevention of serious
hepatotoxicity. According to the recommendations proposed by the Joint Tuberculosis
Committee of the British Thoracic Society (223), serum aminotransferase levels must be
determined regularly: twice weekly during the first 2 weeks of therapy, then weekly during
the rest of the first 2 months, and every month thereafter.

When serum aminotransferase levels are increased to less than three times the upper
limit of normal, the treatment may be continued but the biochemical abnormalities should
then be monitored at shorter intervals. When serum aminotransferase levels rise above
three times the upper limit of normal, the antituberculous therapy should be stopped. After
serum aminotransferase levels have return to normal, or are less than two times normal,
isoniazid may be reintroduced at a lower daily dose, in combination with another antituber-
culous drug, except rifampicin and pyrazinamide, known to be also hepatotoxic.

H. Clindamycin

Clindamycin has been reported to result in mild to moderate elevation of aminotransferases
without jaundice in up to 50% of patients receiving this antibiotic (62,224).

Hepatitis with transient jaundice during the intravenous administration of large doses
of clindamycin has been described in one patient (225). The severity of concomitant sepsis,
however, was a confounding factor in ascertaining the causal relationship. Biochemical
presentation was both hepatocellular and cholestatic. Liver biopsy showed lobular disrup-
tion, pseudogranulomas, hepatocyte necrosis, eosinophilic bodies, and mononuclear cell
infiltration of slightly widened portal tracts; parenchymal inflammatory response was mini-
mal in comparison to the degree of hepatocellular damage and portal inflammation.

More recently one case of cholestatic liver disease with ductopenia after oral ad-
ministration of clindamycin has been reported (138). The biochemical pattern was pri-
marily cholestatic with moderate elevation of aminotransferases. Jaundice finally resolved
4 months after cessation of the drug but mild biochemical abnormalities of liver func-
tion were still present 2 years later, associated with continued duct injury and paucity on
liver biopsy. An immunoallergic mechanism possibly combined with some dose-depen-
dent toxicity [as evidenced in dogs (226)] might underlie clindamycin-associated hepato-
toxicity.
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III. ANTIFUNGAL AGENTS

A. Amphotericin B

Hepatotoxicity is considered a rare side effect of amphotericin B therapy (227,228). Up
to now there have been only three documented cases of amphotericin B-induced hepatotox-
icity. In a 32-year-old man with cryptococcal meningoencephalitis treated with amphoteri-
cin B intermittently over 1 year (total dose, 4.8 g in four separate courses) acute toxic
hepatic degeneration (evidenced at autopsy) developed 4 days prior to death while the
patient was receiving chlorpropamide and amphotericin B (229). There was marked centri-
lobular fatty infiltration with congestion but no inflammation. These findings were similar
to those seen in chemical poisoning. A confounding factor in this case report, however,
is that chlorpropamide is known to have hepatotoxic potential.

In another case report (230), a patient with acute myelogenous leukemia who had
normal liver function was treated with amphotericin B for fungal pneumonia. While he
was receiving the drug at high dosage for 18 days (cumulative dose 571 mg), asymptomatic
elevation of the levels of alkaline phosphatase, aminotransferase, and bilirubin was noted.
The levels returned to normal when the drug was discontinued. Rechallenge with a lower
dosage prompted a rapid rise in the levels of hepatic enzymes, with subsequent return to
normal when the medication was withdrawn.

A third case occurred in a 26-year-old man with life-threatening pulmonary blasto-
mycosis who developed asymptomatic elevation of his liver enzymes after the addition
of amphotericin B to the initial itraconazole therapy (231). Aminotransferases increased
up to 10–20 times normal, and alkaline phosphatase was two times normal on day 10 of
amphotericin B therapy, after a cumulative dose of 175 mg. The hepatotoxicity resolved
rapidly with discontinuation of amphothericin B. Liver biopsy revealed a mild focal fatty
change, and no evidence of acute or chronic inflammatory process.

B. Oral Antifungal Agents

These agents have been associated with different types of liver injury. A recent retrospec-
tive cohort study including 69,830 patients, 20–79 years old, free of liver and systemic
disease, who had received at least one prescription of either oral ketoconazole, itracona-
zole, fluconazole, griseofulvin, or terbinafine was performed between 1991 and 1996
(232). This study was undertaken in the general population of the General Practice Re-
search Database in the United Kingdom. Five cases of acute liver injury occurred during
current use of oral antifungals. Two patients were using ketoconazole, another two itra-
conazole, and one terbinafine. Incidence rates of acute liver injury were 134.1/100,000
person-months [95% confidence interval (CI), 36.8–488] for ketoconazole, 10.4 (CI, 2.9–
38.1) for itraconazole, and 2.5 (CI, 0.4–13.9) for terbinafine. The remaining case was
associated with past use of fluconazole. Ketoconazole was the antifungal associated with
the highest relative risk, 228 (CI, 33.9–933), when compared with the risk among non-
users, followed by itraconazole and terbinafine with relative risks of 17.7 (CI, 2.6–72.6)
and 4.2 (CI, 0.2–24.9), respectively.

1. Ketoconazole

Ketoconazole appears to be implicated more frequently than the other azoles in causing
hepatotoxicity, probably given its extensive metabolism in the liver (233–251). The inci-
dence of ketoconazole-associated liver injury had been initially estimated between 1 per
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1000 and 3000 patients, after taking into account the effect of underreporting in spontane-
ous monitoring systems (245).

The incidence, severity, and course of ketoconazole-associated liver injury have
been recently assessed in a controlled cohort study (251) including 211 patients with ony-
chomycosis. The patients were randomized to receive either ketoconazole (137 patients)
or griseofulvin (74 patients). No biochemical abnormality was found before therapy, and
all the patients were seronegative for hepatitis B or C. No biochemical abnormality or
hepatic injury was found in patients during griseofulvin treatment. Among the patients
treated with ketoconazole, 24 (17.5%) showed asymptomatic aminotransferase elevation.
Four patients (2.9%) developed overt hepatitis, which resolved after discontinuation of
the drug. Females and elderly patients seemed to be more prone to develop overt hepatitis,
as previously observed (245). In patients with asymptomatic liver injury, the abnormal
biochemical changes gradually returned to normal despite continuing ketoconazole ther-
apy. The median duration of therapy before the recognition of hepatic dysfunction or overt
hepatitis was 6 weeks (range, 2–12) and 5 weeks (range, 4–9), respectively, which were
similar to the median time to onset of jaundice reported previously in some series
(241,245).

Asymptomatic increase in serum aminotransferase levels occurs in 2–10% of pa-
tients (228) and is usually self-limited despite continued use of the drug (233,240,251).
In contrast, maintaining ketoconazole therapy despite the occurrence of hepatitis may lead
to death (246).

Biochemically, most cases of hepatitis are mainly of the hepatocellular pattern, the
other pictures being of mixed hepatocellular-cholestatic or of primarily cholestatic type
(238,241,251). In the 55 cases described by Stricker et al. (245), 54% of the patterns
observed from liver function tests showed primarily hepatocellular pattern, 16% were
cholestatic, and 25% showed mixed pattern. Recovery is usual after discontinuation of
the drug, with liver function tests returning to normal within 3 months (245,246).

Histopathological findings at liver biopsy usually include preservation of normal
lobular architecture, spotty necrosis, mononuclear cell infiltration in the portal area, centri-
lobular necrosis with central-portal bridging (233,238–241,245–247). Cholestasis, how-
ever, has been a major histological feature in some cases (241,245). An anecdotal case
of granuloma formation associated with spotty necrosis has been reported (251).

The mechanism of ketoconazole-induced liver injury is not well understood. The
usual absence of fever, skin rash, and eosinophilia in patients with liver injury
(235,238,239,244,245), and the variable duration of ketoconazole administration before
the onset of liver damage [4–270 days in the study by Lake-Bakaar et al. (246)] are
consistent with a metabolic rather than a hypersensitive basis for the idiosyncratic injury.
In addition, rechallenge is not followed by immediate recurrence (�48 h) of a more severe
liver injury as might be expected in an allergic phenomenon (234,238,247).

Similar to a number of drugs that produce immunoallergic hepatitis in a few subjects
and a mild increase in serum aminotransferase levels in a much larger proportion of pa-
tients, ketoconazole metabolism might lead to the formation of reactive metabolites that
induce allergic hepatitis in the former and direct toxicity in the latter.

Since it is currently not possible to predict which individuals are susceptible to liver
damage, it would seem prudent to instruct patients to stop the drug as soon as any symp-
toms suggestive of hepatitis (malaise, dark urine, pruritus) occur. The risk of hepatic injury
is assumed to be minimal with treatment of short duration (�10 days) given that the onset
of liver damage does not occur during the first week of therapy (246,251). Biochemical
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tests should be performed after the first 10 days of treatment and then twice a month
during prolonged therapy. Indeed, given the possibility of prolonged subclinical hepatitis
(for several weeks) with delayed onset of severe hepatic necrosis (246), it is warranted
to monitor liver function tests regularly during prolonged treatment with ketoconazole.
Asymptomatic increase in serum aminotransferase activity should alert the physician to
perform a further test within 1 week, as it could signal early hepatotoxicity. If the serum
aminotransferase levels increase gradually or rise significantly (greater than threefold)
above normal or symptoms develop, treatment should be stopped.

2. Fluconazole

Asymptomatic elevations of hepatic enzymes may occur during fluconazole therapy; they
are mild and transient and occur in �5% of patients (252). In some studies involving
immunocompromised patients, the reported incidence was higher (228). However, the
underlying disease or concomitant medications make causal relationship uncertain in this
kind of population. Fluconazole may give rise to symptomatic hepatotoxicity only rarely.
Nonfatal hepatotoxicity has been described in eight case reports (253–258). Biochemical
abnormalities pointed to a mixed cytolytic-cholestatic liver injury or a prominent chole-
static pattern. Five of these patients were HIV-positive and had received fluconazole for
a few days to 4 months. However, drug interactions with other potentially hepatotoxic
agents could have played a role in most cases. In some cases preexisting liver dysfunction
might have enhanced or facilitated the occurrence of fluconazole-related liver injury (256).

Up to now, three cases of fatal hepatitis have been associated with this antifungal
agent (254,259,260): onset of hepatitis emerged after 10–21 days of therapy, and two of
these fatalities occurred in HIV-positive patients. The liver damage found at biopsy was
a mixed hepatocellular-cholestatic pattern in one case and a widespread hepatic necrosis
in another case. Granuloma, fibrosis, or inflammation of the portal tracts was not observed.
In one case report of nonfatal fluconazole-related liver injury in a patient with AIDS who
had received fluconazole maintenance therapy for cryptococcosis (258), electron micros-
copy revealed enlarged smooth endoplasmic reticulum and megamitochondria with para-
crystallin inclusions. This has been related to the prolonged duration of therapy (�3
months) rather than excessive dosage. Because the principal mechanism of action of the
triazoles is to inhibit cytochrome P450 enzymes in fungal organisms, it has been hypothe-
sized that the mitochondrial hepatic abnormalities could be related to some fluconazole–
cytochrome P450 enzyme interaction at the level of the inner mitochondrial membrane
(258). Yet the pathogenesis of fluconazole-associated liver injury remains incompletely
understood.

3. Itraconazole

The safety profile of chronic itraconazole therapy has been evaluated in a prospective
clinical study including 189 patients with a variety of systemic mycoses for a median of
5 months (261). Itraconazole was administered at doses of 50–400 mg/day. Asymptomatic
abnormal liver function tests were seen in 7% of patients. Serum aminotransferase concen-
trations were elevated in 10 patients (5%) and were �3 times the upper limit of normal
in all 10 cases. Elevated serum alkaline phosphatase concentrations were seen in three
patients (2%) and were �3 times the upper limit of normal in one patient. Hyperbilirubi-
nemia was observed in two patients (1%) and was �2 times the upper limit of normal in
both. Some retrospective studies involving a much higher number of patients have re-
ported, however, quite low frequencies of itraconazole-associated liver dysfunction. In
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1993 (252), the incidence of hepatic reactions associated with this azole agent was approxi-
mately 6 in almost 5 million treatments. In a review of over 4000 well-documentated
patients treated with itraconazole there have been asymptomatic increases in liver enzymes
in 1–2% of patients. These enzymes returned to pretreatment levels after therapy was
discontinued (262). But in another study (232), the relative risk of acute hepatitis associ-
ated with itraconazole therapy in the general population has recently been estimated at
17.7 (CI, 2.6–72.6).

It remains that, up to now, only two cases of itraconazole-related symptomatic hepa-
titis have been reported (263,264). Biochemical abnormalities showed a mixed cholestatic-
hepatocellular pattern with predominant cholestasis and returned to normal within 6 weeks
following withdrawal of the drug.

The mild and transient liver enzyme elevations, the paucity of immunoallergic signs,
the delayed latent period, and delayed reaction to rechallenge are compatible with meta-
bolic idiosyncrasy to a mildly intrinsic hepatotoxicity.

Of note, itraconazole has been safely administered in a few patients with a history
of hepatitis due to ketoconazole or amphotericin B (262).

4. Terbinafine

In a postmarketing surveillance study including 25,884 patients treated with terbinafine,
two cases of symptomatic cholestatic hepatic injury considered potentially related to the
treatment were identified (265). Asymptomatic elevations on hepatic enzymes were re-
corded in 38 patients (0.14%). These elevations were all reversed on discontinuation of
terbinafine. The predominant indication for terbinafine treatment was onychomycosis
(72%); median duration of treatment was 12 weeks, and treatment extended beyond 6
weeks in 76% of patients and for at least 12 weeks in 59%.

Hepatobiliary disorders associated with orally administered terbinafine have rarely
been reported (266–268). The biochemical abnormalities observed in described cases of
terbinafine-induced liver injury were indicative of a mixed cholestatic-hepatocellular pat-
tern in three and a predominant cholestatic pattern in one. In the latter case, cholestasis
was prolonged with alkaline phosphatase and gamma-glutamyl transpeptidase levels peak-
ing about 80 days after discontinuation of the drug (268). Liver function tests returned to
normal within 2–6 months after withdrawal of the drug.

The mechanism of terbinafine-induced hepatic injury remains unclear. Terbinafine
binds only weakly to hepatic cytochrome P450 and does not seem to interfere with cyto-
chrome P450 enzymes involved in drug metabolism and synthesis of steroid hormones
(269). Therefore, the drug might have direct toxicity in a minority of patients. Moreover,
general hypersensitivity reactions like skin rash, fever, eosinophilia, or arthritis have not
been detected in the reported cases of hepatitis. Considering that terbinafine-associated
liver damage has not been reported in clinical trials, an uncommon metabolically mediated
idiosyncratic effect is probably involved.

5. Flucytosine

Abnormal liver function tests occur in 5–15% of patients treated with flucytosine (228).
This generally includes elevation of serum aminotransferases, sometimes combined with
elevation of alkaline phosphatase and bilirubin. Although most patients with flucytosine-
induced hepatitis are asymptomatic, histological evidence of patchy liver necrosis has
been observed, with some cases showing severe hepatic necrosis (270). The mechanism
of drug-induced hepatotoxicity is unknown.
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6. Griseofulvin

One case of cholestatic jaundice in a patient receiving griseofulvin has been reported
(271). Onset of hepatitis occurred within 2 weeks of treatment. Liver biopsy revealed
cholestasis characterized by bile canaliculi containing bile casts, associated with a slight
to moderate inflammatory infiltrate in the periportal spaces. This patient recovered com-
pletely within 1 month after discontinuing the drug.

IV. CONCLUSION

There is no specific treatment for antimicrobial-induced hepatotoxicity. Management of
drug-induced hepatotoxicity is usually confined to the discontinuation of the causative
agent, with careful observation of the patient to make sure the expected improvement
begins to occur within 2 weeks.

Supportive treatments may be needed in case of severe cholestasis or hepatocellular
insufficiency. Therapy with corticosteroids may be used in patients with evident hypersen-
sitivity but controlled trials have not proved the efficacy of such treatment. This holds
true also in patients suffering from very severe acute liver disease with the potential for
fulminant hepatic failure. Rarely, liver transplantation may appear as the sole therapeutic
tool for some cases of fulminant hepatic failure (13,206).

Early detection of liver injury, together with prompt withdrawal of the offending
agent, and delineation of high-risk groups of patients for hepatotoxicity are crucial and
remain the most effective methods of prevention. Patients should be warned to report
nonspecific features that may represent the onset of drug-induced hepatitis, such as fever,
unexplained nausea, right-upper-quadrant abdominal pain, or asthenia. In most cases,
women or the elderly seem to be at higher risk to develop hepatotoxicity related to antimi-
crobial agents. Patients with AIDS form another high-risk group for liver injury, especially
that associated with trimethoprim-sulfamethoxazole.

Polypharmacy should be avoided when possible because drug reactions are more
frequent in this condition. This is of particular relevance in the elderly: polypharmacy is
usual in this population, and, as indicated earlier in several instances, advanced age by
itself frequently represents a risk factor for drug-induced hepatotoxicity. Also of impor-
tance is reporting suspected adverse effects to monitoring agencies during postmarketing
surveillance of new drugs because their actual hepatotoxic potential may not be recognized
until after their introduction on the market.
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I. INTRODUCTION

Tuberculosis is a major public health problem in the developing countries and there is
ample evidence for its resurgence in the developed countries during the last few years
(1). However, effective treatment is available to treat most of the cases with tuberculosis.
The currently recommended treatment regimen for tuberculosis includes four first-line
drugs—isoniazid, rifampicin, ethambutol or streptomycin, and pyrazinamide—for a pe-
riod of 3 months followed by continuation of a “core” of isoniazid and rifampicin for the
next 6 months (2). The response to the treatment is generally very good and gratifying
but at times it may be poor and frustrating, e.g., in patients with coexistent HIV infection,
infection with resistant strains of Mycobacterium tuberculosis, poor drug compliance, and
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development of serious toxicity necessitating stoppage of drugs. The antituberculous treat-
ment (ATT)-associated side effects may involve almost all systems in the body such as
the gastrointestinal tract, liver, skin, nervous system, otovestibular apparatus, eyes, etc.
Of these, drug-induced hepatotoxicity is the most important and common adverse effect
observed (3,4). The underlying mechanisms of ATT-induced hepatotoxicity are not clearly
understood (3,4). Development of hepatotoxicity usually has a benign course, but may
result in serious morbidity and even mortality (2–5). In addition, it has important implica-
tions with regard to the treatment of the underlying tuberculosis, i.e., how to use these
effective antituberculous drugs with potential hepatotoxicity in patients who have devel-
oped ATT-induced hepatotoxicity. In this review we shall discuss the incidence, course,
and pathophysiology of hepatotoxicity associated with different antituberculous drugs,
predisposing factors for the development of antituberculous drugs–induced hepatotoxicity,
and the management of such hepatotoxicity as well as of underlying tuberculosis.

II. ISONIAZID (INH)

INH was introduced for the treatment of tuberculosis in the 1960s and is considered to
be the single most effective drug against tuberculosis. Initially INH was not recognized
to cause hepatotoxicity. In 1969, however, Scharer and Smith reported an alarming inci-
dence of 10.3% of INH-induced hepatotoxicity in the form of raised transaminases and
overt jaundice (6). In a large study of 2321 patients who were on INH prophylaxis, clinical
hepatitis was reported to occur in 19 (1%) patients and overt jaundice in 13 patients with
one death (7). After these early reports suggesting INH-induced hepatotoxicity, the U.S.
Public Health Service (USPHS) conducted a large multicenter prospective study in patients
receiving INH for chemoprophylaxis to determine the incidence and course of INH-
induced hepatotoxicity. In that study of 13,838 patients the overall incidence of INH-
induced hepatotoxicity was 10.3/1000 (1%) with a mortality rate of 0.06% (8). In addition
to patients developing clinical hepatitis, a much larger proportion of patients, i.e., 10–20%,
developed asymptomatic elevation of transaminases (9). However, recent data suggest that
hepatotoxicity resulting in clinical hepatitis is indeed much less common. In a 7-year
survey from a public health tuberculosis clinic in the United States, the incidence of INH-
induced “clinical hepatitis” was 0.1% in those starting treatment and 0.15% in those com-
pleting the treatment (10). The reason for such a low incidence was that the patients were
not routinely screened for a rise in transaminases and only patients with symptomatic
hepatitis were included. This study underscores the point that clinically significant hepato-
toxicity due to INH is very uncommon and a mere rise in transaminases does not warrant
any alteration in ATT. Most of the patients with asymptomatic rise in transaminases do
not develop overt hepatitis and do not usually require any alteration in their drug treatment.
The usual clinical course is gradual resolution of hepatitis within 1–4 weeks after INH
is discontinued. However, if the drug is continued, patients may develop severe hepatitis,
including fulminant hepatic failure (11). INH alone may cause death due to hepatotoxicity.
Recently, Snider and Caras, after reviewing the articles published from 1965 through 1989,
identified 177 deaths from INH-induced hepatitis among persons taking INH alone for
chemoprophylaxis in the United States (12). They also found that (1) deaths from INH
hepatitis are less frequent now than in the 1970s; (2) an increasing proportion of deaths
occur with increasing age; and (3) women may be at an increased risk of death.
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Figure 1 Metabolic pathway of INH.

III. INH METABOLISM AND POSSIBLE MECHANISM OF
HEPATOTOXICITY

INH is metabolized through two important pathways, i.e., acetylation and hydrolysis (Fig.
1) (38). INH is acetylated to acetyl isoniazid. Acetyl isoniazid is then hydrolyzed to mono-
acetyl hydrazine and isonicotinic acid. This is known as the indirect pathway of metabo-
lism. In the direct pathway INH is hydrolyzed by isoniazid hydrolase to isonicotinic acid
and hydrazine. Isonicotinic acid formed through either the indirect or the direct pathway
is conjugated with glycine and excreted by the kidneys.

The possible toxic metabolites are hydrazine and monoacetyl hydrazine. Monoacetyl
hydrazine is primarily converted to diacetyl hydrazine, which is excreted by the kidneys.
But monoacetyl hydrazine may also be converted to electrophilic intermediates by the
P450 mixed-function oxidase enzyme system. These intermediate metabolites may cause
hepatotoxicity. Hydrazine formed through the direct metabolic pathway after hydrolysis
of INH has been shown to be hepatotoxic in animal studies.

The pathogenesis of INH-induced hepatotoxicity is not well understood. Both dose-
related toxicity and hypersensitivity reaction have been considered. The histopathological
picture resembles that of viral hepatitis and shows hepatocyte necrosis, ballooning degen-
eration, and inflammatory infiltrate (13). These findings may suggest dose-related toxicity.
Hypersensitivity is considered unlikely because of the delayed onset of INH-induced
hepatotoxicity; absence of symptoms usually associated with hypersensitivity such as rash,
fever, arthralgia, and eosinophilia; and no hepatotoxicity on rechallenge in most cases
(14,15). However, in some patients there is circumstantial evidence of hypersensitivity to
the drug in that eosinophils are prominent on liver biopsy and there is development of
hepatotoxicity on rechallenge (15). In addition, lack of direct correlation between serum
drug levels and hepatotoxicity argues against a direct toxic effect (16).

IV. RIFAMPICIN

The major adverse effect of Rifampicin (RMP) therapy is hepatotoxicity. It has been re-
ported that RMP has caused 16 deaths in 500,000 recipients of this agent (17). Minimal
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abnormalities in the liver function tests are common in patients receiving rifampicin and
usually resolve even with continuation of the drug. Elevations of bilirubin and alkaline
phosphatase levels are characteristic whereas elevations of transaminases can result from
RMP, INH, or both (18). It has been observed that RMP-induced hepatotoxicity occurs
earlier and produces a patchy cellular abnormality with less marked periportal inflamma-
tion compared to INH hepatitis (19). In several published studies the reported incidence
of transaminase elevation and overt clinical hepatitis during RMP therapy in the absence
of INH varied from 0.6 to 2.7% (20–22). On meta-analysis of these studies, the mean
incidence of hepatitis in 1264 patients was 1.1%, significantly lower than that seen with
INH and RMP combination (2.5%) (23). One Indian study reported jaundice in 7–8% of
patients on RMP therapy (24). The mechanisms postulated to explain RMP-induced hepa-
titis are: (1) as a part of a systemic allergic reaction, which may be responsible for 1–
3% of cases (25), and (2) unconjugated hyperbilirubinemia as a result of competition with
bilirubin for uptake at the hepatocyte plasma membrane (26).

V. PYRAZINAMIDE

Hepatic injury is the most common and serious side effect of pyrazinamide (PZA) therapy.
Early trials of PZA employed dosages of 40–50 mg/kg/day for prolonged periods and
hepatotoxicity appeared in 15% of cases, so the use of PZA as a first-line drug was aban-
doned (27). Currently recommended regimens using PZA at a dosage of 20–35 mg/kg/
day appear to be much safer. A large Indian study on hepatic toxicity with short-course
regimens containing INH, RMP, and PZA reported that there was no indication that PZA
contributed to hepatotoxicity (28). However, another case-control study from our center
(29) and one recent study from the West (30) have shown that PZA contributes to the
development of hepatotoxicity when it is given to patients in combination with INH and
RMP. Both these studies have also reported cases of fulminant hepatic failure due to these
drugs.

VI. COMBINATION OF ISONIAZID AND RIFAMPICIN AND
HEPATOTOXICITY

There is evidence that drug-induced hepatitis occurs with greater frequency and may be
more severe when isoniazid and rifampicin are administered in combination than when
isoniazid is given alone (31,32). Some reports have suggested that hepatitis appeared
sooner on INH-and-RMP combination therapy than on INH therapy alone, with prompt
and major elevations of transaminase levels and hypoprothrombinemia in some patients
(33,34).

Steele et al. undertook a meta-analysis to estimate the incidence of antituberculous
treatment–induced hepatitis (23). A total of 34 clinical studies (22 involving adults and
12 involving children) published between 1966 and 1989 were entered into the analysis.
The results showed that the incidence of clinical hepatitis in adults with INH alone was
0.6%; with multidrug INH regimens without RMP, 1.6%; and with regimens containing
RMP and not INH, 1.1%. The incidence of clinical hepatitis in 6105 patients taking the
INH-and-RMP combination was 2.55%, which was significantly higher than the incidence
in groups of patients taking multiple drugs containing INH regimens without RMP and
those taking multiple drugs containing RMP without INH. Children receiving INH plus
RMP had a significantly higher incidence of hepatitis (6.9%) compared to those receiving
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multiple-drug INH regimens without RMP (1.6%). The authors concluded that INH-and-
RMP combination caused more hepatotoxicity than either INH or RMP alone and the
hepatotoxic effects of these two drugs given together were additive rather than synergistic.
Why is there an increased risk of hepatotoxicity with INH-and-RMP combination? The
answer probably lies in the interaction between INH and RMP metabolism. The metabo-
lism of isoniazid is influenced by both genetic and intercurrent factors. The principal
metabolite of INH, acetyl isoniazid, is converted to monoacetyl hydrazine. This in turn
is metabolized by microsomal P450 enzymes to other compounds causing hepatotoxicity
and this effect may be enhanced by RMP-induced enzyme induction. Because acetyl iso-
niazid formation occurs in larger amounts in rapid rather than slow acetylators, it was
suggested that rapid acetylators might be more prone to hepatotoxicity (15). However,
subsequent studies questioned the importance of this sequence to the development of
hepatotoxicity as it was shown that monoacetyl hydrazine formed was rapidly converted
into the less toxic diacetyl hydrazine, which was excreted rapidly (35). Both rapid and
slow acetylators excreted similar proportions of monoacetyl hydrazine, suggesting that
the more rapid formation of monoacetyl hydrazine was compensated by its more rapid
conversion to diacetyl hydrazine and its excretion in rapid acetylators (36).

Other studies have suggested that products of hydrolysis rather than acetylation are
the critical toxic metabolites of INH. Ellard and Gammon showed that a small proportion
of INH is directly hydrolyzed by isoniazid hydrolase to isonicotinic acid (INA) and hydra-
zine, and the proportion of drug metabolized through this direct pathway is greater in
slow than in rapid acetylators (37). Studies by Sarma and associates showed that the
hepatotoxic action of metabolites of INH is not so much due to the monoacetyl hydrazine
but to the hydrazine formed from INH (38). Rifampicin induces the metabolism of INH
by isoniazid hydrolase resulting in the formation of isonicotinic acid and hydrazine (39).
It has been suggested that concomitant administration of RMP and INH could result in
increased levels of hydrazine and this could provoke hepatotoxicity, especially in slow
acetylators (38). This hypothesis is supported by the finding of increased hepatotoxicity
in slow acetylators who are given a combination of INH and rifampicin (40,41). That
hydrazine, a metabolite of INH, may be responsible for INH-induced hepatotoxicity has
also been suggested by a recent study. It was shown in a rabbit model that an amidase
inhibitor inhibited the formation of hydrazine and decreased the measures of hepatocellular
damage (42).

VII. RISK FACTORS FOR ATT-INDUCED HEPATOTOXICITY

The fact that antituberculous drugs cause hepatotoxicity in only a small percentage of
patients raises the question of whether there are some predisposing factors for the develop-
ment of ATT-induced hepatotoxicity. Certain such putative factors have been considered
and studied. They are as follows.

A. Acetylator Status and Hepatotoxicity

As mentioned above, there is considerable confusion in the literature regarding the acetyla-
tor phenotype and hepatotoxicity. Rapid acetylators have been shown to be more suscepti-
ble to INH-induced toxic hepatitis (15). On the other hand, in patients receiving regimens
containing INH and RMP, the incidence of hepatotoxicity was found to be higher in slow
than in rapid acetylators (28). However, Gurumurty et al., in a study of 3000 South Indian
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patients receiving various INH-containing regimens, demonstrated that there was no rela-
tionship between the acetylator phenotype and the incidence of hepatotoxicity (43). In
another study the authors also did not find any correlation between acetylator status and
development of ATT-induced hepatotoxicity (44).

B. N-Acetyltransferase 2 Genotype and Hepatotoxicity

A recent study has shown that slow NAT-2-genotype significantly affected the develop-
ment of INH�RMP induced hepatotoxicity (45).

C. Age

INH hepatotoxicity has been correlated with age. The incidence of serious hepatotoxicity
is rare below 20 years of age—0.3% in the age group of 20–34 years, 1.2% in the 35–
39-year age group, and 2.3% in patients above the age of 50 years (46). Although a recent
Indian study claimed that age had no relation with ATT-induced hepatotoxicity (47), two
subsequent studies demonstrated once again the increased susceptibility to ATT hepatotox-
icity with increasing age. A study from Belgium showed that elderly patients (�60 years
of age) with pulmonary tuberculosis were more likely to have raised transaminases follow-
ing INH and RMP administration than younger patients (38% vs. 18%, p � 0.05) (48).
Another study from Denmark also found old age as a risk factor for development of ATT-
induced hepatotoxicity (49).

D. Sex

Elderly females have been reported to be at an increased risk to develop ATT-induced
hepatitis (50). However, some authors believe that the incidence of adverse hepatotoxic
reactions to antituberculous drugs is not influenced by the sex of the patients (47). In our
experience females were more susceptible to develop ATT-induced acute liver failure
(29). An 11-year study from Denmark also found females to be more susceptible to ATT-
induced liver damage (49).

E. Underlying Chronic Liver Disease

It has been shown that patients with underlying liver disease and alcoholics are more
prone to develop ATT-induced hepatotoxicity. Gronhagen-Riska et al. studied predispos-
ing factors in isoniazid-refampicin–induced hepatitis and reported that one-half of the
patients who developed large increases in transaminases (more than 150 units/dL) were
either alcoholics or had a history of previous liver or biliary disease (50). A study from
Europe also showed that concurrent and previous biliary disorders were risk factors for
isoniazid hepatotoxicity (51). Kopanoff et al. have reported that hepatotoxicity is more
likely in alcoholics with preexisting liver damage than in nonalcoholics (8). However,
Girling observed that patients with known liver disease could be treated with isoniazid-
and-rifampicin-containing regimens without undue risk (27).

F. Hepatitis B Carrier State

There are conflicting data with regard to the risk of hepatotoxicity in patients with HBV
infection. McGlynn et al. reported that there was no evidence of increased risk of hepato-
toxicity with isoniazid therapy in HBV carriers than in noncarriers (52). In another recent
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study, it was observed that following isoniazid-and-rifampicin therapy, the peak transami-
nase and bilirubin levels were higher in patients who were HBV carriers than in others
(50). Fulminant and subacute hepatic failures were seen more frequently in them, with a
significantly higher mortality as compared to noncarriers (53). In a prospective study, no
increased risk was noted for hepatotoxicity in patients with either underlying compensated
chronic liver disease or hepatitis B carrier state (29). A recent study has, however, found
that Chinese patients who were HBV carriers were more susceptible to develop ATT-
induced liver injury as compared with noncarriers (34.9% vs. 9.4%, respectively) (54).

G. Hepatitis C Virus and HIV Infection

In a recent study it was shown that the relative risk of developing ATT-induced liver
injury if the patient was hepatitis C or HIV positive was fivefold and fourfold, respectively.
If a patient was coinfected with both hepatitis C and HIV, the relative risk was 14.4-fold
(55).

H. Alcohol

Chronic alcohol consumption may be a risk factor for ATT-induced hepatotoxicity. How-
ever, the Danish study did not find alcohol consumption as an important risk factor (49).

I. Malnutrition

Mehta et al. have shown that drug-metabolizing processes in the liver, including acetyla-
tion pathways, are deranged in states of protein energy malnutrition (56,57). A significant
decrease in INH metabolism has been demonstrated in kwashiorkor (58). In India, a higher
incidence of rifampicin-isoniazid hepatotoxicity has been reported in patients with malnu-
trition (59,60). A mild degree of malnutrition in children, however, may not predispose to
hepatotoxicity (61). In a study on predictive factors for the development of ATT-induced
hepatotoxicity, it was observed that adult patients who were malnourished were given
higher-than-normal dosages of drugs per kilogram body weight, which was probably one
of the reasons for the development of hepatotoxicity in them (29).

J. ATT-Induced Hepatotoxicity and the Type of Tuberculosis

Patients with severe forms of tuberculosis are reported to be at a higher risk of hepatotoxic-
ity than those with mild disease (49,62). Patients with tubercular meningitis have a higher
incidence of hepatotoxicity as compared to those with milder disease (63). Similar findings
have been reported in studies from India attributing ATT hepatotoxicity to factors such
as hepatic involvement by the primary disease, malnutrition, more frequent hospitalization
and parenteral therapy, and a closer biochemical monitoring in these patients and thus
more chances of ATT hepatitis being diagnosed (28,64). In our experience, the site and
severity of the underlying tuberculosis have no correlation with the development of ATT-
induced hepatotoxicity. In fact, in our experience, 16% of patients with evident ATT
hepatotoxicity did not have any definite evidence of tuberculosis (65).

VIII. CLINICAL COURSE OF ATT-INDUCED HEPATOTOXICITY

Most of the patients with ATT-induced hepatotoxicity have only asymptomatic elevation
of transaminases. In about 1% of patients only overt icteric hepatitis develops. The onset
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of hepatitis usually resembles that of viral hepatitis. In fact, in two studies it was empha-
sized that not all presumably ATT-induced hepatitis cases were due to ATT but many of
these cases were actually due to viral hepatitis (64,66). The duration of ATT-induced
hepatotoxicity has been reported to be 1–2 weeks in the majority of cases, although it
ranged from less than 1 week to 2 months. The majority of cases with ATT-induced
hepatitis resolve spontaneously following the withdrawal of the offending drugs. However,
in a substantial percentage of patients severe liver damage may occur leading to acute or
subacute liver failure with subsequent mortality. The development of ATT-induced acute
liver failure has been reported in many studies and such cases indicate the rapidity, the
severity, and the importance of ATT-induced hepatotoxicity. In a recent study, 15% of
patients with clinical ATT hepatitis developed acute and subacute liver failure, of which
nine patients died, resulting in a mortality of 75% and an overall mortality of 12% for
the whole group of patients with ATT-induced hepatotoxicity (65).

IX. MANAGEMENT OF ATT-INDUCED HEPATOTOXICITY

A. Monitoring of Liver Function Tests

All patients who are being started on ATT should have a baseline evaluation of liver
function tests (LFT). In younger patients (�35 years of age) routine monitoring of LFT
is not recommended unless patients manifest with symptoms suggestive of hepatotoxicity.
This recommendation is based on the fact that ATT-induced hepatotoxicity is rare in pa-
tients younger than 35 years. However, regular once-a-month monitoring of LFT is recom-
mended for older patients, patients with underlying liver diseases, patients with coexistent
hepatitis B, C, or HIV infection, and malnourished patients because there are evidences
that there is an increased risk of developing ATT-induced liver injury in these groups of
patients. These recommendations are based on American Thoracic Society guidelines for
managing patients with tuberculosis (67).

B. Treatment

Once a patient develops clinical hepatitis or the liver enzymes are raised �5 times normal,
this mandates immediate stoppage of all potentially hepatotoxic drugs. A complete liver
function profile should be carried out including prothrombin time. Serology for viral hepa-
titis should be done. Adequate nutrition, rest, and careful clinical monitoring suffice for
the majority of patients. Serial laboratory investigations to monitor liver functions should
be done at least once a week. In patients with severe liver damage intensive medical
supportive treatment should be started. Liver transplantation may be required in certain
patients who fail to recover with conservative treatment and it has been shown to be
successful and rewarding in such cases (68).

X. TREATMENT OF UNDERLYING TUBERCULOSIS

There is a dearth of information on how best to treat the underlying tuberculosis in patients
who have developed hepatotoxicity. Treating tuberculosis in such a patient poses a difficult
clinical challenge. It is essential to first stop all potentially hepatotoxic drugs until com-
plete clinical and biochemical resolution of hepatitis. In the interim, nonhepatotoxic drugs
such as ethambutol, streptomycin, and ciprofloxacin should be started. After complete
resolution of hepatitis, most antituberculous drugs can be safely restarted in a phased
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manner. Although there exists a great deal of controversy regarding the safety and wisdom
of starting the same hepatotoxic drugs that caused the hepatitis, the clinical experience
has shown that the same drugs can indeed be given safely (49,70). No study is available
on a systematic approach to reintroduce ATT in a patient who has had ATT hepatitis in
the past. Some earlier studies have, however, shown that reintroduction of ATT may be
risky (14,69). By contrast, others have shown that reintroduction of ATT (containing isoni-
azid and/or rifampicin) is possible in the majority of patients (27,28,70). In our experience,
we could safely reintroduce INH and RMP in most of our patients (93%) after recovery
from hepatitis in the appropriate dosages calculated according to body weight (65). This
attempt to reintroduce potentially hepatotoxic drugs might generate some concern regard-
ing safety. The reasons for such an attempt were that non-INH, non-RMP ATT regimens
are marred with problems such as very long duration of treatment, lack of definite proof
of clinical efficacy for treating tuberculosis, and development of resistance as in the case
of ciprofloxacin. As a matter of caution, we reintroduced ATT in a stepwise manner with
regard to both the specific drug and the dosage. In the final analysis, this strategy proved
to be fairly effective and safe. Nonetheless, ATT-induced hepatotoxicity redeveloped in
six of our 44 patients following reintroduction of ATT and this remained a definite and
unpredictable risk. In addition, there is a small, albeit significant, subgroup of patients
with ATT-induced severe liver failure and reintroduction of the same potentially hepato-
toxic drugs should not be ventured in these patients following recovery.

Liver transplantation may be required for seriously ill patients with ATT-induced
acute liver failure (68). Why did hepatitis not recur on rechallenge with these agents? A
possible explanation could be the improved general condition after these patients had
received ATT for some time with reduction of the bacterial load and toxemia. Second,
these drugs were reintroduced in a phased manner and after adjustment of the dosages
according to the lower body weight that was present in many of these patients. Such a
cautious strategy of reintroducing ATT might have spared patients from the initial on-
slaught of potentially hepatotoxic drugs when given together in full dosages. It follows,
therefore, that the majority of patients with ATT-induced hepatotoxicity recover com-
pletely and reintroduction of ATT is feasible and safe in them.

XI. RECOMMENDATIONS FOR REINTRODUCTION OF ATT

Based on our own and others’ experiences (49,65,70), the following reintroduction strategy
may be suggested. (1) After the liver enzymes and bilirubin levels have normalized, INH
should be started in a small dose and then increased gradually to full dose, e.g., 50 mg/
day for 3 days, then 100 mg/day for 3 days, then 200 mg/day for 3 days, and then full
dose (depending on the body weight of the patient). (2) After INH has been reintroduced,
pyrazinamide should be added after 1 week of observation. (3) Finally, rifampicin should
be added after 1 week. The reasons for starting pyrazinamide before rifampicin are that
pyrazinamide is less toxic than rifampicin and rifampicin is an enzyme inducer. During
this period of ATT reintroduction, careful monitoring of liver function tests is mandatory
at each step, i.e., before increasing the dose of INH and before adding another drug. If
LFT shows abnormality during INH reintroduction, then INH is most likely the offending
drug and should not be given to that patient. Similarly, if LFT abnormality occurs during
pyrazinamide or rifampicin reintroduction, then that particular drug should not be given
to the patient.
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XII. CONCLUSION

ATT-induced liver injury is usually restricted to asymptomatic elevation of transaminases,
which does not mandate any modification of ATT. A small number of patients (�1%)
may develop clinical hepatitis that warrants modification of ATT and stoppage of all hepa-
totoxic drugs. The clinical course of such patients is mild and most patients recover com-
pletely. ATT can be safely restarted in most of them gradually in a phased manner. How-
ever, severe liver damage may occur in a minority of patients, which may even require
liver transplantation.
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I. INTRODUCTION

The human immunodeficiency virus (HIV) epidemic dramatically changed the way antivi-
ral medications are administered. Patients are no longer given short courses of a single
antiviral agent for symptom control, as in herpetic infections. The management of selected
viral illnesses now requires prolonged administration of multiple antivirals to prevent dis-
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ease progression. This paradigm shift occurred in 1995, owing to the antiretroviral man-
agement of HIV infection (1,2). Antiretroviral cocktails containing three to five antiretrovi-
ral drugs, referred to as highly active antiretroviral therapy (HAART), improved clinical
outcomes by reducing morbidity and mortality associated with HIV progression (1–3).
The antiviral activity of some of these agents is not limited to HIV, but includes inhibition
of the hepatitis B (HBV) virus (4,5). Hepatitis C is a disease affecting close to 2% of all
U.S. residents (6), and its treatment has also advanced swiftly (7). Four interferon prepara-
tions are currently approved for the treatment of chronic hepatitis C, and newer long-
acting preparations have been marketed (8,9). Finally, advances have been made in the
development of anti-influenza medications, which are expected to be used by an increasing
number of individuals, each year (10). As a consequence, hepatic drug toxicity, sometimes
detected only with extensive postmarketing experience, has been increasingly noted in
some classes of drugs (11–13). Moreover, selected patients, e.g., those anti-HIV-positive,
appear more prone to develop hepatotoxicity, to sulfa drugs, or oxacillin, for example
(14–16). Thus, as therapy with antiviral agents becomes more common, complex, and
prolonged, the potential for overt hepatotoxicity will no doubt increase (13).

II. METABOLISM OF ANTIVIRAL MEDICATIONS

Most drugs are lipophilic substances metabolized in the liver into water-soluble sub-
stances, resulting in biliary or renal elimination (17,18). The first biotransformation step
is mediated by smooth endoplasmic reticulum enzymes, belonging to the cytochrome P450
(CYP) enzyme superfamily (17–19). CYP 3A4 appears to be the most important enzyme
involved with the metabolism of HIV protease inhibitors (PIs) and nonnucleoside reverse
transcriptase inhibitors (NNRTIs) (Table 2) (20–23). Alternative subtypes, such as CYP
2D6, are involved with ritonavir and delavirdine metabolism (Table 1) (20–23). The activ-
ity of these enzymes is determined by both gene expression and environmental induction.
Genes differ between ethnic groups: for example, up to 10% of Caucasians are poor metab-
olizers of substrates for CYP 2D6, as compared to Asians (�1%) (19). More than 20
mutations of the CYP 3A4 gene are currently known, therefore explaining individual sus-
ceptibility to administration of the same drug (19). Thus, it is clear that the metabolism
of any xenobiotic can potentially transform chemically stable compounds into toxic metab-
olites (17). An overview of the available data on antiviral hepatotoxicity is given in
Table 2.

III. POSSIBLE MECHANISMS OF HEPATOTOXICITY

Despite advances in antiviral research, and the availability of sophisticated molecular tech-
niques, the exact mechanisms of drug-induced hepatotoxicity (DIH) are still not clearly
delineated (12). Drug-induced hepatotoxicity can be the consequence of direct chemical
interaction between cellular components and either the parent agent or its metabolites (17).
The injury may be dose-dependent and predictable, but is more often idiosyncratic (18).
Cellular mechanisms of liver injury include: covalent binding to key cellular proteins,
generation of free radicals, induction of lipid peroxidation, plasma membrane injury, mito-
chondrial or nuclear toxicity (12,17,18,24). Any of the above may lead to hepatocyte
necrosis or apoptosis (24). Alternatively, DIH may be allergic in type, with the formation
of a hapten attached to the plasma membrane, recognized by the immune system as foreign,
thus initiating an intrahepatic inflammatory reaction (18).
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Table 1 Overview of the Principal Antiviral Medications
and Their Association with Hepatotoxicity

Number of
Abnormal liver hepatotoxicity

Drug tests � 2% cases reported Liver failure

Abacavir � � �
Delavirdine � � �
Didanosine � 4 �
Efavirenz � 1 �
Famciclovir � � �
Ganciclovir � 5 �
Hydroxyurea � 3 �
Indinavir � 6 �
Interferon � �12 �
Lamivudine � 5 �
Nelfinavir � � �
Nevirapine � 11 �
Ritonavir � 12 �
Saquinavir � � �
Stavudine � 11 �
Valacyclovir � 1 �
Zalcitabine � � �
Zidovudine � 18 �

� � reported; � � not reported.

IV. RISK FACTORS FOR ANTIVIRAL HEPATOTOXICITY

A number of factors can increase the risk of developing hepatotoxicity due to antivirals.
These include age, gender, preexisting liver disease, antioxidant status, alcohol use, base-
line and HAART-induced CD4 counts changes, as well as genetic factors.

Aging results in a decline in the ability to eliminate drugs (25). The major mecha-
nism is thought to be a decreased hepatic blood flow (26), which leads to drug accumula-
tion and increased potential for DIH (26). In vitro, CYP activity appears to remain stable
with age (26,27).

A number of antiretroviral studies have shown that women are more likely to de-
velop drug-related toxicity when receiving HAART (28,29). Women present a complex
situation owing to menstrual hormonal changes, which can theoretically affect the expres-
sion of hepatic metabolic enzymes (30). However, it appears that CYP 3A metabolism
of midazolam is affected neither by gender nor by menstrual cycle phase, in white non-
smokers (30). Oral contraceptives do not appear to alter the pharmacokinetics of midazo-
lam (25) but enhance clearance of clofibrate (31).

As shown in Table 1, drugs like ritonavir and nelfinavir are mainly CYP inhibitors
(20–23). Thus, one would predict that they would cause increased levels of other drugs.
However, this theoretical interaction is not always noted clinically (32). In fact, ritonavir
reduces ethinyl-estradiol plasma concentration by 40%, and nelfinavir reduces the levels
of norethindrone by 18% (23).

Patients with preexisting liver disease, i.e., advanced fibrosis or cirrhosis, may be
at higher risk for developing DIH (33). This is thought to occur mainly for drugs with
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Table 2 Cytochrome P450 Metabolism and Drug-Drug Interaction of NNRTIs and PIs

Metabolism Inhibits Induces ↑ AUC of the ↓ AUC of the
Drugs by CYP CYP CYP following drugs: following drugs:

HIV protease inhibitor
Ritonavir 3A4 3A4 3A4, SQV 17� —

2D6 2C9, IDV 2–5�
1A1 NFV 1.5–2.5�

Saquinavir 3A4 3A4 — — —
Amprenavir 3A4 3A4 — — —
Nelfinavir 3A4 3A4 IDV 50% DLV 50%

SQV 3–7�
APV 1.5–2.7�

Indinavir 3A4 3A4 — NFV 80% —
APV 50–60%
SQV 4–7�

Lopinavir 3A 3A — RTV 50% —
2D6

Nonnucleoside reverse transcriptase inhibitor
Nevirapine 3A4 — 3A — —
Efavirenz 3A4 3A4, 3A4 — SQV 60%

2B6 2B6,
2C9,
2C19

Delavirdine 3A4 3A4, — RTV 70% —
2D6 2D6, SQV 5�

2C9, NFV 2�
2C19 IDV 2–5�

IDV � indinavir; NFV � nelfinavir; DLV � delavirdine; SQV � saquinavir; RTV � ritonavir; APV � amprena-
vir; AUC � area under curve.
Source: Adapted from refs. 20, 22, 23.

dose-dependent toxicity. For the majority of DIH (idiosyncratic), preexisting liver disease
may place hepatocytes at risk through a decrease in defense mechanisms, e.g., low glutathi-
one (GSH) levels (33). In addition, the use of multiple drugs in the setting of cirrhosis
will complicate their pharmacodynamic interaction (33).

Patients with HIV infection are often coinfected with hepatitis B or C (34,35). In
a French cohort study, three factors were significantly and independently associated with
World Health Organization (WHO) grade 3 ALT elevation (greater than 5 times the upper
limit of normal, ULN) after therapy with different antiretroviral agents (36). These were:
prior ALT elevation, presence of HBsAg, or evidence of hepatitis C virus (HCV) infection.
In another study, patients taking nucleoside analogs (NAs) were more likely to experience
WHO grade 3 or 4 (greater than 5 or 10� ULN) AST or ALT elevations, if they were
also anti-HCV positive (37).

Intracellular GSH is an important factor protecting hepatocytes against oxidative
injury (17,38,39). A decline in cellular GSH content also may decrease the ability to
eliminate reactive intermediates, allowing their accumulation (40,41), and GSH depletion
has been associated with hepatotoxicity due to a number of xenobiotics, such as acetamino-
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phen and benzene (17,18). HIV infection is associated with lower plasma GSH levels,
and in these patients, hepatic GSH stores decline even in early HIV disease (41,43). Plasma
and whole-blood levels of GSH are 60% and 20% lower than in controls, respectively
(43,44). These findings led to the successful strategy of utilizing N-acetylcysteine supple-
mentation to increase biosynthesis of GSH (45). However, a recent investigation suggested
that the transactivatory HIV protein Tat downregulated glutamylcysteine synthetase
(GCS), the rate-limiting enzyme in GSH biosynthesis (46). Intracellular levels of GSH in
both liver and erythrocyte samples were significantly lower in Tat� transgenic mice, com-
pared to control animals (46). Patients coinfected with HIV and HCV have lower hepatic
GSH stores than patients with HCV alone (41).

Chronic ethanol consumption causes an elevation in liver oxygen radical concentra-
tion, leading to oxidative damage to mitochondrial DNA (mtDNA) (47). In addition, etha-
nol reduces intracellular GSH stores, and decreases GSH transport into the mitochondrion
(38,48). The use of alcohol by patients with either HIV or HCV infection can theoretically
adversely affect the oxidant-antioxidant balance in patients receiving antiviral medica-
tions, and thus facilitate the development of liver injury (38,47). A retrospective study of
222 HIV patients showed that those who had heavy alcohol intake had 5.9 times the risk
of developing grade 3 transaminase elevation compared to those who did not (47a).

In a large cohort study, patients with CD4 counts �200 had twice the likelihood
of severe hepatotoxicity than patients with �200 CD4 (37), although the difference was
of borderline statistical significance. Approximately two-thirds of HIV patients diagnosed
with antiretroviral hepatotoxicity demonstrated baseline CD4 counts � 200/mm3 (Table
3). Interestingly, patients whose CD4 counts increased by at least 50 cells/mm3 had a
threefold greater risk of developing grade 3 or 4 DIH, although the confidence intervals
crossed the unit (0.9–10.3) (37). The latter finding may merely point to better medication
compliance in patients who developed DIH (37). Two studies show that PIs were more
often associated with DIH; however, these groups had lower CD4 counts than the NA
group (36,37).

V. GENETIC FACTORS

Genetic variations in drug biotransformation systems modulate the risk of DIH, and antivi-
rals should be no exception (42). There are approximately 20 different CYP isoenzymes
differing in immunogenicity and catalytic activity (19,42). Deficiency in CYP 2D6 activity
is found in 5–10% of Caucasians (42). CYP 2D6-deficient individuals are more likely to
develop perhexiline toxicity, compared to those with normal activity (42). CYP 2C19
deficiency occurs in 5% of Caucasians and 20% of Asians and is associated with chlor-
promazine and Atrium hepatotoxicity (42).

A. N-Acetylation Deficiency

The N-acetylation phenotype is determined by two alleles at a single gene locus. The
prevalence of fast-acetylation phenotype ranges from 30–60% in Caucasians to �70% in
Asians (42). N-Acetylation polymorphism can affect the elimination of isoniazid, sulfon-
amides, and caffeine, among others (42). A deficiency in N-acetyltransferase 2 activity
(slow-acetylator phenotype) can lead to sulfonamide toxicity, a frequently used agent in
HIV patients.
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B. Sulfoxidation

Sulfoxidation polymorphism has been classified into: extensive, intermediate, and defi-
cient metabolism (42). The prevalence of deficient sulfoxidation (22% of the population)
has been associated with chlorpromazine hepatotoxicity (42).

C. Glutathione Detoxification

GSH is an essential compound for the detoxification of reactive metabolites formed out of
many drugs (14,17,42). GSH synthesis is achieved by a reaction catalyzed by glutathione
synthetase (GS), which combines gamma-glutamyl-cysteine with glycine. In subjects with
deficient GS, intracellular GSH levels can be 15% of normal values. Even low doses of
acetaminophen can induce lymphocyte toxicity in these patients (42).

VI. DRUG INTERACTIONS

Patients with HIV infection may be required to take up to 15 different prescribed medi-
cations including antiretroviral, antimicrobial, nonsteroidal anti-inflammatory, and
mood-altering agents used to manage the primary infection, as well as a constellation of
associated disorders. More importantly, the PI and NNRTI classes, but not the NAs can
significantly alter the biological activity of cytochromes (Table 2), in particular CYP 3A4
(20–23). Thus, use of multiple drugs may alter the concentration of other compounds and
increase the likelihood of DIH (12,22). The combination of two protease inhibitors can
increase the concentration of either one or both protease inhibitors (Table 1). In addition,
approximately 40% of HIV patients in Canada or Europe take various types of complemen-
tary medicines (CAM), such as vitamins, herbs, and other nonprescription medications
(49–51). The use of complementary agents is even higher in the United States and Austra-
lia, where rates are 67% and 80%, respectively (52,53). The likelihood is highest in Cauca-
sians, college-educated patients (49–52), and southern California (50), and it is signifi-
cantly lower in minority patients (50). It is unknown whether the use of CAM is associated
with a proclivity to develop DIH to components of HAART. Hepatotoxicity associated
with CAM appears so far to be low, but has not been prospectively studied in this patient
population (49–53). On the other hand, St. John’s wort can decrease plasma concentrations
of indinavir, and possibly of other prescription antivirals metabolized by CYP 3A4 iso-
forms (54).

VII. MANIFESTATIONS OF HEPATOTOXICITY

WHO grade 3 and 4 elevations in liver enzymes occur in 6–36/100 patients/year treated
with antiretrovirals. Data from three cohort studies are summarized in Table 4. Two of
these cohorts (37,55) were followed more intensively (every 2–3 months) and may have
led to higher prevalence of DIH. In addition, the Baltimore cohort was composed mainly
of African-American patients (37), further suggesting a genetic role in the likelihood of
DIH. Clinical symptoms of DIH include gastrointestinal symptoms such as nausea, vom-
iting, abdominal pain, and anorexia (56). In severe cases, patients may present with abnor-
mal mental status, hepatic coma, bleeding diathesis, and portal hypertension (Table 5)
(18). On the other hand, DIH is often diagnosed on routine liver enzyme testing (56).
Clinical features of immune-mediated hepatotoxicity include fever, arthralgias, a skin rash,
hypereosinophilia, allergic thrombocytopenia, and production of autoantibodies (18,56).
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Table 4 Cohort Studies of Antiretroviral-Associated Hepatotoxicity

French Aquitaine
(36) Baltimore, MD (37) Italy (55)

RTV �

PI NRTI PI NA IDV RTV SQV SQV

N 748 1249 211 87
Follow-up (days) 393 365 182 167 321 a a a

Age 37 37 37 36 37.1 a a a

CD4 144 234 109 215 253 a a a

Log HIV 4.0 4.2 �4 �4 — — — —
HbsAg 6% 7% 3% 1% — — — —
HCV 28% 35% 48% 60% 23% had

hepatitis
ALT � 5� 7.3/100pt/yr 5.7 — —
or AST � 5� — — 36/100-year 24/100-year 2.8/100 4.0/100 1.3 5.9
Median on 23 36 10 13 — — — —
Median off 8 — — — — — — —
% w/jaundice 20% — 10% — — — — —

a Assumed to be similar in all four groups.

Table 5 Signs and Symptoms of
Nucleoside Analog–Related Lactic Acidosis

Clinical
Fever
Weakness, malaise
Nausea �/� vomiting
Anorexia
Abdominal pain
Diarrhea
Dyspnea
Myalgias
Jaundice
Hyperventilation
Tender hepatomegaly
Bleeding diathesis
Hepatic encephalopathy
Cardiac arrhythmias (tachycardia)
Neuropathy

Laboratory
Metabolic acidosis
Elevation of serum lactate
Elevation of serum pyruvate
Elevation of serum lactate/pyruvate ratio
Increased anion gap
Increased amylase/lipase
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Histologically, drugs can mimic the entire spectrum of liver pathology. Hepatic steatosis
due to NAs may present as macro- or microvesicular steatosis. The most advanced form
of the syndrome includes lactic acidosis, pancreatitis, and even death (57). This syndrome,
similar to Reye’s syndrome, has been associated with mitochondrial toxicity.

VIII. MITOCHONDRIAL TOXICITY

A systemic mitochondrial syndrome has been noted with a number of NAs, including
zidovudine (AZT), didanosine (ddI), stavudine (d4T), and fialuridine (FIAU) (13,57–60).
This class of analogs of naturally occurring nucleosides inhibit the HIV-1 RNA-dependent
DNA polymerase (reverse transcriptase) (61). Depending on the presence or absence of
a 3′-hydroxyl group on the ribose moiety, NAs result in either an abnormal DNA molecule
(with the internalized analog) or a truncated DNA chain, respectively (61). In other words,
they either incorporate or terminate the nascent DNA molecule (61).

The mitochondrion is unique among organelles in that it contains its own DNA,
termed mtDNA, whose replication is primarily regulated by DNA (-polymerase, which
is sensitive to various cytotoxic agents like NAs) (62). This class of drugs can inhibit the
synthesis of both mitochondrial and nuclear DNA; however, the inhibitory concentration
is much higher for nuclear DNA than for mtDNA (61), and the mitochondrion does not
have the capacity to repair DNA damage (63). This leads to a decrease in mitochondrial
transport chain proteins and ATP depletion (63). Anaerobic glucose metabolism ensues,
leading to accumulation of pyruvate and acetyl-CoA, and lactic acidosis in the absence
of cardiac disease or hypoxemia (type B lactic acidosis). Clinically, respiratory compensa-
tion may be followed by respiratory failure (Table 5). In addition, mitochondrial dysfunc-
tion leads to decreased beta-oxidation of fatty acids, leading to macro- or microvesicular
steatosis and hepatomegaly. Pancreatitis, myopathy, and neuropathy also occur, all pre-
sumably due to decreased mtDNA (58,64). Typically, liver enzymes are only modestly
raised (58). Fialuridine-induced liver failure occurred in humans with chronic HBV infec-
tion enrolled in an investigational protocol (58). Experiments in woodchucks, with or
without woodchuck hepatitis virus, proved that FIAU hepatotoxicity was independent
from the underlying viral infection (64). Mitochondrial toxicity has also been linked to
the development of lipodystrophy disorders, which include HIV-related fat remodeling
syndrome (65).

The first report of zidovudine-associated liver injury appeared in 1987 (66). Thereaf-
ter, other reports have associated the use of several NAs with liver disease and lactic
acidosis, all thought to be related to mitochondrial toxicity (57,59). Patients at higher
risk for this syndrome are women, obese patients, or those with underlying liver disease
(20,21,58). It should be noted that interference with mitochondrial DNA and decreased
ATP levels do not necessarily result in tissue damage, as there is a threshold above which
each organ may continue to function normally (67). This may explain why not all patients
receiving nucleoside analogs develop DIH.

In vitro zalcitabine, stavudine, zidovudine, and didanosine all reduce mtDNA in
descending order and induce lactic acid formation (68). Recently 106 cases of NA-associ-
ated lactic acidosis were evaluated (68). In 46 cases, patients received only one NA, thus
reducing confounding factors (69). Approximately 50% of the patients who developed
lactic acidosis died, and all patients showed evidence of neuropathy (69). In Baltimore,
serum anion gap was evaluated in 509 patients receiving a combination of NAs. The
frequency of an anion gap �16 was 8% for d4T/3TC, 5% for d4T/ddI, 3% for AZT/
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3TC, and 2.5% for AZT/ddI combinations (70). While patients receiving d4T/3TC were
more likely to develop an abnormal anion gap, no significant correlation with the occur-
rence of lactic acidosis was noted (70). Likewise, 20 patients taking D4T (plus other NAs,
a PI, and/or a NNRTI) developed lactic acidosis (71). Sixteen (80%) did not have com-
bined decreased bicarbonate and increased anion gap; however, 95% had elevated ALT
and of seven biopsied patients, six had hepatic steatosis (71). Therefore, when mitochon-
drial toxicity is suspected, lactic acid levels, rather than the anion gap, should be measured.
A decline in mitochondrial to nuclear DNA ratios, measured in peripheral white cells,
may be an early indication of mitochondrial toxicity and lactic acidosis in patients taking
NAs combinations (71a).

IX. MANAGEMENT OF NRTI-INDUCED MITOCHONDRIAL TOXICITY

There is no etiological treatment for NA-induced mitochondrial toxicity. Immediate cessa-
tion of the drug is warranted to prevent further metabolic imbalance (58,72). Supportive
care such as intravenous volume replacement, administration of bicarbonate, electrolytes
replacement, and occasionally hemodialysis (even in the absence of renal failure) has been
advocated (72–75). While there are no controlled trials documenting the efficacy of any
therapy in this setting, there are anecdotal reports suggesting that vitamins and coenzymes
may be helpful.

Coenzyme Q is an electron transporter involved in cellular respiration, and used as
a scavenger for the treatment of other mitochondrial-related disorders (76). Doses of
30–60 mg given three times daily can relieve fatigue, aches, and cramps. Carnitine, a
specialized amino acid derived from lysine, is usually given concomitantly with Coenzyme
Q, 1–3 gr daily. Despite the fact that carnitine deficiency has not been documented, symp-
tomatic improvements have been reported (77,78). Riboflavin is a precursor of electron-
transport cofactors, and has been used to treat severe lactic acidosis. In two reported cases,
cessation of NRTI and the use of riboflavin 50 mg daily (10 mg tablets) resolved lactic
acidosis (79,80). Thiamine has also been used, with mixed results (75,81). Electron scav-
engers such as vitamins K3 (20–60 mg/day), C (1 g b.i.d.), and E (200 IU b.i.d.) have
been used (76). Other treatment modalities, such as lipoic acid and N-acetylcysteine, may
theoretically provide therapeutic benefits in patients receiving NAs (44,45).

X. SPECIFIC DRUGS

We have classified antiviral drugs according to their therapeutic indications. For each
medication, we have reviewed the potential toxicity according to three sources; the Physi-
cians’ Desk Reference (20), Drug Facts and Comparisons (21), and a yearly European
hepatotoxicity update (82). Thus, we describe reported elevations in liver enzymes and
bilirubin, as a proxy for hepatotoxicity. All doses are average adult doses. Adjustments
may be needed in special circumstances (20,21). In Table 6, elevations in AST, ALT, and
AP are reported as percentage of treated patients with documented grade 3 toxicity (greater
than 5� ULN) unless otherwise stated (20,21,82). In addition, we have reviewed the
English literature using Ovid for Medline searches and identified single or multiple cases
reports of DIH associated with antiviral drugs (Table 3). Obviously, there are problems
in interpreting data from case reports (13). First, not all cases of liver toxicity are reported
in the published literature. Second, case reports may fail to adequately rule out other
causes of hepatitis, and it may be difficult to determine or refute a cause-effect relationship
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Table 6 Estimated Percentages of Treated Patients with Abnormalities
�5� ULN for Serum ALT or AST, �2� ULN for Alkaline Phosphatase
(AP), and �2.5� ULN for Bilirubin, Unless Otherwise Noted (20,21,82)

Drug ALT AST AP Bilirubin

Antiherpetic agent
Acyclovir 1–2% 1–2% — —
Famciclovir 3.2%a 2.3%a — 1.9%b

Valacyclovir — 1–4.1% — —
Penciclovir — — — —
Hydroxyurea occ occ — —
Cidofovir occ occ occ —
Ganciclovir occ occ — —
Foscarnet occ occ — —

Anti-influenza drug
Rimantadine — — — —
Amantadine occ occ occ occ
Oseltamivir — — — —
Zanmivir occ occ — —

Interferon
IFNa2b 2–15% 4–63% — 3–13%
IFNa2a — 3–46% — Up to 11%
Alferon — 3% 8% 4%
Interferon beta 31.2 31.2 — —
Rebetron — — — 0.9–3%c

Antiretroviral
Zidovudine 11% 12.5% occ Mild
Didanosine 6–12.5% 7–12.5% occ 1–2%
Stavudine 9–13% 5–11 occ 1%
Zalcitabine 5% 4–8% 1.4e 1%
Lamivudine 4–12.5% 2–12.5% occ 1%
Abacavir .2% — — —
Nelfinavir 3–7.4%d 2–7.4%d — —
Indinavir 5.9e 4.0 — 12.5c

Ritonavir 12.5%f 12.5%f occ —
Lopinavir

Amprenavir occ occ — occ
Saquinavir 5.7e 4.1e 0.5e 1.6c

Nevirapine 3.4–8.5 2–8.5 — 0.4
Delavirdine 3.8–6.7 2.1–5.6 — 0.5–1.0

Efavirenz without hepatitis 3% 3% — —
Efavirenz with HBV or HCV 5–8% 4–7% — —

— � not available or not reported; a�2� ULN; b�1.5� ULN; c�2� ULN; occ �

occasionally reported; da shift from grade 0 toxicity at baseline to grade 3 or from
grade 1 to 4. This is in combination with other antiretrovirals. Placebo had a greater
change; e�4� ULN; freference 20.
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between drug and liver reaction, in the absence of a rechallenge test. Third, the use of
multiple medications in HIV patients makes it even more difficult to pinpoint the offending
drug. Fourth, 43% of reported cases (Table 3) had coexisting hepatitis B or C: these
conditions can reactivate, presenting as acute liver enzyme elevations (83–85). Finally,
after a drug is FDA-approved, it is difficult to assess the total volume of usage, and conse-
quently the relative frequency of hepatic toxicity.

Instances of severe hepatic injury reported to the FDA are rare, ranging from 0.5
to 2/10,000 prescriptions. Abacavir, didanosine, indinavir, nevirapine, ritonavir and sta-
vudine have the highest potential (1-2/10,000), other PIs and lamivudine have intermediate
potential (less than 1/10,000) and delavirdine, zalcitabine and zidovudine have the lowest
potential (less than 0.5/10,000). Observational cohort studies have generated data on the
prevalence of transaminase elevation (greater than 5� ULN) during ART. These percent-
ages did not rely on spontaneous reporting, and have ranged from 4.5% to 8.2% (85a).

A. Antiretroviral Drugs

1. Nucleoside and Nucleotide Analogs

Abacavir (Ziagen, Trizivir). Abacavir is a guanosine analog indicated in the treatment
of HIV infection (20). This drug is activated to the active carbovir triphosphate by intracel-
lular phosphotransferases (86). Abacavir competes with dGTP and inhibits the HIV-1
reverse transcriptase (RT) showing synergistic activity with AZT and nevirapine (86).
Similar to other NAs, abacavir is devoid of the 3-hydroxyl ribose moiety, and thus inhibits
RT by terminating viral cDNA elongation (86), in a manner similar to that of AZT, ddI,
ddC, d4T, and 3TC. Like other NAs, abacavir is specific for HIV-1, and is equipotent to
AZT in terms of HIV-1 inhibition. Abacavir-resistant strains remain sensitive to AZT and
d4T (86). In vitro, abacavir has activity against HBV (86), and showed no CYP inhibition
(20). Protein binding is about 50% (20). The average dose is 300 mg b.i.d.

The main adverse event is the development of hypersensitivity reactions, which have
included liver failure (20). The prevalence of liver enzyme elevation occurring in cases
of hypersensitivity reaction is not clear from the package insert. In two studies, liver
enzyme elevation occurred in less than 2%, and was similar in the Abacavir group as in
the AZT/3TC group (20). However, elevations in GGT were more common in the Ziagen
group (19%) compared to a control group (8%). No cases of mitochondrial toxicity have
been reported in the literature, despite a boxed warning in the Abacavir package insert (86).

Adefovir Dipivoxil (Preveon). Adefovir is a nucleotide analog with a structure similar
to adenine (86). The drug inhibits both HIV and HBV, by inhibiting HBV polymerase
(5,86), and it is given coupled with two pivalic molecules to increase intestinal absorption.
The consequence is a 50% decrease in serum carnitine, so l-carnitine, 500 mg/day must
be added to the regimen (86). Adefovir dosages vary from 10 mg/day for hepatitis B to
120 mg/day for HIV therapy (5). Currently, adefovir is in phase III trials in patients with
chronic hepatitis B. Infrequently, dramatic changes in liver enzymes have been noted
during adefovir treatment of hepatitis B, deemed to be secondary to an immune reaction
against HBV rather than DIH (86).

Didanosine (Videx). Dideoxyinosine (ddI) is a purine dideoxynucleoside with potent
activity against HIV when used in combination with other antiretroviral agents (20). ddI
requires intracellular phosphorylation to the triphosphate form, which competes with
dATP for viral c-DNA incorporation (20). Metabolism by CYP and drug interactions are
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not known (20). Plasma protein binding is less than 5% (20). Didanosine dosing is based
on body weight and renal function; the usual dose is 200 mg b.i.d. (20). A delayed-release
form is given at 250–400 mg daily, depending on body weight.

Grade 3 transaminase elevation occurs in up to 12.5% of patients (20,82). Other
adverse effects include rash or pruritus, in 8% of patients (20). Five case reports of hepato-
toxicity, two with concomitant use of d4T, have been published (Table 5). The presentation
is predominantly hepatocellular, with documented hepatic steatosis, and three fatalities
were reported (87–90). A combination of didanosine and stavudine has been associated
with three fatal cases of lactic acidosis in pregnant women (Bristol-Myers Squibb commu-
nication). Two of the infants also died. Thus, caution is needed when considering the use
of this combination in pregnant women.

Lamivudine (Epivir, Combivir, Trizivir, Epivir-HBV). Lamivudine (3TC) is a dideoxy-
nucleoside analog with antiviral activity against both HIV-1 and hepatitis B virus (4,5).
Lamivudine triphosphate inhibits RT by terminating cDNA chain elongation (20). The
drug is poorly bound to protein (�36%) and most of it is eliminated unchanged in the
urine (20,21). The usual dosage is 150 mg b.i.d. for HIV, and 100 mg/day (Epivir-HBV)
for chronic hepatitis B (20). Lamivudine 150 mg is bundled with zidovudine 300 mg in
a single tablet and is marketed as Combivir (20). Trizivir includes AZT and abacavir.
HIV mutants emerge rapidly after the start of therapy; therefore, 3TC should not be given
as monotherapy for HIV infection. HBV mutants occur as well, but usually after 6 months
of treatment, and develop more commonly in HIV/HBV-coinfected patients (91).

Liver enzyme abnormalities occur as frequently as with ddI, up to 12.5% (20,82).
In patients with hepatitis B treated with 3TC, discontinuation of the drug has been associ-
ated with a flare in ALT, which is thought to be due to immunity against HBV and not
drug toxicity. A handful of cases of 3TC hepatotoxicity have been reported (92–94), all
with concomitant use of d4T (Table 3). One of these reports may actually have represented
reactivation of a HBV mutant (93).

Stavudine (Zerit). Stavudine (d4T) is a thymidine nucleoside analog indicated in the
therapy of HIV infection (20). The drug terminates HIV DNA elongation by competing
with dTTP (20). Stavudine binds poorly to plasma proteins and its exact metabolism has
not been elucidated (20). It appears that 40% of d4T clearance is accounted for by the
kidneys (21). The usual dose is 40 mg b.i.d. but adjustments need to be made for patients
less than 60 kg and those with impaired creatinine clearance (20).

Grade 3 ALT elevations have been reported in 9–13% of d4T-treated patients, not
different from AZT (20,21). Bilirubin abnormalities are much less common, about 1%
(20,21). Nine reports of d4T-related hepatotoxicity, including one death (78,92,94,95),
have been published (Table 3). The hepatic injury is predominantly hepatocellular with
occasional elevations in bilirubin levels. The median time to peak injury is 32 weeks. A
mixed micro- and macrovesicular liver steatosis has been documented in two cases (95).
Extra caution is needed in pregnant women (see didanosine).

Zalcitabine (Hivid). Zalcitabine (ddC) is a nucleoside analog competing with dCTP for
the HIV-1 RT catalytic site. The drug also inhibits β- and γ-polymerases theoretically
leading to mitochondrial disease (20,67). The compound has negligible binding to proteins,
is not significantly metabolized by the liver, and is mainly eliminated in the urine (20).
The usual dose is 0.75 mg t.i.d., to be adjusted according to renal function (20).

Liver test abnormalities were noted in up to 8% of patients, while rash or pruritus



Hepatic Injury from Antiviral Agents 533

occurred in about 3% (20). Despite the fact that in vitro, ddC induced the greatest declines
in mtDNA levels (67), no case reports of hepatotoxicity have been published.

Zidovudine (Retrovir, Combivir, Trizivir). Zidovudine (AZT or Retrovir) is a synthetic
analog of thymidine (20). In vitro, this compound inhibits several retroviruses by terminat-
ing DNA chain elongation (20,21). It is indicated for the treatment of adult and pediatric
HIV infection and has been found to be effective in decreasing vertical transmission of
HIV from mother to baby (74). AZT is 36% bound to plasma proteins and is extensively
metabolized by the liver; its glucuronide metabolites are excreted by the kidneys
(20,21,74). Zidovudine 300 mg is bundled with lamivudine 150 mg in a single tablet and
is marketed as Combivir. The usual dose is 300 mg p.o. b.i.d. (20). Zidovudine 300 mg,
lamivudine 150 mg, and abacavir 300 mg are bundled in a single formulation, Trizivir.

AZT is the NA that has been most often associated with hepatotoxicity, but is also
the most prescribed antiretroviral agent. As with other NAs, AZT has been associated
with a syndrome of type B lactic acidosis, pancreatitis, and hepatic steatosis. Patients at
higher risk for mitochondrial toxicity are women, obese patients, or those with underlying
liver disease (20,21). In adults, a grade 3 or greater increase in AST or ALT occurs in
up to 12.5% of treated patients (20,21). Fifty-nine percent of reported cases occurred in
women (Table 3), who represent a minority of patients with HIV, 13% at the University
of Southern California. In most instances, the injury is hepatocellular with a clear predomi-
nance of AST (94%) as opposed to ALT elevation (6%) (Table 3). This may be due, in
part, to muscle mitochondrial dysfunction. An elevation of AP greater than transaminases
was noted in less than 10% of reported cases. Jaundice was noted in three (17%) of 18
reported cases. Peak enzyme elevation occurred after a median of 36 weeks. Resolution
occurred between 2 and 26 weeks. Most reported cases had a fatal outcome, mostly in
association with lactic acidosis. The majority of histological reports noted macro- rather
than microvesicular (73% vs. 7%) steatosis (Table 3). In one case a massively enlarged
liver weighed 6.8 kg (150).

2. Nonnucleoside Reverse-Transcription Inhibitors (NNRTIs)

Nevirapine (Viramune). Nevirapine is a NNRTI that acts by binding to and disrupting
the RT catalytic site (20). It is indicated in the treatment of HIV infection, in combination
with other antiretroviral agents (20). Human DNA polymerases, including the mitochon-
drial DNA polymerase, are not affected (20). The drug is 60% bound to proteins and peak
concentrations are achieved 4 h after oral administration (20). Nevirapine is metabolized
by CYP 3A4 and is considered to induce CYP 3A activity (20). Cimetidine and macrolides,
known CYP 3A inhibitors, result in higher nevirapine levels (20). The usual dose is 200
mg daily for 2 weeks to assess the possible occurrence of cutaneous side effects; then it
is increased to 200 mg b.i.d. (96). Recently, a more cautious increase (starting at 100 mg/
day) was found to be associated with fewer cutaneous rashes (97).

Grade 3 ALT elevations occur in up to 8.5% of patients (20). Patients must be
monitored during therapy and if ALT or AST increase �5� ULN, the drug must be
discontinued (20). Bilirubin elevations � 2.5 mg% were less frequent in the nevirapine
group compared with a control group (20). However, three cases of hepatic failure associ-
ated with nevirapine therapy have been reported so far (98–101). One patient was success-
fully treated with corticosteroids (100). We have seen four cases of possible or probable
nevirapine toxicity (102). All cases were accompanied by cutaneous rash and jaundice.
Most reported cases (71%) had a predominant ALT elevation (Table 2). The peak serum



534 Bonacini et al.

bilirubin was 31.8 mg% (101). Two patients with underlying cirrhosis developed ascites
and both improved after drug withdrawal (98,102). Four of nine reported cases had periph-
eral hypereosinophilia, implying an allergic-type reaction (98–103). Of patients devel-
oping a skin rash, a substantial number (30–75%) also develop hepatitis (104,105). Re-
cently, two severe cases of hepatitis occurred in health care workers who took nevirapine
as prophylaxis for HIV after occupational exposure (105). In a review by the Food and
Drug Administration, it appears that 8/12 patients classified as “hepatotoxic reaction”
developed clinical hepatitis (105). The median time to onset of the hepatic reaction was
3 weeks (105). On the other hand, a one-time dose administered at the onset of labor was
efficacious in decreasing vertical transmission by 50%, and led to no instances of hepatic
injury (105a).

Delavirdine (Rescriptor). Delavirdine is a NNRTI with a mechanism of action and indi-
cation similar to nevirapine (20). Delavirdine is 98% protein-bound, and is metabolized
primarily by CYP 3A and additionally by CYP 2D6 (20). The drug inhibits several CYP
isozymes, chiefly CYP 3A (Table 1). The typical dose is 400 mg t.i.d. (20). An elevated
ALT, AST, or bilirubin appears to be somewhat less common with delavirdine than with
other drugs (Table 6). There are no reported cases of symptomatic hepatitis.

Efavirenz (Sustiva). Efavirenz is a HIV-1-specific NNRTI (20). This drug is highly
bound to proteins (�99%) and its half-life is long, allowing a once-daily dosage of 600
mg (20). The major enzymes involved in the metabolism of efavirenz are CYP 3A4 and
CYP 2B6 (20). This compound has inhibitory effects on CYP 2C9, 2C19, and 3A4 iso-
zymes (20). In patients without serological evidence of chronic hepatitis, AST and ALT
elevations occur no more often in the efavirenz treated-group (3%), compared to the con-
trol group. Patients with hepatitis B or C are more likely to develop liver enzyme elevations
with efavirenz (up to 8%), compared to control regimens (up to 5%) (20). One case of
reversible hepatotoxicity has been reported (103).

3. Protease Inhibitors (PIs)

Amprenavir, indinavir, lopinavir, nelfinavir, ritonavir, and saquinavir are compounds indi-
cated for the treatment of HIV-1 infection in combination with other antiretrovirals (20).
All these peptide-like drugs inhibit HIV-1 protease by binding to its active site, and render
the enzyme incapable of processing the viral gag-pol polyprotein precursor into smaller,
functional proteins (20). This leads to production of noninfectious HIV-1 particles.

Amprenavir (Agenerase). In vitro, amprenavir exhibits synergistic HIV-1 activity in
combination with abacavir, AZT, ddI, and saquinavir and additive anti-HIV-1 activity in
combination with indinavir, nelfinavir, and ritonavir. Resistance due to HIV-1 protease
mutations is less likely when the drug is used in combination with other antiviral agents
(20). Protein binding is about 90% and the average dose is 1200 mg b.i.d. (20). Amprenavir
is metabolized in the liver by CYP 3A4, which is also inhibited by the drug. Amprenavir
is not known to affect other CYP enzymes. Patients with impaired liver function require
dosage adjustments. Caution should be used when coadministering drugs that are sub-
strates, inducers, or inhibitors of CYP 3A4. In two studies, no increased frequency of
grade 3 or 4 AST, ALT, or bilirubin elevations was seen, compared to controls (20).

Indinavir (Crixivan). Indinavir has synergistic activity with AZT and ddI in vitro (20).
Cross-resistance exists between indinavir and ritonavir, and varying degrees of resistance
between indinavir and other PIs. Indinavir is approximately 60% protein-bound (20). CYP
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3A4 is the major enzyme responsible for its metabolism. The dosage is 800 mg t.i.d., with
adequate hydration to prevent nephrolithiasis.

Indinavir causes asymptomatic unconjugated hyperbilirubinemia, which occurs
more frequently above 2.4 g/day. Jaundice, cholecystitis, and cholestasis were reported
in less than 2% of patients in clinical trials (20). In 1–8% of patients receiving indinavir
alone, ALT and AST rose to �5� ULN, mostly in a reversible manner. Six published
cases of severe hepatitis indicate that steatosis, including microvesicular steatosis, oc-
curred with this drug, in two patients with associated peripheral eosinophilia (106–109).
One fatal case has been reported (106).

Nelfinavir (Viracept). Nelfinavir is active against HIV-1 and several isolates of HIV-2
(20). In combination with NAs, nelfinavir demonstrates additive to synergistic antiviral
activity in vitro, without enhanced cytotoxicity. Nelfinavir is 98% protein-bound, and its
usual dose is 1250 mg (5 tablets) twice daily (20). Multiple CYP enzymes are involved
in nelfinavir metabolism, CYP 3A being the most significant. To date, there are no specific
reports of clinical hepatitis.

Ritonavir (Norvir). Ritonavir inhibits both HIV-1 and HIV-2 proteases (20). CYP 3A
is the major isoform involved in ritonavir metabolism, although CYP 2D6 also contributes
to its metabolism (20). Ritonavir should be used cautiously with drugs metabolized by
CYP 3A, because ritonavir inhibits CYP 3A and CYP 2D6. Ritonavir can also induce
CYP 3A, CYP 1A2, and possibly CYP 2C9 (20). Affinity for CYP enzymes occurs in
the following order CYP 3A � CYP 2D6 � CYP 2C9. The usual dose is 600 mg twice
daily.

Elevations in liver transaminases and GGT were reported in 2–15% of patients (20).
Acute hepatitis occurred in 10 (7%) of 141 patients (56). In two large prospective data-
bases, ritonavir appeared to have more potential for liver enzyme elevation, compared to
other PIs (37,55). Ten of 12 (83%) reported cases of ritonavir toxicity occurred in patients
with HCV infection (56,109,110). Two-thirds of cases were associated with a bilirubin
� 3 mg% (Table 3).

Saquinavir (Fortovase, Invirase). Saquinavir is additive to synergistic with AZT, 3TC,
ddC, ddI, d4T, and nevirapine (20). Saquinavir is approximately 97% protein-bound. The
usual dose is 1200 mg t.i.d. In vitro studies show that approximately 90% of saquinavir
is metabolized by CYP 3A4. Grade 3 (or greater) elevations in alkaline phosphatase, ALT,
and bilirubin occur in up to 0.5%, 5.7%, and 1.6%, respectively (20). No clinical case
reports of hepatotoxicity are published in the literature.

Lopinavir/Ritonavir (Kaletra). At steady state, lopinavir is approximately 98% protein-
bound and is extensively and almost exclusively metabolized by CYP 3A. Ritonavir inhib-
its lopinavir metabolism, thereby increasing its plasma levels (Abbott Laboratories pack-
age insert). Lopinavir/ritonavir inhibits CYP 2D6 in vitro, but to a lesser extent than CYP
3A. The recommended dosage for this combination is 400 mg/100 mg b.i.d. The liquid
formulation at a total daily dose of 10 mL contains approximately 3.4 g of alcohol. No
reports of hepatotoxicity have been published to date.

B. Antiherpetic Drugs

1. Acyclovir (Zovirax)

Acyclovir is a NA requiring intracellular phosphorylation to the active triphosphate form
(20,21). It has virustatic properties against several herpes viruses, including herpes viruses-
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1 and -2 (HSV-1, HSV-2), varicella zoster (VZV), cytomegalovirus (CMV), and Epstein-
Barr virus (EBV) (21,111). Plasma binding is less than 33% (21) and the major route of
elimination is urinary (21). The usual dose is 200 mg 5 times a day (21). For severe cases
of herpetic infection, e.g., esophagitis or colitis, the dose is IV, 5 mg/kg q8h. A higher
dose of 10 mg/kg q8h is used for encephalitis (21). Acyclovir has no major effects on
liver enzymes and clinical hepatotoxicity has not been reported (13,20,111).

2. Famciclovir (Famvir)

Famciclovir is a prodrug that is biotransformed in the liver into the active agent, pen-
ciclovir (112,113). Similar to other nucleoside analogs, penciclovir requires intracellular
phosphorylation to penciclovir triphosphate, a competitive inhibitor of dGTP (21,112).
The first phosphorylation step is carried out by a viral thymidine kinase, so that the en-
zyme-deficient mutants may be resistant to the drug. Famciclovir is active against several
herpes viruses, including HSV-1, HSV-2, and VZV (21). It is indicated for the acute
therapy of herpes zoster (shingles) and for recurrent genital herpes simplex (112,113).
The drug has been used with some success in patients with chronic hepatitis B. The usual
dose is 500 mg t.i.d. (20). Pruritus and abnormal liver tests have been reported (20,111),
but no cases of hepatotoxicity have been described in the literature (111–113).

3. Penciclovir (Denavir)

Penciclovir has a structure similar to DHPG (ganciclovir) and antiviral activity parallel
to acyclovir. The drug is used as a 1% cream for the treatment of herpes labialis (111).
Penciclovir is less than 20% bound to plasma proteins and is mostly eliminated in the
urine (20,113). Liver enzyme elevations have not been noted (20).

4. Valacyclovir (Valtrex)

Valacyclovir is a prodrug of acyclovir (21,111). Its indications are similar to those of
Famvir (21). Valtrex has better activity against HSV than against VZV (21). Plasma pro-
tein binding is �20% and there is no CYP metabolism (21). The majority of the drug is
excreted in the urine (21). The usual dose is 1 gr orally t.i.d. Elevations of liver enzymes
have been reported in up to 4% of treated patients (21). Reversible hepatotoxicity has
been reported (111,114,115).

5. Foscarnet (Foscavir)

Foscarnet is an inorganic pyrophosphate analog with activity against HSV, VZV, CMV,
EBV, and influenza viruses (111). This virustatic agent does not require phosphorylation,
and is active against thymidine kinase-deficient (resistant) strains of HSV and CMV (111).
Unlike NAs, foscarnet acts as a noncompetitive inhibitor of several viral RNA and DNA
polymerases as well as HIV-1 RT (21). Foscarnet is indicated in the treatment of CMV
retinitis and resistant mucocutaneous herpes in immunosuppressed patients (111).

The usual induction dose is 40 mg/kg IV q12h for HSV, and 90 mg/kg q12h for
CMV, to be adjusted for renal function. Maintenance dose for CMV is 90–120 mg/kg
daily (21). In clinical trials, abnormal liver tests were seen in 1–5% of patients receiving
foscarnet (20). In some series, an elevated bilirubin occurred in 12% and ALT in 5% of
treated patients (116). However, no case reports of hepatotoxicity have been pub-
lished (13).
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6. Ganciclovir (Cytovene)

Ganciclovir (DHPG) is an acyclic guanosine analog, structurally related to acyclovir (111).
This virustatic agent is effective against several herpes viruses, especially CMV (111).
Ganciclovir triphosphate is incorporated into the viral DNA chain as it possesses a 3′-OH
group (111).

The medication may be given orally, intravenously, and intravitreally, its main indi-
cation being the treatment of CMV retinitis in immunocompromised hosts and the preven-
tion of CMV disease (111). The usual dose is 5 mg/kg IV every 12 h as induction, and
5 mg/kg/day as maintenance (21). Oral ganciclovir is given at a dose of 1 gr p.o. t.i.d.
with food (21). In clinical trials, hepatitis occurred in up to 1% of AIDS patients or trans-
plant recipients. Liver enzyme abnormalities were reported in 2% (20,117). One report
noted an ALT increase confirmed by rechallenge in one patient (118). In all reported
cases, liver injury appeared mild and reversible (117,118). Two additional cases of severe
hepatotoxicity with bilirubin up to 49 mg% have been reported with the use of a combina-
tion mycophenolate and oral ganciclovir in patients who received a combined renal and
pancreatic transplant. The relative contribution of mycophenolate, ganciclovir, or an op-
portunistic infection was unclear (119).

7. Cidofovir (Vistide)

Cidofovir is an acyclic nucleotide phosphonate derivative with potent activity against
HSV-1 and -2, VZV, EBV, and CMV (111). Since cidofovir does not require activation
by viral thymidine kinase, it may have a role in the treatment of thymidine-kinase-deficient
HSV (111). Cidofovir is indicated for CMV retinitis in patients with AIDS. It has unla-
beled uses in CMV pneumonia or gastroenteritis, and congenital or neonatal CMV disease.
Renal effects, bone marrow toxicity, and lactic acidosis are the main side effects (111).
Increased alkaline phosphatase, ALT, and AST have been reported but there are no specific
reports of clinical hepatitis (21).

C. Antiinfluenza Drugs

1. Oseltamivir (Tamiflu)

Oseltamivir is a selective neuraminidase inhibitor of influenza A and B (20,111). It pre-
vents the detachment of virions from the host cells and thus prevents its spread (21).
Oseltamivir must be hydrolyzed in the liver into its active form, oseltamivir carboxylate
(21). The drug is active against both A and B influenza strains and is approved for the
treatment of flu symptoms when taken within 48 h of their onset (21). The binding of
the active compound to plasma proteins is 3% (21). The drug appears not to induce or
inhibit CYP, and elimination is predominantly urinary (20,21). The usual dosage is 75
mg p.o. b.i.d. for 5 days (20). The oseltamivir package insert reveals no hepatotoxicity
(20).

2. Zanamivir (Relenza)

Zanamivir has activity against influenza A and B and its mode of action is similar to
oseltamivir (20). Zanamivir has �10% plasma protein binding (21) and is excreted un-
changed in the urine (20). This drug is administered via inhalation and the dose is two
disks (10 mg) inhaled q12h (20). Although liver enzyme elevations have been recorded,
they were similar to controls (20).
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3. Amantadine (Symadine, Amantadine, Symmetrel)

Amantadine is indicated in the treatment of influenza A (but not B) and is also used as
an anti-Parkinsonism agent (21). The mode of action of this drug is not well understood
(21). It appears to interfere with viral entry and with the release of infectious virions from
the host cell (21).

This drug does not alter immune response to the flu vaccine and may be given for
2–3 weeks to cover patients after vaccine administration (21). Amantadine is not metabo-
lized and is excreted in the urine; thus adjustments are needed in patients with renal insuf-
ficiency (21). The usual dose is 100 mg b.i.d. (21). Elevated liver enzymes and bilirubin
have both been reported but there are no specific reports of clinical hepatitis (13,20).

4. Rimantadine (Flumadine)

Rimantadine is a synthetic antiviral agent whose action is not well known (21). It may
interfere with the uncoating of influenza A (but not B) virus (21). This drug is indicated
for decreasing influenza symptoms when taken within 48 h after their onset (21). It has
also been used to prevent clinical illness for the 4 weeks following flu vaccination (21).

Plasma protein binding is about 40%. The drug is metabolized in the liver and
eliminated in the kidneys (21). The recommended dose is 100 mg b.i.d. (21). There
are no reported liver test abnormalities with the use of rimantadine (20). However, ow-
ing to decreased clearance the dosage must be adjusted in patients with liver dis-
ease (21).

D. Interferons

Interferons (IFNs) are glycoproteins divided into three major families: α-, β-, γ-interferons.
IFNs were discovered when lymphocytes exposed to inactivated viruses produced an anti-
viral factor. This ability to “interfere” with viral replication became the basis for the name
of these factors. IFNs produced by activated lymphocytes and macrophages are classified
as IFN-α, while IFN-β is derived from fibroblasts and epithelial cells, and leukocytes
produce IFN-γ (120–122). IFNs have a number of properties, including: stimulation of
2′5′-oligoadenylate synthetase, stimulation of α2-microglobulin, increased expression
of MHC-I and II molecules on the surface of effector cells, and antifibrotic and antipro-
liferative effects (20,111,120–122). These properties are utilized in the treatment of
viral and neoplastic disease processes (111,121,122). Interferons are not directly viru-
cidal but appear to promote resistance of the target cell to the infecting virus by induc-
ing the intracellular production of substances that hinder viral replication and release
(111).

Among the most common indications for interferon therapy are chronic viral hepati-
tis B and C. In these groups, detection of hepatotoxicity is difficult because of the underly-
ing liver disease (18). In a 1989 review of the side effects of α-interferon, hepatotoxicity
was not described (120). However, interferon treatment of cancer patients, presumably
without hepatitis, results in 25–80% of patients developing liver enzyme abnormalities,
depending on the dose used. In the majority of cases AST or ALT elevations do not exceed
5� ULN (121–124). Less frequently seen are increases in alkaline phosphatase or LDH
(121). In mice, interferon preparations cause hepatic necrosis and steatosis; however, doses
of mouse interferon were 1000 times higher (per unit of body weight) than those used in
humans (125). Three cancer patients who developed liver test abnormalities developed
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Table 7 Transaminase Elevations Associated with Interferon Therapy

1. Mild to moderate elevations, in patients with solid tumors (steatosis) (121–123)
2. Granulomatous hepatitis (126,127)
3. Severe elevations, in patients with hepatitis C, may be associated with viral clearance (due

to immune stimulation) (137,138)
4. Severe elevations, in patients with undiagnosed autoimmune hepatitis with or without coexis-

tent HCV infection (133–136)
5. Fulminant hepatitis, in patients with solid tumors (140)
6. Fulminant hepatitis, in patients with HBV- or HCV-associated cirrhosis (limited residual

liver capacity) (139)

biopsy-proven steatosis (121). In addition, three cases of reversible granulomatous hepati-
tis associated with interferon therapy have been described (126,127). In very few cases,
interferon, used as therapy for viral hepatitis, has been associated with liver failure
(0.04%), invariably in patients with cirrhosis or advanced fibrosis (128–132). Patients
with chronic autoimmune hepatitis (AIH), whether of type 1, 2, or 3, should not be treated
with α-interferon as severe exacerbations of liver disease, presumably due to its immuno-
modulatory effects, have been described (133–135). In fact, interferon has been associated
with the unmasking of underlying AIH, in cases where autoimmune markers were negative
before therapy, and became detectable after the start of interferon (136). In these cases,
interferon should be stopped and immunosuppression should be considered (136). Interfer-
ons have also been associated with hepatic damage in patients clearing serum HCV RNA,
probably as an immune reaction to HCV (137,138). Finally, interferon has been associated
with hyperthyroidism in 0.4% of treated patients (128), and this complication is known
to induce elevated liver enzymes, up to 10� ULN (129). The different clinical situations
where interferon therapy has been associated with hepatic damage are summarized in
Table 7.

1. Interferon α-2a (Roferon)

Roferon is a 165 AA sequence of naturally occurring interferon alpha-2a produced by
Escherichia coli bacteria (20). The major route of elimination of Roferon is renal (20).
This drug is indicated in the treatment of chronic hepatitis C, HIV-related Kaposi’s sar-
coma, hairy cell leukemia, and as an adjunct to chemotherapy in Philadelphia-positive
CML (20). Doses range from 3 MU SQ t.i.w. upward (20). A pegylated form (Pegasys)
is forthcoming and will be given at a dose of 180 µg SQ weekly.

AST and alkaline phosphatase elevations were reported in non–hepatitis C studies,
where severe elevations occurred in up to 46% and up to 11% of patients, respectively
(20). Three cases of severe hepatitis (ALT � 500) with varying degrees of bilirubin abnor-
malities and coagulopathy have been described (136,137). All three were associated with
HCV RNA becoming negative, and therefore may have represented immune clearance
induced by interferon, rather than intrinsic hepatotoxicity (136,137). Similarly, one patient
with both HBV and HCV infection was treated with 3 MU t.i.w. and as HCV RNA became
negative, HBV DNA became detectable and was associated with an ALT flare (180 IU/
L) (139). This case illustrates the fact that interferon may alter the equilibrium between
two viruses and lead to immune-mediated liver damage (139).
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2. Interferon Alfa-n3 (Alferon N)

Alferon contains a number of proteins, each approximately 166 AA, derived from human
leukocytes (20). Human donors are screened for infectious process and the leukocyte prod-
ucts are processed to inactivate any model pathogenic viruses (20). This particular IFN
is indicated in the treatment of condylomata acuminata and is administered intralesionally
twice weekly at a maximum dose of 2.5 MU per session (20). The administration of
Alferon to patients with cancer led to grade 3 and 4 AST, bilirubin, and alkaline phospha-
tase elevations in 3%, 4%, and 8% of patients, respectively (20). No cases of overt hepatitis
have been reported.

3. Interferon Alfacon-1 (Infergen)

Infergen is a 166-AA consensus sequence of several naturally occurring interferon-α,
produced by E. coli cells (20). Biologically, this product is similar to other interferons,
except that its dosage units are micrograms (9–15 µg SQ t.i.w.) instead of international
units (21). Infergen is indicated for the treatment of patients with chronic hepatitis C,
either naive or prior nonresponders to interferon monotherapy (21). Because hepatitis C
is characterized by wide fluctuations of ALT, it is difficult to determine the prevalence
of interferon-induced hepatotoxicity in these patients. There are no specific reports of
clinical hepatitis with Infergen, interferon-α2b (IntronA), peginterferon-α2b (PEG-
Intron), or interferon-α2b plus ribavirin (Rebetron).

Intron A shares the same mode of activity of other interferons (111). It is indicated
for the treatment of chronic hepatitis B at a dose of 5 MU SQ daily (21,111). PEG-Intron,
dosed at 1.5 µg/kg weekly, is indicated in the treatment of patients with hepatitis C, and
a contraindication to ribavirin. Either interferon with ribavirin has the best chance to eradi-
cate HCV (7–9). Intron A is also approved for the treatment of melanoma, hairy cell
leukemia, follicular lymphoma, Kaposi’s sarcoma, and papillomavirus infections (21). In
patients treated for hepatitis B, IntronA resulted in elevated ALT (greater than 2� ULN)
in 60% of responders and in 30% of nonresponders (21). It is believed that these ALT
elevations reflect an immune response to HBV antigens, rather than DIH per se. In patients
treated for other indications, AST elevations occur in up to 63% (Table 4). Rebetron is
twice as likely as monotherapy to induce pruritus, noted in as many as 21% of patients
(21). A bilirubin �3� ULN was noted in 0.9–3% of HCV patients compared to 0.4%
of patients on monotherapy (21). The latter fact most likely reflects ribavirin-induced
hemolysis (21).

4. Ribavirin (Virazole, Rebetol)

Ribavirin is a purine nucleoside analog (111). Its mode of action is uncertain, but it is
thought to inhibit IMP dehydrogenase, thereby depleting the intracellular pool of dGTP
and subsequently dATP (21,141). It is also postulated that the drug acts as a guanosine
analog (21,111), thereby inhibiting viral RNA polymerase or reverse transcriptase. Ribavi-
rin is active, in vitro, against a number of viruses (111). Ribavirin is only licensed for
the treatment of severe respiratory syncytial virus (Virazole), given as an aerosol at a dose
of 20 mg/mL (20), and as an adjunct to interferon (Rebetol in Rebetron) for the treatment
of hepatitis C (111). However, the drug may have clinical utility in Lassa fever and Hantav-
irus infections (111). The metabolism of ribavirin is not well understood (21). In Rebetron,
the drug is given at a dose of 800–1200 mg for the treatment of hepatitis C. No adverse
hepatic events were reported in the treatment of RSV (21,142).
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E. Other Antivirals

1. Hydroxyurea (Hydrea, Droxia)

Hydroxyurea is an antimetabolite that has antiretroviral effects, in combination with NAs
(143–145). The drug has been used for over 35 years to treat chronic myelocytic leukemia
(CML) and polycythemia vera, and is also useful in adult sickle-cell anemia (20,145).
Hydroxyurea depletes the intracellular pool of deoxyribonucleotides and inhibits DNA
repair (143,145). The drug is believed to be metabolized primarily by the liver, although
renal elimination also occurs (145). Indications include adjuvant therapy for HIV infection,
melanoma, resistant and recurrent CML, and advanced ovarian carcinoma (20). The dos-
age in HIV patients is 500 mg b.i.d. (146). In rats with hepatic steatosis and in dogs, hepatic
iron accumulation occurs (20). In humans, elevated liver enzymes have been reported, but
no more frequently than with placebo (20,146). Three cases of presumed hydroxyurea-
induced hepatitis have been reported (144,147). The injury is mainly hepatocellular but
a bilirubin as high as 20 mg% has been recorded (144). A fatal outcome in a patient with
HIV and HBV coinfection was reported (146).

XI. CONCLUSIONS

The majority of hepatotoxicity cases associated with antiviral medications have been noted
with the use of antiretroviral agents. The drugs most commonly implicated appear to be
ritonavir, followed by AZT, D4T, and other NAs. NNRTIs such as nevirapine and efavi-
renz are emerging as probable causes of hepatitis, which can occasionally be severe. Pa-
tients at higher risk are women, those with concomitant hepatitis B or C, and those with
CD4 counts � 200 cells/mm3. Based on this experience, all newer antiretrovirals will
need to undergo postmarketing surveillance for hepatotoxicity. All clinicians should be
familiar with the incidence, severity, and management of drug-induced hepatotoxicity,
especially mitochondrial toxicity, which carries a particularly severe prognosis. In addi-
tion, liver enzyme levels in patients with underlying viral hepatitis need to be closely
monitored while HAART is being administered.
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I. INTRODUCTION

Cardiovascular disease and diabetes are among the leading causes of mortality and morbid-
ity in the civilized world. Therapeutic approaches to these diseases in general require a
significant number of drugs and concomitant administration of a large group of medica-
tions that in many instances leads to significant drug interactions and target organ toxicity
(1). One of the challenges facing physicians today is the assimilation of new developments
in health care to follow treatment guidelines and awareness of potential side effects of an
increasing number of new medications. Drugs designed for cardiovascular diseases or
diabetes have effects on the liver in addition to those in other organs. For example, hypolip-
idemic agents can induce systemic adverse reactions in addition to hepatic changes. Nico-
tinic acid in a sustained-release formulation caused severe or fatal liver injury among other
symptoms (2). Elevated phospholipid levels were reported in the serum and liver, and
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generalized phospholipidosis developed in patients receiving a coronary vasodilator agent
(diethylaminoethoxyhexestrol) or an antiarrhythmic agent (3,4). Amiodarone exerts thy-
roid and corneal injury apart from or in addition to the phospholipidosis seen in the liver
and other organs (2). Diabetics taking captopril developed abnormal liver function, choleli-
thiasis, and lymphocyte infiltration. In general, adverse drug reactions to cardiovascular
or antidiabetic drugs may affect numerous organs, and this chapter will focus on drug
effects causing impairment of hepatic function.

Impaired hepatic function can emerge as a result of many drugs taken either singly
or in combination (5). Thus, it is often difficult to establish a causal relationship between
the applied drug and the development of liver injury. However, the relationship can be
established with certainty when the same liver reaction is observed after a repeat adminis-
tration of the drug (6,7). When the response pattern is characteristic, such as phospholip-
idosis or nonalcoholic steatohepatitis in response to a vasodilator (3) or antiarrhythmic
(8,9), the hepatotoxicity can be clearly established. Unwanted or unanticipated effects may
complicate the treatment of patients and restrict the use of a drug essential to the manage-
ment of the disease, be it an antihypertensive, an antiarrhythmic, a hypolipidemic, or an
antidiabetic drug. If the drug producing the hepatotoxicity is absolutely essential to control
a life-threatening situation, then the potential for hepatic toxicity may be acceptable until
a proper pharmacological balance is achieved.

Liver impairment due to pharmacological agents is in most cases not due to a single
entity. The observed lesions depend not only on the drug involved but also on the duration
of exposure and preexisting hepatic pathology. Determining preexisting liver disease as
a contributory cause of hepatotoxicity represents a major challenge to hepatologists. Fol-
lowing acute exposure, hepatocellular steatosis, cholestasis, hepatitis, necrosis, or other
dysfunction can occur in graded steps. The result of chronic insidious exposure may be
cirrhosis or neoplastic changes irrespective of the drug administered chronically. The mor-
phological, biochemical, and clinical signs of the liver injury brought about by cardiovas-
cular or antidiabetic drug ranges from mild to severe with acute to chronic pathological
response including steatosis (10,11), cholestasis (12–14), hepatitis (15–19), granuloma-
tous hepatitis (20–23), cholelithiasis and fibrosis (24), and cirrhosis (11,25). Drugs also
can cause one or more of these changes simultaneously. Drug-induced hepatic alterations
have been reported in 5–35% of patients receiving cardiovascular or antidiabetic medica-
tions. There is a significant number of heart disease patients in North America and 42.6%
of men and 28.5% of women were hospitalized for cardiovascular causes during 1996 or
1997. The number of diabetic patients in the United States and Canada for the same period
was 3.5% of males and 2.9% of females, notwithstanding that 50% of diabetics are not
diagnosed and morbidity in the adult population is increasing at alarming rates (26,27).
These figures strongly emphasize the importance of recognizing drug-induced adverse
reactions as early as possible in these disease groups. The information below will integrate
clinical, biochemical, and pathological aspects and mechanism of actions associated with
the hepatotoxicity of cardiovascular and antidiabetic drugs.

II. CARDIOVASCULAR DRUGS

The definition of cardiovascular drugs in a broad sense includes antiarrhythmics, coronary
vasodilators, antihypertensive agents (angiotensin-converting enzyme inhibitors, alpha-
adrenergic agonists, beta-adrenergic blocking agents, calcium channel blockers), and lipid-
regulating agents (hypolipidemic and cholesterol-lowering drugs).
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Cardiovascular drugs are biologically potent agents from a wide range of chemical
structures and occasional effects can be linked to the intended pharmacology. Antiarrhyth-
mic drugs reaching high plasma concentrations enhance the risk of sinoatrial and atrioven-
tricular block, and toxic concentrations may induce tachycardia (28–30). Systemic side
effects reported after administration of either antiarrhythmic drugs or angiotensin-
converting enzyme inhibitors include angioedema, bradycardia, hypotension, agranulo-
cytosis and bone marrow suppression, renal failure, and pulmonary toxicity characterized
by pneumonitis. Hepatic toxicity may precede or follow the appearance of some of these
clinical reactions.

A. Antiarrhythmics

1. Amiodarone

Amiodarone is an effective antiarrhythmic drug limited to the treatment of refractory ven-
tricular tachyarrhythmias and the limitation is due to the potential for serious hepatotoxic-
ity (31–36). Amiodarone is also useful for the restoration and maintenance of normal
sinus rhythm and prevention of thromboembolic complications from stroke (37). Major
noncardiac side effects include corneal microdeposits, photosensitivity, blue-gray skin dis-
coloration, hepatotoxicity, gastrointestinal problems, thyroid abnormalities, and peripheral
neuropathy (37–42).

The most serious, life-threatening nonhepatic adverse reaction is pulmonary toxicity,
interstitial pneumonitis, and fibrosis (43,44). Hepatic changes due to amiodarone have
been described histologically (40,45–53). There are features of alcoholic hepatitis, fatty
change, fibrosis, and cirrhosis, mostly related to the length of treatment and extent of
dosage (8,54–57). Patients taking amiodarone may show evidence of phospholipidosis,
and liver cells contain characteristic concentric, lamellar inclusions with high osmiophilic
density, and greatly expanded lysosomes by electron microscopy (8,46,58,59). The phos-
pholipid-laden lysosomal lamellar bodies are characteristic of amiodarone hepatotoxicity
and represent the distinguishing features from alcoholic liver disease (60). The concentric,
lamellar inclusions in secondary lysosomes resemble the primary phospholipidosis inclu-
sions from inborn errors of lipid metabolism, such as Tay-Sachs, Niemann-Pick, and Fa-
bry’s disease (8,61–63). Similar hepatic inclusion bodies develop with other amphiphilic
drugs (3,33,56,61,64). This condition was originally described due to the effects of a
coronary vasodilator in Japan (64,65). Phospholipid fatty liver was definitively attributed
to amiodarone (8,46,58,63). Amiodarone causes changes resembling alcoholic liver injury,
including macro- and microvesicular steatosis, cell enlargement, Mallory bodies, and fi-
brosis (56). These pseudoalcoholic hepatitis changes were found in asymptomatic, anic-
teric patients who took amiodarone for more than 1 year and had mild transaminase (less
than 1.5–2 times the upper limit of normal), alkaline phosphatase, and serum bilirubin
elevations.

Amiodarone effects include elevations of alanine (ALT) and aspartate (AST) amino-
transferases and gamma-glutamyl transpeptidase. Patients with immediate life-threatening
ventricular tachycardia or ventricular fibrillation are likely to have these enzyme eleva-
tions. Elevated AST can be difficult to interpret, because this enzyme may be increased
in myocardial infarction, defibrillation, or congestive heart failure. Amiodarone hepatic
effects are related to the highly variable systemic availability of oral doses, which influence
the biotransformation of the drug. The major active metabolite of amiodarone in humans is
N-desethylamiodarone (Fig. 1). The enzyme responsible for N-desethylation is cytochrome
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Figure 1 N-Desethyl metabolism of amiodarone.

P450 3A4 present in liver and gut. Individual sensitivity to amiodarone and hepatic effects
can be related to different expression levels of CYP 3A4 activity.

The mechanism of toxicity relates to the inability of lysosomes to eliminate the drug
or its metabolites, resulting in the accumulation of phospholipid-containing membranes
in the hepatocyte cytoplasm (39,66,67). There is also mitochondrial dysfunction (4,68,69).
Symptomatic hepatitis results from amiodarone treatment (19), and the drug modulates
polymorphic variants of drug metabolism by interaction with cytochrome P450 enzymes,
hence the possibility of interactions with other drugs that share the same metabolism
(70,71).

Amiodarone alcoholic-like hepatitis incidence is approximately 1% similar to the
occurrence in long-term studies (51,72–75). The amiodarone liver injury with alcoholic
hepatitis symptoms is unpredictable, cytotoxic, and represents an unusually increased sus-
ceptibility rather than chemical toxicity. Although there is a close resemblance to alcohol-
induced liver disease, amiodarone-induced hepatic lesions have different zonal disposition
in the liver lobule (76). Acute foamy cytoplasmic change with massive accumulation of
microvesicular cytoplasmic lipid is common in amiodarone hepatitis and reflects the com-
position of lipid accumulated (3,77). Amiodarone-induced lysosomal inclusions accumu-
late gradually in the hepatocyte cytoplasm as shown by human liver cell cultures (78),
and the phospholipid fatty liver is reversible in experimental animals (48,79). In humans,
lysosomal phospholipids may persist for several months after the drug administration has
been discontinued.

Severe hepatitis and fatal outcomes from amiodarone injury have been reported
(31,32,45,49,80). Fatal hepatocellular necrosis has been reported with amiodarone at high
doses (19,81,82). Long-term amiodarone treatment may evoke mild hepatic lesions or
more severe liver dysfunction unrelated to the degree of increases in transaminases, alka-
line phosphatase, or bilirubin (83,84). Amiodarone causes asymptomatic elevations of
serum transaminases between 1.5- and fourfold above the upper limit of normal in about
4–25% of the patients (51,85). Up to a 100-fold increase in serum transaminase has been
reported (84,86), and cardiac patients receiving amiodarone have abnormal transaminases
(51). The transaminase levels returned to normal after the dose was reduced or the treat-
ment stopped. Fibrosis or cirrhosis (8), acute confluent, necrotizing hepatitis (19), and
infrequent fatal hepatic injury suggests a wide range of hepatotoxic presentations
(8,46,51,58,80,87,88). Acute intravenous amiodarone can cause hepatic necrosis or acute
hepatitis (50,89). Death can follow amiodarone-induced hepatic failure (47–49,81).

Hepatic tissue levels of amiodarone and desethylamiodarone can be detected several
months after treatment has been stopped; the presence of the drug or its metabolite may
account for the persistent hepatic injury due to strong lipid-binding affinity (90,91). Phos-
pholipid fatty liver may develop as early as 2 months of treatment (46,92). The phospho-
lipid accumulation in lysosomes may inhibit phospholipase A1 or other enzymes (93–96).
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A Reye’s syndrome–like illness after amiodarone intake was reported (49,97), and
increased transaminases and ammonia levels were followed by coma and death. Although
the symptoms may resemble Reye’s syndrome, the histological appearance of the liver
did not show the characteristic microvesicular fatty change. Other reports suggested that
amiodarone can induce Reye’s syndrome in children, similarly to aspirin, including the
characteristic hepatic injury (97–99). Experimental effects of amiodarone on mitochondria
are discussed in another chapter.

2. Aprindine

Aprindine is effective for the control of arrhythmias in patients with ischemic heart disease
(100–102) and has caused a low incidence of side effects, with liver reactions that included
lobular hepatitis and cholestasis (16,103,104). Cases of acute hepatitis caused by aprindine
have been reported (16,105,106), and symptoms and pathology were mild, with onset
about 3 weeks after drug therapy was started and subsiding rapidly after drug withdrawal.
Rechallenge caused mild hepatitis with subsequent recovery, without evidence of hyper-
sensitivity (16,105). Asymptomatic elevations in serum transaminases and alkaline phos-
phatase levels with slightly increased bilirubin were observed about 3 weeks after initiation
of aprindine therapy. The mechanism of aprindine toxicity is not known, and cholestasis
may accompany the hepatitic reaction (102).

3. Quinidine

Quinidine is an essential drug for the treatment of cardiac arrhythmias. Clinical symptoms
of quinidine-induced hepatotoxicity include weakness, nausea or vomiting, anorexia, my-
algia, and abdominal pains. Frequently observed clinical signs within 6–12 days of treat-
ment were fever and hepatomegaly, occasionally splenomegaly, and rarely jaundice (107–
110). No deaths have been reported following quinidine hepatotoxic reactions, and normal
hepatic function returned after discontinuation of the drug in all cases.

Rechallenge at small doses of the drug leads to prompt recurrence of fever and
hepatic dysfunction. By light microscopy, liver changes included distinct centrilobular or
spotty hepatocellular necrosis and degeneration, periportal subacute inflammatory reac-
tion, and sinusoid dilatation (108,109). Electron microscopy revealed viable cells neigh-
boring necrotic hepatocytes with many lysosomes and fat droplets in the centrilobular
zone. Mitochondria had size and shape variations and endoplasmic reticulum membranes
were increased and dilated. Kupffer cells in necrotic areas were hyperplastic with marked
proliferation of microvilli and cytoplasmic clumps of darkly stained lysosome-like mate-
rial (109). Approximately 1 month from the beginning of quinidine therapy, transaminases
and alkaline phosphatase activities increased and then fell rapidly to baseline levels. Bio-
chemical function tests were altered, but returned to normal approximately 4 days after
rechallenge (107,109,110). These data suggest a hypersensitivity mechanism for quinidine
hepatotoxicity. In all cases there was a relatively uniform sensitization period followed
by fever and hepatic dysfunction with eosinophilic infiltration of the liver parenchyma.
The centrilobular lesions may represent hepatocellular damage by reactive metabolites
upon interaction with a specific cytochrome P450 (111,112).

Reversible granulomatous hepatitis can be observed in quinidine-induced hepatotox-
icity (20–23). Clinical toxicity included weakness, dizziness, diaphoresis, fever, urticaria,
and increased serum enzymes. The formation of granulomata in the liver was detected as
early as 3 days after readministration of quinidine. Light microscopy of liver biopsies
showed hepatitis with noncaseating granulomata scattered throughout the parenchyma
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with few or no necrotic changes. By means of electron microscopy, granulomata contained
histiocytes, lymphocytes, and engulfed hepatocytes with alteration of cytoplasmic organ-
elles and dilated smooth endoplasmic reticulum. Immunofluorescence showed slightly
positive polyvalent antihuman γ-globulin and monovalent antihuman IgG in the granulo-
mata (23).

Disopyramide has antiarrhythmic effects similar to those of quinidine. The toxicity
is probably associated with a mechanism similar to that described for quinidine (113).
Disopyramide hepatotoxicity can be complicated with disseminated intravascular coagu-
lopathy (114).

4. Procainamide

Procainamide is an aminobenzamide for the management of cardiac arrhythmias, and
about half of a single dose undergoes biotransformation into N-acetylprocainamide (115).
N-Acetylprocainamide may have fewer side effects than the parent drug (116). Excessive
dosage leads to blockade of cardiac electrical conduction leading to ventricular arrhyth-
mias. Side effects include central nervous system disorders, agranulocytosis, gastrointesti-
nal distress and systemic lupus erythematosus–like syndrome (117–119). Procainamide-
induced liver abnormalities have been reported, but do not appear to be frequent and
include intrahepatic cholestasis, granulomatous hepatitis, and increased transaminases and
bilirubin levels (120–126).

Hepatitis is uncommon as a result of procainamide insult. Clinical symptoms include
fever, chills, and granulomatous hepatitis upon liver biopsy. The liver changes may de-
velop rapidly, since they were observed within 1 week after initiation of procainamide
regimen (125). The aggregate of clinical symptoms and liver biopsy findings strongly
suggested a hypersensitivity mechanism. Symptoms subsided within 24 h after the drug
was withdrawn and repeat liver biopsy 12 months later showed normal liver. Rechallenge
caused reappearance of fever together with mild transaminases and bilirubin increases that
receded quickly. Allergic reaction to procainamide was suspected on account of positive
results from in vitro mast cell degranulation tests. Other immune cell function tests were
negative in response to procainamide, including lymphocyte stimulation, and macrophage
migration tests. A parenchymal granulomatous reaction similar to that seen with quinidine
has been observed.

Procainamide-induced intrahepatic cholestasis is associated with serum alkaline
phosphatase, γ-glutamyltranspeptidase, transaminases, and bilirubin elevations. A hyper-
sensitivity reaction with acute hepatic dysfunction was reported with procainamide after
a large single intravenous dose was administered during cardiac electrophysiology studies
(126). Clinical features were rash, fever, arthralgia, and myalgia, followed by increased
serum creatine phosphokinase, indicating episodic rhabdomyolysis. Acute hepatocellular
injury was evidenced by increased serum bilirubin and transaminases. Hepatic enzymes
continued to rise after procainamide administration was discontinued and peaked at 11
days slowly receding over several weeks, with no improvement in γ-glutamyltranspepti-
dase (120,121).

Phenotypic characteristics influence the acetylation of procainamide and other drugs,
like hydralazine. Poor acetylators develop lupus erythematosus reactions and are at risk
of hepatic damage since prolonged exposures may lead to reactive metabolism and DNA
damage (127). Dose titration and genotyping determination of acetylator polymorphisms
constitute viable pharmacogenetic measures to reduce the risk of hepatotoxicity (128–
130).
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B. Antihypertensives

1. Hydralazine and Dihydralazine

Hydralazine is widely prescribed for controlling hypertension. It is well tolerated, but
patients may develop headache, flushing, palpitations, and electrocardiographic abnormali-
ties (18). Fatal hepatotoxicity attributed to hydralazine has been reported (131). One major
side effect of this drug is the occurrence of a systemic lupus erythematosus–like syndrome,
related to the polymorphic recessive trait for acetylation (132–135). Reports of hydral-
azine-related liver injury include hepatitis, intrahepatic cholestasis, centrilobular necrosis,
and granuloma formation in the parenchyma (17,18,87,136–141). Dihydralazine adminis-
tration causes hepatitis (135,136,142). Hypersensitivity reactions occurred when hydral-
azine was taken for the treatment of hypertension concomitant with epilepsy drugs such
as primidone, phenytoin, and phenobarbital. Most clinical manifestations of hydralazine
liver reactions returned to normal shortly after drug discontinuation (134).

Hepatitis can occur after 2–6 months of hydralazine treatment (17,134) and in some
reports the onset was from 6 to 9 months and up to 1 year (138,142,143). Highly elevated
transaminases and slightly increased alkaline phosphatase activities are observed together
with increased bilirubin. Microscopy revealed submassive to massive necrosis, hemor-
rhage, reticulum collapse, inflammatory cell infiltration, ductular cell proliferation, and
infrequent cytoplasmic fat droplets. Cholestasis was seen in periportal areas (18). These
microscopic findings were consistent with drug-induced toxic hepatitis. In one case the
liver showed severe inflammation with bridging necrosis, also termed subacute necrosis
(17). Complete remission was established approximately 6 months after discontinuation
of hydralazine therapy.

The major pathway of hydralazine biotransformation in humans is hepatic acetyla-
tion, and the enzyme N-acetyltransferase controls the rate of acetylation (Fig. 2) (144).
The expression of this enzyme has genotypic control and the recessive polymorphisms
result in a poor acetylator phenotype (145,146). Nonspecific arylamidase is reduced in
drug-induced or alcoholic liver injury and contributes to poor metabolism exacerbating
the lack of acetylation (139). The liver showed various degrees of centrilobular necrosis
together with low arylamidase activity (18). A relationship may exist between the endo-

Figure 2 Acetylation pathway of hydralazine and dihydralazine.
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plasmic reticulum function changes, reduced acetylation, and hepatic cell necrosis with
hydralazine-induced liver injury related to smooth endoplasmic reticulum dysfunc-
tion (147).

Dihydralazine is a hydralazine analog and caused hepatitis in a small number of
cases (136,142,143). Hepatitis following dihydralazine administration reversed quickly
after drug administration was interrupted and worsened upon rechallenge. The dihydrala-
zine liver reaction appears to be similar to hydralazine hepatitis (18,139–141). The onset
of dihydralazine hepatitis may vary from a few weeks to several months after drug therapy
is initiated. Significant increases of serum transaminase activities were observed, and en-
cephalopathy and prolonged prothrombin time may accompany the clinical presentation.
Most studies reported either centrilobular or severe bridging necrosis as the main lesion,
leading occasionally to fibrosis. Dihydralazine induced several cytochrome P450 isoen-
zymes, and antiliver microsome autoantibodies reacting specifically against some cyto-
chrome P450 species were found in patients with dihydralazine-induced hepatitis
(148,149).

2. Labetalol

Labetalol hydrochloride is an α/β-adrenergic-receptor-blocking drug that lowers blood
pressure in hypertensive patients. Labetalol reduces blood pressure by partially blocking
the α-adrenoceptors in peripheral arterioles causing vasodilatation at the expense of re-
duced peripheral resistance. At the same time, the β-adrenoceptor blockade in the myocar-
dium prevents reflex tachycardia that otherwise would have increased cardiac output. Fol-
lowing oral labetalol to resting or exercising hypertensive patients, plasma renin activity
and aldosterone concentrations decreased, particularly when these parameters were ele-
vated before treatment. Undesirable effects due to the receptor pharmacology include bron-
chial constriction, postural hypertension, disturbance of peripheral circulation, heart fail-
ure, and hepatotoxicity.

Mild hepatocellular and cholestatic injury has been reported with labetalol and
severe hepatocellular injury has been rarely found (150). Liver abnormalities, however,
occurred after short-term or long-term treatment and were progressive. In severe cases,
hepatic related effects were pruritus, dark urine, and jaundice. The hepatic injury is usually
completely reversible but hepatic necrosis, cholangitis, and death due to liver failure have
been reported (151,152).

3. α-Methyldopa

α-Methyldopa was introduced in 1960 and has been one of the most frequently prescribed
drugs for the treatment of moderate or severe hypertension (115,153,154). The molecular
mechanisms of the liver effects have not been clearly established. Considering the extent of
α-methyldopa use, the drug is generally safe, although clinical symptoms and biochemical
changes have been reported (154a,154b). These included sedation, vertigo, lactation from
prolactin release, extrapyramidal signs, and depression. Various digestive tract symptoms
and postural hypotension have also occurred. Edema may result from salt and water reten-
tion. Allergic reactions included fever, autoimmune hemolytic anemia, granulocytopenia,
and thrombocytopenia. Positive tests for systemic lupus erythematosus, rheumatoid fac-
tors, and Coombs’ antiglobulin may be found (155–157).

Knowledge of α-methyldopa-induced liver toxicity is mainly from case reports and
epidemiological investigations (6,158–163). Hepatic symptoms develop within 6–10
weeks or up to 4–6 months after initiation of α-methyldopa therapy. Signs of hepatic
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injury can become manifest after 2–11 years of exposure (11,159,164–166). This differ-
ence in onset suggests that liver toxicity can be short-term or long-term based on exposure
time and each has a particular subset of biochemical findings, liver histopathology, and
clinical symptoms.

Patients exposed for short-term periods to α-methyldopa show acute illness, general
malaise, weakness, abdominal pain, nausea, and occasionally jaundice and fever (15,164).
Hepatic dysfunction is mild, and the clinical symptoms and biochemical abnormalities
return to normal upon drug discontinuation, although approximately one-third of the short-
term patients develop persistently high transaminase levels even after being withdrawn
from α-methyldopa therapy (15,164,166). Long-term patients developed hepatic injury
and had a more protracted course of disease. Clinical symptoms indicative of liver effects
were initially mild, gradually worsened, and included severe discomfort, chronic nausea,
weakness, epigastric pain, colic, and dyspepsia.

More than 80 cases of α-methyldopa hepatitis have been reported and the adminis-
tered dose varied between 0.25 mg and 1g/day, with a patient median age of about 57
years (167). Symptoms are difficult to differentiate from those of viral hepatitis (168).
Prodromal symptoms include chills, fever, headaches, fatigue, malaise, anorexia, nausea,
diarrhea, and vomiting. Hepatitis is frequently accompanied by fever and other symptoms
after 1–4 weeks from the start of drug therapy and frank jaundice may follow a few days
later. Hepatic dysfunction and jaundice may occur between 8 to 10 weeks (6) or 6 to 7
months (169) of α-methyldopa therapy. Upon rechallenge, hepatic reactions occur shortly
thereafter (163). Several deaths due to hepatic coma were reported following prolonged
α-methyldopa intake (15,159,160).

Underlying disease conditions, such as serological abnormalities, arthritis, and lupus
erythematosus, can contribute to α-methyldopa hepatotoxicity. The liver is often enlarged
and tender, and clinical symptoms include marked jaundice and cholestasis in almost half
of cases. Liver function tests suggest parenchymal cell damage. Increased bilirubin is a
frequent finding with elevated transaminases frequently exceeding 1000 units. Alkaline
phosphatase may be normal or increased. The albumin-to-globulin ratio is usually within
normal limits, but sometimes globulins, particularly the gamma fraction, are increased
(7,159).

Histopathological changes ranged from acute hepatitis to chronic active hepatitis
(164,170). Morphological alterations included parenchymal cell degeneration, focal, con-
fluent or massive necrosis, and inflammation with portal tracts infiltrated by lymphocytes
and mononuclear cells. Occasionally, eosinophils and plasma cells were present, and slight
to moderate portal fibrosis could be observed (7,154,169). Central perivenous inflamma-
tion is a characteristic change. Massive panlobular necrosis, steatosis, and reticulum col-
lapse have been observed in severe liver damage. Nonspecific changes in hepatocytes and
sinusoidal cells are seen by electron microscopy. Degraded plasma membranes in the
vascular and biliary poles and nuclear inclusions in liver cells with increased activity of
mesenchymal cells were found in chronic active hepatitis (170–173).

α-Methyldopa-induced hepatic damage is also attributable to hypersensitivity rather
than to direct liver cell toxicity (174). The immune reaction is evident by positive Coombs’
tests, antinuclear antibodies, and lupus erythematosus cells. The onset and severity of the
hepatic injury showed no clear relationship to dose or duration of treatment. A relatively
small numbers of patients with allergic hypersensitivity background exposed to α-methyl-
dopa (prone to hypersensitivity liver injury) may be most at risk. The hypersensitivity
lesion has not been reproduced in experimental animals. Thus, a specific, immunologically
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mediated hypersensitivity reaction may be responsible for α-methyldopa hepatic toxicity
(159,160). Sera from patients with α-methyldopa hepatotoxicity were cytotoxic to isolated
rabbit hepatocytes pretreated with α-methyldopa and a cytochrome P450 inducer (175).
Antibody-positive sera localized specific fluorescence at the plasma membrane of hepato-
cytes from patients on α-methyldopa. These findings support the hypothesis that immune-
mediated mechanisms are involved in hepatic damage and that metabolic activation may
be necessary in the generation of metabolites that can react antigenically. α-Methyldopa
has been associated with immune, drug-induced hemolytic anemia that may or may not
occur concomitantly with hepatitis (155,157,176,177).

Following long-term α-methyldopa exposures ranging from 1 to 11 years with a
mean of 5 years, patients developed mild and gradually increasing discomfort, dyspepsia,
nausea, weakness, and epigastric pain. Chronic hepatitis-like reactions appeared to be the
main finding in liver biopsies from long-term patients (11,25). Liver function tests showed
increased serum bilirubin, transaminases, and alkaline phosphatase activities, but were
less pronounced than those changes in acute α-methyldopa hepatitis. Mild to moderate
focal necrosis, hepatocyte pleomorphism, and variations in nuclear size were seen. In
addition, there was infiltration of neutrophils, lymphocytes, eosinophils, plasma cells, and
histiocytes. Kupffer cell proliferation with diastase-resistant granules, an indication of
necrosis and phagocytic activity, was also present. Fatty change was a common finding
after chronic exposure to α-methyldopa, although the mechanism is not yet established
(11,25), but may involve factors such as uncoupling of oxidative phosphorylation or inhi-
bition of triglyceride secretion. Compounds that bind to macromolecules, especially in the
endoplasmic reticulum, may inhibit protein synthesis and hence interfere with lipoprotein
assembly and transport (4,10,165).

Excess α-methyldopa metabolites deplete the glutathione content of liver cells. Anti-
pyrine elimination improves following withdrawal of α-methyldopa in subjects with nor-
mal liver function tests, suggesting covalent binding and cytochrome P450 inhibition. The
decreased metabolic capacity returns to normal levels about 6 months after α-methyldopa
withdrawal (178). In animals, α-methyldopa is oxidized to semiquinone and quinone via
cytochrome P450 and reactive metabolites bind covalently with cytoplasmic macromole-
cules (112). The large functional reserve for drug metabolism by the liver may account
for the delay of symptoms or lesions development over prolonged periods (174). Fatty
change, increased collagen deposition, impaired drug metabolism, and decreased cyto-
chrome P450 and lowered glutathione concentrations contribute to hepatic dysfunction
and eventual chronic liver damage by α-methyldopa.

Acute liver necrosis is an unusual complication of α-methyldopa therapy. This seri-
ous condition may develop within a short period of treatment, even within 8–10 weeks
of α-methyldopa therapy. Isolated instances of submassive necrosis appear to have re-
paired after withdrawal from the drug. The most remarkable histological feature during
the acute reaction phase was extensive periportal necrosis. Rechallenge with α-methyldopa
resulted in increased serum transaminases within 8 days and fatal submassive hepatic
necrosis (179). The protracted effects of the drug after discontinuation of therapy have
been studied, and liver scans 6–9 months after treatment was stopped revealed generalized
mottling and hypertrophic left lobe; broad periportal fibrosis and collapsed stroma were
noted with microscopic evaluation (161,180).

Cholestasis is a rare consequence of α-methyldopa hepatotoxicity (12,166,181). α-
Methyldopa exposures up to 250 mg daily for 6 years resulted in severe cholestatic liver
disease without evidence of extrahepatic biliary obstruction (14). The liver architecture
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was preserved, although with marked cholestasis. Edema and lymphocytic and neutro-
philic infiltration of the portal tracts were seen. Mild ductular proliferation was noted in
periportal areas. Withdrawal from the drug resulted in normal transaminase and bilirubin
levels within 6 weeks, and alkaline phosphatase returned to normal 22 weeks after α-
methyldopa therapy was stopped.

Cirrhosis or hepatic failure due to α-methyldopa administration has been reported
in patients receiving the drug from 7 weeks to 3 months (162,166,177). Increased bilirubin,
transaminases, alkaline phosphatase, and globulin with reduced albumin were shown by
laboratory tests, and liver histology included hepatocellular necrosis, cytoplasmic vacuola-
tion, and collapse in portal tracts. Necrotic areas were lined with inflammatory cells and
ballooned cells were scattered throughout the parenchyma (162). Hepatic failure followed
by death after 7 weeks of α-methyldopa treatment was reported (166).

4. Papaverine

The benzylisoquinoline alkaloid papaverine has smooth-muscle-depressant properties,
causing relaxation of peripheral arterioles and coronary arteries, with resulting low sys-
temic blood pressure. Papaverine has been widely used in the treatment of cardiac or
cerebral circulatory disorders. Other indications for papaverine have been to control
smooth muscle spasms in intestinal, urinary, and biliary tracts. Clinical side effects are
rare and mild (182–185).

Hypersensitivity-type hepatitis occurred 1–4 weeks after papaverine treatment. Fe-
ver, eosinophilia, and eosinophilic infiltration of liver parenchyma were observed (185).
The eosinophilic infiltration was marked in portal areas and patchy throughout the liver
lobule. Serum transaminases and alkaline phosphatase levels were highly elevated. In
general, liver function tests were within normal limits 2 weeks after papaverine was dis-
continued. Rechallenge 2 months later resulted in immediate increase of transaminases
and alkaline phosphatase together with moderate eosinophilia, confirming the drug tox-
icity (185).

5. Angiotensin-Converting-Enzyme Inhibitors

Inhibitors of the angiotensin-converting enzyme affect the renin-angiotensin system con-
trolling the regulation of blood pressure. Several ACE inhibitors are used in antihyperten-
sive therapy including benazepril, captopril, enalapril, lisinopril, perindopril, quinapril,
and others (186–189). The renin-angiotensin system is a complex neuroendocrine system
regulating water and electrolyte balance related to hemodynamics. The angiotensin-con-
verting enzyme (ACE) is a peptidyldipeptide carboxyhydrolase that catalyzes the conver-
sion of angiotensin I to angiotensin II. ACE inhibitors suppress production of angiotensin
II, the most vasoactive substance in the renin-angiotensin system. Impaired liver function
can develop during therapy with some ACE inhibitors (190). The impairment of function
is reflected in increased serum liver enzymes and bilirubin, cholestatic jaundice, and hepa-
tocellular injury with or without cholestasis in the tissue. These findings occur even in
clinically asymptomatic patients without preexisting liver disorder. The laboratory changes
were reversible when drug treatment was discontinued. The fact that these agents are
frequently prescribed together with diuretics or calcium antagonists may add to potential
liver toxicity due to unanticipated interactions (188).

Captopril, enalapril, quinapril, and lisinopril are ACE inhibitors used in the treatment
of hypertension and heart failure. The main adverse effects are hyperkalemia, and liver
or renal impairment. The clinical liver dysfunction resembles viral infection (malaise,



560 de la Iglesia et al.

fever, muscle pain, or rash) and can be considered hypersensitivity or a reaction to in-
creased bradykinins. Loss of appetite, nausea, and abdominal pain also occurred during
captopril or enalapril therapy. Enalapril, quinapril, and fosinopril may undergo microsomal
bioactivation via cytochrome P450 3A, but captopril is thought to cause non-cytochrome-
P450-dependent toxicity (191). Metabolism of quinapril results in quinaprilat that is bio-
logically active in several tissues (186).

In terms of hepatotoxicity, consistent cholestatic and hepatocellular lesions have
been found with captopril, enalapril, and lisinopril (192–203). Therefore, patients treated
with ACE inhibitors may develop impaired hepatic function, including elevations of liver
enzymes and bilirubin, increases of serum albumin, and hepatocellular or cholestatic jaun-
dice and hepatitis.

Given the availability of several drugs of different chemical structures in this class,
patients can alternate safely from one to another, and the high level of reported events
are related to excessive dosage (188). Captopril-dependent toxicity developed after treat-
ment for congestive heart failure. Replacement of captopril with lisinopril for 3 weeks
was without events and hepatotoxicity developed after returning to captopril. When capto-
pril was discontinued, liver enzymes returned to normal levels within 2 weeks and clinical
signs resolved within the same time frame (204).

Cross-reactivity for ACE inhibitor hepatotoxicity was reported between enalapril
and captopril (24). Elevated transaminases and alkaline phosphatase followed low doses
of enalapril and laboratory abnormalities returned to normal level upon discontinuation.
When captopril was given at low incremental doses over 2 months, liver enzymes became
abnormal. Liver biopsy showed dense lymphocytic infiltration, scattered polymorphs, and
eosinophils in the portal tracts with some degree of portal fibrosis. Liver function gradually
improved after captopril was discontinued.

C. Lipid Regulators

Upon establishment of the relationship of altered lipid metabolism and cardiovascular
degenerative disease, regulation or control of lipid profiles has characterized the growth
of pharmacotherapy in this area. Atherosclerosis contributes to 50% of all mortality in
the United States (205). In terms of risk reduction, a 1% decrease in cholesterol levels
results in a 2% reduction in coronary artery disease morbidity (206,207). Traditionally,
dietary control, physical exercise, and significant lifestyle modification were recognized
as fundamental paradigms in the control of dyslipidemias. Emerging knowledge on lipo-
protein metabolism suggested strong genetic control, and receptor-mediated interactions
determined the phenotype most likely to respond to therapy. Thus, lipid regulation by
agents affecting specific cell surface receptors or specific metabolic or enzyme inhibitors
constitutes contemporary pharmacotherapy, encompassing homozygous or heterozygous,
familial combined, or polygenic dyslipoproteinemias. Therapeutic approaches aimed at
modifying basic lipid metabolism might eventually elicit unexpected toxicity, considering
the significant role of the liver in lipid and lipoprotein metabolism. Paradoxically, there
are not many reports characterizing liver structure in patients receiving hypolipidemics
considering the large number undergoing lipid-regulating therapy. This probably reflects
trends for reliance on biochemical or phenotypic markers. Modulation of hepatic lipid
metabolism and the prolonged exposure of patients to these therapeutic agents prompted
the review of lipid-regulating effects on liver function. Much of the unanswered questions
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in hyperlipoproteinemias concern liver structure and function to distinguish liver changes
due to the disease from alterations caused by drugs (208).

Early approaches to the treatment of dyslipidemias employed resins, probucol, and
nicotinic acid either alone or in combination with fibrates (209). These agents influenced
preferentially triglycerides with minor effects on cholesterol metabolism or lipoprotein
production. Inhibition of 3-hydroxy-e-methylglutaryl coenzyme A reductase (HMG-CoA),
the rate-limiting enzyme of cholesterol biosynthesis, was made possible by compactin
or mevinolin. Cholesterol control, mainly decreasing the low-density lipoprotein (LDL)-
cholesterol fraction, became a significant therapeutic approach, and therapeutic regimens
for dyslipidemias now include fibrates, statins, or the association of both, depending on
clinical response. Most commonly used fibrates include clofibrate, etofibrate, fenofibrate,
bezafibrate, and gemfibrozil. Statins are lovastatin, simvastatin, fluvastatin, mevastatin,
pravastatin, atorvastatin, and others.

Changes in serum proteins from hypercholesterolemic patients consist of elevated
LDL (210). Dyslipidemias occur in later stages of life at a time when several drugs may
be administered concurrently, antihypertensives, antirheumatics, and sedatives being the
most frequent association. An early study described the ultrastructure of hepatocytes in
two different hyperlipidemias (211), recognizing fatty change as a principal landmark
(212). Some degree of underlying hepatic pathology may be present in response to exoge-
nous factors such as diet, alcohol intake, or even superimposed drug-related effects by
other distinct agents (213). Nicotinic acid induced ultrastructural changes in the liver
within a background of preexisting changes (214,215). Several reports have described the
liver structure after the administration of other lipid regulators, including clofibrate (216–
218), fenofibrate (219), and gemfibrozil. (208). In most of these studies, however, the lack
of baseline structural data somewhat diminished the value of the observations.

1. Nicotinic Acid

Nicotinic acid or niacin and close derivatives are useful lipid-lowering agents; however,
nicotinic acid causes marked peripheral vasodilatation, flushing, gastrointestinal irritation,
and hepatotoxicity (76,220–222). The mechanism of this hepatic reaction has not been
defined. There are, however, major frequent and limiting clinical effects aside from flush-
ing that include nausea, vomiting, and hyperpigmentation of the skin. Large or medium
doses of nicotinic acid sometimes cause hepatotoxicity and jaundice, particularly slow-
release forms in excess of 3 g/day (115,223–225). Clinical effects of intrahepatic cholesta-
sis during nicotinic acid therapy are marked pruritus, jaundice, increased serum bilirubin,
and alkaline phosphatase (226–228).

2. Fibrates

Clofibrate was the first agent in this class for the control of dyslipidemia and was approved
more than 25 years ago. Administration of clofibrate to experimental animals caused sig-
nificant hepatomegaly and induced hepatic drug-metabolizing enzymes (229), together
with increased peroxisomes and liver tumors. The unknown cause of hepatomegaly, the
peroxisome proliferation phenomenon, and the tumor formation formed a quizzical triad
with relevance for human risk (230,231). Fibrates available for use in the last decades
were clofibrate, gemfibrozil, fenofibrate, bezafibrate, and others, but most of these drugs
are now directed to the control of severe hypertriglyceridemia and pancreatitis. The promi-
nent animal findings, together with some of the clinical effects observed, created doubts
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about the long-term safety of fibrates. Like other agents in this class, asymptomatic trans-
aminase elevations over a range of multiples of the upper limit of normal have been
recognized (5,232). Most fibrate-related clinical reactions are related to the gastrointesti-
nal, central nervous, and tegumentary systems (233). No deaths and recovery from these
effects other than in liver and muscle were reported in an extensive surveillance study
after administration of fenofibrate, ciprofibrate, gemfibrozil, and bezafibrate (234). One
report included a case of fatal hepatitis during treatment with perhexiline maleate and
bezafibrate (235).

Biopsy data from fibrate-exposed liver and from naı̈ve hyperlipidemics show pre-
dominantly fatty change, although it may be different from the steatosis of obesity (236).
Reports described the long-term effects of clofibrate in liver biopsies from dyslipoprotein-
emic patients (216–218,237,238) and confirmed the lack of significant changes in subcel-
lular organelles, including peroxisomes. The number and volume density of peroxisomes
increased by 50% and 23%, respectively, during the first few months of treatment, and
subsequently the values returned to normal limits perhaps due to adaptation. Although
morphometric data revealed increase volume and numerical density, contemporary evalua-
tion criteria indicate that more than twofold increases in the number of peroxisomes are
necessary to consider this finding as biologically relevant (239). Long-term administration
of gemfibrozil was studied in liver biopsies from hyperlipoproteinemic patients (208).
Hepatic fatty change was present irrespective of the pattern of dyslipidemia. The number
of peroxisomes was not increased based on the results of a limited morphometric
study (240).

Fenofibrate has been studied for liver toxicity (219), and there are isolated reports
of hepatitis (238,241,242). Organelle antibodies were found against smooth muscle, nu-
cleus, and mitochondria in about 70% of drug-induced hepatitis attributed to a heteroge-
neous group of drugs that included clometacin, fenofibrate, oxyphenysatin, and papaverine
(243). Most events were moderate, including asymptomatic transaminase elevations (244).
Liver biopsies from hyperlipidemic patients taking fenofibrate showed no significant he-
patic alterations compared to a cohort group (219), and fatty change was also reported.
A morphometric study of liver biopsies from fenofibrate patients showed no changes in
peroxisomes (245,246). Taking all the liver biopsy data together it could be concluded
that the peroxisome proliferation seen in rodents does not happen in humans. It is plausible
that effects would be seen in humans at higher doses, but species differences in peroxisome
ontogenesis are remarkable (247).

3. Statins

HMG-CoA reductase inhibitors constitute a class of drugs widely used in contemporary
therapy for cholesterol and atherosclerosis control (248). Atorvastatin, cerivastatin, flu-
vastatin, lovastatin, pravastatin, and simvastatin appear to have different kinetics of HMG-
CoA reductase inhibition, and thus are the basis of different therapeutic modalities (249).
Atorvastatin ablates atherosclerotic lesions in mouse models (250), in rabbits (251–253),
and in pigs (254). Lovastatin and pravastatin lower cholesterol and triglycerides in very-
low-density lipoproteins (VLDL), LDL, and apoprotein B (ApoB), with minor increases
in high-density lipoproteins (HDL) and no changes in Apo-1 (255–258). The extent of
LDL modulation has been studied comparing lovastatin and atorvastatin (259). Statins
have been coadministered with fibrates, to obtain a more pronounced VLDL decrease and
HDL increase. However, these beneficial effects have been contrasted with a higher risk
of myopathy (260,261).
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Atorvastatin is a second-generation statin that shares the mechanism of the class
while causing prolonged inhibition of HMG-CoA reductase together with ApoB reduction
(262,263). Owing to the significant LDL-lowering properties (40–60%) it is effective
in heterozygous familial hypercholesterolemia (264). Mild liver transaminase elevations
are frequently observed with HMG-GoA inhibitors and these increases usually resolve
after withdrawal from therapy. No record of permanent liver damage has been docu-
mented (232). In a study including 4271 patients on atorvastatin, 0.7% had transami-
nases higher than 3 times the upper limit of normal (265,266). Pravastatin, fluvastatin,
lovastatin, or simvastatin caused transaminase elevations above 3 times the upper limit
of normal in a small percentage of patients, usually 1–4% in clinical trials (267–274).
The low rate of hepatic adverse events with pravastatin may have been the result of the
single-daily-dose mode of administration (255). However, the adverse event rates may
not be comparable, since the evaluation criteria may not be uniform among investiga-
tors and also subject to different regulatory interpretation worldwide. The International
Conference of Harmonization is guiding standardization efforts in adverse reaction re-
porting (275).

In experimental studies, lovastatin caused marked hepatocellular atypia and foci of
cellular alteration in rats, and bile duct hyperplasia and centrilobular hepatocyte necrosis
in rabbits. Transaminase elevation in dogs abated while treatment was continued, and
there were no changes in primates (276–278). Fluvastatin caused hepatocellular necrosis
in rodents in a carcinogenicity study (279). An experimental HMG-CoA inhibitor, GR
95030X, increased transaminases and creatine phosphokinase, but no histological changes
in the liver of marmosets (280). Nonhuman primates do not show liver morphological
changes with pravastatin (281), and dogs given simvastatin had transaminase increases
greater than 10 times the control values without hepatocellular morphological changes
upon biopsy at the crest of the transaminase elevation (282).

Most of these experimental studies used very high, systemic toxic doses that could
have resulted in blood levels intolerable in humans. The pathogenesis of elevated transami-
nases upon HMG-CoA inhibition is not known. Dogs receiving atorvastatin for up to 2
years had transaminase and alkaline phosphatase elevations with reversible hepatic lesions
including lipofuscin deposition (283). Proposed, but not definitely established, mecha-
nisms have been attributed to the extent of inhibitor exposure and to cellular toxicity
because of persistent mevalonate synthesis inhibition. The elevated transaminases in hu-
mans appear to resolve regardless of whether or not therapy is discontinued. The average
increases are modest and not accompanied by elevated bilirubin or alkaline phosphatase.
To our knowledge, there are no literature reports of liver damage confirmed by biopsy
accompanying these transaminase elevations. Considering the experimental evidence re-
flected in the intense enzyme induction and the metabolic enzyme inhibition, the transami-
nase elevation may not represent direct liver cell toxicity. Changes in the clearance or
metabolism of transaminases might contribute to the high levels observed. Marmosets
may represent a good model for studying transaminase elevations, as seen with some
experimental compounds (280).

Overall, statins as a class of lipid-regulating agents do not appear to pose signifi-
cant hepatotoxicity risk, based on the extent of universal use and the low frequency of
reported, documented reactions over the past decade or more. Squalene synthase inhibi-
tors, such as ER 27856 and ER 28448 (284), show promise as potent hypercholesterol-
emics in the laboratory, but there is little evidence as to their safety and lack of liver
effects.
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D. Vasodilators

1. Organic Nitrates

Organic nitrates are useful therapeutic agents for the symptomatic treatment of angina
pectoris. Their onset and duration of activity may be related to their prerequisite metabo-
lism to show the circulatory effects. Organic nitrate biotransformation was ablated by
cytochrome P450 inhibitors and biotransformation of glyceryl trinitrate was catalyzed by
isoenzymes induced by phenobarbital (285). Organic nitrates are classified into short-
acting (amyl nitrate, isosorbide dinitrite) and long-acting (erythrityl tetranitrate, penta-
erythritol tetranitrate). Nitroglycerine may be short- or long-acting based on the pharma-
ceutical formulation. Most of the clinical toxicity of nitrates is derived from circulatory
effects, including methemoglobinemia (286–289). Significant paucity of liver toxicity is
reported with these agents. However, since these are combined usually with other vasodila-
tors, including calcium channel blockers or beta-adrenoceptor antagonists (290), hepatic
reactions may emerge due to metabolic interactions.

There is hepatic cytochrome P450-dependent biotransformation of organic nitrates.
When glyceryl trinitrate (GTN) was incubated with aortic supernatant and rat hepatic
microsomes, there were concentration-dependent increases in guanylyl cyclase activity
pointing to a role of nitric oxide (NO) (291). The guanylyl cyclase was increased with
phenobarbital-induced microsomes and reduced by metabolic inhibitors (292). Glyceryl
trinitrate is mutagenic to Salmonella TA1535 and the mechanism of DNA damage may
be via NO generation due to metabolic reduction (293). GTN also induces hepatocellular
carcinoma in rats (294). No p53 mutations were found in the tumors but K-ras point
mutations occurred in half of the tumors. Sodium nitrate given to Wistar rats caused liver
tumors including hepatocellular carcinoma and hemangiosarcoma (295), whereas in an-
other study in F-344 rats, sodium nitrite did not cause tumors (296). In contrast, pentaeryth-
ritol tetranitrate administered to F344 rats and B6C3F1 mice was essentially nontoxic and
did not induce liver neoplasia (297). These studies do not provide sufficient evidence to
affirm a liver neoplastic potential upon long-term use of these agents.

III. ANTIDIABETIC DRUGS

The treatment of diabetes, particularly diabetes resulting from insulin resistance, is a major
challenge. The drug armamentarium was static for more than a decade until the advent
of the thiazolidinediones, or “insulin sensitizers,” and the aldose reductase inhibitors that
showed significant promise. The search for the treatment of diabetes or its complications
in the United States is intense, as evidenced by the number of clinical trials underway.
Thanks to Internet access (http:/ /www.centerwatch.com/studies/listing.htm) and as of this
writing, there are over 500 clinical trials in progress addressing diabetes type 1 and 2
treatments, prevention, and approaches to different complications, such as foot ulcers,
gastroparesis, neuropathy, nephropathy, retinopathy, and macular disease. Most of the
treatments get individualized and adjusted according to the patient response, contributing
to a heterogeneous matrix of polytherapy (1). Part of the heterogeneity in treatment re-
sponses has been attributed to the polygenic and polyphenotypic characteristic of type 2
diabetes, and genomic studies may hold promise for the future in the design of new thera-
peutic interventions (298–301).
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A. Hormones

1. Insulin

In diabetes mellitus, the administration of insulin or oral hypoglycemic agents constitutes
standard treatment. The use of insulin, as with any hormone, is for replacement therapy
owing to the patient’s insufficient production of own insulin. In chronic use of insulin,
some undesired side effects occur such as hypoglycemic reactions, local lipodystrophy,
and presbyopia. Oral hypoglycemics include sulfonylureas, biguanides, α-glucosidase in-
hibitors, and thiazolidinedione derivatives. These drugs cause release or better utilization
of endogenous insulin. Toxic clinical reactions of these drugs most commonly encountered
are nausea and vomiting; occasionally flareup of peptic ulcer and epigastric distress are
reported. In some patients cholestatic jaundice has been found.

B. Sulfonylureas

These drugs are orally active hypoglycemic agents acting in part by stimulating insulin
secretion from the β cells of the pancreas. Members of this group include acetohexamide,
chlorpropamide, glipizide, glyburide, and tolbutamide. Major side effects are usually asso-
ciated with overdose that can induce hypoglycemia. Jaundice has been reported rarely as
a hepatic side effect.

1. Acetohexamide

Acetohexamide is an oral antidiabetic agent that stimulates insulin release from the pan-
creas and reduces glucose output from the liver. Side effects are hypoglycemic reactions
(302–304). Cholestatic jaundice has been found in rare cases (305,306).

2. Chlorpropamide

Chlorpropamide reduces blood sugar concentration by stimulating insulin secretion from
pancreatic islets. The drug is readily absorbed from the gastrointestinal tract and slowly
excreted by the kidneys as unchanged chlorpropamide. Prolonged treatment with chlor-
propamide and by all sulfonylurea drugs can cause severe hypoglycemia, particularly in
elderly patients with reduced plasma clearance and impaired liver or kidney function (307).
Usually the dose-related side effects are transient, reducing the dose level, or complete
withdrawal results in regression of the symptoms. Adverse reactions are associated with
idiosyncrasy or hypersensitivity, which include jaundice and skin eruption (308–311).

3. Glipizide

Glipizide is rapidly absorbed, extensively metabolized, and improves insulin secretion
from the β cells of the pancreas. Side effects include various manifestations of hypoglyce-
mia, nervousness, weakness, and paresthesia (312–314). Hepatic or renal disease may be
a predisposing factor.

4. Glyburide and Tolbutamide

The major action of glyburide and tolbutamide is an increased release of insulin from the
pancreatic β cells. Glyburide also affects some other mechanisms leading to decreased
blood glucose. Glyburide is highly bound to plasma proteins and it is completely metabo-
lized in the liver and eliminated mainly via the kidney. Tolbutamide is also readily ab-
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sorbed and bound to plasma proteins after absorption from the gastrointestinal tract. It is
metabolized in the liver and kidney. In patients treated with glyburide or tolbutamide
hypoglycemia may develop (312,314). With glyburide treatment, hepatic porphyria has
been reported (315); very rarely, elevated liver enzymes were found and in isolated cases
cholestasis, jaundice, and hepatitis (316–322). Liver function normalizes after withdrawal
of these drugs.

C. Oligosaccharides

1. Acarbose

Acarbose is a complex oligosaccharide produced by fermentation of Actinoplanes utahen-
sio, and competitively inhibits pancreatic α-amylase and α-glucosidase activity in the
brush border membrane of the small intestine. This effect delays the absorption of carbohy-
drates resulting in a lowering of blood glucose concentration (323). Acarbose does not
enhance insulin secretion, but lowers postprandial hyperglycemia, resulting in an improved
blood glucose control. Gastrointestinal disturbances are the most frequently observed side
effects of acarbose (324,325) and clinically significant hepatotoxicity is rare (326).

Acarbose at high doses increases serum transaminases and sometimes causes hyper-
bilirubinemia (189,327). Severe hepatotoxicity occurred with acarbose and concomitant
administration of glyburide. Liver enzymes and bilirubin were highly elevated at discontin-
uation and laboratory values returned to normal within 2 months. Liver enzymes increased
within 1 week after a rechallenge dose and enzymes were within normal limits at 1–4
months (328).

D. Thiazolidinediones

These novel antidiabetic agents constitute a different chemical class with different pharma-
cological effects from sulfonylureas, biguanides, or alpha-glucosidase inhibitors (329,330)
and are prescribed for the management of type 2 diabetes mellitus (Fig. 3). Thiazolidine-
diones act primarily through a PPAR-γ-receptor-mediated signal enhancing the respon-
siveness in muscle or adipose tissues, or decreasing insulin resistance by increasing insulin
sensitivity of insulin-dependent tissues and inhibiting hepatic gluconeogenesis (331,332).
Cholesterol biosynthesis inhibition by glitazones appears to be independent of the PPAR-
γ mechanism (333). These drugs are indicated in type 2 diabetes, but they are not effective
in the absence of insulin as is the case with diabetes type 1. The glycemic control takes
place in the presence of insulin, reducing the dose of the exogenous hormone (insulin
rescue). Patients receiving thiazolidinediones in combination with either insulin or other
oral hypoglycemic compounds may have a risk of hypoglycemia due to the adjunct
therapy.

Experimental animals, including mice and rats but not nonhuman primates, develop
cardiac hypertrophy, interscapular brown fat hyperplasia, and endothelial cell proliferation
(334–337). The cardiac enlargement is preventable by the coadministration of ACE inhibi-
tors, indicating an indirect participation of the renin-angiotensin system (338). Extensive
animal studies did not reveal abnormalities in safety evaluation models (334–336,339–
341). The adipose tissue of rodents undergoes significant metabolic or morphological
changes with glitazones (342,343), while exerting significant effects on adipocyte differen-
tiation (344,345). The significance of these findings is not clear over the long term in
diabetics (346).
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Figure 3 Molecular structure of thiazolidinediones and major troglitazone metabolites.

1. Troglitazone

This is an oral antihyperglycemic agent that normalizes blood glucose by increasing target
cell responses to insulin. This compound was discovered by Japanese researchers in the
1980s and is the same group that developed the first HMG-CoA inhibitor about the same
era (329) (Fig. 3). Troglitazone reduces hepatic glucose output and enhances insulin-
dependent glucose disposition in skeletal muscle. Its mechanism of action is related to
binding to peroxisome-proliferator-activated receptor in the nucleus that regulates the
transcription of a number of insulin-responsive genes required for the control of glucose
and lipid metabolism. The troglitazone molecule contains two chiral centers and each of
the four stereoisomers shows similar pharmacological effects; the tocopherol group ap-
pears to confer antioxidant activity (347).

Clinical trials with troglitazone included 2510 patients and 5% had transaminases
greater than 1.5 times the upper limit of normal, 48 patients (1.9%) had transaminases 3
times above that limit, and 10% of those had enzyme elevations 20 times above the upper
limit of normal and two patients had overt jaundice (326,348). Among other reactions
within a short time after approval, reversible jaundice, idiosyncratic drug reaction, liver
failure, and death were reported in the United States (82,349–355,399,400), eventually
leading to withdrawal of the drug.

Troglitazone hepatotoxicity is a complex manifestation of clinical and organ changes
leading to toxic hepatitis, cholestatic injury, and fulminant hepatitis with or without mas-
sive necrosis, none of which are predictable. The diversity of onset periods, heterogeneous
liver pathology, and number of concomitant medications contribute little to defining
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clearly the severe troglitazone hepatic syndrome (Table 1). In terms of fulminant hepatitis,
the interaction of glibenclamide and troglitazone was identified in three of four patients
with fulminant hepatitis (354).

2. Rosiglitazone

This oral thiazolidinedione increases insulin sensitivity similarly to other glitazones. It
improves glycemic control together with reduced circulating insulin levels at lower doses
than troglitazone. Rosiglitazone is a highly selective and potent agonist of peroxisome-
proliferator-activated receptor γ that is found in key target tissues for insulin action such
as liver, skeletal muscle, and adipose tissue. The dosage is lower than that of troglitazone,
but the overall effects on glycemic control are similar. The specific mechanism by which
rosiglitazone exerts increased sensitivity to insulin in these tissues is not known. Rosiglita-
zone has clinical activity when used as monotherapy or in combination with other agents,
such as metformin (82,356).

Available clinical trial data showed no firm evidence of hepatotoxicity with only
sporadic increases of liver enzymes (357). In controlled trials, 0.2% of patients had revers-
ible transaminases elevations above 3 times the upper limit of normal, no different than
controls (358). A 69-year-old man receiving 4 mg of rosiglitazone daily developed hepatic
failure after 21 days of therapy (359). However, the patient was severely hypotensive and
recovery followed supportive care and withdrawal from the drug. A second case of severe
hepatocellular damage after 2 weeks on drug recovered after therapy discontinuation. This
patient received Accolate, a recently identified hepatotoxin. The investigator recom-
mended earlier and more frequent liver enzyme monitoring, and discontinuation is advised
when transaminases elevations are higher than 3 times the upper limit (358,360). Clinical
experience postmarketing has not identified any cases of acute liver failure with death or
liver transplant in over one million patients who received the drug.

3. Pioglitazone

Pioglitazone monohydrochloride is used to treat type 2 diabetes, and chemically it is a
racemic mixture with both enantiomers of equal pharmacological activity. Pioglitazone
is extensively metabolized by the hepatic cytochrome P450 system mainly by CYP 2C8
and CYP 3A4 and to some extent by the mainly extrahepatic CYP 1A1. Pioglitazone is
an inducer of CYP 3A4 and in in vitro studies the hepatic metabolism was inhibited 85%
by ketoconazole. It is difficult to predict the interaction with other drugs, and caution will
be needed when it is coadministered with inducers of competing substrates (356). When
glipizide, digoxin, warfarin, or metformin was coadministered individually with pioglita-
zone, no pharmacokinetic interactions were found (361).

In clinical studies with pioglitazone, there was no evidence of drug-induced hepato-
toxicity or elevation of serum alanine aminotransferase levels (82,356,362). During con-
trolled trials in the United States, four of 1526 diabetics (0.26%) had transaminases eleva-
tions greater than 3 times the upper limit of normal, not different from controls (361). No
cases of acute liver failure have been reported in the literature.

4. Other

Other thiazolidinediones include ciglitazone (363,364) and englitazone (365), but no re-
ports were found regarding liver reactions with these drugs. NC-2100 is a thiazolidinedi-
one with a different receptor activation profile than other compounds in this class. Whether
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the weak PPAR-γ activation of this drug translates into lesser hepatotoxicity is not
clear (366).

5. Oxadiazolidinediones

Similarly to thiazolidinediones, experimental studies with this chemical class show effi-
cacy in diabetes models. However, no adipocyte differentiation effects are seen, indicating
different biological properties and perhaps a distinct clinical profile. The oxadiazole
YM440 from Yamanouchi in Japan has been proposed as a useful agent from this class
(367). Given the concerns with thiazolidinediones, focus will be on the lack of clinical
liver effects.

E. Biguanides

1. Metformin

Metformin exerts glycemic control only when there is functional insulin secretion. This
drug exerts no effect on the pancreatic beta cells, so its mechanism of action is not fully
understood. The compound increases the effect of insulin on peripheral receptor sites or
potentiates the action of insulin by increasing the number of insulin receptors on cell
surface membranes (368). Metformin, buformin, and phenformin are biguanides intro-
duced in the late fifties to treat insulin-resistant diabetes type 2. Phenformin and buformin
were withdrawn from use because of lactic acidosis (1). Metformin causes lactic acidosis
if not properly prescribed (369). Metformin is effective as a monotherapy agent or in
combination with sulfonylureas. The glucose utilization in tissues is via oxidative metabo-
lism whereas nonoxidative metabolism mediates glucose utilization by the intestine. As
a result, extra lactate enters the liver to maintain gluconeogenesis and biguanides inhibit
gluconeogenesis from alanine (370). This balance mechanism is a safeguard against exces-
sive glucose lowering.

The absorption of metformin is relatively slow and it is excreted in the urine in
unchanged form. It is not metabolized, although its use is contraindicated in the presence
of liver disease or renal impairment. In some cases acute clinically significant hepatic
dysfunction might develop during metformin therapy (189,371,372).

F. Insulinotropic Agents

Insulinotropic agents are also recognized as insulin secretion enhancers or insulin secreta-
gogues that stimulate insulin release from β cells and other depots. This mechanism is
similar to sulfonylureas, perhaps with some differences at the molecular level. Drugs in
this category are repaglinide and nateglinide (373–375). The liver toxicity is not estab-
lished owing to limited clinical experience. These drugs are also being studied in combina-
tion with other antidiabetics, such as glyburide, and no liver reactions have been re-
ported (375).

G. Progress in Hepatotoxicity by Cardiovascular or Antidiabetic
Drugs

With every significant event that leads to the identification of a new drug-induced hepato-
toxicity, new approaches are fueled to advance knowledge and to take advantage of new,
enabling technologies usually available after drugs have been developed or before they
reach commercialization and widespread use. The heterogeneous clinical presentations of
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diabetes or cardiovascular disease indicate major background differences and phenotypic
outcomes representing the interaction of several, if not many, determinant genetic effects.
Screening for genetic traits in diabetics poses logistic intellectual and ethical challenges.
In addition, the genetic control of liver-detoxifying mechanisms as well as markers of
injury can modulate the extent of the underlying pathology as well as the expression of
the liver injury markers. Several genetic polymorphisms have been characterized in diabe-
tes and in cardiovascular disease, and these can cause different pharmacological or toxic
reactions to drugs (129,146). Variable pharmacodynamics can evolve from gene effects,
differences in receptor structure or population, membrane transporters, and other basic
cellular functions (376). Hence, pharmacogenetic interventions will improve the manage-
ment of diabetes or cardiovascular disease while anticipating or preventing liver reactions.
A clinical trial on type 2 diabetes and troglitazone covered 4079 patients screened for
transaminases and genotyped for diabetes disease and toxicity genes (301) (Table 2). These
gene panels were selected from a group of candidate genes based on a functional expres-
sion. The study identified a small subset of genes combining phase II drug metabolism,
glucose transport, and PPAR-γ single-point mutations. These gene mutations occurred in
a small group of diabetics and this occurrence was beyond mere chance (Table 3). The
same profile of gene mutations was found in one of the fatal outcomes. The study could
be hindered from many vantages since it included a small number of genes as well as
the lack of an age-matched cohort. Nevertheless, by pursuing genetic modulations by
sulfotransferase polymorphisms (377), transaminase variants (378), and other predisposi-
tions, such as race, a profile or cluster may emerge. Targeted studies showed that diabetics
possess impaired sulfotransferase activity among other functional decrements (379) and
glitazones are predominantly metabolized via phase II conjugation and quinone oxidative
reductions (380,381). These reactions occur in hepatocytes or blood white cells (382) and
a hypothesis was tested observing liver cell and peripheral blood cells reactions in parallel,
making this approach simpler and amenable to minimally invasive techniques, such as
flow cytometry of blood samples.

Mechanisms of hepatic cell toxicity have been studied closely in recent years, and
sensitive parameters of functional changes have been identified, such as mitochondrial
transmembrane potential changes (383). Protracted impairment of beta-oxidation in mito-
chondria leads to many different liver changes from exposures to anticonvulsants, antibiot-
ics, and anti-inflammatory agents. Amiodarone, perhexiline, and diethylaminoethoxy-

Table 2 Genetic Polymorphisms Common in the Genotype of
Diabetics at Risk of Liver Injury

Polymorphism found Functional change

CYP 450 1A1 wt/v Drug interaction
CYP 450 2C19m1 wt/v Drug interaction
CYP 450 2D6 wt/v Drug interaction
NQO1 (DT diaphorase) 2/3 decreased metabolic activity
GLUT-1 Increased NIDDM risk
PPAR γ-892 Reduced fasting glucose/BMI

Increased insulin sensitivity
PPAR γ-1431 Increased leptin levels

Source: Shi et al. (301).
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hexestrol are cardiovascular drug examples that also affect oxidative phosphorylation
(69,384). Severe detriments in oxidative phosphorylation lead to liver damage and fatal
organ failure (385). French investigators proposed that every drug under clinical develop-
ment should be studied for effects on mitochondria (69). Studies using coherent multiprobe
fluorescence with isolated liver cells monitored simultaneously the effects of tacrine on
mitochondrial transmembrane potential, cell membrane permeability, calcium traffic, and
cytoskeletal integrity in real time (386). Diabetic mitochondria appear to be in a relative
state of uncoupling that paradoxically is ameliorated by troglitazone (387). This approach
was used to study mitochondrial transmembrane potential effects in response to three
thiazolidinediones (388,389). The transmembrane potential “lesion” can be observed with
troglitazone and rosiglitazone in vitro (Fig. 4).

This coherent fluorescent multiprobe assay will be useful to study drug interactions
in normal or diabetic hepatocytes, yielding useful data for the prediction of drug combina-
tion effects. It is not difficult to predict that decoding of these reactions at the subcellular
and molecular level will take place in the near future in most clinical laboratory settings.

In diabetics, peripheral blood cells, like platelets, are altered in the diabetic state
(390) and different phenolsulfotransferase genotypes are expressed in liver, lung, other
organs, and platelets, resulting in variations in therapeutic activity, biotransformation, and
toxicity in drugs that undergo sulfate conjugation. Thiazolidinediones are metabolized via
sulfate conjugation and the impairment of this metabolic capacity might therefore result
in toxicity (391). Thiazolidinediones also affect ATP consumption (388), which might

Figure 4 Changes in mitochondrial transmembrane potential (∆ψm) with thiazolidinediones.
Troglitazone (A,B) and rosiglitazone (C,D) exert similar profiles in either hepatocytes or peripheral
lymphocytes. Adapted from Haskins et al. (388).



574 de la Iglesia et al.

lead to decreased capacity for glucuronidation due to altered redox state (392). Contribut-
ing factors might include disruptions in glucose transporter 4 (393), PPAR-γ receptor
mutations (394), as well as reduced quinone reductase activity (395). The disruption of
the DT diaphorase gene, reducing the effectiveness of quinone detoxification mechanisms,
increases the risk of anticoagulant toxicity and might enhance the toxicity of the antidia-
betic agent. DT diaphorase is found in the liver but more abundantly in extrahepatic tis-
sues. The reduction of quinones to hydroquinones is a detoxifying pathway that protects
against oxidation products; however, some hydroquinones may auto-oxidize and generate
reactive oxygen species or even alkylate DNA (396). The use of supportive therapy that
employs anticoagulants that undergo reductive metabolism may precipitate a liver reaction
already initiated by the main therapeutic agent. To this date, no studies have been reported
employing NQ01-null mutant mice that have increased sensitivity to menadione toxicity
(expressed by increased lethality and elevated transaminases when compared to the wild
type) with thiazolidinediones.

IV. CONCLUDING REMARKS

This review has attempted to critically assess the hepatic side effects of cardiovascular
and antidiabetic drugs and to update the knowledge base from a previous work (397).
Hepatotoxicity has been ascertained on the basis of biochemical, morphological, and clini-
cal findings and the fact that liver abnormalities subside after withdrawal of the drug in
question. This may be difficult to accomplish in a framework of polytherapy. Rechallenge
quickly confirms the source of liver injury, causing similar symptoms as found in the
original reaction. Although very practical, this approach may cascade into more severe
reactions and the damage may become irreparable. Several cardiovascular and antidiabetic
drugs have hepatotoxic potential since many of them undergo metabolic biotransformation
in the liver or some possess intrinsic strong lipid-binding affinity. Although hepatotoxicity
has been documented in many studies by means of clinical, morphological, and laboratory
evaluations, the conclusions could have been better supported by control or baseline data.

Unexpected drug reactions affect the liver at early stages, and on occasion, fulminant
hepatic injury may result (76,398). Should the effects not be recognized at an early stage,
irreversible changes and death may be the outcome (353,355). Liver reactions, either mild
or severe, develop with cardiovascular drugs including antiarrhythmics, antihypertensives,
and hypolipidemics. Among diabetics, adverse hepatic reactions can develop following
intake of sulfonylureas, biguanides, α-glucosidase inhibitors, or thiazolidinediones, indi-
cating no specific relationship of the hepatic side effect with the chemical structure or
therapeutic group. An important component of the patient response may be preexisting
pathology or altered phenotype. Overall, morphological, biochemical, and clinical data
documented hepatic changes consisting of elevated liver enzymes, cholestasis, fatty
change, granulomatous reactions, hepatitis, necrosis, fibrosis, and cirrhosis. The cellular
or molecular basis of the liver reactions in every instance cannot always be ascertained.
Liver injury, whether or not dependent on a particular drug or metabolite, is frequently
associated with immunological effects that have not been characterized unequivocally.
Increased transaminases in the absence of elevated bilirubin or other liver function tests
in patients on cardiovascular or antidiabetic drugs are associated with a range of hepatic
morphological changes that can resolve or evolve into significant liver injury. Although
elevated transaminases may represent an important index of deranged liver function, the
degree of the elevation does not usually parallel the extent of parenchymal cell damage
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at early stages of the disease. It follows that hepatotoxicity of any drug could be confirmed
by morphology, and that uncertainty or lack of cause-effect relationships can be dimin-
ished if the biopsy is taken as close as possible to the apogee of the clinical course. In life-
threatening situations liver biopsy represents an essential component in the management of
the patient. The results of a biopsy may indicate the need for liver transplantation and
conclusions derived on the potential hepatotoxicity of cardiovascular or antidiabetic drugs
emphasize the importance of this procedure.

The diagnosis of hepatotoxicity due to drugs or their actions is very important since
it leads to immediate withdrawal of the causative agent. Elevated serum transaminases
are fairly frequent during the course of disease and may not relate exclusively to a liver
effect, but severe hepatitis or other type of inflammatory reaction during therapy is rare.
Treatment with cardiovascular drugs may cause hepatitis, and among antidiabetics only
glyburide and troglitazone appeared to have caused severe, but occasionally fatal, hepatitis.
Understanding the complex nature and extent of liver injury and improving the prediction
of the outcomes in treatment and prognosis will be important elements for advances in the
knowledge and prevention of hepatic reactions to cardiovascular and antidiabetic drugs.

DEDICATION

Drs. de la Iglesia and Haskins regret the untimely passing away of Dr. Feyer, their friend
and colleague of many years. This chapter is dedicated to his memory.
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I. INTRODUCTION

This chapter is comprised of three sections. The first section examines the factors that
alter liver metabolism and how this can affect efficacy and toxicity from anticancer drugs.
The second section reviews liver toxicity in hematopoietic stem cell transplantation; this
topic warrants its own section, since several of the conditioning regimens for stem cell
transplantation have a high incidence of liver toxicity and a high case-fatality rate. The
final section is the more traditional review of hepatotoxicity listed for individual anticancer
drugs.

II. HEPATIC METABOLISM OF ANTICANCER DRUGS

Most anticancer drugs are potentially toxic compounds with a narrow therapeutic index.
Thus changes in pharmacokinetics or drug metabolism that effect the disposition of these
drugs may easily alter efficacy or cause toxicity. This section describes how variability
in hepatic metabolism will affect disposition of anticancer drugs and how this may predis-
pose to liver toxicity.
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A. Drug Interactions

1. Drug Interactions and Drug Disposition

In general, the incidence of adverse drug reactions increases exponentially with the number
of drugs prescribed. This is partially because individuals on multiple drugs tend to have
more severe underlying illness and partially due to falsely attributing disease symptoms to
drug toxicity. However, drug interactions contribute to the disproportionate rise in adverse
reactions due to polypharmacy. Cancer patients are at particular risk because of the narrow
therapeutic index of anticancer drugs, the use of anticancer drugs in combination regi-
mens, and the many supportive drugs used in this population. Supportive drugs used in
patients on antineoplastic regimens include antiemetics, antipyretics, analgesics, antihis-
tamines, antifungals, antivirals, and antibacterial antibiotics, many of which are potential
hepatotoxins.

Drug interactions that affect drug metabolism by the liver may inhibit detoxification,
induce metabolic activation, or inhibit excretion and thereby increase efficacy or toxicity.
Conversely, inhibition of metabolic activation or induction of detoxification pathways may
diminish efficacy of anticancer drugs. These interactions are more important when a drug
is more extensively metabolized and when the affected pathway contributes a large share
to overall metabolism.

Increased Efficacy and/or Toxification. Inhibition of detoxification by oxidative metabo-
lism and/or conjugation reactions by concomitant medication may lead to drug toxicity.
CYP 3A4 is the most abundant P450 in the liver (around 30% of total hepatic P450); it
is inducible and it is responsible for the metabolism of over 50% of xenobiotics. Inhibition
of CYP 3A4 is responsible for many clinically significant interactions. Vinca alkaloids
(vincristine, vinblastine, vindesine, vinorelbine) and docetaxel are mainly detoxified by
CYP 3A4-catalyzed metabolism and are predominantly excreted into bile. Ketoconazole,
itraconazole, and fluconazole—antifungals frequently used in this population—are P450
3A4 inhibitors and should be avoided during therapy with these vinca alkaloids or doce-
taxel, since the unmetabolized parent compound may reach toxic levels. Indeed, there are
several case reports of neurotoxicity from the combination of vincristine with itraconazole
that have been attributed to inhibition of CYP 3A4 by itraconazole.

6-Mercaptopurine, 6-thioguanine, and azathioprine are prodrugs (see Fig. 1). When
orally administered these thiopurines are subjected to first-pass metabolism by xanthine
oxidase in the liver and intestine. When 6-mercaptopurine is given orally, e.g., in mainte-
nance therapy for acute lymphoblastic leukemia, inhibition of xanthine oxidase by allopu-
rinol inhibits first-pass metabolism in the intestine and liver, increases bioavailability, and
can precipitate toxicity (1). Allopurinol has little effect on the area-under-the-curve (AUC)
when these thiopurines are given intravenously (1). The mechanism of hepatotoxicity of
these drugs will be discussed more in depth in the last section of this chapter.

The liver extensively metabolizes paclitaxel: around 90% of the dose is converted
to metabolites. Total fecal excretion is approximately 70% of the dose and the largest
component by far is 6α-hydroxypaclitaxel, a detoxification product. Given the extensive
metabolism, paclitaxel might be expected to be prone to toxicity through interaction with
inhibitors of metabolism. In humans, CYP 2C8 is responsible for the formation of the
major metabolite, 6α-hydroxypaclitaxel, whereas CYP 3A4 catalyzes formation of 2-
hydroxylation products that are minor metabolites in most individuals. Several com-
pounds inhibit paclitaxel metabolism in vitro in human microsome studies, but major
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Figure 1 Thiopurine metabolism. A simplified schematic of 6-mercaptopurine, 6-thioguanine,
and azathioprine metabolism. Thioguanine nucleotides are the presumptive toxic metabolites. HPRT,
hypoxanthine phosphoribosyltransferase; TPMT, thiopurine S-methyltransferase; GST, glutathione-
S-transferase.

effects have not been reported clinically. This is likely because of the lack of clinically
used drugs that inhibit CYP 2C8.

Irinotecan is now a component in the chemotherapy of advanced colorectal cancer.
It is metabolized by carboxylesterase-2 (2) to SN-38 (7-ethyl-10-hydroxy camptothecin),
the putative active metabolite, which is conjugated by uridine diphosphate glucuronosyl
transferase 1A1 (3) (UGT-1A1) to the glucuronide, SN-38-glucuronide (Fig. 2). Irinotecan
and its metabolites are actively excreted in bile (4) and fecal excretion accounts for elimi-
nation of two-thirds of the dose (5). Increased concentrations of SN-38 in the intestine are
thought to be the cause of the delayed-onset diarrhea associated with irinotecan, whereas
glucuronidation of SN-38 protects against this toxicity. Valproate inhibits UGT (6) and

Figure 2 Irinotecan metabolism. Irinotecan is metabolized by carboxylesterase-2 to the toxic
metabolite, SN-38. SN-38-glucuronide is a detoxified metabolite that can be excreted into bile via
cMOAT. Intestinal toxicity may be due to bacterial deconjugation of the glucuronide with regenera-
tion of SN-38.
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inhibits formation of SN-38-glucuronide experimentally (7). Thus treatment with valproate
may increase the risk of intestinal toxicity from irinotecan.

Induction of metabolic activation by P450 will enhance efficacy and could poten-
tially cause toxicity. Cyclophosphamide requires metabolic activation by CYP 3A4/5 at
the higher range of therapeutic concentrations and by CYP 2C9 at low concentrations to
form 4-hydroxycyclophosphamide (8). 4-Hydroxycyclophosphamide is an intermediate
metabolite in the formation of phosphoramide mustard, the active metabolite, and acrolein,
the metabolite responsible for much of its toxicity. Phenobarbital induces P450 activation
of cyclophosphamide, which will increase both efficacy and toxicity. A similar mechanism
would apply to ifosfamide.

Drug-induced inhibition of biliary excretion may occur at the level of the active
transporters on the canalicular pole of the hepatocyte (mechanical obstruction of the biliary
tree is discussed below). P-glycoprotein, the multidrug resistance drug efflux pump that
is overexpressed in some cancer cells, is present at the canalicular pole of the hepatocyte.
This transmembrane-spanning protein is responsible for biliary excretion of hydrophobic
cationic antineoplastic drugs (see Table 1; also discussed in another chapter). Inhibition
of P-glycoprotein at the canalicular pole of hepatocytes will block excretion of substrates
into bile and increase drug levels. Verapamil and cyclosporin are both inhibitors of P-
glycoprotein, but through different mechanisms. Verapamil is a substrate for P-glycopro-
tein and is a competitive inhibitor of this pump, whereas cyclosporin inhibits transport
function by interfering with substrate recognition and ATP hydrolysis (9). Experimental
studies have demonstrated that decreased clearance of drugs through inhibition of P-glyco-
protein translates clinically into increased AUC (10,11) and an increase in toxicity (11).
Examples of this type of drug interaction are the decrease in vincristine clearance in the
presence of verapamil (10), of paclitaxel or etoposide clearance in the presence of Cremo-
phor (a drug solubilizer used in the formulation of paclitaxel) (12,13), and of etoposide
(11) or doxorubicin clearance in the presence of cyclosporin (see review in ref. 10). The
effect on biliary excretion is only part of the pharmacokinetic change that occurs with
inhibition of P-glycoprotein. Inhibition of P-glycoprotein on renal tubular epithelium will
inhibit urinary excretion, analogous to the effect on the hepatocyte. Also, P-glycoprotein
pumps drugs from the enterocyte back into the intestinal lumen, so inhibition of P-glyco-
protein may increase intestinal uptake of orally administered drugs. The toxicity due to
decreased excretion of the drug needs to be taken into account when pharmacological
inhibition of P-glycoprotein is used to overcome drug resistance in tumor cells that express
P-glycoprotein: expression of P-glycoprotein allows the tumor cell to efflux the chemo-
therapeutic agent, whereas pharmacological inhibition of P-glycoprotein-mediated trans-
port allows intracellular accumulation of drug in cells.

Table 1 Selected Substrates of P-Glycoprotein

Vinca alkaloids (vincristine, vinblastine)
Anthracyclines (doxorubicin, daunorubicin, epirubicin, idarubicin)
Epipodophyllotoxin (etoposide, teniposide)
Taxanes (paclitaxel, docetaxel)
Actinomycin D
Topotecan
Mithramcyin
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Inhibition of P450 or P-glycoprotein in the small intestine may increase bioavail-
ability of orally administered drugs through decreased first-pass metabolism (see previous
discussion and below).

Decreased Efficacy and/or Toxicity. Fluconazole causes a significant reduction in
plasma clearance of cyclophosphamide due to inhibition of P450 activation that is presum-
ably accompanied by reduced formation of 4-hydroxycyclophosphamide. The effect of
this interaction on clinical efficacy has not been established (14).

Induction of detoxification by P450 may decrease efficacy. Vincristine is partially
metabolized by CYP 3A4. Concomitant use of carbamazepine or phenytoin increases
vincristine clearance (15). Docetaxel is detoxified by CYP 3A4. In liver microsomes pre-
pared from patients who had been treated with phenobarbital, docetaxel hydroxylation is
induced (16).

Experimentally, phenobarbital pretreatment reduces the AUC of irinotecan and the
active metabolite, SN-38, with an increase in the SN-38-glucuronide (7) (Fig. 2). This is
most likely due to induction of CYP 3A4 and UGT. The relevance of this is demonstrated
by a comparison of irinotecan pharmacokinetics in patients with colorectal cancer versus
those with malignant glioma (17). Ninety-one percent of the patients with malignant gli-
oma were on phenytoin, carbamazepine, or phenobarbital. Enhanced irinotecan clearance
and reduced concentrations of SN-38 and SN-38-glucuronide are consistent with induction
of CYP 3A4 metabolism of irinotecan. The low incidence of severe toxicity in the malig-
nant glioma patients in conjunction with the low plasma concentrations of irinotecan sug-
gests that treatment with anticonvulsants has a significant effect on irinotecan disposition.

2. Drug Interactions and Liver Toxicity

Patients treated with combination chemotherapy commonly develop mild to moderate tran-
sient elevations of liver tests, although the individual drugs have little or no risk of liver
injury. Interactions of drugs may lead to such abnormalities. For example, a large retro-
spective study of patients with breast cancer treated with cyclophosphamide, doxorubicin,
and 5-FU reported liver test abnormalities in around 85% of patients without known liver
metastases (18). The abnormal liver tests did not require discontinuation of the treatment
regimen and 90% of patients had normal liver tests 1 year after discontinuing the therapy.
Each of these drugs individually has a low incidence of liver test abnormalities at conven-
tional doses, suggesting an interaction between the drugs in this regimen. The underlying
mechanism for these interactions is unknown.

Similarly, although the individual drugs rarely cause toxicity, some conditioning
regimens for stem cell transplantation have a high incidence of hepatic veno-occlusive
disease. This is likely due to additive or synergistic toxicity of the drugs, as will be dis-
cussed below.

B. Underlying Liver Disease

1. Underlying Liver Disease and Hepatic Metabolism

In general, underlying liver disease may affect hepatic metabolism. A special consideration
in this setting is the involvement of the liver by the underlying neoplasm. Infiltrative liver
disease by primary or metastatic tumor may lead to liver dysfunction through several
mechanisms. Extensive replacement of normal liver tissue can lead to a decrease in meta-
bolic capacity. Impairment of biliary drug excretion may occur due to compression of
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intrahepatic bile ductules or the extrahepatic biliary tree. Tumor invasion may compromise
normal hepatic blood flow and impair clearance of drugs by the liver.

Given the narrow therapeutic range of most anticancer drugs, there is a heightened
awareness of the need to alter dosing when drug clearance may be impaired. Attempts to
modify dosing of anticancer drugs based on changes in a single liver test, regardless of
the type of underlying liver disease, have led to empirical decisions about dose reduction
of anticancer drugs that have not always been confirmed by experimental data. A better
approach, when possible, is to correlate abnormal disposition of a drug to the severity of
a specific type of liver disease, rather than to changes of a single liver test independent
of the underlying pathology. Some clinical research has correlated clearance of anticancer
drugs with tests of liver function. Both antipyrine and lidocaine are metabolized by P450
and are measures of liver function, with the distinction that the former is flow-independent
and the latter flow-dependent. Similarly, the erythromycin breath test is a measure of
hepatic CYP 3A4 activity that has been used in clinical research to predict toxicity or to
correlate liver function with drug disposition.

A limitation in the oncology literature is that patients with liver test abnormalities
are often excluded from the early clinical trials of new anticancer drugs. Thus the disposi-
tion of a drug in patients with liver disease may not be known until phase III clinical
trials are completed and the drug has been made more widely available.

The tubulin acting drugs—vincristine, vinblastine, vindesine, vinorelbine, pacli-
taxel, and docetaxel—are predominantly detoxified in the liver and mainly excreted into
bile. The vinca alkaloids and docetaxel are mainly metabolized by CYP 3A4 (19–21),
whereas paclitaxel is predominantly metabolized by CYP 2C8 and, to a lesser degree, by
CYP 3A4 (22). Cancer patients with underlying liver disease may have decreased clear-
ance of these drugs, due either to decreased hepatic function or to decreased biliary excre-
tion. For example, patients with extensive liver metastases have reduced vinorelbine
clearance, and clearance of the drug correlates with lidocaine clearance (23).

Ondansetron, one of the newer antinauseants used in oncology, is extensively metab-
olized by P450. The major metabolites are formed by CYP 1A2, CYP 1A1, and CYP
2D6. First-pass metabolism of orally administered ondansetron is impaired in cirrhotic
patients, with a significant increase in bioavailability (24). AUC after intravenous adminis-
tration was also significantly higher than in healthy controls. Ondansetron clearance was
closely correlated to antipyrine clearance. There are conflicting reports as to whether sys-
temic concentrations of 5-hydroxytryptamine receptor 3 antagonists correlate with effect,
so that it is unclear whether changes in clearance will alter the therapeutic response.

2. Underlying Liver Disease and Liver Toxicity

Preexistent liver disease is the main risk factor for progressive liver disease due to metho-
trexate. Portal fibrosis in the pretreatment liver biopsy or risk factors for steatohepatitis,
such as chronic alcohol abuse, obesity, and diabetes mellitus, predispose to progressive
liver disease with chronic low-dose methotrexate.

In children treated with methotrexate and/or 6-mercaptopurine for acute lympho-
blastic leukemia, viral hepatitis is a risk factor for elevated serum transaminases during
therapy, but there appears to be little, if any, increased risk of persistent elevation of serum
aminotransferase (25–27). It is unclear whether treatment with these drugs adds to the
risk of hepatitis C–related fibrosis and/or cirrhosis in children with acute lymphoblastic
leukemia. In a large cohort of children with childhood leukemia treated with unspecified
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regimens of chemotherapy, none of the patients had developed evidence of severe chronic
liver disease 13–27 years after the estimated time of infection (25).

Hepatitis C is a risk factor for hepatotoxicity for some drugs (28–32). Prevalence
of hepatitis C exposure is 1.8%, or 3.9 million individuals nationwide; 65% of these indi-
viduals are between 30 and 49 years old, with a prevalence in this age group of 3–3.9%
(33). As this cohort of individuals ages, the number of cancer patients with concomitant
hepatitis C will rise. Thus liver injury due to the interaction between anticancer drugs and
hepatitis C is likely to increase in the coming decades.

Withdrawal of chemotherapy can lead to reactivation of hepatitis B in carriers and
exacerbation of chronic active hepatitis B. The presumptive mechanism is increased viral
synthesis during immunosuppression with consequent hepatocyte infection. Withdrawal of
chemotherapeutic or immunosuppressive drugs is accompanied by restoration of immune
function with rapid destruction of infected hepatocytes. The course of hepatitis in such
patients can be fulminant and there is a high incidence of liver failure and death. This
has been most commonly described for patients with hepatitis B and hematological malig-
nancies, but has also been described for hepatitis C and for solid tumors. Reactivation of
hepatitis is much less common in patients who receive steroid-free chemotherapy (34).

C. Aging

1. Aging and Hepatic Metabolism

With the aging of the population, the median age for cancer is now 70 years. This has
stimulated an interest in the effect of aging on disposition of and response to anticancer
drugs in the elderly. Although there is no direct correlation between physiological change
and increasing chronological age, most individuals sustain some decrease in liver function
with aging. Although it has never been felt to be an entirely satisfactory explanation, age-
related changes in hepatic metabolism have often been attributed to the 25–35% decrease
in liver blood flow, liver mass, antipyrine clearance, and P450 content that is seen, on
average, in the elderly (35,36). A recent in vivo study in rats has provided an attractive
alternative hypothesis (37). This study demonstrated pseudocapillarization of the liver,
i.e., thickening of sinusoidal endothelial cells with reduction in endothelial fenestration
as well as an increase in extracellular matrix in the space of Disse. These changes in the
sinusoidal lining would create a diffusional barrier to drugs, in particular protein-bound
drugs, and to oxygen. The morphological findings were accompanied by changes in high-
energy phosphate (ATP, ATP/Pi, etc.) detected by 31P magnetic resonance spectroscopy,
which could indicate hepatocyte hypoxia. If pseudocapillarization occurs with aging in
humans, this could diminish both hepatic clearance and oxidative metabolism of drugs.

In univariate analysis, 5-fluorouracil clearance is significantly reduced with age (38)
and age is an independent risk factor for 5-fluorouracil toxicity (39). 5-Fluorouracil is
metabolized by hepatic dihydropyrimidine dehydrogenase (DPD), but hepatic DPD activ-
ity does not change with age (40). Mitomycin is primarily metabolized in the liver and
excreted in the bile (41). AUC of mitomycin increases with age in patients with normal
hepatic, renal, cardiac, and bone marrow function (42). Epirubicin is a stereoisomer of
doxorubicin that is predominantly cleared by the liver. Epirubicin clearance decreases
with age in females, but the study that demonstrated this did not have sufficient males to
determine whether this applied to males as well (43). Daunorubicin clearance decreases
and AUC and cardiotoxicity increase in rats with age (44,45). The mechanism for the
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age-related changes in pharmacokinetics of 5-fluorouracil, mitomycin, epirubicin, and
daunorubicin has not been defined, but may relate to changes in the liver described in the
preceding paragraph.

2. Aging and Liver Toxicity

It is sometimes stated that age is a risk factor for methotrexate toxicity. However, age has
not been found to be an independent risk factor for methotrexate-induced aminotransferase
elevation (46). It remains to be established whether age per se predisposes to fibrosis in
chronic methotrexate therapy. However, the age-related decline in renal function is a risk
factor for methotrexate hepatotoxicity.

D. Gender

Anthracycline metabolism occurs mainly in the liver. Females have significantly lower
clearance of doxorubicin and epirubicin than males (43,47). Females also have an inci-
dence of cardiotoxicity that is twice as high as males (48) and lower clearance may play
a role in this. This increased risk of cardiac dysfunction in females is already apparent in
childhood (49,50).

Females have increased risk of toxicity from 5-fluorouracil (39,51,52). This is con-
sistent with the finding that 5-fluorouracil clearance is significantly lower in females than
in males (53). However, current data have not determined why clearance is lower in fe-
males. 5-Fluorouracil is metabolized by hepatic dihydropyrimidine dehydrogenase (DPD)
and low levels of DPD or DPD deficiency (see below) predispose to decreased 5-fluoro-
uracil clearance and toxicity. Interestingly, females with 5-fluorouracil toxicity are more
likely to have low DPD levels than males with toxicity (52). Thus one would speculate
that the increased incidence of toxicity and the decreased clearance in females is due to
lower DPD levels in the female population. However, two prospective studies, i.e., not
in patients with 5-fluorouracil toxicity, did not find an effect of gender on DPD activity
in peripheral blood mononuclear cells and liver (40,54). Hormonal status does not appear
to affect DPD activity and the gene for DPD is on chromosome 1, an autosomal chromo-
some. It has been observed that patients with breast cancer have lower DPD activity than
healthy controls (55), so underlying disease or nutritional status may be confounders in
the studies done in patients with 5-fluorouracil toxicity. Clearly more studies are needed
to reconcile these findings.

E. Nutrition

1. Nutrition and Hepatic Metabolism

Undernourishment is common in patients with advanced cancer. Protein-calorie malnutri-
tion or a low daily intake of protein can decrease oxidative metabolism by 20–40% (56).
Protein depletion also causes a significant decrease in hepatic DPD activity in rats that is
associated with significantly decreased hepatic metabolism and clearance of 5-fluorouracil
and increased morbidity and mortality (57). Doxorubicin clearance is decreased and AUC
is increased in rabbits fed a low-protein diet (58).

2. Nutrition and Liver Toxicity

Protein malnourishment is a risk factor in the human epidemics of hepatic veno-occlusive
disease due to pyrrolizidine alkaloids. However, it has not been identified as a risk factor
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for hepatic veno-occlusive disease due to high-dose chemotherapy for hematopoietic stem
cell transplantation. However, protein deprivation depletes hepatic glutathione levels and
experimental data suggest that decreased hepatic glutathione levels may predispose to
hepatic veno-occlusive disease (59,60). A low-protein diet also increases liver toxicity
due to irradiation in rats (61).

F. Genetic Polymorphisms

The reader is referred to a review on the impact of metabolic polymorphisms on the
efficacy and toxicity of various anticancer drugs (62).

The therapeutic effect of 5-fluorouracil is through formation of nucleotides that
block normal nucleic acid formation. This is balanced by catabolism by dihydropyrimidine
dehydrogenase (DPD) in the liver. More than 85% of 5-fluorouracil is broken down by
DPD and DPD activity is therefore a major determinant of 5-fluorouracil activity and
toxicity. DPD enzyme activity follows a Gaussian distribution with up to a sixfold inter-
individual variation. In addition to the normal variation of DPD activity, there are also
mutations in the DPD gene that can lead to DPD deficiency, which occurs in less than
3% of the population. Low DPD levels and DPD deficiency reduce 5-fluorouracil clearance
and can lead to severe or life-threatening toxicity. There is a relatively weak correlation
between DPD activity in peripheral blood mononuclear cells and in the liver (54), yet low
DPD activity in peripheral blood mononuclear cells is a strong predictor of reduced 5-
fluorouracil clearance (38).

In Gilbert’s syndrome there is a longer TATAA element in the upstream promoter
region of the gene encoding for UDP-glucuronosyltransferase 1 (UGT-1) that is associated
with decreased transcription (63). Up to 16% of the population may be homozygous for
this abnormality, although only 3–10% of the population is diagnosed clinically with
Gilbert’s syndrome. Gilbert’s syndrome results in decreased bilirubin glucuronidation,
which may enhance toxicity of drugs that require conjugation by UGT-1 for detoxification.
As described earlier and in Fig. 2, irinotecan is metabolized by carboxyesterase-2 to the
active metabolite, SN-38. SN-38 is detoxified to SN-38-glucuronide by UGT-1. Both
SN-38 and the detoxified conjugate, SN-38-glucuronide, are actively excreted into bile
(4). Unconjugated SN-38 in the intestine is thought to be the cause of delayed-onset intesti-
nal toxicity in patients treated with irinotecan. Case reports have described severe intestinal
toxicity in two patients with Gilbert’s syndrome who were treated with irinotecan (64).
In vitro studies with liver microsomes showed that individuals homozygous for the longer
TATAA element formed less SN-38-glucuronide than individuals who are heterozygous,
and heterozygous individuals formed less SN-38-glucuronide than homozygous individu-
als with the normal-length TATAA element (65). Thus Gilbert’s syndrome may be a risk
factor for delayed-onset diarrhea, but this remains to be confirmed in clinical studies.

III. LIVER TOXICITY AND HEMATOPOIETIC STEM CELL
TRANSPLANTATION

Hematopoietic stem cell transplantation, the new name for what used to be referred to as
bone marrow transplantation, is commonly complicated by drug-induced and non-drug-
related forms of liver disease. The drug-induced complications include hepatic sinusoidal
obstruction syndrome (SOS), the new name for what used to be referred to as hepatic
veno-occlusive disease, and nodular regenerative hyperplasia. These need to be differenti-
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ated from other liver diseases frequently seen in this setting, notably graft-versus-host
disease, viral hepatitis, fungal liver disease, tumor infiltration of the liver, cholestasis of
sepsis, and liver injury due to total parenteral nutrition (see the recent review in ref. 66).
This section provides an extensive discussion of hepatic SOS, since it has the highest
mortality of any chemotherapy-induced liver disease.

A. Hepatic Sinusoidal Obstruction Syndrome

SOS, or “bush tea disease,” was first recognized in humans in the early twentieth century
as a complication of pyrrolizidine alkaloids ingested as herbal teas or contaminating the
food supply (67). Sporadic cases have been described in patients treated with a wide
variety of antineoplastic drugs at conventional doses. At present the most common cause
of SOS in North America and western Europe is the preparative regimen used for hemato-
poietic stem cell transplantation.

In hematopoietic stem cell transplantation, SOS is caused by synergistic toxicity
between the drugs used in high-dose combination chemotherapy or high-dose chemother-
apy plus total-body irradiation, the so-called conditioning regimen in transplantation.
There is no evidence to suggest that the transplantation itself contributes to the disease.
In studies that included more than 100 patients transplanted to treat malignancies and
nonmalignant conditions, the incidence of SOS has varied between 1 and 54% (68). The
risk is particularly high when the transplantation is done for the treatment of malignancy,
because of the higher doses of chemotherapy as well as patient-related factors. The wide
range in risk of SOS between transplant units is largely due to differences in patient
selection criteria, choice of chemotherapy/irradiation regimen, and criteria to diagnose
SOS.

1. Diagnosis of SOS

SOS presents clinically with tender hepatomegaly, fluid retention, weight gain, and jaun-
dice. The diagnosis of SOS in the setting of stem cell transplantation is based on these
clinical features, and diagnostic criteria have been published by investigators in Seattle
and Baltimore (69,70). The Seattle criteria require two of three findings occurring within
20 days of transplantation: bilirubin � 2 mg/dL, hepatomegaly or right-upper-quadrant
pain of liver origin, and greater than 2% weight gain due to fluid accumulation. The
Baltimore criteria require hyperbilirubinemia plus two of three other findings: bilirubin
�2 mg/dL (usually painful), hepatomegaly, greater than 5% weight gain, and ascites. In
addition to these criteria, it is necessary to first rule out competing causes such as (hyper)
acute graft-versus-host disease, sepsis, cardiac failure, and tumor infiltration. Retrospec-
tive comparison of these criteria found that more patients fulfilled the Seattle criteria and
that the Baltimore criteria identified a sicker population (71). Although the Baltimore
criteria identify a more clinically relevant population, the patients identified by these crite-
ria may be further along in their course by the time they fulfill the criteria. SOS may be
classified as mild, moderate, or severe. Mild disease is clinically apparent but resolves
without therapy; moderate disease requires diuretics or pain medication, but resolves com-
pletely; and severe disease requires treatment but does not resolve before death or day 100.
Published graphs derived from retrospective data allow prediction of severity of disease for
patients treated with regimens that contain cyclophosphamide (72).

Diagnosis is usually based on the diagnostic criteria above. The most useful addi-
tional diagnostic tool is transvenous liver biopsy. This may be required to differentiate
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SOS from hyperacute graft-versus-host disease. The transvenous approach also allows
measurement of the hepatic venous pressure gradient: if higher than 10 mmHg this has
a 90% specificity for SOS, although only a 50% sensitivity. Ultrasound can confirm hepa-
tomegaly, may exclude tumor infiltration of the hepatic parenchyma and vasculature, and
will detect biliary tract disease. However, two prospective studies in patients before and
after stem cell transplantation did not support the usefulness of ultrasound in establishing
the diagnosis of SOS (73,74).

2. Drugs that Cause SOS

Anticancer drugs may cause SOS at conventional doses, but the risk is substantially higher
at the high doses used for stem cell transplantation. Even at high doses, the components
of the conditioning regimen by themselves are not particularly hepatotoxic, but exhibit
toxicity in combination regimens. Thus high-dose cyclophosphamide by itself rarely
causes SOS (75), high-dose busulfan did not cause SOS in the small number of patients
treated with it as a single agent (76), melphalan has little or no effect on liver tests (77–
79), and total-body irradiation used alone within the dose range used in stem cell trans-
plantation is not hepatotoxic (80).

The highest incidence of SOS occurs with combination regimens such as cyclophos-
phamide–total-body irradiation, busulfan-cyclophosphamide, BCNU-cyclophosphamide-
etoposide, and carboplatin-cyclophosphamide-BCNU. The common element in these regi-
mens, cyclophosphamide, is particularly toxic to sinusoidal endothelial cells in vitro (59).
In contrast, patients treated with regimens combining busulfan and melphalan have a much
lower incidence of SOS compared to the cyclophosphamide-containing regimens listed
above (81,82).

Busulfan may predispose to SOS by depletion of glutathione in hepatocytes and
sinusoidal endothelial cells (83). In the case of the busulfan-cyclophosphamide regimen,
this then sets the stage for cyclophosphamide, which is given after busulfan, in two ways.
Glutathione depletion in the sinusoidal endothelial cells increases susceptibility to the
toxicity of acrolein, the proximate toxic metabolite derived from cyclophosphamide (59)
(see Fig. 3). Glutathione depletion in the hepatocyte increases export of the cyclophospha-
mide metabolite, 4-hydroxycyclophosphamide, from the hepatocyte (L.D. DeLeve and
J.T. Slattery, unpublished observation), which would increase the concentration of acrolein
in the space of Disse, further endangering the sinusoidal endothelial cell. Consistent with
this concept, in regimens with busulfan-cyclophosphamide, the risk is higher when busul-
fan is given before rather than after cyclophosphamide (84). It has not been practical in

Figure 3 Simplified scheme of cyclophosphamide metabolism.
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the past to give cyclophosphamide first, because nausea and emesis from cyclophospha-
mide therapy complicated the oral administration of busulfan. However, with the advent
of an intravenous formulation of busulfan, it will need to be confirmed whether the risk
of SOS is lower if cyclophosphamide is given first. Busulfan may have a similar effect
when it is given prior to melphalan, since glutathione depletion sensitizes to melphalan
toxicity (85).

It has been shown in several studies that busulfan toxicity and efficacy benefit from
dosage adjustment through therapeutic drug monitoring (86). Similarly, SOS associated
with high-dose cyclophosphamide may be more common in individuals with higher con-
centrations of cyclophosphamide metabolites (87), so therapeutic monitoring may prove
to be of value. Lower doses of total-body irradiation decrease the risk of SOS, but increase
the risk of leukemic relapse.

Mylotarg (gemtuzumab ozogamicin) is a new drug for acute myeloid leukemia that
causes SOS. To date only a limited number of studies have reported on the liver toxicity
from Mylotarg. The incidence and overall mortality vary in the few published studies,
but the case-fatality rate appears to be high. Among 142 patients treated with Mylotarg,
23% had bilirubin elevations, mainly 1.5–3 times the upper limit of normal (88); it was
not stated in this study whether patients with hyperbilirubinemia had other criteria for a
diagnosis of SOS. In a series of 119 patients who had not received stem cell transplanta-
tion, 14 patients (12%) developed SOS and eight died from SOS, for a case-fatality rate
of 57% and an overall mortality rate from SOS of 6.7% (89). In a series of 23 patients
treated with Mylotarg for acute myeloid leukemia that had relapsed after stem cell trans-
plantation, 11 patients developed SOS and seven of 11 died, for a case-fatality rate of
64% and an overall mortality rate from SOS of 30% (90). In a series of 27 patients who
underwent stem cell transplantation after Mylotarg treatment, three died of SOS for an
overall mortality rate of 11% (88). Based on this limited information, it is not possible
to determine whether exposure to both Mylotarg and stem cell transplantation is a risk
for SOS or whether patients who have relapsed and need to cross over to the other treat-
ment are at higher risk for SOS. The mechanism of Mylotarg cytotoxicity and genotoxicity
will be discussed later.

B. Mechanism of Disease

Two clinical features provide clues to the mechanisms involved in SOS. First, in other
intrinsic liver diseases parenchymal disease precedes the development of portal hyperten-
sion. However, in SOS the signs and symptoms of portal hypertension precede evidence
of parenchymal damage. In SOS, disruption of the liver circulation is the cause and not
the consequence of the parenchymal disease. Second, veno-occlusive lesions of the hepatic
veins are not essential to the development of the clinical picture: 45% of patients with
mild or moderate disease and 25% of patients with severe SOS did not have occluded
hepatic venules at autopsy (91). In-depth examination of the changes in the experimental
model (see below) has established that the essential change occurs at the level of the
sinusoid. Occlusion of central veins is associated with more severe disease and the devel-
opment of ascites (91,92), which suggests that veno-occlusive lesions may add to the
impairment of the circulation that occurs at the level of the sinusoid. The original name
accorded to this disease, hepatic veno-occlusive disease, reflects the fact that the veno-
occlusive lesion is easily recognized on light microscopy. The more recent recognition
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that involvement of the vein is not essential has led to the name change from hepatic
veno-occlusive disease to hepatic sinusoidal obstruction syndrome.

Experimental studies have confirmed that changes in the hepatic sinusoid are the
earliest changes in SOS. In vitro studies have shown that sinusoidal endothelial cells are
more susceptible than hepatocytes to drugs that cause SOS (59,93,94). This is consistent
with studies done in the rat using monocrotaline, a pyrrolizidine alkaloid that is one of
the best-studied toxins involved in SOS. In this model the first morphological change
noted by electron microscopy is loss of sinusoidal endothelial cell fenestration and the
appearance of gaps in the sinusoidal endothelial cell barrier (95). The gaps increase in
size over time and at the same time there is a decrease in the number of Kupffer cells
and loss of venous endothelium. Studies with in vivo microscopy and confirmation by
electron microscopy have shown that blood cells begin to track under sinusoidal endothe-
lial cells that round up. The accumulation of blood in the space of Disse dissects off the
sinusoidal lining, which creates an embolus of sinusoidal lining cells downstream that
obstructs flow (96). By the time hepatocyte necrosis is observed, there is extensive
sloughing of the sinusoidal lining, i.e., Kupffer cells, sinusoidal endothelial cells, and
stellate cells. At this time point there is also a significant influx of monocytes within the
sinusoids, which exacerbates the obstruction of sinusoidal flow by the embolized sinusoi-
dal lining cells. These studies demonstrate that rounding up or swelling of sinusoidal
endothelial cells is the initiating event in this experimental model of SOS and that this leads
to dissection and embolization of sinusoidal lining cells that block the microcirculation.

The SOS-inducing drugs and toxins examined to date all profoundly deplete sinusoi-
dal endothelial cell glutathione prior to cell death, and support of sinusoidal endothelial
cell glutathione will prevent cell death (59,93,94). A continuous infusion of glutathione
or N-acetylcysteine into the portal vein prevents the rounding up of the sinusoidal endo-
thelial cells and the subsequent events that lead to the development of SOS in the mono-
crotaline model (60). If the glutathione infusion is discontinued several days after mono-
crotaline has been eliminated, full-blown SOS develops rapidly. Although glutathione
protection may occur (partially) by preventing profound glutathione depletion, another
mechanism for protection must be invoked to explain glutathione protection several days
after monocrotaline has been eliminated. Since full-blown SOS in this model normally
takes 72 h to develop, the accelerated development of SOS within 24 h after discontinua-
tion of glutathione indicates that glutathione is suppressing a persistent change in the
sinusoid.

One possible explanation for the rounding up of the sinusoidal endothelial cells may
be increased activity of matrix metalloproteinases (MMPs) that allows the cells to let loose
from the extracellular matrix in the space of Disse. In the experimental model, de novo
synthesis of MMP-9 (gelatinase B) and increased MMP-9 activity occur 12 h after mono-
crotaline, which coincides with rounding up of the SEC (97). Furthermore, inhibition of
MMP activity completely prevents SOS. MMP expression and activity are regulated by
redox status and can be suppressed by glutathione and N-acetylcysteine (98–101). Thus the
protective effect of glutathione and N-acetylcysteine may be (partially) due to inhibition of
MMP activity.

An additional biochemical change that has been observed experimentally in SOS
relates to nitric oxide. In the in vivo model hepatic vein nitric oxide decreases in parallel
with the changes in the sinusoidal lining (102). Manipulations of nitric oxide production
experimentally also suggest that decreased nitric oxide contributes to the development of
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SOS (102). Analogous to glutathione, continuous infusion of nitric oxide prevents the
rounding up of the sinusoidal endothelial cells and the subsequent steps involved in
SOS (DeLeve and McCuskey, unpublished observations), further supporting the impor-
tance of this morphological change in the sinusoidal endothelial cell in the pathogene-
sis of this disease. Interestingly, tonic release of NO by endothelial cells reduces MMP-9
expression, whereas inhibition of NO synthesis increases cytokine-stimulated MMP-9
expression (103).

Although the disease is defined as a nonthrombotic obstruction of flow, the issue
of clotting has been a recurring topic of research interest. The reader is referred to an in-
depth review of this topic (104). Many of the observed changes interpreted to indicate a
procoagulant state may have been sequelae of functional impairment and damage to the
liver in SOS: hepatic dysfunction with decreased synthesis of anticoagulants (protein C,
FVII, and ATIII), endothelial damage with release of membrane and intercellular proteins
(vWF, FVIII, PAI-1, and tPA), and increased synthesis of acute-phase reactants (fibrino-
gen). Immunohistochemical studies in livers of patients with SOS have detected factor
VIII and fibrinogen in the wall of the central veins, but not in the sinusoids or vascular
lumen (105). Platelet glycoproteins could not be detected by immunostaining in the livers
of patients with SOS (105). Electron microscopy of pyrrolizidine alkaloid-induced SOS
in humans did not detect clotting (106). Sequential observations during the development
of SOS in the experimental model by in vivo microscopy and electron microscopy have
not demonstrated any evidence of clotting (95). Thus a role for coagulation has not been
ruled out, but current studies do not provide evidence to support a role for activation of
coagulation and local excess fibrin production as essential elements of SOS.

C. Nodular Regenerative Hyperplasia

In two case series, liver biopsy or autopsy material from patients within 100 days of stem
cell transplantation has shown nodular regenerative hyperplasia in 8 and 23% of cases,
respectively (91,107). Although the symptoms of nodular regenerative hyperplasia, i.e.,
hepatomegaly, ascites, and mild elevations of serum bilirubin, are the same symptoms
used to diagnose SOS, the time of onset of symptoms is usually much later (66). The
lesions may or may not be detectable with diagnostic imaging and the features are nondiag-
nostic. Double-spiral computerized tomography may aid in differentiating nodular regen-
erative hyperplasia from hepatocellular carcinoma.

A widely cited hypothesis for nodular regenerative hyperplasia is that it is due to
local variation in blood flow within the liver: impairment of sinusoidal perfusion leading
to atrophy with compensatory regeneration in adjacent areas (108–111). If this is true,
heterogeneity of flow in the microcirculation could be due to impaired circulation at either
the venular or sinusoidal level. Semiquantitative evaluation of the histology in a large
autopsy study of patients with nodular regenerative hyperplasia showed that the most
common vascular abnormality was obliteration of portal veins (112). Changes at the level
of the sinusoids were demonstrated by ultrastructural studies of biopsies from three re-
nal transplant patients who developed nodular regenerative hyperplasia, SOS, sinusoidal
fibrosis, and/or peliosis hepatis due to azathioprine (113). This study demonstrated dam-
age to and loss of sinusoidal endothelial cells, consistent with the selective toxicity of
azathioprine for sinusoidal endothelial cells noted by in vitro studies (94). Since damage
to sinusoidal endothelial cells is also the postulated mechanism of injury for SOS, it is
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not surprising that chemotherapy that causes SOS would also cause nodular regenerative
hyperplasia.

D. Cyclosporin-Induced Cholestasis

Clinically significant liver toxicity from cyclosporin is uncommon. The most common
form is bland cholestasis. Cyclosporin impairs canalicular function by inhibiting several
of the canalicular transporters, with impairment of both bile-acid-dependent and bile-acid-
independent bile flow (114–123).

IV. HEPATOTOXICITY BY ANTICANCER THERAPY

A. Diagnosis

Mild or moderate transient elevations of liver tests without clinical toxicity are common
in patients treated with anticancer therapy and these may often be ignored. However, when
clinical toxicity occurs, early diagnosis and discontinuation of the offending drug from
the anticancer regimen is imperative. The diagnosis of drug-induced liver toxicity is often
difficult in any clinical setting. The difficulty of diagnosis in cancer patients is com-
pounded by a variety of other causes of liver disease related to the underlying cancer or
cancer therapy (Table 2). There are systematic approaches to the diagnosis of drug-induced
liver disease (124,125), but these do not lend themselves to drugs given cyclically in
chemotherapy regimens. As in any setting, diagnosis is based on knowledge of the type
of liver injury previously observed with a particular drug, the temporal relationship be-
tween drug exposure and evidence of liver toxicity, recurrent or exacerbated response
upon reexposure, histological appearance if a biopsy is warranted, and exclusion of com-
peting causes of liver disease.

B. Hepatotoxicity Due to Specific Anticancer Drugs

The majority of anticancer drugs in use today were first tested fairly long ago, many in
the 1950s–1970s. Much of our information on the type and frequency of liver injury is

Table 2 Causes of Abnormal Liver Tests in Cancer Patients

Toxicity of anticancer drugs
Toxicity of supportive medications
Drug interactions
Radiation-induced liver disease
Tumor infiltration of the liver
Budd-Chiari syndrome (hypercoagulable state, tumor obstruction)
Paraneoplastic syndrome (Stauffer’s syndrome)
Graft-versus-host disease (stem cell transplantation)
Total parenteral nutrition
Viral hepatitis
Fungal liver disease
Sepsis
Hemolysis
Congestive hepatopathy
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Table 3 Conventional Dose Chemotherapy: Effect on Liver Tests and Liver Injury

Drug Transient liver test abnormalities Liver injury

6-Mercaptopurine Numerous reports of either hepato-
cellular or cholestatic liver
disease

6-Thioguanine Case reports of VOD; 1 case of pel-
iosis hepatis when given with
cytarabine; case reports of
nodular regenerative hyperplasia
when given with busulfan

Actinomycin D VOD, particularly for right-sided
Wilm’s tumors

Busulfan 2 case reports of cholestatic liver
injury; VOD in high-dose combi-
nation regimens

Carmustine Up to 25% (232,233) Case reports of liver injury, some
(BCNU) fatalities. VOD

Chlorozotocin Up to 25% elevations of amino- 3 case reports of severe cholestatic
transferases (234) liver injury in 1 series

2-Chloro-3′- 1 case report peliosis hepatis in
deoxyadenosine hairy cell leukemia

Cisplatin Rare cases of steatosis and cholesta-
sis; case reports of hepatocellu-
lar injury at high doses

Cyclophosphamide Uncommon; see text for high dose Rare case reports at conventional
doses; VOD with high dose

Cytarabine Frequent in one series but con- Case reports of cholestatic jaun-
founders obscure true causality; dice; case report of peliosis
high dose may give transient ab- when given with 6-thioguanine
normalities.

Dacarbazine Mild, transient elevation of amino- �15 case reports of VOD
transferases in up to 50% (235)

Etoposide Low incidence of moderate, tran- Case reports of hepatocellular
sient liver test abnormalities injury
(236)

Fluorodeoxyuridine Sclerosing cholangitis
(into hepatic art.)

Gemcitabine Aminotransferase elevations WHO 1 case report of fatal, fulminant
grade I–IIa in 60% of patients, liver failure
grade III/IV in 5–10% (237–
240)

l-asparaginase Abnormalities in �50% of patients Steatosis (40–90% incidence on au-
in older literature; considerably topsy); occasional hepatocellular
less in recent years necrosis

Lomustine (CCNU) Uncommon (241) Rare case reports of liver injury,
some fatalities. VOD with high
dose

Methotrexate Aminotransferase elevation is com- Steatosis, fibrosis and cirrhosis
mon at high doses (139–141) with maintenance therapy; case

reports of hepatocellular carci-
noma following fibrosis/cirrhosis
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Table 3 Continued

Drug Transient liver test abnormalities Liver injury

Mitoxantrone Transient abnormalities in bilirubin
or aminotransferases (242,243)

Mylotarg Bilirubin elevations, 1.5–3 times Incidence of SOS ranges from 12
ULN in 23% (88) to 48% with a case fatality rate

of 60% (88–90)
Paclitaxel One published case of fatal hepatic

coma in patient with multiple
liver metastases (244)

Streptozotocin Up to 67% in 1973 study, but most
patients had liver metastases
(245)

Flutamide Aminotransferase elevations By 1996, 46 reported cases
of severe cholestatic hepatitis
(3/10,000 users) with 20
fatalities (229)

Cyproterone acetate 10% with alkaline phosphatase and 13 case reports of hepatocellular in-
3% with aminotransferase eleva- jury with 8 fatalities; a series of
tions (223) 96 cases with 33 fatalities and 5

additional case reports with 2 fa-
talities not available to author
for review

Tamoxifen Steatosis; case reports of nonalco-
holic steatohepatitis, some with
cirrhosis; case report of peliosis;
sinusoidal dilatation (also seen
in experimental animals) (246)

Megestrol acetate Case report of bland cholestasis
Mithramycin Uncommon with dosing for hyper- Frequent liver injury with daily

calcemia; frequent with daily dosing
dosing

a See Table 4.
Unless stated, these findings pertain to conventional-dose rather than high-dose chemotherapy. Toxicity of high-
dose treatment is discussed in the text.

derived from an era prior to hepatitis C testing and, in many cases, prior to testing for
hepatitis B or even hepatitis A. A good example of this is methotrexate. In a frequently
cited report from 1960, there was a very significant increase in the percentage of children
with fibrosis noted on autopsy after aminopterin and methotrexate were introduced in 1948
(see details below). The extremely high incidence of liver injury seen in that era is not
observed in the high-dose regimens today. Given the liberal use of transfusions in a period
prior to hepatitis testing, viral hepatitis was likely a major confounder.

During much of the period when many of the currently used anticancer drugs were
first tested, liver-imaging modalities were often inadequate to rule out occult involvement
of the liver by tumor. Even current imaging modalities may not always detect tumor
infiltration (126). Thus the bulk of the case reports, which are the major source for de-
termining patterns of liver injury in humans, occurred in an era when jaundice due to liver
metastases could easily have been attributed to chemotherapy.
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The most clear-cut evidence of hepatotoxicity comes from studies using a drug as
a single agent, since attribution of causality in a multidrug regimen may be difficult and
toxicity may be due to an interaction of two or more drugs. Most anticancer drugs will
be incorporated into a multidrug regimen once initial safety testing is complete. Thus our
information on hepatotoxicity due to single drug exposure will often be 20 or more years
old for many drugs. Thus much of the information of these drugs as single agents was
reported prior to availability of diagnostic studies for viral hepatitis and of current imaging
modalities. A final complication in cancer patients is the multitude of factors that may
affect the liver (Table 2).

Although a high frequency of case reports may reliably link toxicity to a given drug,
the bulk of our knowledge base for anticancer drugs comes from sporadic reports in the
older literature, which is fraught with the difficulties described in the preceding paragraphs.
This is particularly problematic for host-dependent, dose-independent toxicity (idiosyn-
cratic reactions): these reactions usually occur with low frequency and the only reported
cases may have occurred several decades ago. Thus, before one assumes that an anticancer
drug does indeed cause hepatocellular injury, jaundice, or fibrosis, it is imperative to note
the year of publication of the case reports that describe the injury.

Chemotherapeutic agents commonly cause transient increases in liver test abnormal-
ities without evidence of clinically significant liver injury. Table 3 lists causes of transient
liver test abnormalities at conventional doses of chemotherapy (as opposed to high-dose
regimens used in stem cell transplantation and some experimental regimens). The right-
hand column of Table 3 provides descriptions of the type of clinically apparent liver injury,
which is mostly derived from case reports.

The relative infrequency of significant liver injury by chemotherapeutic agents is
somewhat unexpected. The liver may be relatively protected since many of these com-
pounds target rapidly proliferating cells, whereas liver cells have a slow turnover. As with
other categories of drugs, the liver is also protected because of the relative strength of
the detoxification pathways within the hepatocyte that protect it from electrophilic metabo-
lites and drug-induced oxidative stress.

V. SELECTED ANTICANCER DRUGS AND MODALITIES

A. Alkylating Agents

1. Cyclophosphamide

Cyclophosphamide at standard doses is an uncommon cause of liver toxicity, with few
reported cases of liver test abnormalities and rare case reports of clinically significant
hepatocellular necrosis (127). SOS is seen almost exclusively at high doses of cyclophos-
phamide and in conjunction with synergistic agents, such as busulfan, total-body irradia-
tion, or BCNU. The incidence of SOS in high-dose regimens that contain cyclophospha-
mide is often in the range of 20–40%.

Cyclophosphamide metabolism (see Fig. 3) by CYP 2C9 and 3A4 (8) in hepatocytes
yields 4-hydroxycyclophosphamide, which appears in the circulation. 4-Hydroxycyclo-
phosphamide equilibrates with aldophosphamide, which follows two pathways: spontane-
ous decomposition to phosphoramide mustard and acrolein, and metabolism by aldehyde
dehydrogenase 1 (ALD1) to carboxyethyl phosphoramide mustard. Phosphoramide mus-
tard is the putative antineoplastic moiety and acrolein is the proximate toxic metabolite.
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There is wide interindividual variation in metabolism of intravenously administered cyclo-
phosphamide and this variability may contribute to the risk of SOS (87). The presumptive
mechanism of toxicity in SOS is through hepatocyte metabolism of cyclophosphamide
and formation of acrolein, the proximate toxic metabolite (59). Acrolein is toxic to endo-
thelial cells in general (128,129), but toxicity is greatest in the sinusoidal endothelial cells
owing to their proximity to hepatocytes.

2. Busulfan

As a single agent, liver toxicity due to high-dose busulfan is described as cholestatic (76),
but only two case reports have described cholestatic liver disease at standard chemothera-
peutic doses. A large case series found that patients treated with the combination of bu-
sulfan plus 6-thioguanine had a significant incidence of noncirrhotic portal hypertension
and/or of nodular regenerative hyperplasia (130). The literature on high-dose busulfan as
a single agent is too limited to comment on whether it can induce SOS at all, but the risk
seems to be low (76) and it is certainly less than with dimethylbusulfan alone (131,132).
This may reflect differences in cellular toxicity. Busulfan is equally toxic to hepatocytes
and sinusoidal endothelial cells, whereas dimethylbusulfan toxicity is selective for sinusoi-
dal endothelial cells as is seen with other drugs closely linked to SOS (L.D. DeLeve,
unpublished observation).

Busulfan is a weak alkylating agent. Experimental in vitro studies of busulfan toxic-
ity and genotoxicity have been difficult to interpret as the doses needed to induce either
interstrand crosslinking or toxicity have been significantly higher than therapeutic plasma
concentrations in most of the studies. Busulfan toxicity requires glutathione-S-transferase-
mediated conjugation to glutathione, which leads to oxidative stress (83). There are two
mechanisms of oxidative stress. In an environment high in glutathione (e.g., within the
hepatocyte) the busulfan-glutathione conjugate itself causes oxidative stress. In a low-
glutathione environment, busulfan conjugation to glutathione further depletes intracellular
glutathione, and the glutathione depletion causes oxidative stress.

Busulfan significantly depletes whole-liver glutathione levels in vivo at doses com-
parable to those used in hematopoietic stem cell transplantation (83). In vitro, both hepato-
cyte and sinusoidal endothelial cell glutathione are diminished to a similar degree. The
synergistic effect of busulfan on liver toxicity by hematopoietic stem cell transplantation
conditioning regimens may be due to glutathione depletion, oxidative stress, or both. Bu-
sulfan is synergistic with both cyclophosphamide and melphalan, which are both glutathi-
one detoxified.

3. Dacarbazine

Dacarbazine-induced SOS has been reported in at least 15 case reports. The disease varies
from the usual presentation of SOS in that it is associated with peripheral eosinophilia
and thrombosis of the central venules and veins. The peripheral eosinophilia has been
seen after the first exposure to dacarbazine (133), which suggests that this is related to
the toxicity rather than implicating a hypersensitivity reaction.

The only site of microsomal activation of dacarbazine is the liver. The initial micro-
somal metabolite transforms spontaneously through several steps to the proximate methyl-
donating metabolite, either a methylcarbonium or a methyldiazonium ion (134). This drug
is selectively toxic to sinusoidal endothelial cells, which can metabolically activate it, and
it is detoxified by glutathione (93).
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4. Melphalan

At standard chemotherapeutic doses, melphalan is not hepatotoxic. As a single agent, high-
dose melphalan (140 mg/m2) has been associated with either mild, transient elevations of
serum aminotransferase and bilirubin (77,135) or no abnormalities at all (78,79). In high-
dose multidrug conditioning regimens, melphalan is associated with SOS. However, it
has been reported that the incidence and severity of SOS following the busulfan-melpha-
lan regimen was lower than that seen historically due to the busulfan-cyclophosphamide
regimen (81).

Melphalan, or l-phenylalanine mustard, is a bifunctional alkylating agent. Conjuga-
tion of melphalan to glutathione (GSH) requires glutathione-S-transferase and the glutathi-
onyl conjugate is a noncompetitive inhibitor of GSH (136). Efflux of the GSH conjugate
by MRP1 should determine ongoing conjugation of the parent compound, since efflux
from the cell reduces the concentration of intracellular conjugate available to inhibit gluta-
thione-S-transferase (136,137). The evidence that GSH conjugation detoxifies melphalan
is not entirely straightforward: depletion of GSH exacerbates toxicity, but the addition of
GSH or the GSH precursor N-acetylcysteine does not attenuate toxicity (85).

B. Antimetabolites

1. Methotrexate

Concern about methotrexate-induced fibrosis was raised by a much-cited 1960 study of
273 children treated for acute leukemia (138). The study described a 31% incidence of
fibrosis in autopsy cases prior to the use of chemotherapy between 1940 and 1947 and
an increase to 78% incidence of fibrosis between 1948 and 1951 when the folic acid
antagonists aminopterin and methotrexate were used. No information was provided about
the frequency of transfusion before and after the introduction of chemotherapy, and testing
for viral hepatitis was, of course, not available. More recent studies have not found a
significant incidence of liver injury (see below).

In high-dose methotrexate therapy for osteosarcoma, childhood acute lymphocytic
leukemia, and adult non-Hodgkin’s lymphomas, methotrexate may be infused in doses of
3–15 g/m2. During maintenance therapy, weekly oral doses of low-dose methotrexate
may be interspersed with additional infusions of high-dose methotrexate. Thus very large
cumulative doses can be achieved. Although high-dose methotrexate has a high incidence
of transient elevation of aminotransferase, the current literature suggests that this does not
result in chronic liver disease (26,139–141). However, the incidence of fibrosis in this
population may be underestimated. Liver tests correlate poorly with histological abnormal-
ities and clinical studies using high-dose methotrexate have not routinely performed liver
biopsies after treatment with significant cumulative doses of methotrexate. Thus clinically
asymptomatic fibrosis likely goes undiagnosed.

Given the significant numbers of long-term disease-free survivors, long-term toxicity
is a concern. Two case reports of hepatocellular carcinoma following methotrexate-
induced fibrosis were reported in 1977 and 1987 (142,143); it should be noted that these
reports preceded hepatitis C testing in leukemia patients, a population with a high inci-
dence of hepatitis C. In a large meta-analysis, patients with psoriasis and rheumatoid
arthritis have a 7% chance of progression of histological abnormalities on liver biopsy
for every gram of methotrexate (144). Even if one assumes that asymptomatic fibrosis
goes undiagnosed if systematic biopsies are not done, given the very high cumulative
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doses of methotrexate administered in cancer therapy, the incidence of significant liver
injury would seem to be much lower than that suggested by the literature for rheumatoid
arthritis and psoriasis.

2. Thiopurines

Liver injury from 6-mercaptopurine usually presents with jaundice that may be accompa-
nied by pruritus. The injury is most commonly cholestatic, but hepatocellular necrosis
may also be present. Although liver injury due to 6-mercaptopurine has frequently been
reported, the actual incidence of toxicity is difficult to estimate but may be lower than
suggested by early studies. In 1952, 6-mercaptopurine was first incorporated into the treat-
ment for leukemia. Between 1954 and 1959, 6-mercaptopurine (typically 2.5 mg/kg/day,
but as high as 5 mg/kg/day) was reported to induce jaundice in 6–14% of leukemic pa-
tients (145–147). The incidence in a 1964 study of 38 patients was reported to be as high
as 42% (148). In current regimens for acute lymphoblastic leukemia, 6-mercaptopurine
is used within multidrug regimens, usually with other potential hepatotoxins such as l-
asparaginase, cytarabine, and methotrexate. Liver injury is not singled out as a major
toxicity in most of the larger studies, and when it does occur, cannot be attributed to any
particular drug in the regimen. Only one clear-cut case of drug-induced cholestatic hepati-
tis was found in an 18-year follow-up study of 396 patients with inflammatory bowel
disease treated with 6-mercaptopurine (50 mg/day or 1.5 mg/kg) (149).

Metabolism of 6-mercaptopurine, 6-thioguanine, and azathioprine is shown in Fig.
3. Oral administration of thiopurines leads to extensive first-pass metabolism in the intes-
tine and liver by xanthine oxidase. Cytotoxicity is due to formation of thioguanine nucleo-
tides. In target tissues the effect of thiopurines is determined by the balance between
detoxification by thiopurine S-methyltransferase (TPMT) and toxification by hypoxanthine
phosphoribosyltransferase (HPRT): HPRT initiates formation of thioguanine nucleotides,
whereas methylation reactions by TPMT shunt drug away from thioguanine nucleotide
formation. There is a genetic polymorphism of TPMT activity with a trimodal distribution:
90% of persons have wild type, which confers high activity, 10% are heterozygotes with
intermediate activity, and 0.3% are homozygous mutants with little or no detectable TPMT
activity. Since TPMT shunts metabolites away from the activation pathway, low TPMT
activity confers increased risk for hematopoietic toxicity (see review in ref. 150) and
perhaps also for secondary malignancies, including brain tumors and acute myelogenous
leukemia (151). However, hepatotoxicity from these thiopurines may be due to a different
mechanism, namely high first-pass metabolism in the liver by TPMT to 6-methylmercap-
topurine. What evidence is there to suggest this? TPMT mRNA is highly expressed in
the liver (150) and hepatotoxicity is more frequent among individuals with higher TPMT
activity (152). Studies that compared patients with and without 6-mercaptopurine hepato-
toxicity demonstrated pharmacokinetics consistent with increased first-pass metabolism
in the patients with toxicity, notably delayed time to peak concentrations, lower peak
levels, and lower AUCs (153). High erythrocyte 6-methylmercaptopurine levels have been
reported to correlate with hepatotoxicity (154). Alternatively or additionally, TPMT may
contribute to toxicity through formation of methylmercaptopurine nucleotides derived
from methylthioinosine monophosphate (see Fig. 3) (155).

An injury described as VOD has been linked to 6-thioguanine, often in combination
with cytarabine (156–159). These cases have most often resembled radiation-induced liver
disease (RILD) in some of the clinical and histological features. Patients present with
hepatomegaly that is sometimes described as painful, and ascites, but without jaundice.



614 DeLeve

Bilirubin is often normal or marginally elevated, as is seen in RILD. There are veno-
occlusive lesions and centrilobular congestion, but centrilobular hepatocyte atrophy is
described rather than necrosis. Several of the patients also had underlying cirrhosis.

6-Thioguanine with busulfan has been linked to nodular regenerative hyperplasia
(130,160). There is also a case report of peliosis hepatis associated with 6-thioguanine
plus cytarabine (161).

It is not surprising that this group of liver injuries is linked to one drug, such as 6-
thioguanine. SOS, nodular regenerative hyperplasia, peliosis hepatis, and sinusoidal dilata-
tion often share similar causes and in some cases up to all four have been described
within the same liver. Azathioprine (all four lesions), urethane (peliosis and SOS), heroin
(sinusoidal dilatation, sinusoidal and perivenular fibrosis), thorotrast (peliosis, veno-occlu-
sive lesions with hepatocyte atrophy), and oral contraceptives (sinusoidal dilatation and
peliosis hepatis) cause an overlap of these injuries. Damage to sinusoidal endothelial cells
and sometimes to hepatic venular endothelial cells seems to be the common link in these
four types of liver injury (94,113,162–165). Azathioprine, another thiopurine, has been
shown to be selectively toxic to sinusoidal endothelial cells (94), but this has not been
examined specifically for 6-thioguanine.

3. Fluorodeoxyuridine

Fluorodeoxyuridine or floxuridine (FUDR) may be infused into the hepatic artery to treat
hepatic metastases. This may cause liver test abnormalities and, in more serious cases,
sclerosing cholangitis. High-grade obstruction of the common hepatic duct may extend
into the left and right hepatic ducts and there are usually also multiple strictures of the
intrahepatic ducts. The incidence varies widely in the literature; in a recent study of 32
patients who received an average of 7.3 cycles of chemotherapy, the incidence of liver
test abnormalities was 15.6% and of severe biliary sclerosis was 9.3% (166). In another
recent study in which 38 patients received two cycles of FUDR plus dexamethasone, 22%
had elevations of AST and/or alkaline phosphatase and 7% had bilirubin elevations greater
than 3 times the upper limit of normal (167). Concomitant treatment with dexamethasone
has been suggested to reduce liver injury from intra-arterial FUDR, but this has not been
well established (167–169). Progressive elevation of bilirubin levels, pruritus, or sepsis
in patients with sclerosing cholangitis may be successfully palliated with percutaneous
transhepatic biliary drainage (170). There are histological changes in the hilar vessels that
suggest organization of occlusive thrombi (171). The biliary duct strictures of sclerosing
cholangitis may therefore be due to circulatory impairment secondary to drug-induced
damage to the peribiliary vascular plexus.

C. Monoclonal Antibodies

Mylotarg (gemtuzumab ozogamicin) is a new drug for acute myeloid leukemia that seems
to have a significant incidence of SOS (88,89,172). In one case series, the overall mortality
rate due to SOS in patients treated with Mylotarg who did not undergo stem cell trans-
plantation was 7% (89). In patients who underwent stem cell transplantation after Mylo-
targ, the reported overall mortality from SOS was 11% (88). In patients who first under-
went stem cell transplantation and later received Mylotarg, the overall mortality rate from
SOS was 30% (90). Mylotarg has not been on the market long and future studies will
need to more clearly define the incidence of SOS and risk factors.
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Mylotarg is a conjugate of calicheamicin linked to the “humanized” monoclonal
anti-CD33 antibody. CD33 is a myeloid surface antigen that is expressed on more than
90% of blast cells in acute myeloid leukemia, but not on hematopoietic stem cells or
lymphoid cells. The presumptive mechanism of action of Mylotarg is preferential binding
to cells with the CD33 antigen, internalization of the conjugate, and release of the cali-
cheamicin moiety by acid hydrolysis within lysosomes (173,174). Calicheamicin has a
methyltrisulfide group that is reduced by glutathione. The resulting diradical species binds
to the minor groove of double-stranded DNA and causes sequence-selective oxidation of
deoxyribose leading to DNA strand breaks (175,176). The mechanism leading to Mylo-
targ-induced SOS is undefined. Since both sinusoidal endothelial cells and Kupffer cells
are of bone marrow origin (177,178), it is possible that one or both may have CD33
surface antigen that binds Mylotarg.

D. Miscellaneous Anticancer Drugs

l-Asparaginase is used in the treatment of acute lymphoblastic leukemia. It is a microbial
product derived from Escherichia coli or from Erwinia chrysanthemi. Interference with
liver function is manifested by decreased serum albumin, coagulation factors, and lipopro-
teins. Liver toxicity is thought to be due to inhibition of protein synthesis by asparaginase
and glutaminase activity (179,180). In the past a particularly high incidence of liver toxic-
ity was described with elevated alkaline phosphatase and serum aminotransferase and
depression of liver synthetic function. A total of 40–87% of patients were found to have
hepatic steatosis on autopsy and this could be detected up to 9 months after the last dose
of l-asparaginase (181,182). The incidence of liver test abnormalities and of frank liver
disease is considerably lower in the recent literature, although severe and fatal cases are
still reported. In adults the incidence of transient WHO grade I or II liver test abnormalities
(WHO grades listed in Table 4) is around 50% (183) with few cases of significant liver
test abnormalities (183,184). A recent study of 245 patients with acute lymphoblastic
leukemia randomized to conventional-dose or high-dose l-asparaginase as part of a multi-
drug regimen found antithrombin III levels less than 50% in 0 and 2.5%, antithrombin
III levels of 50–70% in 1.7 and 10.3%, and fibrinogen less than 100 mg/dL in 8.4 and
10.3% of patients, respectively, in the conventional- and high-dose l-asparaginase treat-
ment groups (185). Liver test abnormalities and liver injury were not listed among the
major toxicity reactions. In another recent study of 377 patients with acute lymphoblastic
leukemia treated with a regimen that included l-asparaginase, liver test abnormalities and

Table 4 WHO Grades of Liver
Test Abnormalities (247)

Grade 0 �1.25� ULN
Grade 1 1.26–2.5� ULN
Grade 2 2.6–5� ULN
Grade 3 5.1–10� ULN
Grade 4 �10� ULN

The WHO grades apply to aminotransfer-
ases, alkaline phosphatase, and bilirubin.
ULN, upper limit of normal.
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liver injury were not listed among the more frequent toxicities; among a subgroup of 43
patients in this study who did not complete the full 30-week treatment regimen, 2% devel-
oped hepatitis (186).

Actinomycin D (or dactinomycin) has been associated with SOS. There may be some
synergistic toxicity with abdominal irradiation or vincristine. The risk may correlate with
the dose of radiation and perhaps also the dose of actinomycin D (187).

Most of the reported cases of actinomycin D have been in patients with right-sided
Wilms’ tumors (188). The risk of SOS may be greater when the right-sided tumors are
large (189). The incidence of actinomycin D–induced SOS is low for left-side Wilms’
tumors and for rhabdomyosarcoma (188,190). One potential explanation is that external
vascular compression from these large right-sided nephroblastomas is impeding hepatic
venous outflow, i.e., causing a Budd-Chiari syndrome. Another contributing factor may
be intravascular extension of the nephroblastoma, causing Budd-Chiari syndrome, which
may be underdiagnosed in the older literature (191). In one study, intravascular extension
of tumor was diagnosed by ultrasonography in only 40% of cases, perhaps owing to the
lesser imaging quality of older ultrasonography equipment in the early cases of the series
(191). Budd-Chiari syndrome and SOS share many of the same clinical and histological
features. The unanswered question is whether the increased incidence of SOS with right-
sided Wilms’ tumors is due to hepatic venous outflow obstruction acting in concert with
actinomycin D–induced SOS, due to undiagnosed Budd-Chiari syndrome, or due to some
other unidentified risk factor.

E. Radiation

Radiation-induced liver disease (RILD), or radiation hepatitis, occurs after hepatic irradia-
tion. With conventional fractionation of irradiation, RILD occurs at doses in excess of
30–35 Gy in adults. Children or adults who have recently undergone partial hepatectomy
may develop RILD at lower doses.

The signs and symptoms of RILD resemble Budd-Chiari syndrome or SOS, with
hepatomegaly, weight gain, and varying amounts of ascites. Common histological features
are sinusoidal congestion, sinusoidal fibrosis, and subendothelial and adventitial fibrosis
of the central veins. However, RILD differs from SOS due to stem cell transplantation
conditioning therapy in several ways (192) (see Table 5): (1) The diagnostic criteria for
SOS in stem cell transplantation include elevations of bilirubin � 2 mg/dL and tenderness
of the liver, whereas in RILD bilirubin elevations are usually minimal and right-upper-

Table 5 Differences Between Sinusoidal Obstruction Syndrome (SOS) and Radiation-Induced
Liver Disease (RILD)

SOS in stem cell
transplantation RILD

Time of onset Day 0–30 2 Weeks–4 months (usually
1–2 months)

Resolution of signs/symptoms 30–60 Days Months
RUQ pain Marked Mild
Bilirubin �2 mg/dL, often markedly Normal or minimal elevation

elevated
Histology Centrilobular necrosis Centrilobular atrophy
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quadrant pain is much less pronounced (192,193). (2) A characteristic histological feature
of SOS is centrilobular necrosis, whereas in RILD there is atrophy of the centrilobular
cords and coagulative necrosis is uncommon (192–194). The presence of atrophy rather
than necrosis may reflect the fact that RILD becomes clinically apparent at a much later
time point. (3) In RILD fibrin has been identified within the central vein by electron
microscopy, but fibrin has not been demonstrated by electron microscopic examination
of SOS. (4) In SOS onset of the first clinical signs can occur as early as day 0, the day
of stem cell infusion, or as late as 30 days after exposure to the conditioning regimen.
Onset of RILD typically occurs 1–2 months after irradiation, although it may occur as
early as 2 weeks or as late as 7 months afterward (192). (5) Signs of SOS resolve within
30–60 days of onset in patients who survive the disease, whereas in RILD evidence of
liver injury can persist for months after the insult has been discontinued (193,195). Thus
clinical presentation, histology, and time course of disease distinguish RILD from SOS.

Historically, RILD has limited use of hepatic irradiation in the treatment of intra-
hepatic cancers. However, with the advent of three-dimensional radiation therapy treat-
ment planning, much higher doses of radiation can be delivered to the liver with a low
incidence of RILD (196).

Hepatic irradiation can also act synergistically with chemotherapy to cause liver
toxicity. Total-body irradiation contributes to the risk of SOS in hematopoietic stem cell
transplantation, although the doses of irradiation used (10–16 Gy) are well below the
hepatotoxic dose for radiation alone. In combination with cyclophosphamide, the inci-
dence of SOS is higher in single-dose than in hyperfractionated total-body irradiation
(197). Higher doses of total body irradiation, i.e., �12 Gy, may also increase the risk
(69). Doses of irradiation � 20 Gy may also contribute to the incidence of SOS when used
in conjunction with l-asparaginase for Wilms’ tumor. No features have been identified that
distinguish SOS due to high-dose combination chemotherapy (i.e., chemotherapeutic drugs
without irradiation) from that resulting from hepatic irradiation plus high-dose chemo-
therapy.

Long-term radiation damage in various tissues may be due to damage to microvascu-
lar endothelial cells (198–203), with apoptosis of the microvascular endothelial cells
(204–206). Irradiation significantly depletes mitochondrial glutathione and causes oxida-
tive damage to mitochondrial and nuclear DNA (207). Glutathione depletion enhances
toxicity of radiation in vitro and in vivo (61,207). Changes in the endothelial cell glutathi-
one pool may explain the synergistic toxicity of total-body irradiation and chemotherapy
in stem cell conditioning regimens.

F. Hormones

1. Tamoxifen

Tamoxifen, a nonsteroidal drug with antiestrogenic and estrogenic properties, is widely
used in the chemoprevention of breast cancer. Reported liver injury from tamoxifen in-
cludes nonalcoholic fatty liver disease (208–213), peliosis hepatis (214), acute hepatitis
(215), and hepatocellular cancer (216,217).

Nonalcoholic fatty liver disease (NAFLD) is the most common form of liver injury
due to tamoxifen. A Japanese study that screened 105 women on tamoxifen by annual
abdominal computerized-tomography examination found a 38% incidence of fatty liver,
which developed during the first 2 years of therapy in 35 of the 40 cases (85%) (213).
Forty percent of the patients with fatty liver (16 of 40 patients) had sustained elevations
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of aminotransferases. In addition, there have been three reported cases of cirrhosis in the
presence of steatohepatitis by liver biopsy (209,211). Future studies will need to determine
whether the risk of severe steatohepatitis in tamoxifen users warrants routine screening
for nonalcoholic fatty liver disease.

Rats treated with tamoxifen develop nodular regenerative hyperplasia, hepatic ade-
nomas, and hepatocellular carcinomas (218). Tamoxifen is metabolized by CYP 3A4.
There are substantial differences between rats and humans in the rate of tamoxifen metabo-
lism and in the metabolites formed. To achieve clinically relevant serum concentrations,
rats must be given high doses, which result in very high liver concentrations of tamoxifen
and its metabolites (219,220). Rats are also more susceptible to liver DNA damage from
tamoxifen, albeit at liver concentrations that are much higher than those seen in humans
(220,221). The propensity for hepatocellular cancer in rats may be very species specific,
since liver tumors are not found in mice or hamsters. There is currently no epidemiological
evidence in humans of a significant increase in the incidence of liver cancer (see review
in ref. 218), but there have been case reports of hepatocellular cancer after long-term use
of tamoxifen (216,217). Given the expanded indications for use of tamoxifen, future clini-
cal studies will undoubtedly carefully monitor the risk of hepatocellular carcinoma.

2. Cyproterone Acetate

Cyproterone acetate is a synthetic progesterone derivative with antiandrogenic and proges-
terone-like activity, used in the treatment of advanced prostate cancer. It is marketed in
the United Kingdom and Germany, but is not approved by the Food and Drug Administra-
tion. In a large surveillance study of 1685 patients receiving cyproterone acetate for indica-
tions other than prostate cancer, elevated liver tests were noted in 10% of patients treated
with 50 mg/day and 20% of those receiving �100 mg/day (222). A retrospective analysis
of 78 patients receiving 50 mg/day of cyproterone acetate for advanced prostate cancer
reported elevation of alkaline phosphatase in 14% of patients without known liver involve-
ment and elevated aminotransferases in 2.5% (223). There have been 18 case reports of
cyproterone-associated hepatitis with six fatalities. A review article (222) cited a report
of 96 hepatotoxic events with 33 fatalities attributed to cyproterone acetate (224); however,
I have been unable to obtain this report to date. There has also been one report of cirrhosis
in a pediatric patient treated for precocious puberty (225).

Cyproterone acetate is mitogenic, tumorigenic, and induces DNA adducts and DNA-
repair synthesis in rat liver (see reviews in refs. 226, 227). High levels of DNA adducts
are also formed in human hepatocytes. It has been suggested that formation of the reactive
metabolite is catalyzed by hydroxysteroid-sulfotransferases. Although long-term exposure
to cyproterone acetate at high doses may potentially induce hepatocellular carcinomas,
this is unlikely to be clinically relevant given the current life expectancy for advanced
prostate cancer.

3. Flutamide

Liver injury from flutamide presents with marked elevations of bilirubin and a wide range
in elevation of serum aminotransferases. The predominant histological feature determined
on autopsy is marked to massive hepatic necrosis. In a multicenter study of 905 patients
treated with flutamide, liver tests with elevations greater than 4 times the upper limit of
normal occurred in 0.8% of patients (228). According to postmarketing surveillance, se-
vere liver disease due to flutamide has occurred in 46 patients with 20 fatalities (229).
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The rate of serious liver injury is estimated to be 3 per 10,000 flutamide users, based on
the number of prescriptions written.

Flutamide is a synthetic nonsteroidal that is a competitive antagonist of the androgen
receptor. After oral administration, flutamide undergoes extensive first-pass metabolism
with formation of several oxidized metabolites. Formation of electrophilic metabolites is
catalyzed via CYP 3A and CYP 1A (230). Experimental studies in rat hepatocytes (231)
suggest that toxicity from the electrophilic metabolites occurs through depletion of hepato-
cyte glutathione, which is accompanied by oxidative stress. Toxicity to mitochondria is
manifested by depression of mitochondrial respiration and ATP formation, but the study
did not report whether mitochondrial toxicity was due to depletion of mitochondrial gluta-
thione.

VI. CONCLUSIONS

Transient liver test abnormalities are a common occurrence in cancer chemotherapy. Our
knowledge of chemotherapy-induced liver injury is confounded by the injurious effects
of a variety of insults to the liver in cancer patients as well as by the limitations in the
older literature. Nevertheless it is clear that liver injury is a relatively frequent complication
in some of the current treatments for hematological malignancies, but that clinically appar-
ent liver injury occurs much less frequently with conventional-dose chemotherapy.
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84. Méresse V, Hartmann O, Vassal G, Benhamou E, Valteau-Couanet D, Brugieres L, Lemerle
J. Risk factors for hepatic veno-occlusive disease after high-dose busulfan-containing regi-
mens followed by autologous bone marrow transplantation: a study in 136 children. Bone
Marrow Transplant 1992; 10:135–141.

85. Vahrmeijer AL, van Dierendonck JH, Schutrups J, van de Velde CJ, Mulder GJ. Effect of
glutathione depletion on inhibition of cell cycle progression and induction of apoptosis by
melphalan (L-phenylalanine mustard) in human colorectal cancer cells. Biochem Pharmacol
1999; 58:655–664.

86. McCune JS, Gibbs JP, Slattery JT. Plasma concentration monitoring of busulfan: does it
improve clinical outcome? Clin Pharmacokinet 2000; 39:155–165.

87. McDonald GB, Ren S, Bouvier ME, Risler L, Kalhorn TF, Cole SL, Gooley TA, Schoch
HG, Batchelder AL, McDonald SJ, Linterman R, Ellis S, Slattery JT. Venoocclusive disease
of the liver and cyclophosphamide pharmacokinetics: a prospective study in marrow trans-
plant patients. Hepatology 1999; 30:314A.

88. Sievers EL, Larson RA, Stadtmauer EA, Estey E, Lowenberg B, Dombret H, Karanes C,
Theobald M, Bennett JM, Sherman ML, Berger MS, Eten CB, Loken MR, van Dongen
JJ, Bernstein ID, Appelbaum FR, Mylotarg Study G. Efficacy and safety of gemtuzumab
ozogamicin in patients with CD33-positive acute myeloid leukemia in first relapse. J Clin
Oncol 2001; 19:3244–3254.

89. Giles FJ, Kantarjian HM, Kornblau SM, Thomas DA, Garcia-Manero G, Waddelow TA,
David CL, Phan AT, Colburn DE, Rashid A, Estey EH. Mylotarg (gemtuzumab ozogamicin)
therapy is associated with hepatic venoocclusive disease in patients who have not received
stem cell transplantation. Cancer 2001; 92:406–413.

90. Rajvanshi P, Shulman HM, Sievers EL, McDonald GB. Hepatic sinusoidal obstruction fol-
lowing Gemtuzumab ozogamicin (Mylotarg). Blood 2002; 2310–2314.

91. Shulman HM, Fisher LB, Schoch HG, Henne KW, McDonald GB. Venoocclusive disease of
the liver after marrow transplantation: histological correlates of clinical signs and symptoms.
Hepatology 1994; 19:1171–1180.

92. Rollins BJ. Hepatic veno-occlusive disease. Am J Med 1986; 81:297–306.
93. DeLeve LD. Dacarbazine toxicity in murine liver cells: a novel model of hepatic endothelial

injury and glutathione defense. J Pharmacol Exp Ther 1994; 268:1261–1270.
94. DeLeve LD, Wang X, Kuhlenkamp JF, Kaplowitz N. Toxicity of azathioprine and mono-

crotaline in murine sinusoidal endothelial cells and hepatocytes: the role of glutathione and
relevance to hepatic venoocclusive disease. Hepatology 1996; 23:589–599.

95. DeLeve LD, McCuskey RS, Wang X, Hu L, McCuskey MK, Epstein RB, Kanel G. Charac-
terization of a reproducible rat model of hepatic veno-occlusive disease. Hepatology 1999;
29:1779–1791.

96. DeLeve LD, Ito Y, Machen NW, McCuskey MK, Wang X, McCuskey RS. Embolization
by sinusoidal lining cells causes the congestion of hepatic venoocclusive disease. Gastroen-
terology 2000; 118:A2345.

97. DeLeve LD, Wang X, Tsai J, Kanel G, Tokes Z. Prevention of hepatic venooclusive disease
in the rat by inhibition of matrix metalloproteinases. Gastroenterology 2001; 120:A54.



Cancer Chemotherapy 625

98. Cai T, Fassina GF, Morini M, Aluigi MG, Masiello L, Fontanini G, D’Agostini F, De Flora
S, Noonan DM, Albini A. N-Acetylcysteine inhibits endothelial cell invasion and angiogen-
esis. Lab Invest 1999; 79:1151–1159.

99. Tyagi SC, Ratajska A, Weber KT. Myocardial matrix metalloproteinase(s): localization and
activation. Mol Cell Biochem 1993; 126:49–59.

100. Tyagi SC, Kumar S, Borders S. Reduction-oxidation (redox) state regulation of extracellular
matrix metalloproteinases and tissue inhibitors in cardiac normal and transformed fibroblast
cells. J Cell Biochem 1996; 61:139–151.

101. Upadhya GA, Strasberg SM. Glutathione, lactobionate, and histidine: cryptic inhibitors of
matrix metalloproteinases contained in University of Wisconsin and histidine/tryptophan/
ketoglutarate liver preservation solutions. Hepatology 2000; 31:1115–1122.

102. DeLeve LD, Wang X. Decrease in nitric oxide production contributes to hepatic venoocclu-
sive disease. Hepatology 1999; 30:218A.

103. Eberhardt W, Beeg T, Beck KF, Walpen S, Gauer S, Bohles H, Pfeilschifter J. Nitric oxide
modulates expression of matrix metalloproteinase-9 in rat mesangial cells. Kidney Int 2000;
57:59–69.

104. Korte W. Veno-occlusive disease of the liver after bone marrow transplantation: is hyper-
coagulability really part of the problem? Blood Coagul Fibrinol 1997; 8:367–381.

105. Shulman HM, Gown AM, Nugent DJ. Hepatic veno-occlusive disease after bone marrow
transplantation-immunohistochemical identification of the material within occluded central
venules. Am J Pathol 1987; 127:549–558.

106. Brooks SEH, Miller CG, McKenzie K, Audretsch JJ, Bras G. Acute veno-occlusive disease
of the liver. Arch Pathol 1970; 89:507–520.

107. Snover DC, Weisdorf S, Bloomer J, McGlave P, Weisdorf D. Nodular regenerative hyperpla-
sia of the liver following bone marrow transplantation. Hepatology 1989; 9:443–448.

108. Wanless IR, Godwin TA, Allen F, Feder A. Nodular regenerative hyperplasia of the liver
in hematologic disorders: a possible response to obliterative portal venopathy. A morphomet-
ric study of nine cases with an hypothesis on the pathogenesis. Medicine 1980; 59:367–379.

109. Thomas PA, McCusker JJ, Merrigan EH, Conte NF. Lobar cirrhosis with nodular hyperplasia
(hamartoma) of the liver treated by left hepatic lobectomy. Am J Surg 1966; 112:831–834.

110. Whelan TJ, Baugh JH, Chandor S. Focal nodular hyperplasia of the liver. Ann Surg 1973;
177:150–158.

111. Travers H, D’Amato NA. Vascular alterations in focal nodular hyperplasia of the liver. Milit
Med 1978; 143:96–101.

112. Wanless IR. Micronodular transformation (nodular regenerative hyperplasia) of the liver: a
report of 64 cases among 2,500 autopsies and a new classification of benign hepatocellular
nodules. Hepatology 1990; 11:787–797.

113. Haboubi NY, Ali HH, Whitwell HL, Ackrill P. Role of endothelial cell injury in the spectrum
of azathioprine-induced liver disease after renal transplant: light microscopy and ultrastruc-
tural observations. Am J Gastroenterol 1988; 83:256–261.
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156. Merino JM, Casanova F, Sáez-Royuela F, Velasco A, Gonzalez JB. Veno-occlusive disease
of the liver associated with thiopurines in a child with acute lymphoblastic leukemia. Pediatr
Hematol Oncol 2000; 17:429–431.

157. Griner PF, Elbadawi A, Packman CH. Veno-occlusive disease of the liver after chemotherapy
of acute leukemia: report of two cases. Ann Intern Med 1976; 85:578–582.

158. D’Cruz CA, Wimmer RS, Harcke HT, Huff DS, Naiman JL. Veno-occlusive disease of the



628 DeLeve

liver in children following chemotherapy for acute myelocytic leukemia. Cancer 1983; 52:
1803–1807.

159. Satti MB, Weinbren K, Gordon-Smith EC. 6-Thioguanine as a cause of toxic veno-occlusive
disease of the liver. J Clin Pathol 1982; 35:1086–1091.

160. Key NS, Kelly PM, Emerson PM, Chapman RW, Allan NC, McGee JO. Oesophageal varices
associated with busulphan-thioguanine combination therapy for chronic myeloid leukaemia.
Lancet 1987; 2:1050–1052.

161. Larrey D, Freneaux E, Berson A, Babany G, Degott C, Valla D, Pessayre D, Benhamou JP.
Peliosis hepatis induced by 6-thioguanine administration. Gut 1988; 29:1265–1269.

162. de Araujo MS, Gerard F, Chossegros P, Porto LC, Barlet P, Grimaud JA. Vascular hepato-
toxicity related to heroin addiction. Virchows Arch A Pathol Anat Histopathol 1990; 417:
497–503.

163. Trigueiro de Araujo MS, Gerard F, Chossegros P, Guerret S, Grimaud JA. Lack of hepatocyte
involvement in the genesis of the sinusoidal dilatation related to heroin addiction: a morpho-
metric study. Virchows Arch A Pathol Anat Histopathol 1992; 420:149–153.

164. Zafrani ES, Cazier A, Baudelot AM, Feldmann G. Ultrastructural lesions of the liver in
human peliosis. A report of 12 cases. Am J Pathol 1984; 114:349–359.

165. DeLeve LD. Glutathione defense in non-parenchymal cells. Semin Liver Dis 1998; 18:403–
413.

166. Porta C, Danova M, Accurso S, Tinelli C, Girino M, Riccardi A, Palmeri S. Sequential
intrahepatic and systemic fluoropyrimidine-based chemotherapy for metastatic colorectal
cancer confined to the liver: a phase II study. Cancer Chemother Pharmacol 2001; 47:423–
428.

167. Kemeny N, Gonen M, Sullivan D, Schwartz L, Benedetti F, Saltz L, Stockman J, Fong Y,
Jarnagin W, Bertino J, Tong W, Paty P. Phase I study of hepatic arterial infusion of floxuri-
dine and dexamethasone with systemic irinotecan for unresectable hepatic metastases from
colorectal cancer. J Clin Oncol 2001; 19:2687–2695.

168. Campos LT. A randomized trial of intrahepatic infusion of fluorodeoxyuridine with dexa-
methasone versus fluorodeoxyuridine alone in the treatment of metastatic colorectal cancer
[letter; comment]. Cancer 1993; 71:875–876.

169. Kemeny N, Seiter K, Niedzwiecki D, Chapman D, Sigurdson E, Cohen A, Botet J, Oderman
P, Murray P. A randomized trial of intrahepatic infusion of fluorodeoxyuridine with dexa-
methasone versus fluorodeoxyuridine alone in the treatment of metastatic colorectal cancer.
Cancer 1992; 69:327–334.

170. Brown KT, Kemeny N, Berger MF, Getrajdman GI, Napp T, Fong Y, Herman S, Kurtz RC,
Botet J, Blumgart LH. Obstructive jaundice in patients receiving hepatic artery infusional
chemotherapy: etiology, treatment implications, and complications after transhepatic biliary
drainage. J Vasc Interv Radiol 1997; 8:229–234.

171. Ludwig J, Kim CH, Wiesner RH, Krom RA. Floxuridine-induced sclerosing cholangitis: an
ischemic cholangiopathy? Hepatology 1989; 9:215–218.

172. Neumeister P, Eibl M, Zinke-Cerwenka W, Scarpatetti M, Sill H, Linkesch W. Hepatic veno-
occlusive disease in two patients with relapsed acute myeloid leukemia treated with anti-
CD33 calicheamicin (CMA-676) immunoconjugate. Ann Hematol 2001; 80:119–120.

173. Press OW, Shan D, Howell-Clark J, Eary J, Appelbaum FR, Matthews D, King DJ, Haines
AM, Hamann P, Hinman L, Shochat D, Bernstein ID. Comparative metabolism and retention
of iodine-125, yttrium-90, and indium-111 radioimmunoconjugates by cancer cells. Cancer
Res 1996; 56:2123–2129.

174. van Der Velden VH, te Marvelde JG, Hoogeveen PG, Bernstein ID, Houtsmuller AB, Berger
MS, van Dongen JJ. Targeting of the CD33-calicheamicin immunoconjugate Mylotarg
(CMA-676) in acute myeloid leukemia: in vivo and in vitro saturation and internalization
by leukemic and normal myeloid cells. Blood 2001; 97:3197–3204.



Cancer Chemotherapy 629

175. Nicolaou K, Smith A, Yue E. Chemistry and biology of natural and designed enediynes.
Proc Natl Acad Sci USA 1993; 90:5881–5888.

176. Dedon PC, Goldberg IH. Free-radical mechanisms involved in the formation of sequence-
dependent bistranded DNA lesions by the antitumor antibiotics bleomycin, neocarzinostatin,
and calicheamicin. Chem Res Toxicol 1992; 5:311–332.

177. Gao Z, McAlister VC, Williams GM. Repopulation of liver endothelium by bone-marrow-
derived cells. Lancet 2001; 357:932–933.

178. Takezawa RI, Watanabe Y, Akaike T. Direct evidence of macrophage differentiation from
bone marrow cells in the liver: a possible origin of Kupffer cells. J Biochem 1995; 118:
1175–1183.

179. Durden DL, Salazar AM, Distasio JA. Kinetic analysis of hepatotoxicity associated with
antineoplastic asparaginases. Cancer Res 1983; 43:1602–1605.

180. Villa P, Corada M, Bartosek I. L-asparaginase effects on inhibition of protein synthesis and
lowering of the glutamine content in cultured rat hepatocytes. Toxicol Lett 1986; 32:235–
241.

181. Land VJ, Sutow WW, Fernbach DJ, Lane DM, Williams TE. Toxicity of L-asparaginase in
children with advanced leukemia. Cancer 1972; 30:339–347.

182. Pratt CB, Johnson WW. Duration and severity of fatty metamorphosis of liver following L-
asparaginase therapy. Cancer 1971; 28:361–364.

183. Chim CS, Kwong YL, Chu YC, Chan CH, Chan YT, Liang R. Improved treatment outcome
in adult acute lymphoblastic leukemia using the intensive German protocol, a preliminary
report. Hematol Oncol 1997; 15:19–26.

184. Wiernik PH, Dutcher JP, Paietta E, Gucalp R, Markus S, Weinberg V, Azar C, Garl S, Benson
L. Long-term follow-up of treatment and potential cure of adult acute lymphocytic leukemia
with MOAD: a non-anthracycline containing regimen. Leukemia 1993; 7:1236–1241.

185. Rizzari C, Valsecchi MG, Arico M, Conter V, Testi A, Barisone E, Casale F, Lo Nigro L,
Rondelli R, Basso G, Santoro N, Masera G, Associazione Italiano Ematologia Oncologia P.
Effect of protracted high-dose l-asparaginase given as a second exposure in a Berlin-
Frankfurt-Münster-based treatment: results of the randomized 9102 intermediate-risk child-
hood acute lymphoblastic leukemia study—a report from the Associazione Italiana Emato-
logia Oncologia Pediatrica. J Clin Oncol 2001; 19:1297–1303.

186. Silverman LB, Gelber RD, Dalton VK, Asselin BL, Barr RD, Clavell LA, Hurwitz CA,
Moghrabi A, Samson Y, Schorin MA, Arkin S, Declerck L, Cohen HJ, Sallan SE. Improved
outcome for children with acute lymphoblastic leukemia: results of Dana-Farber Consortium
Protocol 91-01. Blood 2001; 97:1211–1218.

187. Flentje M, Weirich A, Potter R, Ludwig R. Hepatotoxicity in irradiated nephroblastoma pa-
tients during postoperative treatment according to SIOP9/GPOH. Radiother Oncol 1994; 31:
222–228.

188. Tornesello A, Piciacchia D, Mastrangelo S, Lasorella A, Mastrangelo R. Veno-occlusive
disease of the liver in right-sided Wilms’ tumours. Eur J Cancer 1998; 34:1220–1223.

189. Ludwig R, Weirich A, Hofmann WJ, Waldherr R. Veno-occlusive disease as hepatotoxic
side effect of the nephroblastoma SIOP-9 treatment protocol: preliminary results of the Ger-
man group. Med Pediatr Oncol 1992; 20:434.

190. Ortega JA, Donaldson SS, Ivy SP, Pappo A, Maurer HM. Venoocclusive disease of the liver
after chemotherapy with vincristine, actinomycin D, and cyclophosphamide for the treatment
of rhabdomyosarcoma. Cancer 1997; 79:2435–2439.

191. Mushtaq I, Carachi R, Roy G, Azmy A. Childhood renal tumours with intravascular exten-
sion. Br J Urol 1996; 78:772–776.

192. Lawrence TS, Robertson JM, Anscher MS, Jirtle RL, Ensminger WD, Fajardo LF. Hepatic
toxicity resulting from cancer treatment. Int J Radiat Oncol Biol Phys 1995; 31:1237–1248.

193. Ingold JA, Reed GB, Jr., Kaplan HS, Bagshaw MA. Radiation hepatitis. AJR 1965; 93:200–
208.



630 DeLeve

194. Reed GB, Jr., Cox AJ, Jr. The human liver after radiation injury: a form of veno-occlusive
disease. Am J Pathol 1966; 48:597–611.

195. Selzer G, Parker RGF. Senecio poisoning exhibiting as Chiari’s syndrome: a report on twelve
cases. Am J Pathol 1950; 27:885–907.

196. McGinn CJ, Ten Haken RK, Ensminger WD, Walker S, Wang S, Lawrence TS. Treatment
of intrahepatic cancers with radiation doses based on a normal tissue complication probability
model. J Clin Oncol 1998; 16:2246–2252.

197. Grinsky T, Benhamou E, Bourhis JH, Dhermain F, Guillot-Valls D, Ganansia V, Luboinski
M, Perez A, Cosset J-M, Socie G, Baume D, Bouaouina N, Briot E, Beaudre A, Bridier A,
Pico JL. Prospective randomized comparison of single-dose versus hyperfractionated total-
body irradiation in patients with hematologic malignancies. J Clin Oncol 2000; 18:981–986.

198. Hopewell J, Withers HR. Proposition: long-term changes in irradiated tissues are due princi-
pally to vascular damage in the tissues. Med Phys 1998; 25:2265–2268.

199. Cicciarello R, d’Avella D, Gagliardi ME, Albiero F, Vega J, Angileri FF, D’Aquino A, Toma-
sello F. Time-related ultrastructural changes in an experimental model of whole brain irradia-
tion. Neurosurgery 1996; 38:772–779; discussion 779–780.

200. Rezvani M, Hopewell JW, Robbins ME. Initiation of non-neoplastic late effects: the role of
endothelium and connective tissue. Stem Cells 1995; 13:248–256.

201. Hopewell JW, Calvo W, Jaenke R, Reinhold HS, Robbins ME, Whitehouse EM. Microvascu-
lature and radiation damage. Recent Results Cancer Res 1993; 130:1–16.

202. Jaenke RS, Robbins ME, Bywaters T, Whitehouse E, Rezvani M, Hopewell JW. Capillary
endothelium. Target site of renal radiation injury. Lab Invest 1993; 68:396–405.

203. Reinhold HS. The influence of radiation on blood vessels and circulation. Chapter II. Cell
viability of the vessel wall. Curr Topics Radiat Res Q 1974; 10:9–28.

204. Langley RE, Bump EA, Quartuccio SG, Medeiros D, Braunhut SJ. Radiation-induced
apoptosis in microvascular endothelial cells. Br J Cancer 1997; 75:666–672.

205. Pena LA, Fuks Z, Kolesnick RN. Radiation-induced apoptosis of endothelial cells in the
murine central nervous system: protection by fibroblast growth factor and sphingomyelinase
deficiency. Cancer Res 2000; 60:321–327.

206. Paris F, Fuks Z, Kang A, Capodieci P, Juan G, Ehleiter D, Haimovitz-Friedman A, Cordon-
Cardo C, Kolesnick R. Endothelial apoptosis as the primary lesion initiating intestinal radia-
tion damage in mice. Science 2001; 293:293–297.

207. Morales A, Miranda M, Sanchez-Reyes A, Biete A, Fernandez-Checa JC. Oxidative damage
of mitochondrial and nuclear DNA induced by ionizing radiation in human hepatoblastoma
cells. Int J Radiat Oncol Biol Phys 1998; 42:191–203.

208. Saibara T, Onishi S, Ogawa Y, Yoshida S, Enzan H. Non-alcoholic steatohepatitis. Lancet
1999; 354:1299–1300.

209. Van Hoof M, Rahier J, Horsmans Y. Tamoxifen-induced steatohepatitis [letter]. Ann Intern
Med 1996; 124:855–856.

210. Pratt DS, Knox TA, Erban J. Tamoxifen-induced steatohepatitis [letter]. Ann Intern Med
1995; 123:236.

211. Oien KA, Moffat D, Curry GW, Dickson J, Habeshaw T, Mills PR, MacSween RN. Cirrhosis
with steatohepatitis after adjuvant tamoxifen [letter]. Lancet 1999; 353:36–37.

212. Cortez Pinto H, Baptista A, Camilo ME, Bruno de Costa E, Valente A, Carneiro de Moura
M. Tamoxifen-associated steatohepatitis-report of three cases. J Hepatol 1995; 23:95–97.

213. Murata Y, Ogawa Y, Saibara T, Nishioka A, Fujiwara Y, Fukumoto M, Inomota T, Enzan
H, Onishi S, Yoshida S. Unrecognized hepatic steatosis and non-alcoholic steatohepatitis in
adjuvant tamoxifen for breast cancer patients. Oncol Reports 2000; 7:1299–1304.

214. Loomus GN, Aneja P, Bota RA. A case of peliosis hepatis in association with tamoxifen
therapy. Am J Clin Pathol 1983; 80:881–883.

215. Storen EC, Hay JE, Kaur J, Zahasky K, Hartmann L. Tamoxifen-induced submassive hepatic
necrosis. Cancer J 2000; 6:58–60.



Cancer Chemotherapy 631

216. Moffat DF, Oien KA, Dickson J, Habeshaw T, McLellan DR. Hepatocellular carcinoma after
long-term tamoxifen therapy. Ann Oncol 2000; 11:1195–1196.

217. Law CH, Tandan VR. The association between tamoxifen and the development of hepatocel-
lular carcinoma: case report and literature review. Can J Surg 1999; 42:211–214.

218. Wilking N, Isaksson E, von Schoultz E. Tamoxifen and secondary tumours: an update. Drug
Safety 1997; 16:104–117.

219. Dragan YP, Fahey S, Street K, Vaughan J, Jordan VC, Pitot HC. Studies of tamoxifen as a
promoter of hepatocarcinogenesis in female Fischer F344 rats. Breast Cancer Res Treat 1994;
31:11–25.

220. Carthew P, Martin EA, White IN, De Matteis F, Edwards RE, Dorman BM, Heydon RT,
Smith LL. Tamoxifen induces short-term cumulative DNA damage and liver tumors in rats:
promotion by phenobarbital. Cancer Res 1995; 55:544–547.

221. Martin EA, Rich KJ, White IN, Woods KL, Powles TJ, Smith LL. 32P-postlabelled DNA
adducts in liver obtained from women treated with tamoxifen. Carcinogenesis 1995; 16:
1651–1654.

222. Rabe T, Feldmann K, Heinemann L, Runnebaum B. Cyproterone acetate: is it hepato- or
genotoxic? Drug Safety 1996; 14:25–38.

223. Hinkel A, Berges RR, Pannek J, Schulze H, Senge T. Cyproterone acetate in the treatment
of advanced prostatic cancer: retrospective analysis of liver toxicity in the long-term follow-
up of 89 patients. Eur Urol 1996; 30:464–470.

224. Anonymous. Hepatic reactions with cyproterone acetate (Cyprostat, Androcur). Curr Prob-
lems Pharmacovigilance 1995; 21:1.

225. Garty BZ, Dinari G, Gellvan A, Kauli R. Cirrhosis in a child with hypothalamic syndrome
and central precocious puberty treated with cyproterone acetate. Eur J Pediatr 1999; 158:
367–370.

226. Werner S, Topinka J, Kunz S, Beckurts T, Heidecke CD, Schwarz LR, Wolff T. Studies on
the formation of hepatic DNA adducts by the antiandrogenic and gestagenic drug, cyproter-
one acetate: 1. adduct levels in various species including man and 2. persistence and accumu-
lation in the rat. Adv Exp Med Biol 1996; 387:253–257.

227. Schwarz LR, Werner S, Topinka J, Andrae U, Neumann I, Wolff T. The liver as origin
and target of reactive intermediates exemplified by the progesterone derivative, cyproterone
acetate. Adv Exp Med Biol 1996; 387:243–251.

228. Oosterlinck W, Casselman J, Mattelaer J, Van Velthoven R, Kurjatkin O, Schulman C. Toler-
ability and safety of flutamide in monotherapy, with orchiectomy or with LHRH-a in ad-
vanced prostate cancer patients: a Belgian multicenter study of 905 patients. Eur Urol 1996;
30:458–463.

229. Wysowski DK, Fourcroy JL. Flutamide hepatotoxicity. J Urol 1996; 155:209–212.
230. Berson A, Wolf C, Chachaty C, Fisch C, Fau D, Loeper J, Gauthier JC, Beaune P, Pompon

D, Maurel P, Pessayre D. Metabolic activation of the nitroaromatic antiandrogen flutamide by
rat and human cytochrome P-450, including forms belonging to the 3A and 1A subfamilies. J
Pharmacol Exp Ther 1983; 265:366–372.

231. Fau D, Eugene D, Berson A, Letteron P, Fromenty B, Fisch C, Pessayre D. Toxicity of the
antiandrogen flutamide in isolated rat hepatocytes. J Pharmacol Exp Ther 1994; 269:954–
962.

232. De Vita VT, Carbone PP, Owens AH, Jr., Gold GL, Krant MJ, Edmonson J. Clinical trials
with 1,3-bis(2-chloroethyl)-1-nitrosourea, NSC-409962. Cancer Res 1965; 25:1876–1881.

233. Phillips GL, Fay JW, Herzig GP, Herzig RH, Weiner RS, Wolff SN, Lazarus HM, Karanes
C, Ross WE, Kramer BS. Intensive 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), NSC:
4366650 and cryopreserved autologous marrow transplantation for refractory cancer: a phase
I–II study. Cancer 1983; 52:1792–1802.

234. Hoth D, Woolley P, Green D, Macdonald J, Schein P. Phase I studies on chlorozotocin. Clin
Pharmacol Ther 1978; 23:712–722.



632 DeLeve

235. Johnson RO, Metter G, Wilson W, Hill G, Krementz E. Phase I evaluation of DTIC (NSC-
45388) and other studies in malignant melanoma in the Central Oncology Group. Cancer
Treat Rep 1976; 60:183–187.

236. Chard RL, Jr., Krivit W, Bleyer WA, Hammond D. Phase II study of VP-16-213 in childhood
malignant disease: a Children’s Cancer Study Group Report. Cancer Treat Rep 1979; 63:
1755–1759.

237. Abratt RP, Bezwoda WR, Falkson G, Goedhals L, Hacking D, Rugg TA. Efficacy and safety
profile of gemcitabine in non-small-cell lung cancer: a phase II study. J Clin Oncol 1994;
12:1535–1540.

238. Anderson H, Lund B, Bach F, Thatcher N, Walling J, Hansen HH. Single-agent activity of
weekly gemcitabine in advanced non-small-cell lung cancer: a phase II study. J Clin Oncol
1994; 12:1821–1826.

239. Catimel G, Vermorken JB, Clavel M, de Mulder P, Judson I, Sessa C, Piccart M, Bruntsch
U, Verweij J, Wanders J, et al. A phase II study of Gemcitabine (LY 188011) in patients
with advanced squamous cell carcinoma of the head and neck. EORTC Early Clinical Trials
Group. Ann Oncol 1994; 5:543–547.

240. Lund B, Hansen OP, Theilade K, Hansen M, Neijt JP. Phase II study of gemcitabine
(2′,2′-difluorodeoxycytidine) in previously treated ovarian cancer patients. J Natl Cancer Inst
1994; 86:1530–1533.

241. Hoogstraten B, Gottlieb JA, Caoili E, Tucker WG, Talley RW, Haut A. CCNU (1-(2-chloro-
ethyl)-3-cyclohexyl-1-nitrosourea, NSC-79037) in the treatment of cancer: phase II study.
Cancer 1973; 32:38–43.

242. Paciucci PA, Ohnuma T, Cuttner J, Silver RT, Holland JF. Mitoxantrone in patients with
acute leukemia in relapse. Cancer Res 1983; 43:3919–3922.

243. Feldman EJ, Alberts DS, Arlin Z, Ahmed T, Mittelman A, Baskind P, Peng YM, Baier
M, Plezia P. Phase I clinical and pharmacokinetic evaluation of high-dose mitoxantrone in
combination with cytarabine in patients with acute leukemia. J Clin Oncol 1993; 11:2002–
2009.

244. Feenstra J, Vermeer RJ, Stricker BH. Fatal hepatic coma attributed to paclitaxel [letter]. J
Natl Cancer Inst 1997; 89:582–584.

245. Broder LE, Carter SK. Pancreatic islet cell carcinoma. II. Results of therapy with streptozo-
tocin in 52 patients. Ann Intern Med 1973; 79:108–118.

246. Coe JE, Ishak KG, Ross MJ. Estrogen-induced hepatic toxicity and hepatic cancer: differ-
ences between two closely related hamster species. Liver 1998; 18:343–351.

247. Miller AB, Hoogstraten B, Staquet M, Winkler A. Reporting results of cancer treatment.
Cancer 1981; 47:207–214.



25

Immunomodulating Agents and
the Transplant Situation

MARY F. HEBERT

University of Washington School of Pharmacy, Seattle, Washington, U.S.A.

SHARI L. TAYLOR

GI Pathology Partners, P.C., Memphis, Tennessee, U.S.A.

ROBERT L. CARITHERS, JR.

University of Washington School of Medicine, Seattle, Washington, U.S.A.

I. Introduction
II. Corticosteroids

III. Azathioprine
IV. Cyclosporin
V. Tacrolimus

VI. Mycophenolate Mofetil
VII. Sirolimus

VIII. Summary
References

I. INTRODUCTION

Many adverse reactions are seen with the immunosuppressive agents commonly used in
transplantation. However, hepatotoxicity is infrequently reported. Of greater concern are
the many drug interactions associated with immunosuppressive agents. Drug interactions
are particularly common in patients receiving cyclosporin, tacrolimus, or sirolimus. Each
of these agents is metabolized by the cytochrome P450 IIIA enzyme (CYP3A) in the
liver and small intestine (1–4). In addition, they are all substrates for p-glycoprotein (a
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countertransport pump) in the gastrointestinal tract and liver (5,6). The major drug interac-
tions for these agents occur via effects on CYP3A and p-glycoprotein.

Other drug interactions can be of critical importance in transplant recipients. Azathi-
oprine is converted to 6-mercaptopurine (6-MP) by glutathione-S-transferase. Detoxifica-
tion of 6-MP to thiouric acid occurs via xanthine oxidase. Inhibition of xanthine oxidase,
a major site for drug interactions with azathioprine by agents such as allopurinol, can
result in accumulation of 6-MP and fatal bone marrow suppression (7–10). The metabolism
of the corticosteroids is not fully understood. In general, their metabolism involves sequen-
tial hydroxylation followed by conjugation. Drug interactions with the corticosteroids in
most cases involve nonspecific enzyme inducers or inhibitors. Mycophenolate mofetil is
rapidly hydrolyzed to its active form, mycophenolic acid, by gut and blood esterases.
Mycophenolic acid is subsequently conjugated and then undergoes enterohepatic recircula-
tion. The major site of drug interactions for this agent appears to be the gastrointestinal tract
through decreased absorption and possibly inhibition of enterohepatic recirculation (11).

The clinical implications of drug interactions with immunosuppressive agents are
great. Agents that increase the levels of the immunosuppressive medications are associated
with significant and potentially life-threatening toxicities. In contrast, use of agents that
decrease the levels of immunosuppressive agents often results in allograft rejection. This
chapter will discuss the rare hepatotoxicity of commonly used immunosuppressive agents
as well as the most frequent drug interactions seen with these medications.

Determination of hepatotoxicity for the immunosuppressive agents, particularly in
the transplant setting, can be difficult. Isolating the potential culprit in a suspected case
of drug-induced hepatotoxicity is difficult enough in patients receiving multiple medica-
tions. In addition, concomitant illnesses, such as viral infections, may contribute to or
mask drug-induced hepatotoxicity in the transplant setting (12–15). Early in the history
of transplantation, there were few immunosuppressive agents. Azathioprine and predni-
sone were the mainstay of rejection prophylaxis, with cyclophosphamide available as an
alternative. At that time, there were few choices available if a patient developed toxicity
to one agent or another. As a result, there was a great deal of reluctance to discontinue
any immunosuppressive drug for risk of losing the transplant to rejection.

Cyclosporin increased the success of transplantation and provided an additional im-
munosuppressive choice. Initially, therapeutic monitoring of cyclosporin was not readily
available at all centers and higher doses typically were used. Most reports of cyclosporin-
induced hepatotoxicity were published during that era. Increased accessibility to drug level
monitoring and clinical experience has resulted in lower doses and concentrations of cyclo-
sporin and very few reports of hepatotoxicity.

In the past several years, additional immunosuppressive agents have been approved
for clinical use. The mechanisms of these various immunosuppressives differ. As a result,
various combinations can be used to achieve the same desired effect. Azathioprine, cyclo-
phosphamide, and mycophenolate mofetil all can be used to inhibit proliferation of lym-
phocytes. Substitution of one of these agents for another can be utilized to optimize and
individualize immunosuppressive efficacy and to minimize toxicity. Cyclosporin and tac-
rolimus primarily inhibit interleukin-2 production and can be interchanged for efficacy
and safety. Sirolimus inhibits interleukin-2 activity and has been used in various combina-
tions with the other immunosuppressives to optimize transplant outcomes. Antibody prep-
arations (muromonab CD3, antilymphocyte preparations, daclizumab, and basiliximab)
that are used for prevention and/or treatment of rejection will not be discussed in this
chapter.



Immunomodulating Agents 635

II. CORTICOSTEROIDS

Corticosteroids have been in widespread use since the initiation of clinical transplantation
and their toxicity has been well recognized. Acute administration of corticosteroids can
result in adverse effects ranging from hyperglycemia and sodium retention to psychosis.
Chronic administration is associated with adverse effects on the gastrointestinal tract, skin,
eyes, and bone. However, it is very uncommon for patients to develop clinical manifesta-
tions of corticosteroid-induced hepatotoxicity. Most information on hepatotoxicity of the
corticosteroids was published 30–40 years ago and is quite limited.

A. Mechanism of Toxicity

Corticosteroids are well known to enhance the mobilization and redistribution of fat. In
animals, corticosteroids are associated with increased plasma free fatty acids (16,17). In
addition, steroids have been shown to decrease esterification of fatty acids in the liver
(17). It is thought that these mechanisms may lead to the development of corticosteroid-
induced hepatic steatosis (16,18).

B. Risk Factors

Although there are no documented risk factors for corticosteroid-induced hepatotoxicity,
other illnesses that can cause fatty liver may mask or may be exacerbated by the adminis-
tration of corticosteroids.

C. Histological Characteristics

Corticosteroids are generally associated with macrovesicular steatotic liver injury. Large
triglyceride globules fill the hepatocytes leading to displacement of the nucleus and other
intracellular constituents (Fig. 1). The hepatocytes take on an appearance similar to adipose
cells (19). Other more severe liver damage, noted histologically in animals, has not been
seen in humans.

Figure 1 Corticosteroid-induced macrovesicular steatosis. Single, large droplets of fat are present
within hepatocytes, displacing the nucleus to one side.
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D. Clinical Manifestations

Generally, liver function is well preserved in patients with corticosteroid-induced fatty
liver. The most common clinical finding is hepatomegaly (20–22). Rare cases of fat embo-
lism have been reported (23,24).

E. Drug Interactions

Drugs that alter corticosteroid levels are often not clinically recognized because the con-
centrations of these agents are not routinely monitored. However, significant changes in
corticosteroid concentrations are seen with drugs that inhibit or induce a wide range of
enzymes. Both ketoconazole and oral contraceptives can increase prednisolone levels (25–
27). In addition, nonspecific enzyme inducers such as rifampin, phenobarbital, carbama-
zepine, and phenytoin have all been shown to induce the metabolism of corticosteroids
(28–31).

III. AZATHIOPRINE

Of all the immunosuppressive drugs used clinically, there are more reports of hepatotoxic-
ity from azathioprine than from any other agent. Despite this, there has been some contro-
versy as to whether azathioprine actually causes liver injury. Many case reports of putative
azathioprine hepatotoxicity do not include viral hepatitis serologies (hepatitis A, B, C, or
CMV) and are complicated by the concomitant administration or simultaneous cessation
of other potentially hepatotoxic agents (32–38). On the other hand, there are many com-
plete case reports that have excluded other potential etiologies for the liver disease, have
documented improvement or resolution with discontinuation of azathioprine, and have
demonstrated recurrence with azathioprine rechallenge (32,39–42). Based on these re-
ports, it is clear that there is a causal relationship between azathioprine and hepatotoxicity.
However, the incidence of azathioprine hepatotoxicity is unclear.

The three most commonly reported forms of azathioprine hepatotoxicity include
veno-occlusive disease, nodular regenerative hyperplasia, and peliosis hepatis (35–38,
40,41,43–46). Other less specific forms of hepatotoxicity have also been reported (32,
33,39,47).

A. Mechanism of Toxicity

The exact mechanism of azathioprine-induced hepatotoxicity has yet to be clearly defined.
Azathioprine, a chemical analog of the purines, undergoes extensive metabolism. The
parent compound is rapidly converted in vivo to 6-mercaptopurine (48–52). Subsequently,
6-MP is metabolized by different pathways to thiouric acid (51,53), thiopurine nucleotides
(50–52,54,55), and via methylation of the thiol group (56,57). There is evidence to suggest
that metabolites may be major contributors to the hepatotoxicity of azathioprine (58–
65). 6-Mercaptopurine has been associated with intrahepatic cholestasis, hepatocellular
necrosis, dilated sinusoids, and intrahepatic collections of red blood cells (61–64). 6-
Thioguanine has been associated with veno-occlusive disease (65). All of these reactions
are consistent with the reports of azathioprine-induced hepatotoxicity. It is possible that
patients who develop azathioprine hepatotoxicity have unusually high levels of the hepato-
toxic metabolites. However, such correlations have not been reported. It is also possible
that certain individuals are more susceptible to the development of idiopathic reactions
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despite having normal azathioprine and metabolite levels. DeLeve et al. (66) found that
in an in vitro murine cell culture model, azathioprine led to an 80% reduction in glutathione
in sinusoidal endothelial cells and a 54% reduction in hepatocytes. This profound depletion
of glutathione in sinusoidal endothelial cells may in part explain azathioprine’s hepatotox-
icity.

Haboubi et al. (36) have suggested that the three types of azathioprine-induced hepa-
totoxicity (veno-occlusive disease, nodular regenerative hyperplasia, and peliosis hepatis)
are due to the same basic mechanism with the location and severity of injury dictating
the histological manifestation. They suggest that the initial injury is damage to the sinu-
soidal and terminal hepatic venular endothelial cells. The histological manifestations of
endothelial cell damage include leaking of red blood cells into the space of Disse and
progressive fibrosis. This theory is supported by sequential biopsies that demonstrate pro-
gression from peliosis hepatis to nodular regenerative hyperplasia (36). Peliosis may result
from damage to the sinusoidal endothelial cells with liver cell necrosis being a secondary
phenomenon. Progressive fibrosis can cause narrowing and even obliteration and capillari-
zation of the sinusoids, ultimately leading to increased sinusoidal pressure and portal hy-
pertension. Veno-occlusive disease appears to result from damage to the terminal hepatic
venule endothelial cells with subsequent subendothelial edema and narrowing of the lu-
men. Nodular regenerative hyperplasia may be the end result of the sinusoidal lesion,
which leads to hypoperfusion, hepatocellular injury, and necrosis of some areas and regen-
erative hyperplasia in normally perfused areas (45,67).

B. Risk Factors

The most frequently reported clinical setting of azathioprine-induced hepatotoxicity is
among male renal transplant recipients (35,36,40,41,43–45). There are infrequent reports
of azathioprine-induced hepatotoxicity in female patients (41,42). In addition, there are
multiple reports of azathioprine hepatotoxicity among patients with other underlying dis-
eases such as systemic lupus erythematosus (47), bone marrow transplant recipients with
graft-versus-host disease (45), inflammatory bowel disease (45), panuveitis (43), and liver
transplant recipients (42). CMV and dialysis also may play a role in the development of
veno-occlusive disease, peliosis hepatis, and nodular regenerative hyperplasia (44,68).

C. Histological Characteristics

Azathioprine-induced veno-occlusive disease, nodular regenerative hyperplasia, and pe-
liosis hepatis can occur separately or simultaneously. The characteristic lesion of veno-
occlusive disease is subintimal fibrous proliferation and edema of the small hepatic veins,
with progressive luminal narrowing. In the acute stages, centrilobular congestion, hepato-
cyte dropout, and sinusoidal dilatation (changes of acute venous outflow tract obstruction)
are also observed (Fig. 2). With time, the veno-occlusive lesions become more densely
fibrotic, and the changes of chronic venous outflow tract obstruction appear: perivenular
and pericellular fibrosis with eventual central-central bridging. Nodular regenerative hy-
perplasia can be seen in some cases, and is characterized by diffuse nodularity of the liver
in the absence of fibrosis. The centers of the nodules are paler and composed of hepato-
cytes that are slightly enlarged, while the periphery of the nodules are more deeply eosino-
philic and are composed of atrophic hepatocytes (Fig. 3). The nodularity is best highlighted
with a reticulin stain. In some cases, thrombosis or obliteration of portal veins may be
evident. Peliosis hepatis is characterized by cystic, blood-filled spaces in the liver.
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Figure 2 Azathioprine-induced hepatotoxicity. Centrilobular congestion and hepatocyte dropout
associated with azathioprine.

D. Clinical Manifestations

The majority of cases of azathioprine-induced hepatotoxicity have occurred between 6
months and 5 years after initiation of treatment, although there are a few reports of hepato-
toxicity occurring as early as 17 days following the institution of therapy (35,36,40–45).

Presenting symptoms have included one or more of the following: malaise, arthral-
gias, fatigue, fever, abdominal pain, anorexia, nausea, vomiting, diarrhea, weight loss,
pruritus, scleral icterus, and jaundice. In severe cases ascites, esophageal varices, hepato-
megaly, splenomegaly, and coagulopathy have been described. Peak serum bilirubin val-
ues have ranged from normal to 33.8 mg/dL, AST from normal to 2965 U/L, ALT from
normal to 790 U/L, alkaline phosphatase from normal to 1525 U/L, and GGT from normal
to 344 U/L. On presentation, serum bilirubin concentrations typically are in the 1.5–7

Figure 3 Nodular regenerative hyperplasia. The nodules are composed of hyperplastic hepato-
cytes with zones of hepatocyte atrophy (arrowheads) at the periphery.
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mg/dL range, AST and ALT 1.5–2 times the upper limit of normal, and alkaline phospha-
tase 450–700 U/L.

Outcomes for patients experiencing azathioprine-induced hepatotoxicity have de-
pended on the extent and manifestations of the toxicity. In general, most patients manifest-
ing nonspecific cholestasis without veno-occlusive disease, peliosis hepatis, or nodular
regenerative hyperplasia have had a complete recovery within a few months after discon-
tinuation of azathioprine, but several developed the same hepatotoxic reaction on rechal-
lenge (32,39,47).

Patients who have developed peliosis hepatis or nodular regenerative hyperplasia
typically have a less severe course than those who develop veno-occlusive disease. Some
patients with nodular regenerative hyperplasia have done well with a reduced dose of
azathioprine (44). Others have continued to decline or developed stable hepatic dysfunc-
tion until azathioprine was discontinued (35,44). Still others have had continued symptoms
of portal hypertension or death despite discontinuation of azathioprine (36,38,45).

Patients who develop veno-occlusive disease from azathioprine have a very high
mortality rate with or without discontinuation of azathioprine (36,37,40,41,43,44,46). A
few patients with azathioprine-induced veno-occlusive disease have survived. Some of
these patients were left with significant hepatic dysfunction despite discontinuation of
azathioprine, while others had complete resolution of clinical manifestations of liver dam-
age (36,37,40,41,43).

E. Management

Patients requiring long-term treatment with azathioprine should be followed regularly. All
patients who develop abnormal liver function tests, symptoms of hepatic dysfunction, or
jaundice should be evaluated for liver biopsy. Although it seems prudent to discontinue
azathioprine at the first signs of hepatotoxicity, confounding variables may make it difficult
to determine whether or not a particular case is due to drug-induced hepatic injury.

Improvement in hepatotoxicity or complete resolution has been reported in some
cases after discontinuation of azathioprine and initiation of cyclophosphamide (40,41).
With the availability of agents such as mycophenolate mofetil, switching to one of the
newer immunosuppressive agents may prove to be a better option than cyclophosphamide
in solid-organ transplant patients. Patients with significant portal hypertension have been
treated with supportive care, anticoagulation, portacaval shunts, and hepatic transplanta-
tion with variable results (37,43,45).

F. Drug Interactions

Allopurinol is a well-known inhibitor of xanthine oxidase, which has been shown to cause
increased levels of 6-mercaptopurine (9,10). The concomitant administration of allopuri-
nol with azathioprine has been associated with severe, and in some cases fatal, bone mar-
row suppression (7,8). Anticipatory dose reduction of azathioprine does not always elimi-
nate this problem (7). Since there are many immunosuppressive alternatives, avoiding this
interaction altogether is recommended.

IV. CYCLOSPORIN

Cyclosporin has many adverse effects including nephrotoxicity, hypertension, and neuro-
toxicity, which are commonly seen following transplantation. However, clinically signifi-
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cant hepatotoxicity is quite uncommon. Most reports of hepatotoxicity describe a relatively
benign increase in AST, ALT, and bilirubin, which are generally associated with elevated
cyclosporin levels (69–77). In addition, there is some evidence that cyclosporin increases
the incidence of cholelithiasis (76). The number of reports of cyclosporin-induced hepato-
toxicity has declined over the last 10 years, probably due to the lower doses and target
concentrations of cyclosporin currently used.

A. Mechanism of Toxicity

The mechanism of cyclosporin hepatotoxicity and the relative contribution of the parent
compound and its various metabolites to this reaction are unknown. However, cyclospo-
rin’s ability to impair bile flow and decrease excretion of biliary solutes through inhibition
of hepatic vesicular transport may be important (78). In animal models, cyclosporin has
been shown to induce cholestasis by interfering with bile-salt-dependent and -independent
bile flow as well as by decreasing bile salt secretion (79–81). Another proposed mecha-
nism of cholestasis and potential hepatotoxicity is via cyclosporin’s alteration of mem-
brane calcium permeability and inhibition of bile acid uptake and release (82,83).

Cyclosporin administration has been associated with increased serum cholesterol
and triglyceride levels (84–86). Lipid regulation is a very complex process involving
multiple enzymes such as HMG-CoA reductase (involved in the rate limiting step of cho-
lesterol synthesis), cholesterol 7α-hydroxylase (involved in the primary pathway of cho-
lesterol metabolism), lipoprotein lipase (involved in triglyceride clearance), and various
receptors for products such as LDL, HDL, and VLDL. In the in vivo animal model, cyclo-
sporin does not appear to affect HMG-CoA reductase activity, LDL receptor expression,
or HDL receptor expression; however, it does decrease hepatic cholesterol 7α-hydroxylase
and skeletal muscle/adipose tissue lipoprotein lipase content (Fig. 4) (87). Other investiga-
tors have found that cyclosporin decreases LDL receptor expression in vitro (88). This
difference may be related to the complex feedback loops involved in the in vivo cholesterol
regulation process.

B. Risk Factors

There are no clear risk factors for cyclosporin-induced hepatotoxicity. Because cyclo-
sporin is known to have a very large number of drug interactions, agents that increase
cyclosporin concentration (e.g., ketoconazole, erythromycin, grapefruit) potentially will
increase adverse events. Since there appears to be a dose relationship with cyclosporin
and hepatotoxicity (69–77,89), the use of inhibitors of CYP 3A and/or p-glycoprotein in
theory may increase the risk for hepatotoxicity.

Diabetic patients have been reported to have an increased incidence of cholelithiasis
compared to the nondiabetic control patients receiving cyclosporin (90). Further work in
this area is needed to clarify the relationship between diabetes and cyclosporin-induced
cholelithiasis.

C. Histological Characteristics

Few data have been published on the histological changes associated with cyclosporin
hepatotoxicity in humans. In rats, cyclosporin hepatotoxicity is associated with centrilobu-
lar fatty change, hepatocyte necrosis, dilated endoplasmic reticulum, increased autophagic
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Figure 4 Lipid regulation. This is a simplified diagram of lipid regulation. Acetate is converted
to cholesterol in the liver via a multistep process. HMG CoA reductase is involved in the rate-
limiting step in cholesterol synthesis. The primary pathway for cholesterol metabolism is via 7α-
hydroxylase. Triglycerides are hydrolyzed from very-low-density lipoproteins (VLDL) and chylo-
micron remnants by lipoprotein lipase. Although low-density-lipoprotein (LDL) receptors are most
abundant on the adrenal gland, liver, and intestine, they are also found on skeletal muscle and adipose
tissue. Cyclosporin has been shown to inhibit hepatic 7α-hydroxylase and decrease skeletal muscle/
adipose tissue lipoprotein lipase content.

vacuoles, and granulomatous hepatitis (91–93). In dogs, histological examination of jaun-
diced animals who received cyclosporin revealed focal areas of necrosis and cholestasis
(94). Wisecarver et al. found bile duct epithelial hypertrophy, cytoplasmic vacuoles, and
“foamy” droplets within the hepatic sinusoids in seven liver transplant patients with high
cyclosporin levels (89).

D. Clinical Manifestations

In a study of 59 patients treated with cyclosporin for autoimmune uveitis, 58% developed
at least one liver function test abnormality. Abnormalities in liver function tests occurred
between 1 and 13 months (mean 5.5 months) following initiation of cyclosporin. The
usual pattern was a mild increase in alkaline phosphatase, which was occasionally accom-
panied by slight increases in bilirubin and aminotransferases. Alkaline phosphatase eleva-
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tions peaked at 1.5–2.5 times normal. Of the patients with a reaction to cyclosporin, 44%
had an elevation in liver function tests on a single observation or elevations that lasted
less than 2 weeks. The other 56% had a prolonged course lasting more than 2 weeks and
up to 4 years (70). Similar findings have been reported in heart transplant patients (74).

Lorber et al. (77) reported that from a total of 466 renal allograft patients receiving
cyclosporin and prednisone, 49% developed at least one episode of hepatotoxicity. Of the
patients developing hepatotoxicity, 48% developed hyperbilirubinemia, 47% increased
AST, 73% increased ALT, 84% increased LDH, and 59% increased alkaline phosphatase.
Ninety-four percent of patients developed elevated liver function tests within 90 days of
starting cyclosporin. The few patients who developed late increases in liver function tests
(�90 days), all had single events that responded to cyclosporin dose reduction.

Development of biliary sludge or gallstones has been reported in 2.4–30% of pa-
tients receiving cyclosporin following transplantation (76,77,90,95). Lowell et al. (90)
found that up to 30% of diabetic pancreas and kidney transplant patients receiving cyclo-
sporin developed cholelithiasis, an incidence significantly higher than in nondiabetic con-
trol patients.

E. Management

Reports of cyclosporin-induced hepatotoxicity have declined dramatically over the last
10 years. Furthermore, reported cases rarely result in clinically significant sequelae
(69,77). Most cases of hepatotoxicity resolve without discontinuation of cyclosporin, but
may require dose reduction (70,94). Patients receiving cyclosporin who develop cholesta-
sis, particularly those with elevated blood levels, should be evaluated for cyclosporin-
induced hepatotoxicity. After other potential causes are ruled out, decreasing the cyclospo-
rin dose or switching to tacrolimus may be helpful. Mathieu et al. (96) reported one case
of a patient who developed cyclosporin hepatotoxicity 9 days after heart transplantation
manifested as increased bilirubin and slightly increased aminotransferases. The patient’s
liver function tests nearly normalized within 1 week of conversion to tacrolimus. It has
been suggested that ursodiol may be of benefit in cyclosporin-induced cholestasis (97).
However, no studies or case reports have shown ursodiol to be effective in cyclosporin-
induced hepatotoxicity.

F. Drug Interactions

Cyclosporin is an 11-amino-acid cyclic polypeptide that undergoes extensive metabolism
in the liver and small bowel. Over 30 metabolites of cyclosporin have been identified
(98–100). Cyclosporin is metabolized primarily by CYP3A4 and to a lesser extent by
CYP3A5 (1–3). It also is a known substrate for p-glycoprotein (Fig. 5) (5). In addition,
cyclosporin has been shown to inhibit both CYP3A and the ABC transporters (101,102).
Because of these characteristics, cyclosporin undergoes many drug interactions. In the
transplant setting, many adverse events such as hypertension, infections, and seizures re-
quire treatment with concomitant medications. Many medications typically used to treat
these transplant complications interact with cyclosporin and lead to increased or decreased
levels, thus putting the patient at risk for cyclosporin toxicity or allograft rejection. Table
1 lists several agents associated with clinically significant increases or decreases in cyclo-
sporin levels through their effects on CYP3A or p-glycoprotein. Avoiding these agents
when equally effective and safe alternatives are available simplifies patient management.
Certain situations require the concomitant administration of agents that interact with cyclo-
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Figure 5 Intestinal and hepatic CYP 3A and p-glycoprotein. Cyclosporin, tacrolimus, and siroli-
mus are all metabolized by CYP 3A and are substrates for p-glycoprotein. p-Glycoprotein and the
direction of transport are represented by the arrows. Intestinal CYP3A and p-glycoprotein are ex-
pressed in highest quantities in the villus tip of enterocytes in the proximal (duodenum–jejunum)
and with a lesser amount in the distal (ileum) portion of the small bowel. Intestinal p-glycoprotein
acts as a countertransport pump moving drug and metabolites back into the intestinal lumen. This
process maximizes drug exposure to intestinal CYP 3A. Once the drug and metabolites make it to
the liver, they are again exposed to CYP 3A and undergo further metabolism. Hepatic p-glycoprotein
most likely pumps primarily metabolites into the bile. Drugs that inhibit or induce CYP 3A and/
or p-glycoprotein will substantially increase or decrease systemic concentrations of the drugs metab-
olized or transported by these, respectively.

sporin. In these cases, careful monitoring of cyclosporin blood levels and dosage adjust-
ment may be necessary.

V. TACROLIMUS

A causal relationship between tacrolimus and hepatotoxicity is controversial. Although
some have reported cases of presumed tacrolimus hepatotoxicity (103), others have sug-

Table 1 Commonly Used Agents that Increase or
Decrease Cyclosporin Concentrations (106–119)

Increase cyclosporin levels Decrease cyclosporin levels

Amiodarone Carbamazepine
Clarithromycin Phenobarbital
Diltiazem Phenytoin
Erythromycin Rifampin
Fluconazole
Grapefruit juice
Intraconazole
Ketoconazole
Nicardipine
Verapamil



644 Hebert et al.

gested that the histological lesions described may have represented rejection rather than
drug toxicity (104). However, improvement in the hepatotoxicity with tacrolimus dose
reduction or discontinuation is not consistent with this explanation. Nonetheless, differen-
tiation between rejection and tacrolimus hepatotoxicity will be extremely difficult in liver
transplant patients.

A. Histological Characteristics

Tacrolimus hepatotoxicity is reported to be associated with perivenular hepatocellular
dropout and sinusoidal congestion (103).

B. Clinical Manifestations

Fisher et al. (103) described tacrolimus hepatotoxicity in five liver allograft recipients.
Hepatotoxicity developed 6–24 weeks after initiation of tacrolimus and appeared to re-
spond to a decrease in dose. Biochemical abnormalities ranged from mild to moderate
increases in ALT (166–744 U/L) and alkaline phosphatase (68–1293 U/L). Significant
improvement was noted in the liver enzymes of two patients within 7 days of tacrolimus
dose reduction and in all five patients by 1 month. Although most patients required only
dose reduction, one patient had an initial improvement with dose reduction, but required
discontinuation of tacrolimus to normalize aminotransferase values.

C. Management

Since most patients thought to have tacrolimus-induced hepatotoxicity responded to dose
reduction, this is the suggested approach. If no response or an inadequate response is seen,
switching to another immunosuppressive agent should be considered.

D. Drug Interactions

Like cyclosporin, tacrolimus is metabolized by CYP3A4 and transported via p-glycopro-
tein (4,6). Therefore, agents that inhibit or induce CYP3A or p-glycoprotein will increase
or decrease tacrolimus levels and potentially increase the risk of toxicity or rejection. It
is anticipated that all the agents that interact with cyclosporin will also interact with tacroli-
mus (Table 1).

VI. MYCOPHENOLATE MOFETIL

There are no published reports of mycophenolate mofetil–induced hepatotoxicity. Product
labeling information describes increased liver function tests (LDH, AST, ALT, GGT),
hepatitis, and liver damage in 3–23% of kidney or heart transplant patients receiving the
drug (11). The two most problematic drug interactions currently reported with mycopheno-
late mofetil are antacids and cholestyramine, both of which are associated with significant
decreases in mycophenolic acid levels.

VII. SIROLIMUS

There is no published information on the hepatotoxicity of sirolimus. Package labeling
information mentions increases in lactic dehydrogenase and serum aminotransferases in
more than 3% but less than 20% of patients (105). Elevations in alkaline phosphatase and
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serum aminotransferases greater than 5–10 times normal were not significantly different
between the sirolimus groups (2–5 mg/day) and either the placebo or azathioprine groups
in clinical trials (M. Buttaro, personal communication, 2000). Since sirolimus is metabo-
lized by CYP3A and p-glycoprotein, it is expected that agents that interact with cyclospo-
rin will also interact with sirolimus (Table 1) (4,105).

VIII. SUMMARY

Hepatotoxicity from immunosuppressive agents is uncommon. When hepatotoxicity does
occur, it can be difficult to diagnose owing to administration of other medications and
the presence of concomitant illnesses. If a patient develops potential hepatotoxicity from
an immunosuppressive agent, the overall immunosuppressive regimen should be assessed
before decisions are made on the best approach to management. In some cases, dose
reduction or discontinuation of the suspected hepatotoxic immunosuppressive may be the
best plan of action. Other cases may require initiation of one or more additional immuno-
suppressive agents. The optimum approach depends on the individual patient, the duration
posttransplantation, rejection history, concomitant immunosuppression, and the patient’s
ability to tolerate each of the agents.

Azathioprine-induced hepatotoxicity, in particular, requires timely evaluation and
response. In some cases, delay in discontinuation of azathioprine has resulted in progres-
sion of liver damage and mortality. It is recommended that patients with suspected azathio-
prine-induced hepatotoxicity undergo liver biopsy. If the diagnosis is confirmed, imme-
diate discontinuation of the azathioprine is recommended. Typically, cyclosporin and
tacrolimus hepatotoxic reactions respond rapidly to dose reduction. However, some cases
may require discontinuation to see complete resolution of hepatic dysfunction. Corticoste-
roids are associated with steatosis, which generally does not have any clinical manifesta-
tions. Continuation of the corticosteroids is usually possible. Finally, mycophenolate mo-
fetil and sirolimus do not have any published information implicating hepatotoxicity.

A more frequently encountered problem in transplantation is the large number of
drug interactions seen with the immunosuppressive agents. Prior to initiating any agent
in a patient following transplantation requires careful evaluation of the medication profile
for drug interactions. In particular, agents that alter CYP3A or p-glycoprotein with cyclo-
sporin, tacrolimus, or sirolimus; generalized enzyme inhibitors or inducers with corticoste-
roids; inhibitors of xanthine oxidase with azathioprine and antacids/cholestyramine with
mycophenolate mofetil are all problematic.
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I. INTRODUCTION

Methotrexate (MTX), a classic antimetabolite that inhibits folic acid metabolism, has been
licensed in the United States since 1953 and commercially available since 1955. An analog
of both folic acid and the antecedent folic acid antagonist aminopterin (withdrawn because
of toxicity), MTX competes with 5-methyltetrahydrofolate (the major folate in serum) and
with folinic acid (5-formyltetrahydrofolate) for uptake into cells. Once inside the cell,
MTX is polyglutamylated by folylpolyglutamate synthetase, and it is likely that this con-
version, which impairs MTX egress from the cell, determines MTX’s cytotoxicity. Intra-
cellularly, MTX inhibits tetrahydrofolate reductase leading to a reduced supply of tetra-
hydrofolates (especially folinic acid), which in turn impairs synthesis of thymidylate (a
pyrimidine precursor) and purines and stops DNA biosynthesis, thereby causing cell death
(1).

Folic acid antagonists were originally used for childhood leukemia but soon ami-
nopterin, and later methotrexate (amethopterin), was shown to improve arthritic symptoms
in patients with psoriasis and rheumatoid arthritis (2–4). Over successive decades, the
oncological indications for MTX grew to cover the treatment of a variety of solid tumors
including head and neck cancers, breast cancer, gestational and trophoblastic diseases,
non-Hodgkin’s lymphoma, pediatric tumors, and sarcoma—especially osteosarcoma.
MTX has been used in both conventional and high-dose regimens, often in combination
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with leucovorin (folinic acid) “rescue” and other chemotherapeutic agents. Similarly,
MTX treatment of inflammatory disorders has expanded beyond psoriasis and rheumatoid
arthritis. MTX is used now for connective tissue disorders, such as Reiter’s syndrome,
polymyositis/dermatomyositis, and Wegener’s granulomatosis, as well as for uveitis,
asthma, and sarcoidosis.

MTX has been known to be hepatotoxic almost since its introduction into clinical
practice (5). Thus, because of the seriousness of its hepatotoxic and other adverse effects
(bone marrow toxicity, alopecia, mucositis, erythematous skin rashes, nephrotoxicity, in-
terstitial pneumonitis, osteopenia, and neurotoxicity), MTX use is restricted to situations
in which less hazardous remedies fail. In this context, there are two main controversies
in MTX therapy; the first concerns the stringency of monitoring for hepatotoxicity, while
the second is whether MTX is an effective and safe treatment for certain liver diseases
per se, notably primary biliary cirrhosis (PBC). The controversy over the need for pre-
MTX liver biopsies and the appropriate surveillance of patients on long-term MTX therapy
for various inflammatory disorders has largely been resolved, especially for the treatment
of rheumatoid arthritis and to a certain extent for the treatment of psoriasis. Guidelines
have been published for hepatotoxicity monitoring in the treatment of rheumatoid arthritis
(6) and psoriasis (7,8), but adherence to these published guidelines may not be universally
consistent (9). Guidelines are also emerging for monitoring MTX therapy for more recent
indications such as Crohn’s disease, based on careful clinical, biochemical, and liver histo-
logical follow-up (10). In contrast to this growing consensus, a lively debate still continues
between protagonists and antagonists of MTX therapy for PBC and other liver disorders
(11–18).

II. ACUTE LIVER INJURY CAUSED BY MTX

As with many other drugs, reversible elevations of aminotransferases are quite common
following initiation of MTX therapy, with a prevalence of approximately 14% in one
report (19). In patients treated with cyclical therapy the enzymes rise with each course—
usually higher the more frequent the dosing—but subside within a month. With high-dose
therapy (with or without leucovorin rescue), aminotransferases may rise up to 40-fold
above normal, sometimes accompanied by hyperbilirubinemia (20,21) and with an occa-
sional clinical presentation of “acute hepatitis” (22,23). The injury is acute, and even
when there is deep jaundice and dramatic increases in alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) levels (24), these abnormalities resolve within a
few weeks of stopping MTX almost invariably without long-term sequelae (25). Liver
biopsy may show steatosis but not fibrosis or cirrhosis (25). Indeed, the severity of acute
hepatotoxicity induced by MTX is thought to predict for a good oncological therapeutic
response (26). Rare cases of reversible liver failure have been described (27) but incrimina-
tion of MTX as the sole culprit in these cases was not unequivocal. A case of rapidly
progressive subfulminant liver failure requiring transplantation has been reported (28).

III. CHRONIC LIVER INJURY CAUSED BY MTX

A. High-Dose MTX

The most significant long-term side effect of chronic MTX therapy is hepatic fibrosis
leading to cirrhosis. High-dose daily MTX, whether given for leukemia in children (5,
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29,30) or for psoriasis in adults (31–33), was associated with the development of hepatic
fibrosis or cirrhosis. One impediment to assessing the true role of MTX in causing cirrhosis
in adults with psoriasis had been the lack of baseline pre-MTX liver biopsies in many of
the older studies. This was an especially important omission since it is known that liver
histological abnormalities are present in psoriatic patients, even before MTX therapy (34).
Preexisting liver abnormalities in patients with psoriasis, mostly steatosis (35), may be
related to the systemic dermatological condition itself and/or comorbid conditions such
as alcohol excess, obesity, exposure to other hepatotoxins, hepatitis C, and so forth. Portal
inflammation, steatosis, and portal fibrosis are also found in patients with rheumatoid
arthritis (36,37). In some series, fibrosis has been reported in up to 22% and cirrhosis in
0–2% of psoriatic patients without MTX therapy (38). The prevalence of cirrhosis in
psoriatics was reported in another series as being 0.6% without MTX therapy and as high
as 25% after 5 years of 50 mg weekly bolus MTX treatment (39). In those patients with
more than mild fibrosis, alcohol abuse and other causes of liver injury could be identified
in most cases. Notwithstanding the difficulties in estimating the absolute fibrogenic poten-
tial of MTX (because of uncertainty about underlying preexisting liver pathology and
other variables causing liver injury), there is little doubt that high-dose MTX, whether
daily or weekly, does cause hepatic fibrosis and cirrhosis that may even deteriorate to
warrant liver transplantation (40).

B. Histological Changes Due to MTX

Mindful of the pitfalls in interpretation alluded to above, there is agreement about the
histopathological changes caused by MTX. The earliest changes are ultrastructural and
include lysosomal and mitochondrial injury, endoplasmic reticulum hypertrophy, auto-
phagic vacuole formation, and desmosomal injury (41,42). There is bile duct damage (43)
and stellate cell (Ito cell, lipocyte, or fat-storing cell) hyperplasia (41,44). It is the latter,
presumably, that leads to deposition of collagen in the space of Disse (45), causing fibrosis
and ultimately cirrhosis (46). A propensity for periportal inflammation to proceed to peri-
portal, sinusoidal, and bridging fibrosis has been suggested (47), but it is dubious that
MTX causes bona fide chronic hepatitis (27). Other lesions attributed to MTX include
marked macrovesicular steatosis, zone 3 focal hepatocyte degeneration, hepatocyte nuclear
pleomorphism, and Kupffer cell proliferation (48). Roenigk et al. have classified these
light microscopic changes into five levels of severity (7), to permit ease of comparison
both within and between patients (see Table 1). Although this grading system is subjective,
insensitive to small changes, and only semiquantitative (especially for fibrosis), it is still
widely used to grade liver histopathology in psoriatic patients on MTX treatment (8,49),
especially when deciding whether to continue or discontinue treatment. Other grading
systems have not supplanted the Roenigk scheme (50), including quantitative estimates
of collagen content by image analysis (51).

The fibrosis caused by MTX is typically periportal with extensions into the paren-
chyma in a sinusoidal or “chicken-wire” pattern, reminiscent of the fibrosis of alcoholic
and nonalcoholic fatty liver disease. MTX cirrhosis is usually micronodular (47).

C. Mechanism of MTX-Induced Liver Injury

The mechanism of MTX-induced liver injury, especially chronic injury, is unknown but
has been attributed to the intracellular buildup of polyglutamylated MTX and the toxic
effects of 7-hydroxymethotrexate, the major MTX metabolite (52). However, it is unclear
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Table 1 Roenigk Classification of Liver Histology in Chronic MTX Therapy

Histology

Nuclear Necroinflammatory
Classification Fatty change pleomorphism Fibrosis change

Grade I Mild or none Mild or none None Mild portal tract in-
flammation

Grade II Moderate to severe Moderate to severe None Portal tract in-
flammation,
moderate to
severe

Hepatocellular ne-
crosis, moder-
ate to severe

Grade IIIa 0/� 0/� Mild; fibrotic 0/�
septa

Extending
into lobule

Grade IIIb 0/� 0/� Moderate to 0/�
severe

Grade IV 0/� 0/� Cirrhosis 0/�

0/� denotes absent/present.
Source: Roenigk et al. (7,49).

whether the fibrosis is initiated by hepatocyte or bile duct injury, or by independent activa-
tion of hepatic stellate cells. One of the earliest changes seen in MTX-treated patients
before light microscopic abnormalities occur is the increased appearance of matrix pro-
teins, several collagens, and transforming growth factor (53), suggesting a primary role
for the stellate cell.

Unfortunately there is no animal model that mimics human MTX liver injury well.
Acute MTX toxicity in the rat is cholestatic and appears to be caused by 7-hydroxymetho-
trexate precipitation in bile (52), Chronic daily oral administration of MTX to rats causes
zone 3 necrosis and Kupffer cell enlargement and, in some animals, fibrosis (54). MTX-
induced steatosis appears to result from interference with methionine metabolism and
transmethylation reactions, as the striking steatogenic effect of MTX in rats can be miti-
gated by choline administration (55).

D. Low-Dose MTX Therapy

1. Psoriasis

The enthusiasm for MTX as effective therapy for proliferative and inflammatory condi-
tions like psoriasis and rheumatoid arthritis, respectively, was soon tempered by its toxicity
in patients dosed daily, notably the advent of advanced hepatic fibrosis. Many years later,
low-dose weekly regimens of MTX were introduced and found to be effective but there
was disagreement over safety and, in particular, the risk of advanced fibrosis and cirrhosis.
MTX should be reserved for patients with moderate to severe psoriasis, meaning psoriatic
erythroderma, moderate to severe psoriatic arthritis, more than 20% body surface involve-
ment, localized pustular psoriasis, lack of response to phototherapy, PUVA, and retinoids,
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or psoriasis that affects certain areas of the body so that normal function and employment
are prevented. In short, for MTX use the psoriasis should be life-ruining physically, emo-
tionally, or economically.

The results of numerous biopsy studies, in both psoriasis (24 studies) and rheumatoid
arthritis patients (20 studies) taking long-term weekly MTX, are listed in detail in a recent
review by West (38). In psoriatics on MTX, the prevalence of fibrosis ranged from 14 to
34% and of cirrhosis from 0 to 21%, but conclusions from these studies are compromised
by the lack of baseline biopsies. Unfortunately, even when studies were done of paired
pretreatment and on-treatment histology, there was poor agreement over the risk of MTX
causing fibrosis. In some series, clinically significant fibrosis that dictated cessation of
therapy was rare (56) even when cumulative doses of 5.1 g were used (57). At the other
extreme (39), 13% of patients who ingested a 2.2-g cumulative dose and 26% who ingested
4 g developed cirrhosis. Excluding extremes, the likely cirrhosis rate for psoriatics treated
with MTX is approximately 7–10% (56–61) and one estimate predicts 6.7% increased
risk of progression of fibrosis for every additional gram of drug ingested (62). Although
the reasons for those discrepancies are not proven, it seems likely that comorbid clinical
variables influence the risk of developing MTX-associated fibrosis and cirrhosis. The most
important of these appears to be alcohol. For example, previous or ongoing heavy alcohol
use increases the risk of MTX-induced fibrosis 2.5–5-fold (62). It seems that weekly
alcohol ingestion of as little as 100 g is sufficient to increase the risk of progression to
cirrhosis (62). Obesity and diabetes together enhance the fibrogenic potential of MTX
(63,64), but it is unclear whether either does so alone (60,65,66). Other potentiating factors
are preexisting liver disease (34,59), excessive vitamin A ingestion (39), and renal failure
(39,67), presumably because the latter raises MTX blood levels. Historically, prior arseni-
cal therapy potentiated MTX hepatotoxicity (39), but this is no longer a consideration.
Whether advancing years aggravate MTX-induced liver damage is unclear (34,59,65,66,
68) but neither severity of psoriasis (65), gender (63), HLA phenotype (69), nor corticoste-
roid treatment (65) appears to influence MTX liver damage. Aside from comorbid condi-
tions, the single most important factor in MTX-induced liver fibrosis in psoriasis is the
dosing regimen, and arguably the cumulative dose. We have recently performed a liver
transplant in a patient who had received daily MTX doses for 3 years; there were no other
risk factors for liver disease. Daily dosing has not been the standard of care in psoriasis
and rheumatoid arthritis since the 1970s, when the change from daily to weekly dosing
was adopted. Daily dosing should be avoided.

The unanswered question whether MTX hepatotoxicity in psoriasis is related directly
to cumulative dose and/or duration of therapy is important, as the answer will dictate the
intensity of monitoring and, in particular, the frequency of liver biopsy.

Liver Biopsy. In patients with risk factors for liver disease, it is recommended that a
baseline biopsy be done. However, since a small percentage of psoriasis patients may not
continue to take MTX after the initial 2–4 months of therapy (because of adverse effects,
lack of efficacy, etc.), the first liver biopsy can be postponed for this period until it is
certain that long-term treatment is needed. In patients with risk factors for liver disease,
namely those with a prior or current history of alcohol excess, abnormal liver test results,
chronic hepatitis B or C infection, obesity or diabetes, other hepatotoxin exposure, or a
family history of an inheritable liver disease, the baseline biopsy should be done early
(i.e., before MTX is started or within the first 2–4 months of therapy). In psoriatics without
these risk factors, the first biopsy can be postponed until the patient has consumed 1–1.5
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g of drug, since it is rare for serious liver disease to develop below that cumulative dose.
Some studies have shown a correlation between the degree of liver injury and cumulative
dose (32,39,59,65,70,71) while others have not (33,35,57,58,60,61,63,68). It has been sug-
gested that continuation of MTX following demonstration of fibrosis or cirrhosis actually
may not lead to disease progression (35,39,59) and, contrary to expectation, only rarely
to liver decompensation (72). These latter experiences have prompted some authorities to
question the need for frequent liver biopsy in MTX-treated psoriasis, except in high-risk
patients. Rather they suggest reducing the frequency of biopsy and substituting monitoring
by serial measurement of serum amino-terminal propeptide of type III procollagen (PIIIP)
or dynamic hepatic scintigraphy nuclear medicine scanning (73,74). Notwithstanding, con-
sensus opinion (49) still recommends follow-up biopsy every 1–1.5 g of incremental cu-
mulative dose of MTX as long as the baseline liver biopsy was normal. If liver chemistries
(aminotransferases, alkaline phosphatase, bilirubin, and albumin) are abnormal (49,74),
then repeat biopsy should be done after the next cumulative dose of 0.5–1 g (or approxi-
mately after 6 months of further therapy).

Patients showing Roenigk grade I or II changes (Table 1) may continue on therapy.
Those with grade IIIa changes should undergo repeat liver biopsy approximately 6 months
later (or change to alternative therapy), whilst those with grade IIIb and IV changes should
not be given further MTX therapy. Unfortunately, for some patients discontinuing MTX
is unacceptable because of the medically, emotionally, or economically disabling nature
of their uncontrolled psoriasis. The decision not to interrupt MTX in those circumstances
can only be taken if the patient is made fully aware of the risks of decompensated liver
disease and signs an informed consent to continue with therapy. MTX treatment for psoria-
sis and psoriatic arthritis usually consists of a single weekly oral, intramuscular, or subcu-
taneous dose, ordinarily 7.5–30 mg (rarely as high as 50 mg/week), or an intermittent
weekly oral schedule of three divided doses over a 24-h period (i.e., three 12-hourly doses)
not to exceed 30 mg/week.

Toxicity Monitoring. The recommended monitoring protocol consists of baseline and
interval blood testing, baseline and interval urinalysis, and liver biopsy, as shown in Table
2. In contrast, the conclusion of a retrospective study of serial liver biopsies in patients
with psoriasis treated with MTX (presented recently) was that such biopsy monitoring
has little impact on clinical management (74a). Several noninvasive tests have been pro-
posed for MTX monitoring but none have proved reliable enough to replace liver biopsy
as a means of detecting significant fibrosis. Liver enzymes are poor predictors of liver
injury in psoriatics, as 30–50% of patients will have normal aminotransferases despite
significant histological abnormalities (7,65). Certainly, elevated bilirubin and/or enzymes
or decreased serum albumin (75) are causes for concern. The diagnostic benefit of frequent
hepatic panel monitoring, say every 4–6 weeks, has not been tested although it would
certainly add to the cost of care. In patients with rheumatoid arthritis, 4–8-weekly hepatic
panel monitoring is advocated (see below) and is thought to be useful in early detection
of significant liver injury. Some authors recommend 4–8-weekly hepatic panel testing in
psoriatics, too (74). Fasting serum bile salt concentrations (76), aminopyrine breath tests
(77), galactose tolerance tests (78), and antipyrine clearance (79) have all failed as screen-
ing tests for MTX hepatotoxicity. More recently, measurements of serum levels of extra-
cellular matrix derivatives and indicators of cytokine activation have been explored as
surrogate tests for liver fibrosis. Results for individual markers often show overlap among
patients with normal and fibrotic liver, especially at early stages of fibrogenesis before
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Table 2 Monitoring of MTX Therapy in Psoriasis

A. Baseline or prior to MTX therapy
(i) Blood tests

Complete blood count (CBC)
Basic metabolic panel (BMP; i.e., BUN, creatinine, electrolytes, calcium, glucose)
Hepatic panel (total bilirubin, AST, ALT, alkaline phosphatase, albumin)
HBsAg, anti-HCV
HIV antibodies (in high-risk patients)

(ii) Urinalysis
(iii) Liver biopsy

(a) High-risk patients—before or within 2–4 months of initiation of MTX therapy
(b) Low-risk patients—within 1–1.5 g of initiation of MTX therapy

B. During MTX therapy
(iv) Blood tests

CBC weekly for 2 weeks, biweekly for next month, then approximately monthly
BMP at 3–4-monthly intervals
Hepatic panel—every 3–4 months (or more frequently until first liver biopsy is done—
see A (iii))

(v) Urinalysis
3–4-monthly intervals

(vi) Liver biopsy
(a) High-risk patients—after initial biopsy, at MTX cumulative doses of 1.5, 3, 4 g and

each additional 1–1.5-g increments
(b) Low-risk patients—at MTX cumulative doses of 1–1.5 (?baseline biopsy), 3, 4 g

and each additional 1–1.5-g increments
(c) Abnormal hepatic panel—follow-up biopsy after incremental 0.5–1 g or after a

further 6 months MTX

Source: Psoriasis Task Force Guidelines: Roenigk et al., Arch Dermatol 1972; 105:363; Roenigk et al., Arch
Dermatol 1973; 108:363; Roenigk et al. (7); Roenigk et al. (49).

cirrhosis is established (80,81). PIIIP, one of the most promising markers thus far, does
indeed rise during MTX therapy (82,83), but this occurs equally when liver histology is
normal, only steatotic, or distinctly abnormal (84). Unfortunately PIIIP does not correlate
with the degree of fibrosis (85). Nonetheless, advocates of PIIIP monitoring claim that
persistent normality over repeated testing excludes a degree of liver injury more severe
than Roenigk grade I. Older studies show that colloid-isotope liver-spleen scans (86),
computed tomography (87), magnetic resonance imaging (88), and isotope hepatobiliary
scans (89) do not predict for significant early liver injury, and none are recommended for
patient monitoring. Whereas liver sonography detects fat and fibrosis fairly reliably (89),
it cannot distinguish between them. An early vote for dynamic hepatic scintography (90)
has yet to be seconded, especially since a later study did not show quite the same reliability
for excluding serious disease (91).

Neither patients (92) nor their physicians (9) are enthusiastic about liver biopsy, so
the development of a noninvasive screening test for early hepatic fibrosis would be an
advantage. Recently, a fibrosis index based on the analysis of five serum components
(alpha2-macroglobulin, haptoglobin, apolipoprotein A-1, γ-glutamyl transpeptidase, and
total bilirubin) that relate to hepatic extracellular matrix metabolism and fibrogenic cyto-
kine upregulation has been shown to be useful in following the progression of hepatic
fibrosis in patients with chronic hepatitis C, and may eliminate the need for liver biopsy
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in 50% of patients (93). If this index is not seriously perturbed by inflammation and fibrosis
in extrahepatic sites (e.g., skin and joints in patients with psoriasis, arthritis, etc.), it may
prove valuable in monitoring methotrexate hepatic fibrosis, too.

Hepatotoxic MTX Drug Interactions. Nowadays physicians must actively look for poten-
tial interactions between therapeutic drugs (either prescribed or over-the-counter), herbal
remedies, complementary (“alternative”) medicines, and foodstuffs that can interfere with
the absorption, pharmakokinetics, metabolism, and disposal of other drugs they are pre-
scribing. Such interactions can blunt or enhance the therapeutic action of prescribed drugs,
and also cause toxicity. Additive and synergistic drug toxicity can also occur at the target
organ level. The primary route of elimination of MTX is via the kidneys. Drugs that
decrease renal clearance of MTX, and thereby enhance its toxicity, include recognized
nephrotoxins (e.g., aminoglycosides, cyclosporin, and tacrolimus), some antibiotics (e.g.,
penicillins, cephalosporins, and sulfonamides), and many agents used for arthritis (salicy-
lates, other nonsteroidal anti-inflammatory drugs, and colchicine). Ethanol has already
been discussed as a synergistic hepatotoxin. Many drugs increase free blood levels of
MTX by displacing it from protein binding in the serum (salicylates, probenecid, phenyt-
oin, retinoids, sulfonylureas, and tetracycline) whereas others, such as dipyridamole, po-
tentiate the intracellular accumulation of MTX and enhance its cytotoxicity. Other folate
antagonists may act synergistically with MTX but this is more likely to cause bone marrow
depression than hepatotoxicity. A full list of such interactions may be found in a review
by Evans and Christensen (94), which clearly needs updating, especially with respect to
interference with MTX metabolism.

2. Rheumatoid Arthritis and Other Rheumatic Diseases

Rheumatoid Arthritis. Many of the conclusions that were drawn from the extensive yet
often disparate data on MTX therapy of psoriasis were originally applied to MTX therapy
of rheumatoid arthritis. Rheumatologists initially endorsed and adopted the monitoring
protocol used in MTX treatment of psoriasis (95). The data in patients with rheumatoid
disorders seemed consistent with that in psoriatics. First, it was found that many patients
with rheumatoid arthritis have some degree of underlying liver pathology that must be
taken into account when judging lesions attributed to MTX. Next, some rheumatoid arthri-
tis patients appear to be at greater risk than others of suffering MTX liver damage. As in
psoriasis, conditions that predispose to hepatic steatosis and fibrosis, especially heavy
alcohol use and diabetes combined with obesity, contribute to and even potentiate MTX
hepatotoxicity. Similarly, underlying liver diseases, such as chronic hepatitis B and C, are
also risk factors that may lead to fibrosis. Third, liver injury in patients with rheumatoid
arthritis is arguably related to the extent of MTX exposure in terms of cumulative dose
and possibly duration of therapy. However, an important and widely accepted difference
between MTX therapy of psoriatic and rheumatoid patients is that hepatotoxicity appears
to be less frequent in rheumatoid arthritis—possibly 2.5–5-fold lower—than in psoriasis
(62). Thus, less aggressive monitoring is now recommended for uncomplicated MTX-
treated rheumatoid arthritis, compared to psoriasis (97) (Table 3).

Although liver histological abnormalities are common in rheumatoid arthritis, fibro-
sis is now considered to be either uncommon or absent, unless there are comorbid causes
of liver injury. Mild fibrosis (Roenigk grade IIIa) occurred in a maximum of 15% of
rheumatoid arthritis patients in one series (37), in which two-thirds of all the patients had
only Roenigk grade I changes and 17% had grade II. Most series that examined liver
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Table 3 Monitoring of MTX Therapy in Rheumatoid Arthritis

A. Baseline or prior to MTX therapy
(i) Blood tests

CBC
BMP
HBsAg, anti-HCV

(ii) Liver biopsy
High-risk patients only

Prior excessive alcohol consumption
Persistently abnormal baseline AST values
Chronic hepatitis B or C infection
?Obesity and/or insulin-dependent diabetes

B. During MTX therapy
(i) Blood tests

AST, ALT, and albumin levels—all at 4–8 week intervals
(ii) Liver biopsy

Either when 5 of 9 AST values are abnormal in a given 12-month interval
or when 6 of 12 AST values are abnormal with monthly testing
or when serum albumin is decreased, despite good rheumatoid arthritis control

(iii) For the following liver biopsy results
(a) Roenigk grades I, II, III

resume MTX and monitor as in B(i) and (ii)
(b) Roenigk grade IIIb, IV

discontinue MTX
(iv) Discontinue MTX

if AST or albumin abnormalities persist and the patient refuses liver biopsy

histology in untreated rheumatoid arthritis patients are devoid of cirrhosis, with rare excep-
tions (96,97). Similarly, the frequency of severe liver disease is low in rheumatoid arthritis
patients on long-term MTX treatment (98). Admittedly, mild hepatic fibrosis can be seen
with MTX therapy (97) and progression can occur, but MTX-induced cirrhosis is distinctly
unusual. Stability of liver histology is the rule with MTX therapy in rheumatoid patients
and even histological improvement has been reported (36,38,98–100). The worst estimate
reported for cirrhosis in MTX-treated rheumatoid arthritis is a 5-year cumulative incidence
of 0.94% (98). In those instances in which cirrhosis occurs in MTX-treated rheumatoid
arthritis, a potentiating cause such as obesity with diabetes (99–101) or alcohol abuse
(62,100) can usually be found (102).

On the whole, MTX is well tolerated in rheumatoid arthritis patients and its toxicity
profile compares favorably with that of other disease-modifying antirheumatic drugs (103).
Although liver enzyme elevation occurs commonly with MTX use, it is rare for this to
necessitate cessation of therapy (104). Concomitant therapy with folate supplements ame-
liorates aminotransferase elevations (105). Hydroxychloroquine may reduce MTX hepato-
toxicity (106) by reducing MTX bioavailability (107), whereas aspirin (106) and other
nonsteroidal anti-inflammatory drugs (NSAIDs) (108) may exacerbate it.

Kremer has analyzed the reasons why MTX-treated rheumatoid arthritis patients
seem to fare better than their psoriasis counterparts (109). He proposes that lessons learned
from the treatment of psoriasis were used to the advantage of rheumatoid patients, specifi-
cally by enforcing a strict ban on alcohol use (110–112) and by reducing the use of poten-
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tial hepatotoxins (like steroids and NSAIDs), which was feasible because of a favorable
response to MTX therapy. Kremer further stresses the benefit of frequent hepatic panel
testing that was practiced by rheumatologists, who would reduce MTX doses whenever
AST values rose or albumin levels fell. In earlier studies in MTX-treated psoriatic patients,
doses of MTX were not lowered unless aminotransferases were 2–3 times elevated above
normal. This difference in MTX dose regulation probably accounts partly for the low
prevalence of MTX hepatotoxicity experienced by rheumatoid arthritis patients.

The hypothesis that frequent blood testing is useful in managing MTX therapy was
tested in a prospective study of 94 MTX-treated rheumatoid arthritis patients (in three
cohorts), in whom very frequent AST and ALT testing was done at intervals as often as
2-weekly preceding liver biopsy (113). A total of 354 follow-up liver biopsies were done
in these patients. The investigators found that the prevalence of abnormal ASTs and ALTs
in the interval before liver biopsy correlated with the degree of histological injury, judged
by the Roenigk grade. MTX doses were reduced when AST and albumin results were
abnormal. There were no instances of bridging fibrosis (Roenigk grade IIIb) or cirrhosis
(Roenigk grade IV) in these three cohorts of “teetotal” patients. Whereas the sensitivity
of an elevated AST value to detect mild early fibrosis (Roenigk grade IIIa) was only 12%,
if ASTs were elevated on less than half the occasions tested there was 97% certainty of
having normal liver histology. The authors attributed the absence of severe lesions to their
insistence on strict alcohol abstinence, and frequent adjustments of weekly MTX dose
when they observed abnormalities of aminotransferases and serum albumin (109). Alka-
line phosphatase elevations occurred in about one-third of the treated patients but were
thought to be too sensitive to be of any value in MTX management. Of interest, the authors
found that the probability of missing an elevated AST by infrequent sampling ranged from
9% for 30-day sampling to as high as 68% with 3-month sampling. From these and other
data are derived the latest (revised) guidelines for monitoring MTX treatment of rheuma-
toid arthritis (6,97), as shown in Table 3. Presumably these data have persuaded some
dermatologists to suggest that 4–8-weekly blood testing intervals be applied to MTX mon-
itoring in psoriasis (74).

As in psoriasis, there is disagreement over whether the magnitude of the cumulative
MTX dose has any impact on hepatotoxicity. Although the results of some studies have
shown that AST elevations are more frequent in rheumatoid patients taking up to 25 mg
MTX weekly compared with those on 10–15 mg weekly (114,115), this is not reproducible
(116,117). There are, nonetheless, many published examples of extremely high cumulative
MTX doses and prolonged durations of therapy in rheumatoid arthritis that did not lead
to cirrhosis. In one study of 23 patients, up to 10 g of MTX was administered for over
10 years (99), yet only two patients progressed to Roenigk grade IIIb (bridging fibrosis)
when therapy was continued after Roenigk grade IIIa changes (mild fibrosis) were found.
In two other prospective studies, only one of 10 patients treated for 6 years (118) and
seven of 18 patients receiving 2–7 g MTX (109) developed mild fibrosis at worst, and
none had cirrhosis. Whether it can really be proved that rheumatoid patients are inherently
less susceptible to MTX toxicity then psoriatics, as some authors claim (119), is doubtful.
However, it is clear that alcohol abstinence and minimizing MTX doses (whether guided
by frequent AST monitoring or not) are safe strategies in treating both psoriatics and
patients with rheumatoid arthritis.

Liver Biopsy. In contrast to patients with psoriasis, baseline liver biopsies are recom-
mended by the American College of Rheumatology (ACR) only for rheumatoid patients
embarking on MTX therapy who are at high risk for underlying liver disease (97,120).
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This includes those with a history of extensive alcohol consumption, with hepatitis B or
C infection, or with persistently elevated AST (and/or ALT). Similarly, follow-up liver
biopsy on treatment is recommended only if AST elevation of any magnitude persists
(i.e., five of nine abnormal ASTs in a given 12-month interval or six of 12 when AST is
tested monthly) or if a subnormal serum albumin cannot be explained on the basis of
uncontrolled rheumatoid disease or, by implication, by proteinuria or another nonhepatic
cause (Table 3). Guidelines from the Health and Public Policy Committee of the American
College of Physicians (ACP) (121) support the ACR ruling that restricts baseline liver
biopsies to high-risk patients, whereas the American College of Gastroenterology (ACG)
recommends baseline biopsies in patients with rheumatoid arthritis and psoriasis alike,
before starting MTX (8). The ACG recommendation was based on data available at the
time, which showed that significant yet unsuspected fibrotic liver disease was common
in rheumatoid patients (37,61,66,96).

If follow-up liver biopsy shows Roenigk grade IIIa changes or less, MTX therapy
can continue and standard monitoring is resumed. This contrasts with the recommended
care of MTX-treated psoriatics, in whom the finding of grade IIIa change prompts a repeat
biopsy after 6 months of further therapy (Table 3). If the biopsy in rheumatoid patients
shows Roenigk grade IIIb or IV on MTX treatment, the drug is discontinued.

Toxicity Monitoring. The ACR protocol for laboratory testing (97,120) in rheumatoid
arthritis is more intense and stringent than that of the ACP (121) and the ACG (8). ACR
guidelines state that aminotransferases and albumin should be measured at 4–8-weekly
intervals, and any elevation of AST or ALT or reduction in albumin is considered signifi-
cant. ACP recommends monthly laboratory testing but considers enzyme rises significant
only if they are threefold elevated above normal; ACG recommends 1–2-monthly testing.

Although the utility of serial AST, ALT, and albumin testing of rheumatoid patients
taking MTX has been challenged (122), this protocol is well defended by its principal
author (123) as being derived from the largest data set ever published in which the effect
of a potential hepatotoxin (MTX) on liver histology and simultaneously measured liver
enzymes were examined (112,113). Moreover, in a study designed to test the usefulness
and cost savings of the ACR guidelines for monitoring MTX hepatotoxicity (124), 112
MTX-treated rheumatoid patients were followed prospectively using the strict guidelines
recommended for psoriatics on MTX (as shown in Table 2). The results of applying ACR
guidelines retrospectively were then examined using the same data. With ACR guidelines
(which advocate more frequent hepatic panel testing and less frequent liver biopsy), 15
instead of 66 patients underwent biopsy, on 18 instead of 110 occasions, respectively.
Biopsy complications occurred in two patients, neither of whom would have been biopsied
under ACR guidelines. Of the five patients who had Roenigk grade IIIb or IV liver histol-
ogy, four would have been biopsied under ACR guidelines. This included two patients
whose pre-MTX laboratory results did not indicate a biopsy, but who developed frequent
AST elevations on MTX and would therefore have been biopsied on therapy. One patient
with obesity and poorly controlled insulin-dependent diabetes had persistently normal AST
and albumin values, yet the baseline biopsy showed grade IIIa changes that progressed
to cirrhosis during therapy. Neither of these two biopsies was mandated by the ACR
protocol. The authors estimated that applying ACR instead of psoriasis guidelines avoided
92 biopsies in 51 patients (including two complications) and saved almost $100,000. They
further reasoned that adding poorly controlled diabetes to the indications for pretreatment
liver biopsy would have given the ACR guidelines 100% sensitivity. A study that has so
far appeared only in abstract form (125) does not endorse the ACR guidelines. On the
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other hand, a decision-analysis study (126) that compared the monitoring strategy of “no
biopsy versus biopsy,” after 5 and 10 years of MTX therapy in rheumatoid arthritis, con-
cluded that biopsy was not cost-effective after 5 years and even 10 years of therapy, since
the cost-effectiveness ratios were 1.9 million dollars and $52,000 per year of life saved,
respectively.

Aside from hepatic panel monitoring [and here ALT is as effective as AST (97)],
noninvasive monitoring appears to be no better than in MTX-treated psoriasis. Studies on
fibrogenesis markers in MTX-treated rheumatoid arthritis patients are limited. PIIIP is
elevated in untreated rheumatoid arthritis and normalizes with MTX therapy (127), but
it is not known whether PIIIP rises again in this setting when hepatic fibrosis starts. In a
study (128) whose objectives were to determine quantitative liver function prospectively
and to assess the relationship between such testing and liver histology, neither galactose
elimination, aminopyrine breath tests, liver enzymes, γ-glutamyl transpeptidase (trans-
ferase), serum bile acids, bilirubin, nor albumin was of any practical use. In particular,
no relationship was found between changes in results of galactose elimination, amino-
pyrine breath tests, and MTX dose, age, enzyme elevation, alcohol intake, or liver his-
tology.

Ideal monitoring guidelines cannot be fully evidence-based until a large prospective
study is done in which patients are stratified according to the indication for MTX therapy
(e.g., psoriasis, psoriatic arthritis, rheumatoid arthritis, etc.), and clinical variables such
as obesity, diabetes, alcohol intake, and age and laboratory variables such as liver enzymes,
albumin, serological tests for fibrogenesis, fibrogenic and inflammatory cytokine levels
in the serum, and modern liver imaging are correlated with liver histology (129). As yet,
liver biopsy is still the most reliable means of diagnosing fibrosis in MTX-treated patients
and will be the standard until better noninvasive testing [such as automated assays of
multiple serum markers of liver fibrosis (130)] are available and shown to be helpful. It
remains to be seen whether more sensitive histological measures of fibrosis, such as the
semiquantitative scoring system that was recently tested in MTX-treated rheumatoid ar-
thritis patients (131), will enhance understanding of the natural history of MTX hepatotox-
icity and its management, as has been the case with the grading and staging systems now
used regularly for the assessment of liver histology in chronic hepatitis.

Other Rheumatic and Inflammatory Conditions. Data are limited on hepatotoxicity in
other conditions for which MTX is prescribed, mostly because the number of patients
being reported is small and large prospective series are not available for analysis. Of these
conditions, juvenile rheumatoid arthritis is a common indication for MTX. In two series
of patients who had liver biopsy monitoring, only two of 63 discontinued therapy because
of fibrosis (132,133), whereas in two other series combined none of 21 patients developed
fibrosis or cirrhosis with cumulative doses of up to 3 g (134,135). In a later study (136),
only modest liver histological changes (Roenigk grade I or II) were seen in 13 of 14
patients who also had modest enzyme abnormalities (which exceeded threefold elevation
in five patients). Irrespective, none of the patients developed any significant fibrosis and
no significant clinical consequences were apparent, despite doses that were either greater
than 3 or 4 g/1.73 m2 body surface area. The addition of folinic acid (2.5–7.5 mg daily)
to the regimen for children on low-dose weekly MTX (10–20 mg/m2) who had already
experienced aminotransferase elevations and gastrointestinal symptoms dramatically
ameliorated both hepatotoxicity and gastrointestinal toxicity without affecting the clinical
efficacy of MTX (137). Finally, in a recent study of the relationship between hepatotoxic
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risk factors and liver histology in 25 patients with juvenile rheumatoid arthritis (138),
only two patients (6%) had grade IIIa liver changes at worst. The only risk factors that
correlated with liver histology were the frequency of serum biochemical abnormalities
and the degree of obesity (body mass index). Neither age, gender, disease duration, arthritis
subtype, course, duration of MTX treatment, cumulative dose, route of administration,
concurrent use of other medications (including folic acid), or other potential hepatotoxicity
played any role in liver injury. Thus the hepatotoxic effect of MTX in juvenile rheumatoid
arthritis parallels that seen in adult rheumatoid arthritis. It is therefore suggested that simi-
lar guidelines should be used to follow these children on MTX therapy.

Studies on the hepatotoxicity of MTX therapy of other disorders such as dermatomy-
ositis (139), sarcoidosis, and asthma are either largely anecdotal or retrospective (140).
When hepatic fibrosis occurs it is usually mild and may often be ascribed to comorbid
states, such as diabetes (139). Wider experience is awaited. In sarcoidosis, liver involve-
ment with the primary disease process is common, and when MTX has been used in both
children and adults, liver toxicity has rarely been reported. In one study, however, in which
liver biopsies were done in 33 of 50 patients, six had to discontinue therapy for hepatic
reactions that were considered to be due to MTX (141). MTX appears to benefit idiopathic
granulomatous hepatitis, including loss of granulomas (142). Overall, however, MTX ap-
pears to be well tolerated in many inflammatory (10) and connective tissue disorders, in
a manner comparable to that seen in rheumatoid arthritis.

Hepatotoxic Drug Reactions. These reactions are the same in MTX-treated rheumatic
disorders as they are in MTX-treated psoriasis, except that there is a higher likelihood
that patients with rheumatic disorders use analgesics, especially NSAIDs. Thus if there
is any additive or synergistic effect between MTX and NSAIDs, it should be seen in this
group of patients. Some authors have reported such interactions (108) but, in general, it
has been difficult to implicate concurrent NSAID use as a significant cofactor in MTX
hepatotoxicity. Concurrent use of a wide variety of NSAIDs does not appear to affect MTX
pharmacokinetics (including the area under the curve following ingestion, total systemic
clearance, distribution volume, or the half-life of MTX) but does lead to an increased
interpatient variability of MTX blood levels, which may not be clinically important (143).

Concomitant use of sulfasalazine and cyclosporin does not appear to enhance MTX
hepatotoxicity (144,145) although there may be bone marrow, skin rash, and renal interac-
tions. The demonstration that insulin augments MTX polyglutamate synthesis in human
tumor cell lines (146) has not been correlated with any clinical interaction between insulin
and MTX. It is intriguing to speculate that with insulin-resistant states (such as obesity
and type II diabetes), in which insulin levels are high, or during insulin administration,
there may be another mechanism for enhancing MTX toxicity. Insulin apparently also
suppresses gamma-glutamyl hydrolase, the enzyme that degrades polyglutamates, and this
would enhance intracellular MTX levels (147).

IV. OVERVIEW OF MTX HEPATOTOXICITY AND MONITORING

MTX use, which is so effective in treating many difficult inflammatory disorders, does
have the propensity to cause liver fibrosis and even cirrhosis. The risk of MTX-induced
cirrhosis has been assuaged greatly over the past two decades by dosing patients weekly
rather than daily and monitoring them carefully with repeated liver biopsy or frequent
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simple laboratory testing. Until proved otherwise, it appears that rheumatology patients
may be less susceptible to MTX-induced hepatic fibrosis than psoriasis patients.

The guidelines for MTX monitoring of rheumatoid arthritis patients should be ap-
plied prospectively, in a study, to MTX-treated psoriatics, controlling for dose and risk
factors such as alcohol. Such a study could show that psoriatics react no differently than
rheumatoid patients to methotrexate. Until truly reliable markers of fibrogenesis in MTX-
treated patients are available, a liver biopsy should be done when there is any doubt about
the safety of methotrexate therapy. Guidelines are just that, guidelines, and are not infalli-
ble. Physicians must exercise common “clinical” sense in the care of their patients. Thus,
patients on MTX therapy should be followed carefully, because when this is neglected,
avoidable decompensated cirrhosis can develop leading to death or the need for liver
transplantation (40). Physicians should be vigilant about restricting alcohol use in MTX-
treated patients and should also look for other causes of liver disease (such as hepatitis
C and, the increasingly prevalent, nonalcoholic steatohepatitis) as well as hidden causes
of liver injury such as occupational and environmental exposure to nondrug hepatotoxins,
at work and at home (148). In contrast to the monitoring of psoriasis patients, MTX therapy
of uncommon conditions such as juvenile rheumatoid arthritis, other inflammatory skin
conditions, Crohn’s disease, and sarcoidosis can probably be monitored safely using the
currently recommended guidelines for rheumatoid arthritis, unless the patient is known or
suspected to have underlying liver disease. In the United Kingdom, monitoring of Crohn’s
disease treated with MTX is recommended to be closer to that used for psoriatics than
for patients with rheumatoid arthritis (149). Although the data are not yet conclusive, it
should be feasible to adopt a monitoring scheme that can be customized to the patient’s
needs, until better evidence-based guidelines become available.

V. MTX THERAPY OF LIVER DISEASE

The controversy over the use of MTX to treat PBC is a classic in the genre of debates
in clinical science. Acknowledged experts in the field, seasoned investigators, take diamet-
rically opposed positions that they champion with fervor bordering on passion, using plau-
sible data that somehow do not jibe with the evidence presented by the opposition. In
this, as with other similar debates in hepatology, it is likely that the truth lies between
the two views (150).

A. Primary Sclerosing Cholangitis

The stimulus for using MTX to treat cholestatic liver disease was a serendipitous observa-
tion. When MTX was used to treat a patient with a life-threatening skin disorder, the
coexistent primary sclerosing cholangitis (PSC) appeared to improve and not deteriorate
as feared. This unexpected, but encouraging experience was repeated in several other
similar patients (151) and in an open-labeled study (152) of at least 1 year of MTX therapy
in 10 patients with early-stage PSC. All symptomatic patients became asymptomatic, liver
enzymes improved (but not bilirubin), and six of nine patients who had repeat biopsies
after 1 year of MTX had improvement in necroinflammatory liver histology. Even repeat
cholangiograms in six patients either improved (2) or stabilized (4). Unfortunately, a
follow-up double-blind, placebo-controlled randomized trial of MTX in 24 patients with
PSC (of whom 50% already had cirrhosis) did not show efficacy (152); neither did a pilot
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study in five patients in which MTX was combined with ursodeoxycholic acid (UDCA)
treatment (153). In the latter study, there were frequent extrahepatic complications of
MTX, and a case report also documented life-threatening Pneumocystis carinii pneumonia
in a PSC patient on MTX therapy (154). MTX is not a treatment option for PSC.

B. Primary Biliary Cirrhosis

MTX was evaluated initially in nine symptomatic patients with PBC (155), some but not
all of whom showed slow improvement in symptoms, liver enzymes, and liver histology.
Transient aminotransferase elevations occurred that seemed to predict a favorable response
to MTX. The positive responses to MTX were seen primarily in those patients who had
precirrhotic PBC, and this was confirmed later in five more patients who experienced
remission of symptoms, biochemical amelioration, and histological improvement (156).
A pilot study conducted at the National Institutes of Health in nine PBC patients (157)
also showed improvement in symptoms, alkaline phosphatase elevation, and histological
inflammatory activity, but patients with more advanced disease did not benefit and fibrosis
progressed. Fibrosis progression, despite improvement in inflammation, was also reported
by Bach et al. (158) in a primarily histopathological study of MTX-treated PBC patients.

The early positive results of MTX therapy in PBC have been criticized for the rela-
tively short-term and uncontrolled nature of the studies in a disease that is notoriously
slow to progress and sometimes shows periods of stability (12). An interim (24 month)
analysis of a randomized double-blind trial comparing MTX with colchicine in 83 PBC
patients showed greater symptomatic, biochemical, and possible histological improvement
in the MTX-treated patients than those on colchicine (159). In contrast, the long-term
results of a completed placebo-controlled trial did not show any efficacy for MTX in PBC
(160). In that study (160) there was even a trend toward a threefold increase in the rate
of death or liver transplantation as a result of liver disease during or after the trial in
MTX-treated patients compared to placebo-treated controls (in a Cox multivariate regres-
sion analysis). In contrast to an earlier report of severe interstitial pneumonitis complicat-
ing MTX therapy in 14% of patients (161), the MTX-treated patients in the trial by Hen-
drickse et al. (160) had few side effects (which were readily reversible). The results of a
smaller trial in precirrhotic PBC patients in Argentina showed MTX to be ineffective in
preventing progression to cirrhosis despite symptomatic improvement and a biochemical
response (162). The lack of benefit of adding MTX to UDCA treatment of PBC in Chile
(163) contrasts with the observation in Boston that MTX improves liver biochemical tests,
and some histology too, in PBC patients who respond incompletely to UDCA (164). How
can we explain the differences in outcomes among these many studies and others (165)?
While arguments go back and forth over which dose of MTX is best, how likely are
intolerable side effects to occur, how long is a reasonable follow-up period, and what
constitutes a “favorable response” (11–18), it is clear that MTX may be beneficial in some
precirrhotic PBC patients (but probably not in cirrhotics), that side effects cannot be ig-
nored and may be risky, and that some patients who do not respond to other, more benign
therapy, such as UDCA and colchicine, may experience slowing of liver disease progres-
sion with MTX. The answers will clearly lie in controlled trials of MTX (and other thera-
pies) for those patients who do not respond to UDCA, when the end-points are not only
symptomatic relief (albeit an important benefit for the patient), biochemical results, and
liver histology, but definitely rates of death and/or transplantation. Such studies are in
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progress and their results are awaited. Until then, most authorities in the field do not
recommend MTX therapy outside of clinical trials, unless in the hands of experts skilled
in the care of PBC and the careful use of MTX (166–169).
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I. INTRODUCTION

This chapter discusses the adverse effects on the hepatobiliary system of hormonal agents
used to enhance or inhibit various endocrine effects. This includes female sex hormones
and anabolic steroids, as well as antithyroid and oral hypoglycemic drugs.

II. FEMALE SEX HORMONES AND ORAL CONTRACEPTIVES

A. Normal Physiology

Estrogens are 18-carbon steroids derived from cholesterol. Naturally occurring estrogens
have an aromatic A ring, a phenolic hydroxyl group at C3, and either a ketone (estrone)
or a hydroxyl group (estradiol) at C17 (Fig. 1) (1). The C17 site (as discussed later) has a
major role in the cholestatic properties of these hormones. Estrogen (as estradiol), as well
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Figure 1 Synthesis and metabolism of estrogens (1).

as progesterone, is a secretory product of the ovaries. Most estrone and estriol are formed
from estradiol in the liver or in peripheral tissues from androstenedione and other andro-
gens. Synthetic estrogens have subtle alterations in native chemical structure. Estrone and
estriol are metabolized in liver to hydroxylated and conjugated derivatives that are excreted
in bile and may subsequently undergo intestinal hydrolysis and an enterohepatic circula-
tion.

The cellular and intracellular effects of estrogens depend on their binding to estrogen
receptors complexed to heat shock proteins (HSP). HSP is dissociated from the receptor
ligand complex, which, in turn, binds to estrogen response elements (ERE) genes. ERE
then interact with specific cellular proteins (transacting factors) to activate transcription
and regulate the formation of specific mRNAs (1,2). Some of the effects of estrogens
appear to be mediated by paracrine effects of growth factors and cytokines released by
adjacent cells.

The physiological effects of estrogens are many, including the development of pri-
mary and secondary sexual characteristics, increase in the level of various proteins, such
as transcortin and ceruloplasmin, as well as various clotting factors, changes in plasma
lipids with an increase in high-density lipoprotein, and a reduction in low-density lipopro-
tein, modification in the renin-angiotensin system, and of bone growth (3,4).

B. Adverse Effects on the Hepatobiliary System

The multiple discrete, possibly adverse effects of these agents on the liver and biliary
tract are cited in Table 1, and will be discussed sequentially below.



Adverse Effects of Hormones 679

Table 1 Adverse Effects of
Estrogenic Hormones on the Liver and
Biliary System

Intrahepatic cholestasis
Oral contraceptives, pregnancy

Gallbladder disease
Tumor formation

Adenoma/carcinoma
? Focal nodular hyperplasia
? Angiosarcoma

Vascular effects
Hepatic vein thrombosis
Hemangioma growth
Peliosis hepatis

Effects on other liver disorders
Effects on hepatic drug metabolism

Oxidation
Glucuronidation
Alcoholic liver disease

C. Intrahepatic Cholestasis

1. Clinical Features

Abnormal liver tests and jaundice associated with oral contraceptives (OCs) were reported
more than 50 years ago (5), and a large body of literature is available on this subject. The
reported incidence of cholestatic jaundice with these agents is 1:10,000 worldwide (6),
but the actual prevalence is likely to be higher. Since liver test abnormalities may develop
early in the course of hormonal drug use, they are easily missed if not monitored (7,8).
Both genetic predisposition and total dose and structure dependence (see below) seem to
play a part. Thus, some ethnic groups are more susceptible to cholestatic effects of OCs
(6). Estrogen-induced cholestasis has been reported in Scandinavian families (9). Chilean
females of Araucanian descent have a particularly high incidence of jaundice (10). In a
study of three generations of blood relatives, the susceptibility to OC-induced cholestasis,
jaundice of pregnancy, or both were common and seemed to be transmitted as a dominant
trait (11). Other studies have also documented jaundice with the use of OCs in women
with a family history of cholestasis of pregnancy.

The disorder may be preceded by mild malaise, anorexia, nausea, and pruritus, the
latter sometimes severe. Jaundice usually develops early, but has been reported to be
delayed for up to 9 months after start of drug use (6,12). Pruritus and jaundice are the
two key features. Bilirubin increase usually is modest (below 10 mg/dL) (6,13), and trans-
aminases are increased in about 70% of cases, but usually to less than 3 times normal
(14). In terms of markers of cholestasis, alkaline phosphatase is increased only modestly
(threefold) and γ-glutamyl transferase (GGT) is usually normal (15,16). The few references
to high transaminases (in excess of 10 times normal) may represent a coincidental hepatic
injury (6,12), as has been suggested (17).
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2. Pathology

Biopsy of the liver on light microscopy shows canalicular bile plugs and cholestasis, pre-
dominantly in zone 3, and absence of significant inflammation (6,12). The parenchyma
usually shows only mild injury, with some acidophilic bodies likely representing apoptosis
(9). This has been termed “bland cholestasis.”

Electron microscopy shows dilated canaliculi with blunted and fragmented micro-
villi (6,18). This is a nonspecific finding, seen with other forms of cholestasis. Mitochon-
dria are often misshapen and the endoplasmic reticulum is dilated with vesiculation (6,19).

3. Pathogenesis

The mechanism(s) of OC-induced cholestasis appears to be multifactorial, likely involving
the dose and type (structure) of the estrogen, as well as a genetic susceptibility to the
agent [either sensitivity at the basolateral or canalicular bile acid transporter level (Fig.
2) and/or the metabolism of the estrogenic compound]. It is generally appreciated that
estrogenic hormones and their derivatives selectively inhibit the excretion of sulfobro-
mophthalein (BSP) and bilirubin in rats (20) and humans (6,21–23), if sensitive monitoring
measures are used. This may be a dose-dependent phenomenon similar to that seen with
C17-alkylated anabolic steroids (24). Moreover, some structural changes in the estrogen
molecule seem to promote cholestasis and others inhibit it. Thus, an oxygen group at C3

(25), a glucuronide at C17 on the D ring (26,27), and a decreased excretion of A-ring
glucuronides (28) may promote cholestasis. The issue of decreased sulfation versus glu-
curonidation as a factor in cholestasis of OC use is unresolved (29). These data and the
proclivity of some ethnic or genetically related women to a higher incidence of OC-
induced jaundice strongly suggest individual susceptibility in addition to intrinsic “toxic-
ity” of estrogenic substances to the biliary canalicular apparatus. In contrast to the estro-
genic component of OC, few data incriminate the progestational contribution to cholestasis,
except perhaps in large doses and as an additive to estrogens (17).

Figure 2 Main sites of action of estrogen for causing experimental cholestasis. (Modified from
ref. 16.)
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The adverse effects of estrogens (and/or their derivatives) appear to be exerted pri-
marily both at the basolateral membrane and the canalicular level, and affect bile secretion
(Fig. 2). Information as to the precise biochemical and anatomical sites of estrogen effect
has evolved with better characterization of the bile acid secretory process. Nevertheless,
despite the use of isolated hepatocytes and perfused rat liver (30–32) and recent character-
ization of bile acid transporters (33–37), the mechanism(s) are incompletely defined. It
appears, however, that estrogen (by altering membrane lipids) decreases the fluidity of
the basolateral membrane, alters the conformation of Na�K�-ATPase at that site, and im-
pairs the activity of transporters for bile acid uptake (38–42). It is not certain, however,
whether the changes in membrane fluidity actually cause or merely coexist with the im-
paired bile acid uptake (43,44). Moreover, other effects of estrogen are likely exerted on
the canalicular bile acid transporters (37,45). In a recent study on Sprague-Dawley and
Mrp2-deficient TR rats, it was shown that the estrogen metabolite estradiol-17β (β-d-
glucuronide) (E217G) induces cholestasis by a canalicular anion Mrp2-dependent mecha-
nism independent of transport (46). E217G, following secretion by MRP2 into canaliculus,
appears to trans-inhibit the transport of bile acids by the bile salt excretory pump. Addi-
tional effects of estrogen may be on bile-acid-independent bile flow (30,47–49). The ear-
lier concept that estrogen primarly alters tight junctions, thus causing regurgitation of bile,
appears to have been abandoned (21,38).

4. Prognosis and Treatment

In most cases, jaundice resolves within a month of stopping the agent and the overall
outcome is favorable. No residual effects on liver histology or function have been reported
after discontinuation of the estrogenic compound.

Treatment consists of stopping the provoking agent, avoiding unnecessary surgery,
and addressing the symptoms. Acutely the major concern is pruritus and this is treated
with cholestyramine, and if not tolerated or effective, with other agents such as nightly
phenobarbital, rifampicin, antihistamines, and skin care such as avoidance of heat and use
of starch baths. Opioid antagonists are still in the research realm (50).

Two other drugs have been suggested for the treatment of the cholestasis, per se,
as the patient is recovering. One is ursodeoxycholic acid, which may not only improve
bile flow, but also relieve pruritus. It is believed to be cytoprotective by displacing less
polar bile salts from liver cell membranes (51). While its benefit remains to be confirmed,
it does not appear to have toxic effects, other than diarrhea at higher doses.

The other agent is S-adenosyl-l-methionine (SAMe). This derivative of methionine
has an important role in transsulfuration and transmethylation reactions in hepatocytes; it
improves membrane fluidity and mitochondrial-reduced glutathione (an antioxidant) con-
centration and may also enhance bile flow (43) (Fig. 3). It does not appear to have toxic
effects, and has been used in rats to prevent the cholestatic effects of ethinyl estradiol (52).
It has been used in the cholestasis of pregnancy (see below), without apparent problems for
the fetus (53). Variable benefit has been obtained with SAMe, perhaps owing to different
severity of the disease; hence, more data on the therapeutic value of this agent are needed
(44,53,54).

5. Cholestasis of Pregnancy

Inasmuch as the major increase in estrogen in pregnancy is felt to be the cause of cholesta-
sis seen in pregnancy, and this entity differs in some respects from the effects of OCs,
some discussion of this syndrome seems warranted here.
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Figure 3 Proposed mechanisms of action of SAMe in cholestasis.

This syndrome clinically resembles cholestasis seen with OCs and the laboratory
test derangements are similar (55). The onset is usually in the third trimester when estro-
gens peak. Cholestasis resolves soon after delivery and may recur with subsequent preg-
nancies and with the use of OCs. Hence, it is felt that estrogens are responsible for the
cholestasis. The mechanism(s) likely are similar to those discussed earlier, except that here
the estrogen load is much higher. Some researchers have also suggested that progesterone
metabolites may have a cholestatic role (56). Since the problem is seen in only a small
minority of pregnancies, it is evident that hypersensitivity of some women must contribute.
Indeed, a mutation of the multi-drug-resistant-3 (MDR-3) gene has been reported in those
families (57). Hence, heterozygous defects in membrane transporters or genetic polymor-
phism may play a role in this disorder in predisposing the liver to the cholestatic effects
of estrogens. Treatment options are similar to those cited earlier for OC-induced cholesta-
sis, except that transfer of drugs to the fetus and the possible consequences of this always
need to be considered.

Importantly, cholestasis in pregnancy enhances preterm birth rate (13%) and fetal
death rate (4%) (58–60). This may relate, at least in part, to altered placental metabolism
of steroids. Thus, decreased fetal adrenal production of dehydroepiandrosterone (a sub-
strate for placental estrogens) has been reported in such patients (61). The mechanism
is unknown, but bile acids, which are increased in these patients (62), also have strong
vasoconstrictive properties (63).

D. Effects of Estrogen on Gallbladder Dysfunction

A key aspect of the diagnosis (and treatment) of estrogen-induced intrahepatic cholestasis
is to differentiate it from extrahepatic cholestasis. Such a distinction is especially important
as estrogens promote gallbladder dysfunction and cholestasis. Thus, long-term OC use is
associated with greater prevalence of gallstones (64,65), and this is true also in pregnancy.
A prospective study of 272 pregnant women showed an incidence of gallbladder sludge
(31%) and stone formation (2%) that was respectable. However, most patients with biliary
sludge remain asymptomatic and it resolves spontaneously after delivery. Biliary colic
was rarely seen in association with gallstones in this group (66). The mechanisms of this
effect seem to be both an increased lithogenic effect (increased cholesterol/decreased bile
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acids in bile) (67,68), and decreased gallbladder motility (i.e., greater bile stasis) (69,70).
The latter has an important contribution from progesterone (70). Thus, gallbladder dys-
function must be added to the list of adverse effects of estrogen on the hepatobiliary
system.

E. Tumor Formation

1. Hepatocellular Adenoma

Epidemiology. This solid liver tumor is seen in women of childbearing age; otherwise,
it is a rare lesion. Prior to 1960, reports of adenoma were exceedingly rare (71). After
the introduction of OCs in the 1960s, the incidence rose sharply, and subsequently some
300 cases were diagnosed yearly in the United States (72). The incidence of these lesions
increases with the dose and duration of estrogen use (73). Thus, the risk of developing
an adenoma increases 100-fold in patients taking OCs for more than 5 years, and 500-
fold with more than 7 years’ usage (72) (Fig. 4). In 10% of cases, however, the exposure
may only be 6–12 months and, of course, the lesion may be diagnosed after OCs are
stopped (74). Occasionally, older patients on replacement hormonal therapy have been
reported to develop this tumor (72,75). Case-controlled studies in 1979 showed an inci-
dence of 3.4 cases per 100,000 OC users (72), but now with a decrease in estrogen concen-
tration in OC preparations, this number has declined (73).

Clinical Features. Clinical presentations of hepatic adenoma are of four types: an asymp-
tomatic lesion found incidentally on imaging or at surgery, a mass found on physical
examination, pain, and/or bleeding into the mass with possible hemoperitoneum (75–79).
The distribution of these presentations varies considerably among reports, but is, on aver-
age, similar with pain generally highest on the list (Fig. 5). The pain is in the right upper
quandrant or epigastrium, may radiate to the subscapular area, and is accompanied often
by tenderness and evidence of blood loss. There may be a hemoperitoneum and shock
with severe bleeding. Jaundice may be seen due to compression of the intrahepatic bile
ducts by the tumor (75,80).

Figure 4 Duration of OC use and incidence of hepatocellular adenoma. (Modified from ref. 72.)
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Figure 5 Presentation of hepatic adenoma in four case series. (Modified from ref. 17: open bar:
ref. 77; lined bar: ref. 78; dotted bar: ref. 79; solid bar: ref. 75.)

Diagnosis depends first on consideration of possible presence of this entity, a careful
history of contraceptive use, physical examination, which may detect a mass, and ulti-
mately an imaging study. Liver tests usually remain normal; however, an elevated alkaline
phosphatase and GGT may be seen (79). Adenomas larger than 3 cm in diameter are
usually diagnosed by ultrasound, computed tomography (CT) scan, or radionucleotide
scan. The former two modalities usually define the presence of a mass, but are not specific
for adenomas unless bleeding into the lesion is shown (favoring an adenoma). Decreased
labeled sulfur colloid uptake has generally been reported for adenomas and has been attrib-
uted to decrease in Kupffer cell number or function. However, accumulation of colloid
has been described in adenomas, similar to that seen with focal nodular hyperplasia (FNH)
(81,82). Hepatic arteriography may show a filling defect with clear margins and increased
vascularity, which strongly suggests the presence of adenoma. However, difficulties in
differentiating FNH from adenoma may remain in up to 25% of patients (83) (Table 2).
Recently a characteristic magnetic resonance imaging appearance has been suggested for
the diagnosis of FNH (see below) (Table 3), which may help in this regard (84). Liver
biopsy of these lesions may be hazardous owing to enhanced bleeding and may not be
diagnostic if the sample is small or confounded by fibrosis due to a prior bleed (83).

Pathology. Hepatic adenomas consist of encapsulated hepatocytes and are devoid of
portal tracts. Kupffer cells are missing or scanty. The vascularity is high with poor connec-
tive tissue support. Adenomas may contain fat (73,85).

Pathogenesis. The pathogenesis of this disorder is not defined. In view of the association
with OC use, it has been proposed that estrogen transforms normal hepatocytes into ade-
noma via induction of estrogen receptors (86,87), but the experimental evidence is not
conclusive (88). In patients with underlying glycogen storage disease, an imbalance of
insulin and glucagon may have a role (89). The vascularity of these lesions may be a clue
to the pathogenesis.

Prognosis and Treatment. Hepatic adenomas regress and may disappear after OCs are
discontinued (90,91–93). On occasion, however, they may continue to grow and rupture
even after OCs are stopped (94). There are also reports of transformation of these benign
lesions into cancer, even after OCs are stopped (93,95). Hence, as suggested recently, the
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Table 2 Comparison of Diagnostic and Clinical Characteristics of FNH and Hepatic Adenoma

FNH Hepatic adenoma

Clinical Any age group Women of childbearing age
Mostly asymptomatic (80%) Abdominal pain/mass (65%)
OC use in 60% OC use in 90%
Usually less than 5 cm �5 cm
Normal enzymes Normal enzymes unless hemorrhage

Histology Fibrosis 4� �/�
Central scar �95% —
Septa formation —
Ductule proliferation (�) —

Diagnostic imaging
US Nonspecific Nonspecific
Dopplers Arterial flow Venous flow
CT Iso or hypodense Peripheral arterial enhancement,

hyper or hypodense areas precon-
trast

Arterial enhancement of stellate scar
Angiography Hypervascular/dense blush, central Hypervascular tumor, peripheral vas-

vascular supply cular supply
Scintigraphy

Colloids ↑ or normal Focal defect

FNH, focal nodular hyperplasia.
Source: Modified with permission from Schiff ’s Diseases of the Liver, 1999.

index of suspicion should be high and lesions with irregular borders, continuing enlarge-
ment, and any increase in α-fetoprotein should be referred for surgical removal (96). Preg-
nancy may be associated with adenoma growth and rupture (with fetal complications) and
thus, pregnancy should be avoided if the adenoma had not been resected.

As to treatment, clearly significant discomfort and bleeding are indications for resec-
tion. Many feel that even uncomplicated lesions are best resected, if technically feasible
(92,97), to avoid future bleeding or possibility of malignant transformation. Elective surgi-
cal resection usually accomplishes removal of the adenoma with minimal mortality (1%)
(98). Laparoscopic resection is another option, if technically feasible (83). Orthotopic liver
transplantation may be needed for multifocal lesions (99,100), especially with evidence
of cancer formation. In patients with inoperable tumors, arterial embolization has been

Table 3 MRI Criteria for Diagnosis of FNH

Slightly hyperintense or isointense on T2-weighted images
Homogeneous signal intensity
Presence of a central stellate area hyperintense on T1-weighted images
Marked enhancement of the lesion at the arterial phase
Accumulation of gadolinium chelates within the central area on delayed contrast-enhanced T1

weighted image
Absence of tumor capsule

Source: Used with permission from Mathieu et al. (84).
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used to reduce tumor size (92,101), preoperatively, or to control bleeding (102). In the
older literature, mortality is high, up to (21%) with intraperitoneal bleeding (72), and
emergency resection of the bleeding liver lesion also carries a significant mortality of up
to 8%.

Another option, which we favor less, for small (�5 cm), uncomplicated adenomas
is a brief (2 year) follow-up after OCs are stopped (103). These patients require careful
monitoring for decrease in lesion size, as even adenomas that appear to have regressed
may rarely (two case reports) present later with cancer (92,104).

2. Focal Nodular Hyperplasia

FNH is a common benign solid tumor of the liver, with an autopsy incidence of about
0.3–0.6% (105,106). Nevertheless, it will be discussed only briefly here as its relationship
to OCs is in considerable doubt. Thus, its female/male ratio is only 2:1 (vs. 9:1 for
adenoma), its incidence has not increased since the use of OCs, and information as to
growth, bleeding, and regression of the lesions in relation to OCs is controversial (107–
110). However, differentiation of FNH from adenoma is important as the treatment for the
former is conservative owing to absence of life-threatening complications and cancerous
transformation.

FNH consists of single or multiple nodules of hyperplastic hepatocytes with Kupffer
cells and atypical bile ducts, usually containing a central stellate scarred area containing
large vessels. There usually is no capsule (111). The hyperplasia is felt to be likely due
to hyperperfusion or anomalous circulation (106,112,113).

Patients with FNH usually have no complaints (114), with lesions identified only
during imaging or at surgery. Pain and hemorrhage are very unusual, and a normal physical
examination is noted in the large majority. Some may present with hepatomegaly, abdomi-
nal tenderness, or a mass. Liver tests are usually normal. A series of imaging techniques
have been used for diagnosis. A radionucleotide scan with increased uptake by the Kupffer
cells is typical, but is not always seen. A central scar by CT is also helpful, if seen. An
MRI with 98% specificity has been described (110) (Table 3). Biopsy may be diagnostic;
however, interpretation may be difficult.

The prognosis of FNH is excellent in most patients. Malignant transformation does
not occur (115–117). Asymptomatic patients may be followed expectantly but the rare
symptomatic (or diagnostically uncertain) lesions should be excised, if feasible. It is uncer-
tain whether lesions increase in size during pregnancy (110,118,119). A recent large study
(216 women with FNH) with tumor size followed by MRI suggested that neither OCs
nor pregnancy influenced FNH (110).

3. Cancer

Although some 100 cases of hepatocellular carcinoma (HCC) have been reported in the
setting of OC use (79,94,120–140), the causal relationship has not been firmly established.
Nevertheless, while HCC is rare in young individuals, and in the absence of underlying
cirrhosis, HCC in association with OCs occurs in young women who are not cirrhotic
(131,132,136). These tumors tend to be well differentiated, often fibrolamellar, occur with-
out an increase in α-fetoprotein, and tend to be slow growing, although they may metasta-
size very rarely (21). Recipients of the synthetic steroid diethylstilbesterol also may have
a higher risk of developing HCC (142–144). Case reports also have alleged a higher risk
of HCC with prolonged OC use (131–133,136), and adenoma has been related to cancer
development (see above). The carcinogenic effect of OCs, if present, is considered small
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(138). In addition to HCC, several cases of angiosarcoma and hemangioepithelioma have
been reported in association with estrogen use (145–147).

4. Vascular Abnormalities

Hepatic Vein Thrombosis (HVT). Many cases of HVT in association with OC use have
been reported (148), and the number is likely higher. While association does not prove
causality, a large case-control study has shown that OC use increased the risk of HVT
twofold as compared to matched controls (149). Many of the OC users also had an underly-
ing overt or subtle myeloproliferative state (150). It is believed that the increase in HVT
is due to the thrombogenic effects of the OCs (148,151), possibly aided by the presence
of polycythemia. The presence of inherited rare thrombogenic risk factors, such as factor
V Leiden, and possibly minor abdominal trauma, may be additive to the OC effects (152).
Clearly some “sensitizing” factor(s) is essential, as this problem is very rare despite the
extensive use of OCs.

Clinical features of HVT characteristically include abdominal pain and hepatic ten-
derness, ascites, and often jaundice. The completeness and severity of these features de-
pends on the rapidity and completeness of hepatic vein occlusion. Physical findings consist
primarily of the presence of a large, tender liver and free fluid in the abdomen. Liver tests
are characteristic of hepatic cellular damage. Imaging studies (Doppler ultrasound, CT
scan, and ultimately percutaneous venography) confirm the diagnosis. A nucleotide scan
may show sparing of the caudate lobe, which drains separately into the vena cava. A liver
biopsy (when possible) shows centrilobular congestion and necrosis.

Prognosis depends on the rate and completeness of occlusion of hepatic veins. A
complete HVT, left untreated, has a serious prognosis. Treatment options (in addition to
OC removal and diuretics) include thrombolytic drugs (if used early) or a surgical side-
to-side portacaval shunt to permit decompressive hepatic venous drainage (153). This
should be combined with anticoagulation to prevent continuing thrombosis and diuretics
for management of ascites. A transjugular intrahepatic portasystemic shunt has been em-
ployed successfully (154). Another option is hepatic transplantation with anticoagulation,
especially if cirrhosis is already established and/or less drastic treatment fails (155).

Hemangiomas and Related Lesions. The role of estrogen (whether with OC use or in
pregnancy) is to increase the growth of hemangiomas (156). These changes are often
reversible and rarely require surgery.

OC use can also produce sinusoidal dilatation, selective for zones 1 and 2 (151,157),
and peliosis hepatis (158).

F. Effects of Estrogen on Various Liver Diseases

There is extensive epidemiological evidence that the liver in women is more sensitive to
adverse effects of alcohol. In other words, a similar exposure to ethanol results in earlier
and/or greater liver damage in women than in men (159–161). It is, in part, for this reason
that one drink per day has been established as a safe alcohol intake in nonpregnant women
versus twice that much for men (162,163). These effects of gender have been reproduced
in one experimental model of alcoholic liver injury in rats (164). There was clear evidence
of greater biochemical and pathological injury in female rats given ethanol in the Tsuka-
moto-French model of alcohol administration. Other studies suggested that this gender
effect may be due to estrogen, which both enhances ethanol-induced endotoxin permeabil-
ity via the gut (165) and promotes greater binding of endotoxin to Kupffer cells with
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subsequent release of tumor necrosis factor-α (TNFα) (166,167). Thus, estrogen may
enhance the adverse effects of ethanol on the liver. Whether this hormone may also alter
significantly other types of liver injury remains to be seen. There is anecdotal data that
cholestasis may be enhanced by OC use in patients with acute viral hepatitis. Also, female
sex hormones may decrease mitochondrial fatty acid oxidation (168,169) and, thus, may
contribute to the fatty liver of pregnancy.

G. Effects of Female Sex Hormones on Hepatic Drug Metabolism

Estrogenic hormones are known to inhibit oxidative metabolism of some agents (i.e.,
tacrine) (170) or caffeine (171), while they seem to enhance the glucuronidation of others
(i.e., acetaminophen) (172). These types of drug-drug interactions may have clinical sig-
nificance.

III. ANABOLIC STEROIDS

A. General Comments

These agents are synthetic or semisynthetic C17-alkylated steroids and have been used
considerably less than OCs. However, they have been employed for treatment of aplastic
anemia, impotence, and transsexualism in females, as well as most recently for body build-
ing among athletes.

Two general types of hepatic dysfunction may occur with these drugs: cholestatic
jaundice, which develops after a short period of drug use and which is largely dose-depen-
dent, and the less common neoplastic and vascular disorders that may ensue after a long
duration of drug use. The former problem was described initially some 50 years ago (173).
In patients with aplastic anemia given high therapeutic doses of these steroids, the inci-
dence of jaundice may reach up to 17% (174), and usually appears within a few months
(175). The vascular and neoplastic lesions are less common and may take 2–15 years to
manifest (176).

B. Cholestasis

1. Clinical Features

The rate and degree of development of hepatic dysfunction with anabolic steroids depends
in large measure on the dose of the drug (175). With low therapeutic doses, jaundice is
rare, although elevated transaminases (40–200 IU) are common. With high doses of the
drug, jaundice is common and serum bilirubin may even reach 20 mg/dL. Alkaline phos-
phatase is characteristically only mildly (up to threefold) elevated (177), and remains
normal in one-third of patients (21). These abnormal liver tests are often preceded by mild
systemic symptoms of malaise, anorexia, and/or nausea. Pruritus is variable, but usually
not striking (178). Physical examination is normal except for modest hepatomegaly, at
times.

Liver biopsy shows cholestasis mainly in zone 3 and the parenchyma shows only
very mild changes in the hepatocytes without significant inflammation in the portal areas
(177,179). This, together with only mild increase in alkaline phosphatase, is characteristic
of anabolic-steroid-induced (or OCs-caused) canalicular disease and has been termed
“bland cholestasis” (17). Indeed, electron microscopy shows blunting and loss of micro-
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villi in canaliculi with degenerative changes in the lysozomes (180). Similar changes can
be seen in rats given norethandrolone, with injury to pericanalicular filaments (181).

2. Pathogenesis

The anabolic steroids appear to produce cholestasis primarily (if not completely) due to
the intrinsic (predictable) adverse effects of the agent on the liver. Thus, damage is depen-
dent on the dose and duration of drug use (8,24,182–184), is reproducible in most animal
species (185), has a rapid onset, a high incidence, and depends on the particular structure
of the steroid molecule (186). Anabolic steroids that induce jaundice have an alkyl group
in the C17 position (175). In addition, a methyl substituent on the C17 position or a keto
group on C3 appears to enhance toxicity of the agent (185). Other structural modifications
appear to mitigate the cholestasis. The toxic effect is independent of the androgenic action.

The toxic effects of these agents are at the excretory step of bile secretion and likely
involve both the bile-salt-dependent and the bile-salt-independent fraction of bile flow
(187). The structures affected seem to be the basolateral and canalicular membranes
(18,21,188), and perhaps the pericanalicular microfibrillar network, which can alter cana-
licular contraction and, thus, bile flow (181). Much of the data on the mechanisms of
anabolic-steroid-induced cholestasis derives from and parallels the information cited ear-
lier for estrogenic compounds. The similarity in the structure of these substances and of
some bile acids suggests possible competitive interaction. Whether genetic predisposition
affects the toxicity of these agents in humans is uncertain, but there certainly are differ-
ences among various species in their adverse response (189,190), and jaundice due to
norethisterone has been described in two sisters (191,192).

3. Prognosis and Treatment

With discontinuation of these drugs, recovery from cholestasis is usually complete, but
in the presence of jaundice this may take weeks or months (175,178). There are a few
reports of biliary cirrhosis in the setting of anabolic steroid use, but this may be coinciden-
tal and on an immune basis. Several deaths have been cited in elderly patients with other
medical problems (193). No treatment is necessary, other than early diagnosis and stopping
the drug.

C. Vascular and Neoplastic Lesions

Anabolic steroids have been reported to cause peliosis hepatis with hepatomegaly and
occasional hepatic dysfunction related to this (151,194). This may have a different patho-
genesis than cholestasis, as it has a lower frequency, seems to be independent of dose
and duration of use, and may be caused by steroids lacking a C17 alkyl group (195). Diagno-
sis of this entity is usually at autopsy, although imaging studies have been successful at
times (196). A liver biopsy, with a suspected lesion, is likely hazardous (17). There are
a few reports of reversal of these lesions after cessation of anabolic steroid therapy
(197,198).

Anabolic steroids have also been incriminated in the development of hepatic nodular
regenerative hyperplasia, adenomas, and cancer (177). Although the number of reported
lesions is not large and a coincidence could be argued (199), there are data on about 60
patients with hepatocellular cancer who had been taking anabolic steroids (200). More-
over, there have been reports of regression of some of these lesions after withdrawal of
the drug (201,202), and androgen receptors have been found in normal hepatocytes and
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hepatocellular carcinoma (203,204). Thus, the evidence, while not conclusive, is sugges-
tive.

The clinical course of these lesions is relatively benign. Thus, contrary to adenomas
due to OCs, lesions caused by anabolic steroids seldom rupture, usually are asymptomatic,
and often are multiple (205). Also, patients with hepatocellular cancer associated with
these drugs often tend to have a more benign course, usually with a normal α-fetoprotein
(206). More studies to characterize these lesions are needed.

IV. ANTIHORMONAL AGENTS

These agents have low hormonal activity per se, but bind to the receptors for the active
hormones and this appears to inhibit their endocrine effect.

A. Antiestrogens

The three agents definitively incriminated in hepatic dysfunction are tamoxifen, toremi-
fene, and cyclofenil. Tamoxifen and toremifene are used in the prevention and treatment
of estrogen-dependent breast cancer. Cyclofenil is used in Europe to induce ovulation.
Various forms of liver disease have been attributed to tamoxifen—hepatocellular (207–
209), cholestatic (210), and mixed (211) (Table 4). Of interest, steatohepatitis with Mallory
bodies has been reported in three patients (208,209,212). A similar case has been attributed
to toremifene, an analog of tamoxifen (213). Occasional cases of peliosis have been seen.
These few cases and diversity of damage make it difficult to assess the mechanism(s)
involved. By contrast, cyclofenil-induced liver injury appears to be more frequent (214)
and is primarily hepatocellular (214).

B. Antiandrogens

These agents (flutamide, nilutamide, and cyproterone) are used for the treatment of pros-
tatic cancer. All have been reported to lead to hepatocellular injury, including fulminant
hepatic failure (215–217). The liver disease caused by these agents appears to be idiosyn-
cratic and is rare, except for cyproterone, where a higher incidence has been reported
(218).

C. Antigonadotropins

Danazol has anabolic properties in addition to inhibiting anterior pituitary function. It is
now used only for the latter indication. The chemical structure of the drug resembles that

Table 4 Hepatic Injury
Associated with Tamoxifen

Jaundice
Cholestatic
Hepatocellular
Mixed

Benign cyst
Peliosis hepatis
Fatty liver (steatosis)
Steatohepatitis
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of estrogens. Both cholestasis and hepatocellular jaundice have been described in patients
(219–221). The mechanism(s) of danazol hepatotoxicity is uncertain, with both intrinsic
and idiosyncratic theories considered.

V. ORAL HYPOGLYCEMIC AGENTS

A. General Concepts

The main groups of oral agents that lower blood sugar are the sulfonylureas, the biguanides
(metformin), and the new class of thiazolidinedione drugs (i.e., troglitozone). In addition,
acarbose (an α-glucosidase inhibitor) is available.

Numerous sulfonylureas are available; all appear to lower blood sugar by stimulating
functioning β cells in the pancreatic islets. They are well absorbed and most reach peak
plasma concentrations within 2–4 h. All bind strongly to albumin and, hence, may be
displaced by other competing drugs. Most sulfonylureas (or their active metabolites) are
excreted in urine; hence, their action may be increased in the presence of renal disease
or in the elderly with lesser renal function. Changes in drug structure, in addition to the
sulfonylurea moiety, alter the pharmacokinetics and, hence, duration of drug action. None
of these agents are recommended in pregnancy, owing to the risk of blood sugar fluctuation
for the fetus.

Metformin, a biguanidine, does not require functioning β cells, as it decreases blood
sugar by inhibiting hepatic sugar release from gluconeogenesis. This agent has a short
half-life, about 3 h, does not stimulate appetite, and causes no hypoglycemia. It is not
bound to serum proteins, and as it is excreted unchanged in the urine, it should not be
used in the presence of renal failure. Its main toxic effect is the very rare lactic acidosis,
and [except for one reported case (222)] it does not cause hepatic dysfunction. Hence, it
is cited here only because it is an alternative therapy for other drugs that may result in
liver damage. Any lactic acidosis present, however, may be enhanced by severe hepatic
disease, as lactate is metabolized by the liver.

The first of the thiazolidonedione class of antidiabetic agents was troglitazone (Rez-
ulin). These agents act by decreasing insulin resistance by improving sensitivity to insulin
in muscle and adipose tissue, as well as inhibiting hepatic gluconeogenesis. Troglitazone
is metabolized to sulfate and glucuronide conjugates and is oxidized also to a quinone
metabolite (223,224). Surprisingly, troglitazone concentrations were not increased in pa-
tients with liver disease, but the elimination of metabolites was decreased (225). Two
other agents in this class, pioglitazone (Actose) and rosiglitazone (Avandia), are also me-
tabolized in the liver to pharmacologically active derivatives. The former agent is oxidized
primarily by cytochromes P450 3A4 and 2C8, while the metabolism of rosiglitazone is
via cytochrome P450 2C8. The clearance of these agents, therefore, may be decreased in
the presence of liver disease, but is not altered by renal dysfunction.

B. Sulfonlyureas

Diabetic patients may manifest abnormal liver tests (usually mildly increased transami-
nases) and a fatty liver, sometimes progressing to nonalcoholic steatohepatitis (226–228).
Fatty liver is especially common in type II diabetes and is independent of drug use. This
clearly needs to be distinguished from liver injury patterns caused by sulfonlylurea (or
other drug) therapy.
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Table 5 Liver Injury due to Sulfonylureas

Sulfonylureas Type of hepatic injury

First generation
Acetohexamide Hepatocellular: cholestatic
Azapinamide Hepatocellular (rare)
Carbutamide Hepatocellular with features of cholestasis: withdrawn
Chlorproamide Cholestatic, granulomas
Methohexamide Hepatocellular, 0.5–1.0% withdrawn
Tolozamide Cholestatic (rare)—chronic cholestasis similar to PBC
Tolbutamide Cholestatic (rare)—chronic cholestasis similar to PBC

Second generation
Glyburide Hepatocellular and cholestatic jaundice granulomas
Glipizide ↑ Aminotransferases—cholestatic (rare)
Gliclazide No reported toxicity
Glisoxepide ↑ Aminotransferases (rare)—jaundice (rare)
Glymidine ↑ Aminotransferases

Source: Modified with permission from HJ Zimmerman. In: Hepatotoxicity: The Adverse Ef-
fects of Drugs and Other Chemicals of the Liver. 2nd ed. Chap. 20. Philadelphia: Lippincott
Williams & Wilkins, 1999.

Liver injury due to sulfonylureas has varied in incidence and presentation with the
specific drug used (Table 5). Glyburide, glypizide, and chlorpropamide are metabolized
in the liver; hence they may accumulate and may produce hypoglycemia in patients with
liver disease. The first-generation drugs tended to produce hepatocellular damage (meta-
hexamide, carbutamide, azaprinamide) or mixed parenchymal/cholestatic disease (glybur-
ide), and some of these have been withdrawn. Evidence of liver injury for these drugs is
usually seen in the first 4–6 weeks of their initial use and certainly within 6 months.
Hepatic dysfunction may be heralded by the development of nonspecific gastrointestinal
symptoms, rash, and fever, but this is variable. The nature of the hepatic illness depends
on the drug taken, but more recently has been cholestatic (tolbutamide, diabinese, tolaz-
amide) or mixed (glyburide, glipizide) (229). Liver pathology also depends on the drug,
but usually shows cholestasis with some cell injury, and at times granulomas (230,231).
Cholestatic injury usually resolves, albeit slowly, after withdrawal of the drug. Occasional
progression to a form of biliary cirrhosis has been reported (232,233). In summary, the
presently used sulfonylurea antidiabetic drugs rarely cause hepatic dysfunction, and when
this occurs it is usually a cholestatic or mixed injury.

As to pathogenesis of the liver injury, its rarity must imply primarily an idiosyncratic
mechanism. The occasional presence of rash and fever, as well as granulomas in both
liver and bone marrow (234–236), supports this view, and suggests that the unpredictable
reaction has features of immune hypersensitivity. On the other hand, there is some evi-
dence of underlying intrinsic toxicity of these agents. Thus, some of these agents (i.e.,
glybuthiazole) had a very high incidence of hepatotoxicity before being withdrawn,
and some (i.e., chlorpropamide) appeared to cause dose-dependent injury (237). How-
ever, some species seemed to be more susceptible to liver damage than others (238).
Nitrophenyl-containing sulfonylureas (carbutamide, metahexaminde, glybuthiazole) seem-
ed to exert greater toxicity than drugs with other chemical groups (239). It seems, there-
fore, that these agents have some mild intrinsic toxic potential that, in the presence of host
sensitivity, translates into liver injury.
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C. Biguanidines and Acarbose

The key agent in the biguanidine group is metformin. As indicated earlier, there is no solid
evidence that this drug causes hepatic dysfunction. Other than transient gastrointestinal
disturbances, the main toxic concern is the rarely encountered lactic acidosis. Whether
underlying liver disease may enhance this metabolic disturbance is uncertain, but this has
been suggested (240), and it is our policy not to use this drug in patients with severe
underlying hepatic dysfunction. Of interest, it has been suggested that metformin (and
perhaps other hypoglycemic agents that improve insulin resistance) may benefit nonalco-
holic steatohepatitis. Indeed, this appeared to be the case for metformin in an experimental
model of fatty liver in genetically obese mice (241). Preliminary studies suggest that this
may also be true in patients (241a).

As regards acarbose, several patients with increased transaminase and two instances
of jaundice have been reported in patients using this agent (242–244).

D. Troglitazone and Other Thiazolidene Class Agents

Troglitazone (Rezulin) was approved for the treatment of type II diabetes in 1997 and
rapidly gained acceptance as a valuable therapeutic agent alone or with other hypoglyce-
mic drugs. However, the drug has been shown to cause hepatocellular disease in some
patients. The onset of hepatic dysfunction is usually within 7 months of starting therapy
(mean 147 days), and this may be preceded or accompanied by the nonspecific symptoms
of malaise, anorexia, and nausea. In one instance only a few doses of the drug appeared
to precipitate liver damage (245). The injury may be severe, especially if the drug is not
stopped expeditiously, and it has led to the need for hepatic transplantation and to death
in a number of patients (246–250).

The mechanism(s) of troglitazone-induced liver injury is uncertain but seems to be
primarily idiosyncratic, and likely due to a metabolic sensitivity. It has been suggested
that the quinone metabolite may be a culprit, based on liver toxicity of other quinones,
such as that derived from acetaminophen. Such quinones may alkylate cellular proteins
or lead to formation of reactive oxygen species (251). There is no accompanying rash,
fever, or eosinophilia to suggest an immune mechanism (246), although increased eosino-
phils may be present in the liver, and at least one patient had a positive lymphocyte stimula-
tion test (252). Individuals at risk cannot be identified at present and the toxicity is rela-
tively infrequent with some 560 cases reported as possible cases to the Food and Drug
Administration as of February 1999 (250). This prevalence of apparent toxicity is in the
setting of an estimated one million patients having received the drug worldwide (250).
There may be, however, some intrinsic toxicity from this drug at high doses, since at
concentrations above 25 µM it was toxic to human hepatocytes in primary cultures (253).
Subsequent studies, however, have shown that rat hepatocytes in tissue culture incubated
for 24 h with 100 µM troglitazone showed essentially no toxic effects when bovine albu-
min (1–2 g/100 mL) was added (254)! By contrast in the same study, unbound troglitazone
was toxic even at 20 µM. As troglitazone in serum is protein bound, studies that do not
account for this (253) admittedly may have no relevance to the clinical setting. Other recent
studies with perfused rat liver have suggested a cholestatic effect of the drug, possibly its
sulfate moiety (141,254a), but such a selective impairment has not been generally reported
in patients. In human hepatoma cells in vitro, troglitazone caused more cell injury than
its derivatives, suggesting that the parent drug was the main culprit (254b). However, only
concentrations much higher than those seen in patients’ blood caused cell injury, and
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again, full consideration of drug binding in plasma does not appear to have been done.
Future studies will need to mimic the actual concentrations of the drug (and its metabolites)
in the liver of patients. That the toxicity is so uncommon and is not dose-dependent sug-
gests that direct toxicity of the drug is not a primary mechanism of cell injury.

In premarketing studies, 1.9% of patients with elevated transaminases (vs. 0.6% for
placebo) were identified, but this abnormality was reversible when the drug was stopped.
Two patients became jaundiced, but they also recovered fully (246). Liver biopsies in two
patients showed hepatocellular injury. It was only with the larger postmarketing surveil-
lance that further evidence of liver injury was determined. Initially it was hoped that
increasingly stringent monitoring of liver tests and discontinuation of therapy on detecting
abnormal values would prevent hepatic injury. However, with the advent of two other
drugs in the same class (pioglitazone and rosiglitazone), apparently without adverse he-
patic effects, troglitazone was removed from the market.

Since the two above-mentioned new drugs in the thiazolidinedione class have some
of the same structure as troglitazone, patients are monitored with liver tests to detect early
hepatic dysfunction. Indeed two patients have been reported with presumed hepatic dam-
age due to rosiglitazone (255,256). In one of these, in our view, the evidence for this is
good (255). Interestingly, in both patients onset of liver damage was within only 3 weeks
of start of therapy. Further postmarketing surveillance will be important. It is uncertain
whether there will be cross-reactivity between prior hepatic damage from troglitazone and
any subsequent use of the new drugs. At present, prior development of severe liver disease
(i.e., jaundice) with troglitazone is considered a contraindication to therapy with the other
thiazolidinedione agents (257,258). Even with milder injury, major caution would seem
warranted to prevent any possible anamnestic (hypersensitivity) reaction. It is advised
that in patients with mild prior liver disease (common in diabetes), both pioglitazone and
rosiglitazone be used cautiously with early and frequent monitoring of tests (257,258).
While underlying liver disease is not believed to enhance the risk of most hepatotoxic
idiosyncratic reactions (259,260), detection of early drug-induced injury may be more
difficult in this setting (259); hence this admonition seems reasonable. Very recently,
however, a patient with prior severe troglitazone-induced hepatitis and recovery was re-
treated with rosiglitazone without recurrence of liver injury (261). Further information in
this area will be of importance.

VI. GLUCOCORTICOIDS

The main adverse effect of corticosteroids on the normal liver may be deposition of fat
(262). This information is based primarily on studies in experimental animals and appar-
ently depends on increased flux of lipids from fat depots to the liver (263). This seldom
is a clinical problem, except in the few cases where it appeared to lead to fat emboli to
various organs (264).

Corticosteroids may also affect the diseased liver in a salutary manner. They de-
crease inflammation and necrosis, enhance albumin synthesis in patients with autoimmune
hepatitis (265), and are beneficial in patients with severe (high discriminating index) alco-
holic hepatitis (266). Corticosteroids have also been used in patients with hepatic sarcoi-
dosis, assumed to be an autoimmune granulomatous process, and in selected patients with
severe, hypersensitivity-type, drug reactions. The benefit of corticosteroids in these latter
conditions is not established, but theoretically makes sense.
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VII. ANTITHYROID DRUGS

A. General Comments

Thyroid hormones are synthesized by iodination of tyrosine residues on thyroglobulin
within the lumen of thyroid follicles. The thyroglobulin is endocytosed and thyroxine (T4)
and triiodotyronine (T3) are secreted. Synthesis and secretion of T3 and T4 are regulated
by thyrotropin and influenced by plasma iodine. Thyroid hormones increase metabolism
by modulating the actions of insulin, glucagon, glucocorticoids, and catecholamines. They
also have a critical role in the growth and development of bones and the central nervous
system. Thyroid hormones are degraded by deiodination, deamination, and conjugation
with glucuronide and sulfate. This occurs mainly in the liver and the free and conjugated
forms are excreted partly in the bile and partly in urine (267).

Hepatic dysfunction has been reported with a number of antithyroid medications
in current use, but also may be seen with thyroid disease per se. Thus, patients with
hyperthyroidism may rarely manifest increased transaminases, elevated bilirubin, as well
as abnormal alkaline phosphatase, GGT, and even prothrombin time (268–270). Jaundice
is rare (271). Hepatic dysfunction is especially evident when thyrotoxicosis causes conges-
tive heart failure with hepatic congestion. Hypothyroidism also rarely increases transami-
nases (270). These intrinsic abnormalities in the liver due to thyroid disease must be
differentiated from the adverse effects of antithyroid drugs.

B. Drug-Induced Injury

The five main agents used to treat hyperthyroidism are thiouracil, methylthiouracil, meth-
imazole, carbimazole, and propylthiouracil. The former four drugs usually cause cholesta-
sis (272,273), while propylthiouracil primarily affects hepatocellular function (274).

Severe cases of liver injury (i.e., jaundice) resulting from these agents are rare. They
may develop within 1–3 months of starting therapy and may be accompanied by evidence
of hypersensitivity with fever, rash, lymphadenopathy, and eosinophilia. Bone marrow
depression and agranulocytosis may accompany the hepatic dysfunction (275–277), and
may contribute to a fatal outcome. These features of hypersensitivity, in addition to an
occasional positive response to the lymphocyte stimulation test in vitro (278,279), have
suggested that the mechanism is likely to be one of idiosyncratic hypersensitivity. More-
over, minor increases of transaminase have been reported in as many as one-third of pa-
tients receiving propylthiouracil (280), and this seemed to abate despite continuation of
the drug, albeit at a lower dose. This may then be similar to other agents (i.e., isoniazid)
that may have some mild intrinsic toxicity that can then result in adaptation without injury,
or in susceptible individuals may translate into clinically significant liver injury. The main
issue, of course, is to be able to predict in advance which patients are susceptible to injury
and in the absence of this to detect an early injury in the reversible stage. These two
considerations are the main challenge in drug-induced liver injury, in general, and will
require ongoing research for a possible solution.

DEDICATION

The authors dedicate this review to the late Hyman J. Zimmerman, whose encyclopedic
knowledge, and enthusiasm for this field, has been a guide in our endeavors.
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I. INTRODUCTION

Hepatic impairment resulting from the use of conventional drugs is widely acknowledged,
but there is less awareness of the potential hepatotoxicity of alternative medicines such
as herbal preparations, or vitamins, many of which are believed to be harmless and are
commonly used for self-medication without supervision (1–5). There is a return to natural
products occurring along with the ecological movement in industrialized countries, and
patients are sometimes faced with new diseases with severe complications for which there
is still no satisfying treatment, for instance the human immunodeficiency virus infection.
Liver injury, including acute and chronic abnormalities and even cirrhotic transformation
and liver failure, has been described after the ingestion of a wide range of herbal products
and other botanical ingredients, such as mushrooms (6–11), and also from self-medication
with vitamin A (12,13). A control of “natural” medicine utilization is appearing in many
countries. Marketing authorization is given for plants considered efficient and innocuous.
In most cases, the efficiency and safety are based more on a reputation acquired over
centuries than on controlled trials and toxicity studies (11). There is another concern with
natural botanical hepatotoxins, which comprise a wide range of agents that include fungal
toxins (e.g., aflatoxin) and food-derived estrogens (3,4). This chapter summarizes the main
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herbal remedies and mushrooms known to be hepatotoxic, and also discusses vitamin A
and botanical hepatotoxins.

II. HERBAL REMEDIES

A. Consumption of Herbal Medicines in Western Countries

As for other alternative medicines, the use of herbal remedies is increasingly attractive.
In the United States, the marketing of herbs tripled between 1992 and 1996. The percent-
age of herbal medicine users in the United States is estimated to have increased from
2.5% in 1990 to 12% in 1998 representing a market of more than 5 billion dollars (4).
For irritable bowel disease two North American inquiries showed a frequency of herb
consumption as major treatment in 3–5%. Concerning liver disease, data remain limited.
A first American study comprising about 100 patients showed a consumption frequency
of 31% in patients with chronic liver disease (14). The second inquiry has recently been
done on a prospective basis in outpatients seen for chronic liver disease. Herbal medicine
consumption for more than 2 months was noted in 30% of 526 included patients (15).

B. Diagnosis of Hepatotoxicity Caused by Herbal Remedies (11,16)

Hepatotoxicity of herbal remedies is particularly difficult to demonstrate. In addition to
the usual difficulties observed to make a causal relationship between an adverse event
and the intake of drug (absence of clinical specificity), one can observe additional difficul-
ties such as frequent automedication and the reputation of safety so that the patient often
forgets to mention herbal medicine ingestion to the physician. Other difficulties are related
to the lack of control of safety in marketed products and to the complexity of herbal
preparations in many cases. For instance, some Chinese preparations contain more than
10 different plants.

In addition, there are specific risks contributing to the hepatotoxicity of herbal reme-
dies (Table 1) and difficulties in making the diagnosis (Table 2).

C. Main Plants

The medicinal plants reported to be toxic to the liver are listed in Table 3.

1. Pyrrolizidine Alkaloids

The hepatotoxicity of these alkaloids, which are found in more than 350 plant species,
has been known for more than 40 years. The main implicated species are: Heliotroprium,
Senecio, and Crotalaria (17), and more recently, Symphytum (Comfrey) (18–20).

Table 1 Specific Risks Contributing to the Hepatotoxicity
of Herbal Remedies

Misidentification of the plant
Selection of a wrong part of the plant
Inadequate storage
Contamination of the plant by various chemicals, heavy microorganisms
Adulteration during the processing
Mislabeling of the final product

Source: After ref. 11.
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Table 2 Difficulties in Demonstrating the Hepatotoxicity
of Herbal Medicines

Absence of clinicopathological specificity
Relatively rare event
Frequent self-medication

Ingestion of plants remaining
Reputation of safety � unknown to the physician
Sale via Internet
Preparations containing numerous plants
Herbal preparations with unclear composition

Table 3 Medicinal Plants Reported To Be Toxic
to the Liver

Main plants or preparations
Pyrrolizidine alkaloids

Crotalaria
Senecio
Heliotropium
Symphytum officinale (comfrey)

Atractylis gummifera-L
Callilepsa laureola (impila)
Teucrium chamaedrys (germander)
Larrea tridentata (chaparral)
Cassia angustifolia (senna)
Chinese herbs

Complex preparations used for skin diseases
Lycopodium serratum (Jin Bu Huan)
Ephedra (Ma Huang)
Polygonum multiflora (Shou-Wu-Pian)

Plants containing pennyroyal oil
Mentha pulegium
Hedeoma pulegioı̈des

Teucrium polium
Serenoa (saw palmetto)
Chelidonium majus (great celandine)
Azadirachta indica
Cathis edulis
Borago officinalis (borage)
Sassafras albidum (sassafras) hepatocarcinoma in animals
Plants with debated hepatotoxicity
Mistletoe
Valeriana officinalis (valerian)
Scutelleria (skullcap)
Piper methysticum (kava)
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Pyrrolizidine poisoning is endemic in areas such as Africa and Jamaica, where toxic
alkaloids are ingested as infusions, herbal teas, or decoctions or used as an enema (17).
Contamination of flour by plants containing pyrrolizidine alkaloids has also caused epi-
demic intoxications in India and Afghanistan (15,16). Some cases have recently been
observed in patients consuming toxic alkaloids in the form of herbal teas, capsules, or
dietary supplements in Western countries (11).

The main liver injury induced by pyrrolizidine alkaloids is veno-occlusive disease
(4,11). Pathological findings include a nonthrombotic occlusion of the lumen of small
centrilobular veins in the absence of large hepatic vein lesions (11). This brings about
hepatic congestion, which may lead to parenchymal necrosis. In some cases, fibrosis and
even cirrhosis may develop. Different clinical subtypes have been described (11). The
acute form is characterized by sudden abdominal pain, ascites, and hepatomegaly associ-
ated with markedly increased serum aminotransferase activities. Liver biopsy can reveal
hemorrhagic centrilobular necrosis without inflammation due to acute centrilobular vein
lesions. Limited lesions are usually followed by a complete recovery. When lesions are
extensive, hepatic failure may occur, leading to death. In contrast, the chronic form insidi-
ously develops and may mimic cirrhosis fully. One fatal case of veno-occlusive disease has
been described in a newborn infant whose mother had been exposed to a plant containing
pyrrolizidine alkaloids during pregnancy (21).

Hepatotoxicity of pyrrolizidine alkaloids is reproducible and dose-related in labora-
tory animals (11,22). It seems to be due to the biotransformation of unsaturated alkaloids
into unstable, toxic metabolites, probably pyrrolic derivatives, by cytochrome P450 lead-
ing mainly to lesions of endothelial cells and, at a lesser extent, of hepatocytes (Fig. 1).
This mechanism might explain the natural history of liver lesions observed in humans.
Acute lesions seem to result from a short exposure to high doses of alkaloids, whereas
chronic lesions appear to be related to prolonged exposure to small doses of pyrrolizidine

Figure 1 Hepatotoxicity mechanism of pyrrolizidine alkaloids. Crotalaria man toxins are oxi-
dized into toxic metabolites in hepatocytes and endothelial cells. Endothelial cells are particularly
sensitive having a limited stock of gluthathione which can provoke venoocclusive disease. Hepato-
cyte necrosis can further aggravate the extent of lesions. (From Ref. 22.)



Alternative Medicine 713

alkaloids (11,22). However, exposure to a low dose for a short time also leads to liver
injury (23).

2. Atractylis gummifera-L

The toxicity of this plant is well-known in Mediterranean countries (24). The intoxication
is observed in children who use the white-yellowish substance secreted by the plant, which
looks like glue, as chewing gum (11,24). Atractylis gummifera intoxication can also be
caused by ingestion of the root extracts, used for their properties as an antipyretic, purga-
tive and emetic, diuretic, and inducer of abortion, especially in North Africa (11,24).
Toxicity can finally result from the botanical confusion between this plant and wild arti-
choke (11). Hepatocellular hepatitis generally occurs 24 h after ingestion and can be asso-
ciated with hypoglycemia and renal failure (11,24,25). Fatal liver failure is frequent. The
liver biopsy performed in rare cases revealed extensive hepatocyte necrosis. Atractylis
gummifera hepatotoxicity is reproducible in experimental models and appears to be related
to potassium atractylate and gummiferin, two compounds that inhibit mitochondrial oxida-
tive phosphorylation and Krebs cycle.

Hypoglycemia is caused by inhibition of glycogen synthesis (11,26).

3. Callepsis laureola (Impila) (11)

Several cases of fatal fulminant hepatitis associated with tubular renal necrosis have been
ascribed to this plant used as traditional medicine among Zulus from Natal. This plant
contains compounds chemically related to potassium atractylate, which might explain its
toxicity.

4. Teucrium chamaedrys (Germander)

Germander has been used for more than 2000 years for relieving fever and abdominal
disorders as well as for its supposed diuretic, choleretic, and healing properties (6). Ger-
mander was given a marketing agreement as a traditional herbal medicine in 1986 in
France as an adjuvant to weight control. Germander was rapidly incriminated in more
than 30 cases of liver injury in France (6,27), mostly in middle-aged women. Germander
was ingested at recommended doses (600–1600 mg/day), under various presentations:
commercial herbal teas, capsules, or artisanal preparations. Liver injury was mainly char-
acterized by mild to moderate acute cytolytic hepatitis occurring about 2 months after
treatment was begun (6,27). However, fulminant hepatitis was observed in two patients,
with a fatal course in one (28,29). Discontinuation of the treatment was followed by com-
plete recovery within 2–6 months (27) except in the fatal case (28). In a few patients, the
disease had a more insidious course and was discovered at the stage of chronic hepatitis
and even cirrhosis, mostly in individuals with a long-lasting treatment or having a large
consumption (29–31). In all the patients accidentally reexposed to germander, liver injury
relapsed within a relatively short delay (6,27). A case of chronic cholangitis has been
observed (16).

These observations led to extensive inquiries to determine whether toxicity was
caused by the plant itself or by another source. Verifications showed neither misidentifica-
tion of plant nor contamination with another plant nor contamination by insecticides and
microorganisms nor failure in the manufacturing of capsules or tea bags (9). Germander
hepatotoxicity has been reproduced in mice by using germander tea lyophilisate and was
dose-dependent (32). The chemical composition of germander comprises furan-containing
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Figure 2 Germander hepatotoxicity—mechanism. Diterpenoids contained in germander are oxi-
dized into toxic metabolites mainly by cytochromes P450 of family 3A. These metabolites can
damage cellular structures thereby leading to cellular death through necrosis or apoptosis. (From
Refs. 32–35.)

neoclerodane diterpenoids, saponins, glycosides, and flavonoids. Germander components
have been shown to be oxidized by cytochrome P450 isoenzymes, in particular those of
family 3A, into reactive metabolites. Interestingly, diterpenoids exhibit a chemical struc-
ture similar to that of other furano compounds, well known to produce cytochrome P450-
mediated toxic metabolites (32). Studies in isolated rat hepatocytes have shown that
formed reactive metabolites deplete glutathione and cytoskeleton-associated protein thiols
and form plasma membrane blebs (33) (Fig. 2). Experimental data strongly support the
belief that apoptosis can contribute to liver cell death (34,35). Finally, recent data suggest
that the involved reactive metabolites derived from teucrin A could trigger hepatotoxicity
through an immunoallergic reaction (36). Indeed, antimicrosomal epoxide hydrolase auto-
antibodies have been found in the sera of patients who drank germander teas for a long
period of time (36). These antibodies were found to recognize teucrin A–alkylated epoxide
hydrolase (36). Germander has been withdrawn from the market of herbal medicines in
France and its free sale has been forbidden. However, it is still used in some other countries
and new cases have recently been observed in Canada (37) and Belgium.

5. Larrea tridentata (Chaparral)

Chaparral is an evergreen desert shrub found mainly in the United States and Mexico. It
has been used by native Americans and, now, by Western people for various ailments,
bronchitis, common cold, rheumatic pain, stomach pain, snakebite, weight loss, and as
antioxidant. More than 15 cases of liver injury have been collected by the Food and Drug
Administration. Most cases were of acute hepatocellular or cholestatic hepatitis. Less fre-
quently, fulminant hepatitis, cirrhosis, or cholangitis has been described (38,39).

6. Cassia angustifolia (Senna)

Senna, a plant used for its laxative properties, has been ascribed as causing one case of
hepatitis in a patient ingesting high doses (40). Liver damage recurred after reexposure
to the preparation containing extracts of senna. Hepatotoxicity might be caused by the
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laxative alkaloids, sennosides, which are the major substances of senna leaf and fruit.
Sennosides are split into anthron in the intestine by intestinal bacteria. Anthron exhib-
its a chemical structure very close to that of danthron, a well-known hepatotoxic laxa-
tive (41).

7. Chinese Herbal Preparations

Chinese herbal medicines are widely used in Asian communities throughout the world.
At least 7000 species of medicinal plants are used in China (42). Chinese herbs have
been shown to have beneficial effects in eczema and atopic dermatitis (43,44). In these
circumstances, several cases of acute hepatitis have been observed (45–47). The causal
relationship between the exposure to Chinese herbal preparations and the occurrence of
liver toxicity is strongly supported by a case of positive rechallenge (47). One case had
a fatal course (47). Among the numerous plants present in these herbal remedies, the one
responsible for liver toxicity has not yet been identified. Identification of the toxic sub-
stances is all the more difficult as Chinese herbal medicines are often adulterated with
substituted herbs, heavy metals, and Western medicines (39). This difficulty is stressed
by another preparation, Jin Bu Huan, that was recently incriminated (48,49). This herbal
remedy (Lycopodium serratum), used for more than 1000 years as a sedative and analgesic
in China, has been available in the United States for 15 years. Acute hepatitis has been
observed in more than 15 patients after a mean duration of administration of 2 months.
Readministration of Jin Bu Huan in two patients caused relapse of hepatitis (48–50).
Hepatotoxicity mechanism is debated. It appears to be caused by levo-tetrahydropalmitine,
the active ingredient of Jin Bu Huan, which exhibits some structural similarity with hepato-
toxic pyrrolizidine alkaloids (11). The controversy results from the fact that the concentra-
tion of this compound was abnormally high in the preparation, suggesting a botanical
misidentification and a mislabeling of the package (11,50).

Among Chinese herbs, Ephedra must be emphasized as this currently is a popular
remedy. Ephedra species have a worldwide distribution and have a long history of use
as a stimulant and for the management of bronchial disorders. Today, Ephedra continues
to find a place in herbal preparations designed to relieve cold symptoms and to improve
respiratory functions. The pharmacological effect is supported by ephedrine contained in
Ephedra. One of the members of the genus Ephedra, E. altissima, yields several mutagenic
N-nitrosamines under simulated gastric conditions. For example, N-nitrosephedrine causes
metastasizing liver cell carcinoma in animals. However, the investigators noted that the
potential for endogenous formation of these compounds following ingestion of the
Ephedra infusions is extremely small (51).

8. Pennyroyal Oil (52)

This substance is provided by some mint species such as Mentha pulegium and Hedeoma
pulegioides. These plants are particularly used in Hispanic populations to trigger abortion
or menstruation and also to treat minor abdominal pain in children. Pennyroyal toxicity
comprises seizures and mental disorders as well as acute hepatitis with fulminant course.
The hepatotoxicity mechanism has been elucidated. Pennyroyal oil is mainly composed
of pulegone (90%), a terpene oxidized by P450s into a reactive methofuran. Treatment
consists of quickly administering N-acetylcysteine as for acetaminophen poisoning.
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9. Teucrium polium

This plant, close to Teucrium chamaedris, has been proposed to treat moderate hypercho-
lesterolemia. It has been involved in a fulminant hepatitis leading to liver transplanta-
tion (53)

10. Sereona

Sereona makes up the major part of a complex herbal preparation marketed with the name
of Prostata, supposed to have antiandrogenic properties. A case of cholestatic hepatitis
has been ascribed to this preparation (54).

11. Chelidonium majus (Greater Celandine)

This plant is being used in Europe for treating dyspepsia and gallstones. Several cases of
liver injuries have been observed in Germany (55). Hepatotoxicity generally occurs within
4–12 weeks. The clinicopathological spectrum involves moderate to severe cholestasis,
hepatocellular hepatitis with fibrosis in some cases, and acute cholangitis (55). The in-
volved toxic agent remains unknown. Candidates include chelidonine, sanguinarien, ber-
berine, and coptisine (55).

12. Piper methysticum (Kava)

Kava was initially used as a ritual narcotic compound in the South Pacific; it is now used
to relieve anxiety. However, several cases of liver injury including fulminant hepatitis
have recently been associated with kava use (56).

13. Other Plants

Oil extracts from Azadirachza indica seeds might cause microvesicular steatosis (11).
Cathis edulis and Borago officinalis have been rarely ascribed as causing acute hepatitis.
Sassafras albidum (Sassafras), used as a herbal tea in the United States, contains safrole,
which has hepatocarcinogenic effects in animals (11). A prospective study performed in
a health central laboratory in Sweden revealed that liver enzyme abnormalities were more
frequent in patients who took herbal preparations. Liver abnormalities disappeared in the
patients who stopped taking herbal preparations (57).

D. Other Plants with Debated Hepatotoxicity

1. Viscus album (Mistletoe)

Mistletoe has been proposed for treating asthma, epilepsy, and infertility. One case of
hepatitis has been ascribed to a herbal preparation containing mistletoe and scutellaria (58).
Liver injury relapsed after readministration of the same preparation. The role of mistletoe
in this case has been controversial because the botanical composition of the preparation
was not analyzed (59–61). Mistletoe hepatotoxicity therefore remains uncertain.

2. Valeriana officinalis (Valerian)

Several cases of acute hepatitis have been reported in patients taking herbal preparations
for relieving stress, presented as tablets containing various extracts of plants, in particular
valerian and, possibly, skullcap (11,62,63). In one patient, extensive fibrosis and liver
failure with encephalopathy have been reported (62). However, there are no experimental
data supporting the toxicity of valerian and the follow-up for the last 3 years does not
confirm its hepatotoxicity.
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III. MUSHROOMS

Mushroom poisoning is a common medical emergency in Western countries. Among more
than 2000 species of mushrooms, approximately 50 are poisonous to humans. The over-
whelming majority of lethal mushroom poisonings are attributable to the genus Amanita.
Lepiota species may also cause the fatal phalloidian syndrome (9).

A. Amanita Poisoning

Of the three common amanita species—A. phalloides, A. verna, and A. virosa—A. phal-
loides has been held accountable for more than 90% of fatalities (8). A. phalloides exerts
its hepatotoxicity through toxins. These toxins are cyclopeptides, among which eight ama-
toxins and seven phallotoxins have been isolated from Amanita. These toxins are heat
stable, and therefore not destroyed by cooking. They have an enterohepatic circulation.
The toxicity of phalloidin has been shown to reside in the thioamine bond of the sulfur
atom of the indol ring (64). Clinically, this compound induces the initial symptoms of
gastroenteritis. The cytotoxic effect of alpha-amanitin is due to an inhibition of ribonucleic
acid polymerase II. This compound is responsible for severe liver, kidney, and brain dam-
age that often leads to death (65).

Patients who consume mushrooms of the Amanita variety exhibit symptoms and
signs that occur typically in three stages (66). There is an initial quiescent phase of 6–
12 h following the meal, after which abdominal pain, nausea, vomiting, and watery diar-
rhea develop. This gives rise to a cholera-like syndrome that, in severe cases, can result
in profound dehydration and hypotension. The second stage is characterized by clinical
improvement that begins 24–48 h after ingestion and often masks the hepatic and renal
deterioration that is occurring at that time: elevated transaminase and bilirubin level, pro-
longed prothrombin time, and elevated serum creatinine and blood urea nitrogen level.
The transition into the third stage can occur quite suddenly and this final stage of the
illness is characterized by fulminant hepatic failure with advancing encephalopathy and
profound coagulopathy. Some evidence supports the hypothesis that neurological dysfunc-
tion may be due to a direct neurotoxic effect of alpha-amanitin, even though a similar
association of confusion, seizure activity, visual disturbance, and coma can be seen with
acute hepatic failure alone (8). Renal failure due to the hepatorenal syndrome and to the
direct nephrotoxicity of alpha-amanitin may result in severe oliguria or anuria. Approxi-
mately 50% of patients have clinical or biochemical evidence of pancreatitis. The prognos-
tic evaluation of these patients is exceedingly difficult. In a series of 205 patients, the
mortality rate was 22% (8). The overall mortality rate of Amanita poisoning is estimated
as 10–25%; with current supportive therapy, this has fallen to about 9% (8), but the greater
availability of liver transplantation could further reduce this. Children under the age of
10 years have a higher risk of fatal intoxication than adults. Among those who develop
hepatic encephalopathy, the mortality is very high. In less severe cases, recovery may
occur but is often delayed for 2–3 weeks.

B. Lepiota helveola Poisoning

Fortunately, poisoning with Lepiota helveola is a rare clinical problem. Clinical conse-
quences are similar to those of A. phalloides, as both species contain alpha-amanitin re-
sponsible for liver injury. Evolution occurs in three phases, and survival is rare in patients
in whom hepatic coma develops. However, Lepiota helveola contains 3 150 µg of toxins
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per gram (dry weight), which is higher than the amount found in A. phalloides (2650
µg/g) (67). As soon as massive hepatic injury becomes evident, liver transplantation must
be performed.

C. Mushroom Poisoning Therapy

The therapeutic goals can be summarized as follows: elimination of mushroom residues
from the gastrointestinal tract, clearance of alpha-amanitin from blood and tissues, protec-
tion of the liver from the toxic effect of amanitin, and treatment of liver failure. At the
early stage, the first principle of management is to refer every patient with gastroenteritis
more than 6 h after mushroom ingestion to an intensive-care unit. First, gastric lavage is
advocated, while aspiration of the duodenal content for 36 h can remove the large amount
of mushroom toxin secreted in bile. Activated charcoal is administrated to ab-
sorb biliary excreted toxin, thereby promoting fecal excretion (8). Concerning protection
of the liver from the toxic effects of amanitin, two pharmaceutical agents, penicillin G
and silymarin, have been claimed to be therapeutically efficient (68,69). Penicillin G
(40,000,000 U/24 h in adult patients) might produce protective effects by increasing renal
excretion of amanitin and by inhibiting penetration of the toxin into the hepatocytes. Sily-
marin (20–50 mg/kg/24 h) might interrupt the enterohepatic circulation of amanitin and
prevent the penetration of the toxin into the liver cells. However, there are no generally
recognized medical treatment protocols for Amanita or Lepiota helveola poisoning. When
hepatic coma develops, the chance of survival with medical therapy alone is practically nil
(8,68). Therefore, these patients should be considered candidates for liver transplantation.

IV. VITAMIN A HEPATOTOXICITY

Vitamin A has been used for the treatment of xerophthalmia, hypogonadism, abnormal
dark adaptation, biliary cirrhosis, chronic ileitis, or to prevent cancer. Hypervitaminosis
A most often results from self-medication with vitamin A alone or polyvitamins containing
from 25,000 to more than 100,000 IU retinol per tablet (70). Retinol is the main compound
with vitamin A function, and these two terms are often used interchangeably. The hepatic
disorders resulting from hypervitaminosis A vary from abnormal liver enzyme tests with
minor histological changes to perisinusoidal fibrosis with noncirrhotic portal hypertension
(71). The late stages can include cirrhosis.

A. Current Concept of Mechanisms

Vitamin A is a dose-dependent hepatotoxin, but the severity of hepatic changes depends
also on the duration of exposure. Liver stellate cells are the main storage site of retinol
in the body, and it is usual to relate vitamin A hepatotoxicity to activation of these cells.
Acute or subacute intoxications related to consumption of high doses of vitamin A are
responsible for hyperplasia and hypertrophy of liver stellate cells, responsible for early
portal hypertension due to sinusoidal obstruction. The mechanism by which hypervitamin-
osis A produces cellular injury in the long term after acute intoxication or after chronic
consumption of therapeutic doses of vitamin A is probably different. Indeed, it is well
known that retinol is metabolized at the hepatocyte level to several metabolites, among
them some polar metabolites with potential local toxicity (72). In animals models, pretreat-
ment with vitamin A greatly enhances the hepatic toxicity of substances such as carbon
tetrachloride, paracetamol, or endotoxins (73,74). Finally, retinol and retinoins play a ma-
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jor role in regulation of liver stellate cell differentiation, and in modulation of collagen
synthesis by these cells (75). Thus, vitamin A toxicity in humans could be related either
to an increased susceptibility to environmental factors because of interaction between
vitamin and cytochrome P450 isoenzymes or to a direct toxicity of some polar metabolites
modulated by exposition to environmental factors (12). Another characteristic of hypervi-
taminosis A is the chronicity of the fibrosis process initiated with vitamin consumption
and not influenced by vitamin discontinuation. This is a result of a slow mobilization of
hepatic stores.

B. Pathology

In less severe cases, the principal finding is the hypertrophy and proliferation of stellate
cells (13). The other uniform feature is increased hepatic storage of vitamin A in stellate
cells. This results in greenish autofluorescence after exposure to ultraviolet light (13). It
is best observed in unstained frozen sections or in fresh tissue. Hyperplasia of stellate
cells is massive in severe and acute forms of intoxication, and moderate in slight forms.
In chronic intoxications, fibrosis, inflammatory infiltrate, cirrhosis, or, more uncommonly,
peliosis has been described. Hepatocellular injury is indicated by microvesicular fatty
change, which is usually minor, and by focal degeneration and necrosis.

C. Clinical Manifestations

The clinical and laboratory features of vitamin A–induced hepatotoxicity are listed in
Table 4 (13,76). The characteristic clinical features are the relevant dietary and medication
history and the nonspecific, protean manifestation of hypervitaminosis A. In cases of recent
consumption of high doses of vitamin A, patients can present with portal hypertension,
including ascites, edema, hepatomegaly, and splenomegaly. In patients with “therapeutic”
consumption of vitamin A, clinical features are often minimal or nonspecific and fatigue
is frequent. Uncommonly, patients present with complications of portal hypertension, in-
cluding bleeding esophageal varices and hypersplenism. In the Geubel et al. series, portal
hypertension with esophageal varices was present in 51% of cases (13). Liver test abnor-
malities are nonspecific. Vitamin A plasma levels may be normal in hypervitaminosis A
(70). No laboratory investigations or clinical features can replace an appropriate history.
Thus, specific inquiries about vitamins and other nonprescribed medications are essential

Table 4 Clinical and Laboratory Features
of Vitamin A–Induced Hepatotoxicity

Abnormal liver tests 63%
Fatigue 34%
Hepatomegaly 47%
Splenomegaly 35%
Esophageal varices (bleeding in 100) 27%
Jaundice and ascites 12%
Hypersplenism 7%
Hemolytic anemia 2%

Source: After 41 cases reported by Geubel et al. (13).
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in any patient with liver injury, particularly when the cause for hepatic damage is not
readily apparent.

D. Management

In less severe cases, discontinuation of vitamin A ingestion leads to resolution of symp-
toms attributable to vitaminosis A, and gradual return of liver tests to normal (13). How-
ever, cessation of vitamin intake is not always associated with histological improvement
(70). Among patients presenting with established cirrhosis or hepatic dysfunction, the
prognosis is poor (13,70) and liver transplantation has been proposed (13). It must be
emphasized that alcohol may potentiate liver injury, as has been shown in experimental
models of interactive hepatotoxicity (12). Thus, avoidance of alcohol is advisable.

V. MICROCYSTIN TOXICITY

Microcystins are cyclic peptides that are potent liver toxins (77–79). Among this genus,
Microcystis aerugonisa is a freshwater, bloom-forming cyanobacterium. Microcystins are
common in inland waterways in Australia, in parts of the United States, in South America,
especially Brazil, and in the Baltic Sea. Overgrowths are favored by stagnancy, hot
weather, and increased concentrations of phosphate and other nutrients as the result of
human contamination with fertilizers (76–78). Hepatotoxicity of microcystins occurs in
domestic and wild animals. Animals die within hours to days after the initial exposure,
often as the result of intrahepatic hemorrhage and hypovolemic shock (77). Microcystins
cause liver injury through inhibition of protein phosphatases (78). The liver accumulates
the toxins preferentially via an organic anion transporter and is their chief target organ.
The liver rapidly removes the microcystins from the blood, but at potentially lethal doses
clearance is reduced. Recently, a human parenteral exposure to microcystin has been re-
ported in a hemodialysis center in Brazil (79). It was responsible for acute liver injury in
101 patients, 50 of whom died.

Concerning treatment, the membrane-active antioxidant vitamin E and silymarin
partly protect animals against microcystin hepatotoxicity (80).

VI. CONCLUSION

Alternative medicine and medicinal plant hepatotoxicity is often not recognized and the
mechanisms of toxicity remain largely unknown. It is therefore important to better inform
users, particularly because self-medication is frequent. It is also important to improve
safety controls at the different stages from plant collection to distribution of the final
product.
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D, Mallat A. Hépatite chronique active et cirrhose induites par la germandrée petit-chêne à
propos de trois cas. Gastroenterol Clin Biol 1993; 17:959–962.
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I. INTRODUCTION

From the time of the Industrial Revolution through much of the twentieth century, man
has ignored the conservation of his resources and the contamination of his environment
and workplace. Thousands of chemicals exist in the workplace and environment. President
Theodore Roosevelt in 1907 was the first political figure to recognize the importance of
this contamination, stating: “Conservation of our natural resources and their proper use
constitute the fundamental problem which underlies almost every other problem of our
national life.” Alice Hamilton, the first American physician to devote a career to industrial
medicine, would comment in 1943: “American medical authorities had never taken indus-
trial diseases seriously. . . . workers accepted the risk with fatalistic submissiveness as
part of the price one must pay for being poor” (1). To this day, our solid waste tends to
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end up in the poor areas of our society because poor people have little political influence.
Rachel Carson, in her enlightened book Silent Spring, first drew public attention to this
problem (2). Forty years later, roughly 3000 chemicals are produced annually in quantities
exceeding 1 million pounds. The National Research Council has concluded that 78% of
these compounds lack minimal toxicity information (3) while the Environmental Defense
Fund reported in 1997 that such data were lacking for 71% of chemicals produced in large
quantity (4). As Robert F. Kennedy, Jr. commented during the William J. Taylor Executive
Lecture Series at Westminster College in March 2000, “The most devastating impact of
the free market is the suspension of laws that protect us.” He would later say, “Investment
in the environment is an investment in our infrastructure.” Yet, as the late Dr. Hyman
Zimmerman noted, “The issues have been clouded, however, by the incompleteness of
the database, and the judgments are compromised by the efforts to balance the potential
and proposed adverse effects of many pollutants against the important sociologic, eco-
nomic and medical benefits. . . . Containment of the risks posed by environmental contami-
nation requires systematic and coordinated epidemiologic, toxicologic and clinical studies
to set the stage for the proper control measures” (5). A decade later, fewer than 30% of
potentially toxic chemicals have been adequately tested and we have continuing exposure
in the environment and workplace to known hepatotoxins such as vinyl chloride (6) and
new exposures to yet-to-be-identified chemicals, as recently reported in petrochemical
workers in Brazil (7,8).

II. TYPES OF INJURY

Virtually all types of liver disease may be mimicked by toxic exposure. Many chemicals
in both the workplace and environment are capable of injuring the liver but rarely do so
because the lungs and skin are more likely targets. The liver is typically a bystander organ
or, more likely, acts to detoxify the foreign substance. Occasionally, the detoxification
process goes awry leading to activation of toxic chemicals. This problem may be con-
founded by consumption of substances that enhance the toxicity of potential hepatotoxins,
e.g., carbon tetrachloride and alcohol. The types of injury, examples of the substances
involved, and their potential sources are identified in Table 1.

III. TYPES OF EXPOSURE

For exposure to occur, a chemical must be able to cross membrane barriers. The chemical
structure and relative lipid solubility of the compound are the major determinants of ab-
sorption across membranes. The major routes of exposure to toxic chemicals are via the
skin (dermal), gastrointestinal tract (ingestion), or lungs (inhalation). A parenteral route
is also possible, although this is rare. Industrial exposure occurs primarily through inhala-
tion and dermal exposure while environmental exposure occurs primarily through inhala-
tion and ingestion. The route of exposure may affect the toxicity of the chemical. For
example, if the compound is detoxified by the liver, exposure by inhalation may be more
toxic than that by ingestion as the chemical will bypass the liver en route to the target
organ. If, however, the liver activates a toxic chemical, exposure by ingestion may be
more toxic.

Many inhaled compounds are toxic to the skin, lung, kidney, and bone marrow but
hepatotoxic injury due to environmental pollutants appears to be rare (9). The liver, be-
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Table 1 Types of Hepatic Injury

Type of injury Examples Exposure

Hepatocellular Carbon tetrachloride Household inhalation
Tetrachloroethane Industrial solvent
Tetrachloroethylene Dry-cleaning industry
Dimethyl acetamide Plastics and rubber industry
Hydrochlorofluorocarbons Refrigerants, solvents
Vinyl chloride Plastics industry
Yellow phosphorus Rat poison, firecrackers
Poisonous mushrooms Environmental
Herbal preparations Household
2-Nitropropane Paint coating, varnish remover
DDT Residual insecticide

Steatosis Hypoglycin (Jamaican vomiting Accidental, unripe
illness) Akee fruit

Toxic oil (rapeseed oil aniline) Contaminated cooking oil
Trinitrotoluene Munitions industry
Tetrachloroethane Industrial solvent, chemical

Manufacturing
Cholestasis Toxic oil

Methylene dianiline (Epping Contaminated bread
jaundice)

Paraquat Residual herbicide
Accidental/suicide

Subacute necrosis/ Trinitrotoluene Munitions industry
cirrhosis Tetrachloroethane Industrial solvent, chemical

manufacturing
Polychlorinated biphenyls Residual, electrical soldering

Veno-occlusive Pyrrolizidine alkaloids Accidental plant ingestion
disease

Hepatoportal Arsenic Vintners
sclerosis Vinyl chloride Plastics industry

Cirrhosis Trinitrotoluene Munitions industry
Chlorinated hydrocarbons Printing industry
Arsenic Vintners
Trichloroethane Solvent

Hepatocellular Aflatoxin B1 Stored food contamination
carcinoma Arsenic Vintners

Angiosarcoma Vinyl chloride Plastics industry

cause of its central role in detoxifying lipid soluble chemicals, is relatively spared. The
risks are primarily hypothetical concerns for hepatocarinogenesis.

IV. MECHANISMS OF INJURY

Most chemicals exert their effect through selective targeting of specific tissue sites. The
toxicity is a function of the ionization state, the specific interaction between the chemical
and receptors on the target organ, and the organ’s ability to metabolize the potentially
toxic chemical. Most environmental and industrial toxins are highly lipid soluble and tend
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to become biocencentrated in body fat stores. They undergo metabolic transformation
rather slowly. This allows them to exert their effects for prolonged periods. The polychlori-
nated biphenyls (PCBs) and vinyl chloride are good examples of such toxins that stay in
the environment and the food chain for many years.

The ability of a chemical to enter a target cell is a function of the receptors on the
cell and the ionization state of the chemical. Cell membranes are lipid bilayers and only
chemicals in a nonionized and thus lipid-soluble state can enter the cell. The degree of
ionization in solution is dependent upon the pH of the solution and the acidic dissociation
constant (pKa) of the chemical. The pKa is the pH at which one-half of the compound
is in the ionized state and one-half in the nonionized state. By convention this is expressed
as the acidic pKa. For an acid, a low pKa indicates a strong acid and for a base a low
pKa indicates a weak base. At a pH below the pKa, acids exist in the nonionized form
while bases exist in the ionized form. Thus aspirin, a strong acid, exists in the nonionized
state at gastric pH, as do nonsteroidal drugs, which for the most part are weak bases.
Whenever there is a pH gradient across a membrane, a concentration gradient for the
nonionized compound will exist. This is especially true in the stomach and kidneys. Thus
aspirin at the acidic pH of the stomach is nonionized and tends to bioconcentrate across
the cell membrane of the stomach but is excreted at high concentrations in alkaline urine.

Hepatic biotransformation usually converts lipid-soluble compounds to less toxic
water-soluble compounds that can be eliminated. This process is usually protective to
the host. However, it can go awry leading to the formation of toxic reactive metabolites.
The biotransformation is mostly carried out by cytochrome P450–mediated oxidation in the
microsomal enzyme system, a system that may be induced or inhibited by various com-
pounds. Chemicals that either inhibit or induce this system may enhance or reduce the
toxicity. This is the case with carbon tetrachloride (CCl4) toxicity, which is worsened by
alcohol, which accelerates the conversion of CCl4 to a toxic reactive metabolite (10,11).
Environmental interactions may also occur. For example, 2,3,7,8-tetrachlorodibenzo-p-
dioxin is a potent inducer of aryl hydrocarbon hydroxylase, which metabolizes polycyclic
aromatic hydrocarbons, which are ubiquitous in the environment (12), to potentially car-
cinogenic metabolites.

V. HEPATOTOXIC CHEMICALS

The National Institute for Occupational Safety and Health (NIOSH) has published a pocket
guide to hazardous chemicals (13). A total of 667 industrial chemicals are listed of which
228 have reference to liver toxicity through either animal experimentation or clinical ob-
servation (13). The incidence and severity of liver toxicity, however, appear to be low
and many of the chemicals are only of historical interest at this time. The most widely
known are listed in Table 2.

VI. HALOGENATED AROMATIC HYDROCARBONS

Manufacturing of polychlorinated biphenyls (PCBs) was discontinued in 1977, but more
than two decades later there is still concern. Their stability, resistance to biodegradation,
and insolubility in water have allowed them to remain in the environment (14–16). They
remain in wildlife and have entered the food chain including breast milk (17) in contami-
nated areas of the United States (as well as in Third World countries where polluting
industries have moved in) (18).
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Table 2 Most Widely Known Hepatotoxins

Chemical class Use Type of injury Teratogenic Carcinogenic

Halogenated aromatic
hydrocarbons

Polychlorinated bi- Environmental contami- HCN ? ?
phenyls nant (fish)

Chloronaphthalenes Environmental contami- HCN ? ?
nant (fish)

Chlorinated benzenes HCN ? ?
Halogenated aliphatic

hydrocarbons
Carbon tetrachloride Experimental hepato- Steatosis, ? Yes

toxin HCN, ALF
1,1,2,2-Tetrachloro- Chemical manufacture HCN ? Yes

ethane
1,1,1-Trichloroethane Varnish, solvent HCN, steatosis ? Yes
Chloroform Pharmaceutical manu- HCN, steatosis ? Yes

facture, sniffing
Halothane Anesthetic HCN ? Yes
Hydrochlorofluoro- Refrigerants, cleaning HCN ? Yes

carbons (HCFC agents, solvents
123, HCFC 124)

Chlorinated ethylenes
Vinyl chloride Manufacture of PVC, Hepatic scler- Yes Yes

plastics, food wrap- osis
ping, ground water

Vinylidine chloride Manufacture of plastics ? Yes
Trans- Solvent Steatosis ?

dichloroethylene
Cis-dichloroethylene Solvent Steatosis ?
Trichloroethylene Solvent, degreaser Necrosis ? Yes
Perchloroethylene Solvent, dry cleaning, Steatosis, cirr- ? Yes

paint, pesticides, flu- hosis
orocarbons

N-substituted amides
Dimethyl acetamide Solvent, resins, poly- HCN, J, stea- ? ?

mers tosis
Dimethyl formamide Solvent, resins, poly- HCN, steatosis ? ?

mers
Nitroaromatic com-

pounds
Dinitrobenzene HCN ? ?
2,6-Dinitrotoluene HCN, jaundice ? Yes
Picric acid HCN ? ?
Tetryl HCN, steatosis ? ?
Trinitrotoluene (TNT) HCN, jaundice ? ?
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Table 2 Continued

Chemical class Use Type of injury Teratogenic Carcinogenic

Miscellaneous organics
Diphenyl oxide HCN
Dimethylnitrosamine Experimental HCN ? Yes
Methylene dianiline Plastic HCN, J Yes
Pyridine Solvent, chemical manu- HCN ? ?

facturing
Paraquat Herbicide HCN, chol
Diquat Herbicide HCN ? ?

Miscellaneous inor-
ganics

Arsenic Insecticide, miners, Steatosis, Yes
vineyard workers, ho- HCN, AS
micide, experimental

Beryllium Experimental Granulomas, ? Yes
zone 2 ne-
crosis, ALT
elevations,
steatosis

Copper Fungicide Granulomas,
AS

Hydrazine Rocket fuel Steatosis, ALT
elevations

Alaphatic hydrocarbons
Benzene
Toluene Glue sniffing Steatosis
Selenium Semiconductors, photo- Steatosis, ? ?

conductors HCN

AS, angiosarcoma; ALF, acute liver failure; chol, cholestasis; J, jaundice; HCN, hepatocellular necrosis.

Their dielectric properties and noninflammability make PCBs highly desirable for
high-voltage electrical apparatus. However, the exposure of workers has resulted in serious
hepatic disease (19). Although PCBs are potent inducers of CYP 450 isoenzymes, which
in turn are potential inducers of carcinogenic compounds, there is no convincing evidence
that PCBs are hepatocarcinogenic (20). However, they also induce δ-aminolevulinic syn-
thase, which probably accounts for the cases of porphyria cutanea tarda among those with
occupational exposure.

Hepatic injury in humans has occurred as the result of industrial exposure or by
accidental exposure to contaminated cooking oil (Yusho disease in Japan) (21). The level
of exposure that occurs from residual amounts of PCBs in the environment does not appear
to cause liver disease in humans (14–16). However, because these agents are such potent
inducers of the CYP 450 system, there are continuing concerns about their potential en-
hancement of the hepatotoxic effects of other chemicals and drugs (22,23). In addition,
PCBs have been shown to be carcinogenic in rodents (16). Studies of the environmental
effects of PCBs, have been compromised by cross-contamination with dioxin, a well-
known hepatotoxin in animals (12,24).
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VII. HALOGENATED ALIPHATIC HYDROCARBONS

A. Carbon Tetrachloride

Carbon tetrachloride (CCl4) is one of three classic hepatotoxins (the others are yellow
phosphorus and toxic mushrooms) that cause acute hepatic and renal failure with hepato-
cellular necrosis and steatosis. In the early 1900s, CCl4 was used as a vermifuge. Subse-
quently it was used as a solvent and in fire extinguishers resulting in household and indus-
trial exposure (25). CCl4 is no longer available in the United States other than as an
experimental hepatotoxin. It is now largely of historical interest with no cases having been
reported in the United States since 1985. Exposure typically occurred by inhalation of
fumes during the cleaning of vats or by accidental ingestion in the household (25–27). It
is now used in laboratories as an experimental hepatotoxin. It should not be forgotten,
however, that in some parts of the world, CCl4 is still used as an ingredient in fire extin-
guishers and refrigerants.

The toxicity of CCl4 is mediated by a trichloromethyl radical generated by cyto-
chrome P450 2E1. Cell membrane entry leads to lipid peroxidation, which inhibits tri-
glyceride secretion with subsequent steatosis and necrosis (28). Fulminant hepatic failure
ensues (29). The injury is potentiated by alcohol, which induces CYP 2E1 (30,31).

B. Tetrachloroethane

1,1,2,2-Tetrachloroethane is a chemical intermediate used in the manufacture of the sol-
vents trichloroethylene and tetrachloroethane. Hepatotoxicity is characterized by hepatitis
and has been reported in 25 patients (32). There has been one fatal case of a patient with
cirrhosis and superimposed hepatitis (33). There is also a report of exposure in a penicillin-
manufacturing facility where 50% of the workers developed abnormal liver chemistry
tests over a 3-year period (34). Experimentally, fatty degeneration is seen in rodents (35).

C. Hydrochlorofluorocarbons

Hydrochlorofluorocarbons (HCFCs), specifically 1,1-dichloro-2,2,2-trifluoroethane (HCFC
123) and 1-chloro-1,2,2,2-tetrafluoroethane (HCFC 124), are being increasingly substi-
tuted for ozone-depleting chlorofluorocarbons (CFCs) (36). This was the result of a con-
vention of international experts in June 1990, in Montreal, Canada where it was deter-
mined that depletion of the ozone layer was occurring as a result of release of active
chlorine from CFCs. The potential health consequences of the ozone layer depletion cre-
ated an urgent need for development of partially halogenated HFCAs, which are now used
as refrigerants, cleaning agents, and industrial solvents as well as for foam blowing. The
chemical structures of HCFC 123/124 are similar to that of halothane, an inhaled anes-
thetic known to cause hepatitis in susceptible individuals after repeated exposure. HCFCs
123/124 are metabolized through the same oxidative pathway to a reactive trifluoroacetyl
halide that forms haptens (42). Animal studies, primarily in rats, have demonstrated some
hepatotoxicity for HFCA 123, but not HFCA 124 (37–39). Acute exposure to HCFC 123
in guinea pigs has been demonstrated to be hepatotoxic (43). The toxicity is enhanced by
glutathione depletion (44). Hepatic adenomas also have been seen in rats in subchronic
studies. Dekant has emphasized the need for more research into the chronic effects and
the mechanisms of injury (41). In 1997, Hoet et al. reported an “epidemic” of nine indus-
trial workers who had reported accidental exposure to a mixture of HCFC 123/124 (40).
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One of the workers developed a picture of “acute mixed hepatitis” with ALT, 1298 U/L;
alkaline phosphatase, 303 U/L; prothrombin time, 51%; and bilirubin, 289 µmol/L. He re-
covered completely over the next 2 months and then relapsed when he returned to work.
A liver biopsy showed hepatocellular coagulative necrosis and canalicular bile plugs in
zone 3 with bridging necrosis. There was a moderate lymphoid infiltrate. Immunohisto-
chemical staining demonstrated trifluoroacetyl protein adducts similar to those seen with
halothane toxicity. Five of six HFCA 123/124–affected workers analyzed had antibodies
to P58 and cytochrome P450 2E1, again similar to that seen with halothane hepatotoxicity.
The current production of HCFCs is measured in kilotons per year but is expected to
greatly increase owing to the ban on CFCs. The concerns about hepatotoxicity and possible
carcinogenicity of HCFCs in humans raise questions about the risk-benefit ratio of the
combined introduction of HCFCs and ban on CFCs.

VIII. CHLORINATED ETHYLENES

A. Tetrachloroethylene (Perchloroethylene)

Tetrachloroethylene is used primarily in the dry-cleaning industry and for textile pro-
cessing. It is also used as an insulating fluid and in the production of fluorocarbons and,
to a lesser extent, in the production of adhesives, aerosols, and paint. Most exposure occurs
through inhalation and dermal contact as an industrial contaminant.

Liver injury, including cirrhosis, has been reported in workers with low-dose expo-
sure over a 2–6-year period (45). Cases of accidental high-level exposure resulting in
hepatotoxicity have also been reported (46–49). Tetrachloroethylene is hepatocarcino-
genic in rodents (50).

IX. N-SUBSTITUTED AMIDES

A. Dimethylacetamide

N,N-Dimethylacetamide is a solvent used in the synthesis of resins and polymers. Jaundice
has been seen in people repeatedly exposed to small amounts of the solvent (51). Workers
monitored over a 2–10-year period have shown abnormal liver chemistries (52) while
hepatitis after dermal exposure has been experienced by those employed in an acrylic
manufacturing plant (53). As a result, biological monitoring of urinary metabolites is now
recommended in exposed workers.

Fatty infiltration in dogs (54) and focal necrosis in rats (55) have been observed
after high-dose experimental exposure.

B. Dimethylformamide

N,N-Dimethylformamide is a widely used solvent in the resin and polymer industries. It
is also used in the manufacture of paint, film, and adhesives. Currently more than 100,000
workers per year are exposed to the solvent. Inhalation, ingestion, and dermal exposure
all have been shown experimentally to lead to injury (56–61). Acute hepatitis is seen in
rats (60) but there have been few occupational exposures resulting in tissue injury in
humans (62,63). A relatively recent report, however, described cases of hepatic injury in
a group of fabric workers with more than 1 year of exposure. Liver biopsies showed
steatosis (64). There also have been scattered reports of mild hepatotoxicity (65–67).
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X. CHLORPHENOXY COMPOUNDS

More than 15 isomers of chlorophenol are available for use as insecticides and pesticides.
These include paraquat, chlordane, heptachlor, aldrin, dieldrin, lindane, and chlordecone
(kepone) (59,69,70). While zonal necrosis and steatosis can occur with these compounds
(71,72), there is little evidence of hepatotoxicity in humans, even when significant amounts
are ingested. Ingestion of large quantities of DDT produces hepatic necrosis (73) but
hepatic abnormalities are not usually seen among workers in DDT factories (74).

Experimental hepatocarcinogenesis has been shown for aldrin, amitrole, aramite,
captan, chlorbenzilate, chlordane, chlordecone, DDT, dieldrin, heptachlor, lindane, mirex,
and other pesticides (75–78). There is continuing concern about Agent Orange, a defoliant
used in Vietnam. It is a mixture of the chlorophenoxy herbicides 2,4-dichlorophenoxyace-
tic acid, 2,4,5-trichlorophenoxyacetic acid, and dioxin (79–81). Dioxin is a potent hepato-
carcinogen. The chlorophenoxy compounds have been associated with porphyria cutanea
tarda (82,83) but there is little evidence of hepatic injury. Nevertheless the latency period
from exposure to development of tumors is measured in years in humans and this situation
deserves continued monitoring.

A. Chlordecone (Kepone)

Chlordecone is a pesticide that attracted considerable attention in the lay press in the 1970s
when workers at a small plant developed neurological and systemic symptoms (84,85).
Contamination of an abutting structure and far-off waters was subsequently demonstrated
(86–88). A year later chlordecone was still evident in the food chain (89).

Chlordecone is a relatively mild hepatotoxin with only slight biochemical and histo-
logical changes noted despite high tissue levels in liver and other organs (84,90). Steatosis
and mild necrosis have been seen in humans and animals. It is hepatocarcinogenic in mice
and rats (84). It is a potent inducer of the CYP 450 system and has the ability to enhance the
toxicity of CCl4 and CHCl3. Guzelian has demonstrated that treatment with cholestyramine
enhances excretion of this agent (84).

The large body stores of chlordecone and its hepatocarcinogenicity in rats and mice
raise concern about long-term safety but no evidence of hepatotoxicity in humans has
appeared to date.

B. Paraquat

Paraquat is a toxic herbicide used as a crop defoliant and weed killer. Two fatal cases of
hepatic injury were initially reported in 1966 (91). A number of cases have since been
reported as the result of attempted suicide (91,92) or accidental ingestion (85). The case
fatality rate is 50–70% but the cause of death is usually pulmonary from activated oxygen
(94).

Patients present with severe vomiting, diarrhea, abdominal pain, and irritation of
the oropharyngeal area. Hepatic manifestations, including jaundice, appear on the second
or third day. Histological changes include hepatocellular necrosis followed by severe cho-
langitis. Biochemical changes are mixed hepatocellular-cholestatic (95). Treatment con-
sists of vigorous diuresis and intragastric administration of activated charcoal. There are
also case reports crediting dexamethasone and cyclophosphamide with improving re-
covery.
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XI. SUMMARY

Contamination of the environment and workplace by toxic chemicals continues to pose
some health hazard. The risk has become greatly reduced in terms of acute overt toxicity.
The long-term effects, however, of low-level exposure in causing chronic liver disease
and hepatic cancer remains a concern. The latency period from exposure to chronic liver
disease and carcinoma is measured in years, yet the monitoring that is in place is confined
to acute exposure without long-term monitoring of people who move from a potentially
toxic environment. The discovery of latent injury in vinyl chloride workers (96) and of
nonalcoholic steatohepatitis in workers and nearby residents of a petrochemical plant in
Brazil (7,8) underscores the importance of monitoring and enhanced testing of potentially
toxic chemicals. The science has been compromised by the paucity of biological models
for chronic exposure and the persistence of often-conflicting medical, economic, social,
and political priorities. Whether we will learn from the lessons of the past remains uncer-
tain. It seems self-evident that a person’s health is, in large part, a function of the health
of his or her environment (97). As Kennedy said, “In a true free market, you clean up
after yourself.”
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I. INTRODUCTION

Injury to the liver caused by drugs or their metabolites is becoming recognized as an
increasing concern for regulatory agencies, pharmaceutical companies, practicing physi-
cians, and above all, for patients who take the drugs. This chapter will focus on regulatory

These comments are written from the perspective of the writer’s past 7 years at the FDA as a reviewing medical
officer for gastrointestinal drugs and advisor on drug safety, 11 years as an independent consultant to the pharma-
ceutical industry, a previous 5 years as a senior pharmaceutical company executive for clinical affairs worldwide,
following 20 years as an investigator-practitioner-professor in academic gastroenterology/hepatology. They are
not intended to provide a comprehensive description of the processes of drug development and review, marketing,
and surveillance practiced by the industry and the FDA. The writer has selected points believed helpful and
necessary for understanding by practicing and academic physicians, and by informed others. The comments do
not reflect official Agency positions or policies, but represent the personal opinions of the writer based upon
the diverse experiences mentioned.
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aspects of this problem, but it is not just a problem for the Food and Drug Administration
(FDA) or for other regulatory agencies in countries around the world. It is also a serious
financial and public relations problem for the pharmaceutical companies that make and
sell the drugs. It is both an ethical and a responsibility problem for the physicians who
prescribe the drugs and advise patients about their concurrent use of other drugs, over-
the-counter (OTC) medications, alcohol, and herbal or other dietary supplements. It is a
confidence and survival problem for patients who trust in the safety of these drug products.
It is a problem for all of us.

Although data are relatively sparse, Japan and Denmark have reported apparently
increasing incidences of drug-induced liver injury in recent decades (1), and there is a
sense that this is occurring elsewhere in Europe and North America (2). There are many
reasons for this. People are taking more and more drugs, both under prescription and by
personal choice of OTC remedies, in addition to alcohol and the so-called dietary or nutri-
tional supplements not classified or regulated as drugs despite their obvious pharmacologi-
cal effects, as well as exposure to environmental nondrug chemicals or agents.

Many or most of these xenobiotic substances are metabolized or cleared to varying
extents by the vast array of enzymes and transport systems in the liver, and many of them
induce changes in or inhibit those processes. The potential for drug-drug and drug-nondrug
interactions rises steeply as the number of chemical agents increases. Perhaps as a conse-
quence, drug-induced liver injury has become the leading cause for removal of approved
drugs from the market (R. Temple, FDA, personal communication, “Hepatotoxicity
Through the Years”), and for acute liver failure in patients evaluated at liver transplant
centers in the United States, exceeding all other causes combined, mostly due to acetamin-
ophen (3).

To better understand both the strengths and weaknesses of the processes that are
used by the FDA in its attempts to protect patients by ensuring safety and effectiveness
of approved medications, it may be of value and service to readers to summarize those
processes briefly. They seem not to be well understood by most practicing or academic
physicians, let alone by patients or the general public. We all need to think about these
processes and ask how they might be improved to protect patients, particularly how espe-
cially susceptible patients might be identified and prevented from being exposed to the
risks of drug-induced liver injury.

II. PRE- AND NONCLINICAL RESEARCH AND DEVELOPMENT

Potentially useful drugs have been identified by screening vast numbers of organic com-
pounds for desired pharmacological activity and absence of toxicity, but recently more and
more by molecular tailoring for binding affinities to specific target receptors. Candidate
compounds may be synthesized to resemble approved drugs, but different enough to be
patentable; or generated by computerized spatial modeling for effects at molecular binding
sites; or purified from naturally occurring plant or animal sources following indications
of effects from the crude material. Years of extensive preclinical study are needed for
synthesis and purification of the new drug substance and to characterize physicochemical
features, toxicology, and pharmacokinetics in animals, its metabolic pathways in both
animals and humans, and induction/inhibition of metabolism of other drugs.

Most of the compounds screened in this initial research and development process
are eliminated because of insufficient efficacy or excessive toxicity, and are never given
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Figure 1 Scheme of development of new drugs, from discovery to established use, a process
that takes many years.

to human subjects. This preclinical work usually precedes in most part the drug’s study
as an experimental product in humans, but may continue as supplemental but important
nonclinical work concurrently with later clinical investigations. Final steps in the pre- or
nonclinical phase, for still promising drug substances, include development of drug prod-
uct formulations for ease of administration and acceptability, and the measurement of
storage stability of the active components. This work is most often conducted by pharma-
ceutical companies, but may also be done by academic investigators. The process often
takes from 6 to 10 years, from discovery to investigational new drug (IND) applications
to approval of the new drug application (NDA), as outlined in Figure 1.

III. CONTROLLED CLINICAL TRIALS

As randomized, double-blinded, prospective, multiarmed clinical trials in humans have
evolved over the past 50 years to become the “gold standard” for reducing unwanted
biases and confounding (4), they have been classified by the FDA (5) and paraphrased
by industry (6) into three phases for preapproval studies, and a fourth phase for additional
studies after marketing. These phases are, in brief:

1. Initial introduction of the drug into humans, usually healthy volunteers or stable
patients, to determine their tolerance to increasing doses, metabolism and phar-
macokinetics, pharmacodynamic effects, and, particularly, safety of the drug in
humans.

2. Limited controlled trials in patients, usually involving no more than several
hundred persons, for evidence of effectiveness in treating their disease or disor-
der, dose determination, and safety.

3. Trials in expanded numbers and types of sick patients, for longer periods, using
the final dosage form or formulation of drug product to be marketed if approved,
for definitive efficacy testing and safety to obtain evidence sufficient to support
claims for approval and labeling, in up to several thousands of patients of the
type for whom the drug is intended to be prescribed.



742 Senior

4. Phase 4 studies may be negotiated at the time of approval to be carried out
postmarketing to obtain further information about the drug’s risks, optimal use,
different regimens of administration, use in other patient populations or stages
of disease than investigated previously, and use over longer times.

The Food, Drug, and Cosmetic Act of 1938 required that drug products be proved
safe for use in patients. An amendment in 1962 required in addition that they be demon-
strated by “adequate and well controlled trials” to be effective for treatment of the disease
or disorder for which they are claimed to be indicated. Because these laws prohibit admin-
istration of FDA-unapproved drug products, exemptions from the laws are needed and
may be granted to study and obtain data on investigational new drugs (INDs). According
to federal regulations (7), applications for exemption from the law for INDs must be
submitted for permission to initiate clinical trials. Applicants may be pharmaceutical com-
panies intending eventually to commercialize successful new drugs or academic investiga-
tors who may wish to learn about and publish findings about the drug effects (and some-
times also to participate in financial rewards of the endeavors). Applications should include
summaries of all preclinical information available, results of any human studies done
abroad, and at least a first protocol for an initial clinical trial in humans. The FDA has 30
days to review the submitted application to determine whether the proposed trial appears
reasonably safe to proceed, or to impose clinical hold if not. Failure of the FDA to commu-
nicate with the applicant within 30 days from receipt of the application may be taken as
tacit permission to proceed. The emphasis of the review is on probable safety of giving
the drug to humans.

In conducting investigational studies of new drug substances and drug products (the
finished form of a tablet, capsule, solution to be given, including fillers, solvents, etc.),
the sponsoring company or individual investigator incurs a number of responsibilities
under IND regulations (6, §312.50–69). These include:

Review and approval of the initial plan for investigation and continuing studies by
an institutional review board (IRB)

Careful record keeping and documentation (maintained for at least 2 years following
approval for marketing)

Secure control of and accounting for the investigational drug product
Selection of qualified coinvestigators, and keeping them well informed
Operating only under written protocols, with informed consent of participants
Careful monitoring of the progress of the investigations
Prompt or immediate reporting of serious adverse events (life-threatening or fatal,

causing or prolonging hospitalization, persistently disabling, causing genetic in-
jury), especially unexpected fatal or life-threatening events (within 7 calendar
days)

Annual (	60 days) reporting of findings, progress, participants under study or previ-
ously enrolled

Providing easy access to all study records to FDA inspectors

Information about the existence of or detail about the findings of studies conducted
under IND regulations is confidential, not to be disclosed by the FDA unless previously
reported or acknowledged publicly by the sponsor or investigator. However, the FDA
will, upon request, disclose to a study participant a copy of their IND safety reports if
any.
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Figure 2 The two-way relationship between the FDA and a sponsoring pharmaceutical company,
an increasingly interactive process.

During this clinical development process, there is a close interaction between the
investigator or sponsoring company (usually one of the companies represented by the
Pharmaceutical Research and Manufacturers of America, PhRMA) and members of the
reviewing team of the appropriate FDA Division (see Figure 2). The 15 reviewing Divi-
sions of the Center for Drug Evaluation and Research (CDER) of the FDA are organized
by medical specialty (cardiorenal, pulmonary, oncologic, endocrine-metabolic, etc.) and
grouped into five Offices for Drug Evaluation, each of which currently supervises sets of
three Divisions. Applications for INDs are assigned for evaluation and review to the Divi-
sion in which are located reviewers with the greatest expertise in the field of the disease
to be treated and drug to be investigated.

IV. NEW DRUG APPLICATION (NDA) REVIEW AND APPROVAL

When a sponsoring company or investigator has accumulated sufficient information about
an investigational drug product, often determined in consultation with the FDA reviewing
Division to which the IND had been assigned, it may prepare an NDA requesting review of
the information by the chemists, pharmacologists-toxicologists, microbiologists, clinical
pharmacologists, statisticians, and medical reviewers of that Division. The teams of re-
viewers and their supervisors in a Division are tasked to carry out a preliminary evaluation
of the NDA submission within 60 days of its receipt to determine whether the submitted
material appears sufficiently complete to permit substantive review. If so, the application
is deemed as officially received and is filed as of 60 days after initial receipt. The date
of filing of the NDA by the FDA (also called “Agency” in this chapter) starts a 180-day
“clock” during which the FDA is required to review the application and send to the appli-
cant a decision about whether the application is approved, is “approvable” provided certain
issues are resolved, or is considered not approvable. In practice, this total 8-month period
was seldom sufficient for the enormous work of NDA review, and more time was needed.
However, additional funding and manpower were provided by the Prescription Drug User
Fee Act of 1992 (PDUFA), and the succeeding Food and Drug Administration Moderniza-
tion Act of 1997 (FDAMA). Total review times have shortened dramatically, from medi-
ans of 2–3 years to current medians of about 1 year for routine drugs and to less than 6
months for high-priority, urgently needed drugs.

Applications submitted for NDA review usually contain massive amounts of infor-
mation, often hundreds of volumes of printed pages (each about 2 in. thick) or, in electronic
form, hundreds of megabytes of information. It is customary to divide the submissions
into sets of volumes or their electronic equivalents according to scientific discipline. These
sets are assigned to one or more reviewers in that discipline (chemistry, microbiology,
pharmacology-toxicology, clinical pharmacology, statistics, medicine). Individual review-
ers prepare their work with varying degrees of interaction with reviewers in other disci-
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Figure 3 Expansion of the binary to a triangular interrelationship to include expert practicing
and academic physicians as consultants.

plines and with supervising team leaders in each discipline. Completed reviews are dis-
cussed in the multidisciplinary NDA meetings; they are often exchanged, and sometimes
combined medical-statistical reviews are prepared. The medical reviews usually incorpo-
rate salient findings or summaries from the reviews by other disciplines. Each review
usually concludes with a recommendation for approval, as approvable with modification
or additional information, or as not approvable, with reasons and justification. These rec-
ommendations are not binding on the decisions made by the Division or Office of CDER,
but they carry considerable weight.

Before reaching final decisions, these units of the FDA may seek expert outside
advice from academic and practicing consultants who serve 4-year terms on Advisory
Committees to each of the CDER review Divisions, and from ad hoc consultants. Service
on an FDA Advisory Committee (AC) is modestly recompensed, and travel expenses are
paid, but the principal and most compelling incentives for the consultant are prestige and
public service. The interrelationship between the Agency and the applicant (sponsoring
company or investigator) thus is expanded to a trilateral set of interrelationships with
physicians and others who are not in the employ of industry or government, but who are
usually academic or practicing physicians or other specialists. However, the consultants
who are sought and recruited to serve as AC members frequently belong to the same
groups of people who serve as paid consultants to the pharmaceutical companies that
commonly are the sponsors of new drug development (see Figure 3).

AC meetings are usually open to the public, and allow brief comments from inter-
ested patients, physicians, special interest groups, and others. Applicant companies and
the FDA reviewing Division make summary presentations of data and points of view,
with additional comments by consultants to the applicant. Members of the AC hear and
discuss these presentations, and may appoint some of their members to make presentations
as well. The ACs are often asked by the FDA to respond to, discuss, and vote upon specific
questions concerning the NDA. Recommendations of ACs again are not binding on the
Agency, but they carry great weight. Meetings of ACs frequently are very intense and
dramatic public hearings, well covered by the press, and may be influential on the predicted
valuation of the company perceived by stock analysts.

If the NDA is considered approvable, there will then be negotiations between the
Agency and the applicant about the labeling language that describes exactly to whom the
drug is to be given, its medical indication or use, its dose and regimen, warnings or precau-
tions about adverse effects to be expected, and summaries of selected pharmacological
and clinical information. The final approved labeling is used as the basis for allowable
advertising and promotion, and for instructions to physicians and to patients as to how
the drug product should be used. This labeling is printed in full in the Physicians’ Desk
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Figure 4 Inclusion of the people (patients, consumers, taxpayers) in the final processes of drug
evaluation for approval.

Reference, now available on the internet. It should be understood that the labeling is not
just a marketing or advertising piece written by the company that makes and sells the
drug product. Every word in it must be negotiated, supported by data, justified, and agreed
to by the FDA on behalf of the patients who will take the drug and the physicians who
will prescribe it or recommend it (if OTC).

Thus, the process that began as an interaction between the FDA and the pharmaceuti-
cal company (in most cases) expanded into a second dimension to include expert con-
sulting physicians who interact with both parties. Finally, it expanded further into a third
dimension that included the patients or their representative spokespersons at AC meetings
(see Figure 4). The people who will receive and pay for the drug are the same population
who are taxpayers and voters who support the FDA, consumers who provide return-on-
investment for the pharmaceutical companies, and who are patients of the consulting (and
other) physicians. Including all the costs of research and development of unsuccessful
candidate new drugs, the pharmaceutical industry estimates that it costs approximately
$500 million to bring a new drug product to market (8).

V. MARKETING AND SURVEILLANCE OF NEW DRUGS

Following approval of a new drug, the sponsoring company launches an active program
of advertising, promoting, distributing, and selling it. Within the company, it is typical
that the primary oversight of the product shifts from medical-scientific and regulatory
efforts aimed at obtaining approval to marketing efforts aimed at maximizing sales, return-
on-investment, and gaining market share. A natural dynamic tension exists between the
backgrounds of training, experience, and viewpoints of conservative medical and aggres-
sive marketing people. These two cultures often clash when unexpected new safety prob-
lems are discovered or confirmed after marketing, events that may dampen enthusiasm
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for the new drug product among prescribing physicians and their patients, and may gener-
ate concerns about meeting the predicted sales estimates among marketers.

Surveillance for safety of approved new drugs has depended on spontaneous re-
porting of unexpected or serious adverse reactions and events. Reports may be submitted
by physicians, other health care personnel, patients, or family members, directly to FDA
via MedWatch, or by reports to the manufacturer. Many reports are made verbally by
physicians to company representatives during the latter’s “detailing” office visits. Huge
and ever-increasing numbers of such reports are being received each year, and are orga-
nized by the FDA into the large database of the Adverse Events Reporting System (AERS)
administered by the Office of Drug Safety (ODS) of CDER. However, these reports depend
on voluntary reporting, and probably represent a considerable underestimate of the true
number, for many reasons, among which are:

Inadequate follow-up or monitoring of patients, lack of data
Failure of the patient to recognize the adverse event, or to report it to the physician
Failure of the physician to appreciate the importance of the reaction
Problem not believed severe enough to be “worth reporting”
Erroneous attribution of the event to some cause other than the drug
Reluctance to take the time to report the problem to the FDA or company, or procras-

tination
Lack of reimbursement for the time taken to report
A sense of guilt, for having caused harm to the patient
Fear of lawsuit liability
Denial that the new drug could be the cause
Knowledge that others have reported such effects, and that it is not “news”
Intent to publish the finding, and therefore keep it confidential
Dislike/distrust of the “government”
Other reasons peculiar to individual patients or doctors or other potential reporters

The proportion of spontaneously reported adverse events (AEs) is highly variable
and uncertain, but is thought to be a substantial underestimate, ranging from 1% to 25%
of the true number. It is difficult to estimate the number of patients exposed to the drug,
to how much drug, and for how long. Therefore, nothing approaching a valid incidence
rate of the problems can be assessed from spontaneous reports, since both numerator and
denominator of the putative incidence rate are uncertain. Data from spontaneously reported
AEs are often sketchy and incomplete, highly variable in quality, and frequently delayed
in transmission. These factors make attribution of causality quite difficult, especially be-
cause of missing and unobtainable information. Nevertheless, the system is a very valuable
and useful tool for detecting rare or unexpected problems not discovered during clinical
trials or NDA review. The ODS group is developing ever more sophisticated programs
to obtain information from the growing AERS database.

Once problems have been identified as probably or possibly drug induced, further
options are available for confirming and clarifying the questions. Established clinical data-
bases (such as Medicaid databases, the U.K. General Practice Research Database, etc.)
may be interrogated for additional information. Nested case-control studies may provide
information on risk factors that predispose certain patients to react adversely to a medica-
tion that is well tolerated by most people who can benefit from the treatment without the
risk of serious AEs. However, such studies will not yield true incidence rates. Only by
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well-designed, large, prospective safety studies may these important findings be devel-
oped.

VI. DETECTION OF HEPATOTOXICITY BEFORE AND
AFTER APPROVAL

Up to this point, the brief descriptions of drug development, review, approval, and post-
marketing surveillance have been general, rather than directed specifically toward the
problems of drug-induced injury to the liver. Unwanted liver effects may be seen with
almost any class of drugs whose beneficial properties are intended for treating disorders
of any organ or system. The liver is at increased risk because it plays such an important role
in the metabolism, transport, activation-inactivation, or clearance of most drug substances.
Therefore, it has become standard practice during drug development to screen for possible
liver injury, beginning in the preclinical animal studies and continuing through all the
clinical trials. Further, it is becoming increasingly more common for sponsors to investi-
gate pathways of metabolism, and to perform studies using human hepatocytes and micro-
somal systems in vitro. With these methods, pharmacokinetics of metabolites, renal and
nonrenal (mostly hepatobiliary-intestinal-fecal) clearances, and induction and inhibition
of hepatic cytochrome P450 isozymes can be reported in the IND application packages,
before the first human clinical trials are started.

Drugs that are clearly toxic to the liver or that produce toxic metabolites in studies
with experimental animals are usually eliminated before ever being administered to hu-
mans. Even if a candidate drug is apparently safe in animal species tested, it is still not
certain that the results may be extrapolated to humans. During clinical trials, drugs that
cause elevations of serum enzymes (alanine aminotransferase, ALT; aspartate aminotrans-
ferase, AST; alkaline phosphatase, ALP; γ-glutamyl transferase, GGT) in substantial pro-
portions of healthy volunteers or patients without prior liver disease are also very suspect
and are likely to fail to be continued in clinical development. This is particularly true if
hepatocellular injury (ALT or AST elevations) occurs, especially if the serum enzyme
activities rise to 3 or 5 or 10 times the upper limit of the normal range (ULN), if the
elevated enzyme levels remain persistently high, or if they become progressively more
abnormal.

A useful observation, published by the late Hyman Zimmerman in the first edition
of his book on drug-induced hepatotoxicity in 1978 (9), was that the combination of hepa-
tocellular injury (transaminase activity elevations in the serum) and jaundice induced by
a drug indicated a serious lesion, and that death from acute liver failure among patients
showing that combination of abnormalities was at least 10%, and might be as high as
50% (see Table 1). Zimmerman and colleagues had observed earlier (10) that patients
who showed jaundice in association with serum transaminase elevations after taking isoni-
azid had more severe subsequent outcomes. Zimmerman then applied this observation to
several other drugs.

This observation was discussed also at the Fogarty International Center Conference
on Hepatotoxicity (11) held in 1978 at the National Institutes of Health in Bethesda, Mary-
land, but it was not included in the final recommendations of the conference. The 1978
Fogarty Conference had been organized under the leadership of Dr. Robert Temple, Direc-
tor of the Gastrointestional Section of the U.S. Bureau of Drugs of the FDA, and Drs.
William Summerskill and Nicholas Hightower, who had served as chairmen of its AC.
The conference consensus clarified the distinction between tests of liver function and tests
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Table 1 Estimated Case Fatality
Rate in Drug-Induced Acute
Hepatocellular Injury

Apparent
Drug fatality rate

α-Methyldopa 10%
Isoniazid �10%
Iproniazid 15%
Phenytoin �40%
Cinchophen 50%
Halothane 50%

Source: Data from ref. 9, Table 16.1, p. 351,
with permission.

that reflected liver injury without measuring liver function. Examples of liver function tests
were: bromsulfalein and indocyanine green dye (excretion), antipyrine and aminopyrine
(oxidation), serum bile acid and bilirubin concentrations (hepatic “clearance” of physio-
logical substances), blood prothrombin, and serum albumin (protein synthesis). Tests of
liver injury—but not function—included activities of serum ALT and AST for hepatocel-
lular injury, and serum ALP and GGT for cholestasis. It was the consensus of the confer-
ence that criteria for stopping a new drug in a person whose prior test results had been
normal included “markedly abnormal” results of serum AST or ALT more than 3 times
the ULN, ALP more than 1.5 times the ULN, and bilirubin more than 2 times the ULN,
at any time after starting administration of the drug. Although not specifically defined by
the Fogarty Conference of 1978, the combination of observed evidence of hepatocellular
injury to the liver and jaundice (as a measure of overall functional loss or severity) was
borne in mind by Dr. Temple in his oversight of new drug evaluations at the FDA. It was
also repeatedly observed by Dr. Zimmerman for another 21 years, and was mentioned
again in his second edition (2, p. 428) as the “gravity of hepatocellular jaundice” with a
case fatality rate ranging from 10 to 50%. Although too modest to claim it publicly even
up to the year of his death, Dr. Zimmerman agreed (personal communication, 1999) that
the rule still seemed valid.

A. “Hy’s Rule” for Drug-Induced Hepatotoxicity

“Hy’s rule” is that if both drug-induced hepatocellular injury and jaundice occur; that is,
when both transaminase and bilirubin elevations occur together in the absence of biliary
obstruction, mortality (or its surrogate, liver transplantation) of at least 10% may be ex-
pected among such patients.

Over the past several decades, hundreds of NDAs have been evaluated at CDER.
During this time Dr. Robert Temple noted that “Hy’s rule” seemed to be a consistent
predictor if the combination of ALT elevation and jaundice had been seen in the pre-
approval clinical data from controlled trials. This predicted serious trouble to come in the
postmarketing phase of drug development when much larger numbers of patients would
be exposed to the drug. Of all causes for drug withdrawals from the market after approval
(see Table 2), hepatotoxicity has been the most common single cause (R. Temple, personal
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Table 2 Hepatotoxicity: The Most Common
Single Adverse Effect Causing Major Drug
Problems (withdrawal or nonapproval)

Drug Year

Iproniazid (Marsalid) 1956
Ibufenac (in Europe only) 1975
Ticrynafen (Selacryn) 1979
Benoxaprofen (Oraflex) 1982
Perihexilene (in France) 1985
Dilevalol (in Portugal, Ireland) 1990
Bromfenac (Duract) 1998
Troglitazone (Rezulin) 2000

Source: R. Temple, personal communication, 1999.

communication. “Hepatotoxicity Through the Years,” at CDER course on “Drugs and the
Liver: What They Do to Each Other,” April 19, 1999 and November 15, 1999).

In addition, many other drugs have been restricted or limited in their use by requiring
serial periodic monitoring of serum enzyme activities, or evaluation for prior liver disease
or active injury before starting the drug. Other restrictions included severe warnings, or
advising that drugs be stopped if the patient showed clinical symptoms or serological
findings indicating liver dysfunction or injury. Examples of such drugs are: dantrolene,
felbamate, labetalol, nicotinic acid, pemoline, tolcapone, valproic acid, and trovafloxacin.

Current labeling of drugs, as surveyed by searching the internet version of the Physi-
cians’ Desk Reference, disclosed 90 still-marketed drug entities whose labeling lists “acute
liver failure” or “hepatic necrosis” as an adverse effect that has been reported in patients
taking those drugs (M. Willy, Z. Li, FDA, personal communications). In a separate search,
124 drugs were found whose use is labeled as contraindicated in patients with a history
of prior or currently active liver disease (actual terms used in the labeling: liver dysfunc-
tion, liver disease unspecified, history of jaundice, serum transaminase elevation, liver
failure, hepatitis, unspecified cirrhosis, unspecified jaundice, autoimmune hepatitis). A
total of 370 drugs were found whose labeling mentions adverse side effects of hepatic
dysfunction or hepatitis, and many of these drugs have recommendations for monitoring
serum enzyme levels at varying intervals and duration. These recommendations for label-
ing, warnings, and precautions have been suggested at various times, are variable in lan-
guage and terminology, and usually have been based on opinions of consultants to the
Agency. There is need for development of more consistent terminology for use in labeling,
and for clinical data to support such recommendations.

Validation of “Hy’s rule” is much needed, especially for its sensitivity and specific-
ity, with clarification of whether the critical finding is appearance of clinical jaundice, or
whether lesser elevations of serum bilirubin may be useful as part of the predictive combi-
nation of abnormal findings. Similarly, there is need to explore what degree of ALT eleva-
tion is most predictive, or whether the rate of change of those levels may be useful as a
predictor of serious liver injury.

There has been no consistent method for assessing whether or not, or to what quanti-
tative degree of likelihood, the drug suspected of causing hepatic injury or dysfunction
is responsible. In clinical practice, even far more than during controlled clinical trials,
there are often confounding potential causes for the observed test abnormalities or clinical
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findings. These may include other concurrently or previously administered drugs or chemi-
cals, acute or chronic viral hepatitides, other liver diseases, and disorders of other body
systems that may affect the liver (especially the cardiovascular system). Adequate data
seldom are available to evaluate the spontaneously reported cases of possible drug-induced
liver injury, and the delay in notification of them often makes impossible the prospective
pursuit of such data. Proposals of quantitative scoring systems have been made by interna-
tional panels of experts (12) but have not been generally accepted or widely used. More
commonly, investigators are simply asked for their opinions as to whether the observed
hepatotoxicity was definitely, probably, possibly, unlikely, or definitely not related to ad-
ministration of the study drug. Paid consultants have also been asked to render their opin-
ions on causality for reported cases, based on whatever information on each case may be
available. Clearly there is need to develop a more valid consensus on this matter.

VII. IDIOSYNCRACY OR INTRINSICALLY HEPATOTOXIC DRUG?

Clear-cut intrinsic hepatotoxicity is relatively easy to detect and prevent. If a drug or
chemical predictably causes liver injury in animals and in all persons exposed to enough
of it, it is obviously a toxin or poison to the liver. Such chemicals, including carbon
tetrachloride and white phosphorus, and drugs such as chloroform are known to be danger-
ous and are avoided or prohibited from use. Their toxicity is easily characterized as dose-
related, predictable, occurring in all persons or animals exposed. However, such simplicity
is not always the case. Certain individuals appear to be susceptible, or less resistant than
most people, to agents such as ethyl alcohol, which does not cause severe liver injury or
cirrhosis in all persons consuming it heavily and for a long time. The clinical problem
comes when only a few, or even rare, individuals show hepatotoxicity to a drug that has
not been found to cause liver injury in animals, even at relatively large doses, and nearly
all patients who take it show no signs of liver injury. In such exceptional persons, hepato-
toxicity is not predictable, and the severity of the reactions is not clearly related to the
dose or duration of exposure; the adverse reaction in them is unexpected.

Some of the idiosyncratic hepatotoxic reactions may be due to genetic differences
in metabolism; others may be related to nutritional deficiencies, or to other drugs or agents
to which the person has been exposed. Still other differences may result from various
acquired liver diseases, or to immunologically mediated differences. Both nature, in the
form of the person’s genetic makeup, and nurture, in the form of the experiences and
vicissitudes of living, seem to affect the susceptibility of people to a given drug. The
adjective “idiosyncratic” does not exactly mean either unpredictable or unexpected. Idio-
syncracy comes directly from three Greek words: idios, one’s own; syn, together; krasis,
mixing. “One’s own mixing together” of traits and factors makes every individual unique,
and potentially different in how that person will react or respond to a challenge such as
a strange chemical substance. For most drugs, the risk factors are not well understood,
and for most hepatotoxic reactions, the mechanisms are not well understood.

If a drug can be safely tolerated by 999 persons out of 1000, should it be called a
poison or a hepatotoxic drug? The one person who cannot tolerate it, and who reacts with
liver injury, is obviously different from the vast majority of people. Perhaps the focus of
our efforts should be directed more to identifying the few exceptionally susceptible people,
and preventing them from being exposed to a drug, than toward an effort at finding out
which drugs are “toxic.” The low incidence of these uncommon or rare, but sometimes
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Table 3 Number of People Needed for �95% Chance of
Observing at Least One Adverse Event

True incidence Ordinary nonreactors Number needed

1 in 10 0.9 29
1 in 100 0.99 299
1 in 1,000 0.999 2,995
1 in 10,000 0.9999 29,956

severe or fatal, hepatotoxic adverse events is at the core of why the painstaking and careful
efforts at safety screening in the long drug development process sometimes fail.

Why cannot studies be done to detect these idiosyncratically different people? Con-
sider the numbers. In the simple case of the chances that a hepatotoxic reaction may or
may not occur, we can estimate what number will be needed to have 95% confidence that
at least one such person will be found. The number needed is about three times the recipro-
cal of the incidence rate, if all such cases are detected (see Table 3).*

The epidemiological estimates in Table 3 have also been made by Stricker (13), with
very slightly different figures, but all agree that approximately three times the reciprocal of
the true incidence rate of patients will need to be observed, to have at least 95% confidence
of finding at least one (the so-called “Rule of Three”). Many of the very serious, life-
threatening hepatotoxic reactions to drugs have incidences on the order of 1 per 1000 to
1 per 10,000, and very large numbers of patients would need to be observed on drug and
control agent to discover such rare reactions. Nevertheless, when popular drugs such as
troglitazone (Rezulin) are approved and are given to millions of diabetic patients, such
numbers are reached, and many cases of severe hepatotoxicity may be seen. It is not
feasible to require that tens of thousands of patients be studied in controlled clinical trials
before approval of a drug for clinical use and marketing. However, all of us must begin
to realize and accept that current procedures cannot assure safety regarding such uncom-
mon or rare adverse events. Spontaneous reporting systems can discover problems only
after they have occurred, which they do quite well, but they cannot predict safety problems
before they occur. To go beyond the limitations of spontaneous voluntary reporting, with
all of its drawbacks, it may be necessary to consider and debate the wisdom of requiring
large, prospective safety studies postmarketing. These might be considered if signals of
sufficient strength of serious adverse effects are detected either during controlled trials or

* If we assume the chance of hepatotoxicity is 1 in 100 (0.01), then the chance of it not occurring will be 0.99.
For n persons, the chances are given by (0.01 � 0.99)n, which is recognizable as a binomial expression. For
the simple case of n � 3, the expression expands to:

(0.01)3 � 3(0.01)2(0.99) � 3(0.01)(0.99)2 � (0.99)3

0.000001 � 0.000297 � 0.029403 � 0.970299
chance of seeing 3 2 1 0 cases

The chance of seeing at least one is the sum of the first three terms, 0.029701, which is equal to (1 � the last
term); 1 � 0.970299 � 0.029701. It can be shown that (1 � the last term) will always give the chance of seeing
one or more (at least one) cases. If the true incidence rate, i, is 1 per 100, how many people would be needed
for �95% chance of seeing at least 1? Obviously, 1 � the chance of not seeing any. This turns out to be 299
for i � 0.01: (0.99)299 � 0.0495 and 1 � 0.0495 � 0.9505, or �95%.
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NDA review, or by postmarketing surveillance. Clearly, there is need to develop consensus
on a definition for “sufficient strength” of a clinical signal to justify action.

A great ethical difficulty lies in balancing the risks of severe toxicity for a very small
number of patients against a benefit, however modest, for the vast majority of patients. If
the disease being treated is trivial or cosmetic, or if considerably safer alternative treat-
ments are available, then the decision may be easy, but often it is not.

VIII. DOES PREEXISTING LIVER DISEASE INCREASE THE RISK
FOR DRUG-INDUCED HEPATIC INJURY?

This is really two questions, with perhaps different answers. If it is considered to mean
“Does previous or currently active liver disease increase the risk of de novo idiosyncratic
hepatic reactions to a new drug or chemical agent?” the answer may be no. Zimmerman
(2, p. 430) maintained that “a stubborn misconception regarding susceptibility to hepatic
injury has been the view that patients with preexisting liver disease are more likely than
others to experience hepatic injury on exposure to drugs that cause liver damage. There
has been virtually no evidence for this view.” A similar view has been expressed by
Schenker et al. (15), who wrote recently, “It seems evident that the presence of underlying
liver disease should not promote this mechanism [unpredictable metabolic or immuno-
logic] of injury.” However, both Zimmerman and Schenker concede uncertainty, and admit
the possibility of exceptions.

On the other hand, if the question were interpreted as “Does previous liver damage
increase risk of poor outcome, slower recovery, or worse clinical effect because of the
added damage?” the answer might be yes. Certainly, patients who have shown acute alco-
holic hepatitis in the past and who have begun to show cirrhotic changes are more likely
than the average alcoholic person both to react unfavorably again and to be at greater risk
of liver failure if another bout of acute alcohol-induced liver injury occurs. Zimmerman
conceded (2, p. 430) that “the addition of drug-induced hepatic injury to chronic liver
disease would be troublesome.” Schenker and colleagues (15, p. 1103) summarize the
response to the question by saying, “Underlying liver disease should not be an automatic
contraindication to the use of potentially hepatotoxic drugs. Rather, the patient needs to
be followed more closely to detect any incipient incremental injury.”

Easier said than done. Detection of drug-induced liver injury in patients with preex-
isting evidence of serum enzyme elevations due to their liver disease may be very difficult
(W. Lee, personal communication, “Drug-Induced Liver Injury: The Threat Continues,”
at Medical Grand Rounds, University of Texas Southwestern Medical Center, June 8,
2000). Even with very frequent monitoring it may be exceedingly hard to distinguish
between fluctuations of disease activity and new injury caused by the drug. It is also quite
difficult to know when a drug should be stopped in such patients.

IX. DOES MONITORING PREVENT SERIOUS DRUG-INDUCED
HEPATOTOXICITY?

Although monitoring of serum enzymes such as ALT activities may be encouraged by
labeling, may be recommended by consultants, and may represent the easiest way to detect
idiosyncratic drug-induced liver injury, it has by no means been proved to be effective.
There is a practical limit to how often testing can be done. It is very costly to screen
thousands of people repeatedly in the hope of catching one who may show an abnormality.
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If the acute liver injury is rapid in onset, as it may be, it could well occur during the
interval between tests. The true nature and extent of the liver damage is not proportional
to the elevation in serum enzyme activity, and does not allow estimation of prognosis.
The serum ALT is a fairly sensitive test for liver injury, but does not measure liver function
at all. Other enzymes are no better indicators, although the serum AST may be elevated
modestly when ALT is not in acute alcohol-induced liver injury. The ALP and GGT
activities reflect cholestasis more than hepatocellular injury. However, serial monitoring
of serum ALT is often the best that can be done to detect a drug-induced change early
enough to stop the drug, nearly always the most important treatment. Only in special cases
such as acetaminophen-induced liver injury is a real therapy available, in the form of N-
acetylcysteine, which if given promptly may prevent serious damage to the liver. Labeling
requirements for serum transaminase monitoring have had quite disappointing results, and
there are few data showing that monitoring has prevented any cases of serious drug-in-
duced liver injury by early detection and withdrawal of the offending agent. Compliance
with labeling requirements to monitor for hepatotoxicity, even after repeated “Dear Doc-
tor” letters and increasingly stringent labeling changes for a drug as well publicized as
troglitazone (Rezulin), recently was found to be very poor (14).

It is not clear how closely or for how long patients should be monitored, what test
or tests may be best to use, and how results should be interpreted. It is reasonable to
suggest that finding a new elevation of serum enzyme activity in a patient who has started
a new drug should lead to promptly confirming the finding. Also, intensive observation
should commence, whether or not it is decided that the drug should be stopped. In cases
of doubt it may be best to stop the drug and continue to observe the patient closely, to
rule out alternative possible causes of the observed abnormalities, and to gather additional
information (15,16).

There is no standard set of recommendations about management of a patient sus-
pected of having a possible acute drug-induced liver injury, what information should be
gathered, how quickly tests should be rechecked and how often these should be repeated,
and whether or when a liver biopsy should or should not be done (W. Lee, personal
communication; Medical Grand Rounds, June 8, 2000).

The use of rechallenge with the putative offending drug after patient recovery fol-
lowing withdrawal, or “dechallenge,” is becoming increasingly less acceptable on safety
and ethical grounds, even though it might provide powerful evidence imputing the drug
as the causative agent. After a drug has caused hepatic injury and has been withdrawn,
the onset of repeat injury is often faster and more severe (1,2,15,16), and the information
may not be worth the risk unless that drug is vital to the patient’s care, no satisfactory
alternatives are available, and the risks are fully understood by both the physician and
the patient. However, unintentional rechallenge history, from the pattern of drug exposure,
is another matter that may provide extremely helpful information.

X. WHAT NEEDS TO BE DONE?

Throughout this chapter, an attempt has been made to set forth the problem of drug-
induced liver injury as one for patients, physicians, and pharmaceutical companies, as
well as for regulatory bodies. There is need for thoughtful consideration of the problems
and complexities by persons from all these constituencies. They need to consider how
they might work together to gather or provide data, solve problems, find answers and
understanding, and improve processes that are now and have been working imperfectly.
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More needs to be learned about the mechanisms of liver injury caused by drugs and their
metabolites, the interactions between drugs and nondrug chemical substances, the role of
genetic endowment, and the effects of life experiences on individual susceptibility. It is
essential that we begin to recognize risk factors that should give pause to starting a given
drug in a particular patient who may be different from most people who have shown that
they tolerate the drug well. We need to develop consensus on the many things that we
should be doing differently, to learn more, to eventually prevent drug-induced liver dam-
age from increasing further, and to reduce its incidence.
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