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This book is dedicated to Dr. Nathan W. Levin and the late Dr. Knud Lundbaek,
our mentors and friends.

They have been a great inspiration to us.
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SERIES EDITOR’S INTRODUCTION

Diabetes is becoming a pandemic that affects not only developed countries but devel-
oping countries as well. As a result, there is also a dramatic increase in long-term diabetes
complications, including diabetic nephropathy. The fact that 50% of the patients under-
going dialysis also have diabetes is further proof of the seriousness of the situation.

In The Diabetic Kidney, we are honored to collaborate with two distinguished clini-
cians and researchers, Drs. Pedro Cortes and Carl Eric Mogensen, who have edited an
excellent book on diabetic nephropathy that greatly increases the scientific impact of the
“Contemporary Diabetes” series. Drs. Cortes and Mogensen have assembled a stellar
group of contributors who discuss the pathophysiology and clinical aspects of diabetic
kidney disease.  Readers can achieve a clear understanding of the progress that has been
made regarding the pathogenesis of the disease along with the therapeutic interventions
to prevent its development or to treat clinical diabetic nephropathy.

I have no doubt that The Diabetic Kidney will be of value not only to practicing
clinicians but also to researchers in this field. Therefore, I sincerely thank the editors for
their efforts to produce this book and also the contributors for the excellent chapters. I
have no doubt that The Diabetic Kidney can become a reference text that has a major
impact on our efforts to improve the lives of diabetic patients with kidney disease.

Aristidis Veves, MD

Series Editor
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PREFACE

Renal abnormalities in diabetes were first recorded in the 19th century, where French
and German clinicians described the renal hypertrophy and proteinuria in diabetes. A
breakthrough in the understanding of the diabetic renal disease came with Kimmelstiel
and Wilson’s description of glomerular lesions and diabetes in 1936. The area remained
very silent until the late 1960s, when the seriousness of diabetic nephropathy became
extremely clear. Since that time, there has been an increase in the number of patients with
diabetes, especially type 2 diabetes, and subsequent renal disease, ending up in advanced
renal disease with need for dialysis. Since the 1980s, there has been a tremendous input
of diabetic patients in the dialysis and transplantation units. We are finally beginning to
see a decline in the number of patients in the dialysis unit, at least in Europe. It is no secret
that about 50% of the patients in the dialysis unit in most countries are patients with
diabetes.

In the last few years, there has been a steady increase in the scientific activity  regarding
both  the basic and clinical side of the problem. This is reflected in The Diabetic Kidney,
where the background, biochemically and biologically speaking, for diabetic renal
disease is described in many chapters focusing on the multiple abnormalities.

The clinical section also reflects a great level of activity within the area. Presently,
there is greater focus on early detection of nephropathy by screening for microalbumin-
uria, and on early treatment. The main basis for developing diabetic renal disease still
constitutes problems of the improving glycemic control. Despite the DCTT and UKPDS
studies, many patients with both type 1 and type 2 diabetes have far from optimal glyce-
mic control, and in many centers, the mean A1c is between 8.5 and 9% in unselected
populations with type 1 and type 2 diabetes. Obviously, there are also good examples of
extremely well-controlled patients, but on the other hand, there are a large number of
poorly controlled patients, sometimes explained by noncompliance or often difficulties
in controlling the diabetic state.

The editors of The Diabetic Kidney are sure that the activity described by many of the
authors will further increase the understanding of the basis for abnormalities in diabetic
renal disease as well as better understanding of the diagnosis and treatment in patients
with diabetes.

It has been the editors’ pleasure to select many of the top scientists within the diabetic
renal disease field who have equally worked effectively on the chapters and submitted them
in due time for an up-to-date status of our still severe problem of diabetic nephropathy.

Pedro Cortes, MD

Carl Erik Mogensen, MD
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Angiotensin II and Its Receptors 
in the Pathogenesis 
of Diabetic Nephropathy

David J. Leehey, MD, Ashok K. Singh, PhD,
and Rekha Singh, PhD

CONTENTS

INTRODUCTION

THE RENIN–ANGIOTENSIN SYSTEM IN DIABETES

ANG II RECEPTORS

MECHANISMS OF ACTION OF ANG II
FUTURE DIRECTIONS

REFERENCES

1

INTRODUCTION

Diabetic nephropathy (DN) is characterized by accumulation of extracellular matrix
(ECM) in the kidney. Glomerular mesangial expansion and tubulo-interstitial fibrosis even-
tually leads to renal failure. The mediators of renal injury in this disease have not been fully
identified. The peptide angiotensin (Ang) II has many hemodynamic and biochemical
effects that could contribute to DN (Table 1). A prominent role for Ang II has been sug-
gested by experimental and clinical evidence indicating that angiotensin-converting enzyme
(ACE) inhibitors and angiotensin receptor blockers (ARBs) have renoprotective effects and
that these agents can attenuate the progression of glomerulosclerosis (1). In clinical studies,
as well as studies conducted in experimental diabetic animals, it is difficult to separate
hemodynamic from nonhemodynamic effects of Ang II. On the other hand, in vitro studies
using cultured cells allow study of the specifically nonhemodynamic effects of Ang II and
its inhibition (2). These nonhemodynamic effects of Ang II include stimulation of trans-
forming growth factor (TGF)-β1, activation of matrix protein synthesis, and inhibition of
matrix degradation (3,4). Ang II also increases generation of reactive oxygen species (ROS)
in mesangial cells (MCs) (5) and may contribute to oxidant-induced renal injury. 

THE RENIN–ANGIOTENSIN SYSTEM IN DIABETES

The classical components of the renin–angiotensin system (RAS) include the renin
substrate angiotensinogen, and the enzymes renin and ACE that participate in the

From: Contemporary Diabetes: The Diabetic Kidney
Edited by: P. Cortes and C. E. Mogensen © Humana Press Inc., Totowa, NJ
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formation of Ang II (Fig. 1). Angiotensinogen is a heterogeneous glycoprotein and
the only known substrate for renin. Inactive renin or prorenin has a prosegment of
43 amino acid residues attached to the N-terminus of active renin and cleavage of this
prosegment (by a trypsin-like-activating enzyme) results in the formation of active
renin. The prorenin molecule can also undergo nonproteolytic activation to an enzy-
matically active state (see “Renin and ACE”). Active renin cleaves the first 10 amino
acids from the N-terminus of angiotensinogen to form the decapeptide Ang I. Ang II
is converted from Ang I by removal of the two amino acids at the carboxy terminus
by ACE and is further degraded into Ang III, Ang IV, and other Ang fragments by
amino peptidases and carboxy peptidases. Among all the peptides originating from
angiotensinogen, Ang II is the most studied because it exerts a variety of actions on
cell functions. 

Systemic RAS
The beneficial effects of ACE inhibitors and ARBs in attenuation of proteinuria

and glomerulosclerosis in both experimental and clinical DN suggest that either the
systemic RAS and/or the RAS within the kidney is activated in diabetes. However,
studies on the systemic RAS in experimental diabetes have generally shown sup-
pression of the system. In streptozotocin (STZ)-induced diabetes in rats (a model
of type 1 diabetes), plasma renin activity (PRA) and angiotensinogen levels were
significantly decreased (6,7). No significant changes in plasma Ang II levels in
STZ diabetic rats were observed (8). Studies in the Zucker diabetic fatty (ZDF) rat
(a model of type 2 diabetes), have also shown PRA to be decreased as compared
with lean controls (9). Variable findings have been reported in clinical diabetes.
Early in the disease, PRA has been reported to be elevated (10), yet it is generally
suppressed in patients with DN (11). However, diabetic patients with nephropathy
have a heightened renal hemodynamic response to ARBs in the face of low PRA,
suggesting that intrarenal Ang II production may be increased; this may in part
explain the therapeutic effectiveness of interrupting the RAS in DN. Thus, high

4 Leehey et al.

Table 1
Proposed Mechanisms of Ang II Effects in Diabetic Nephropathy

Hemodynamic effects Nonhemodynamic effects

Systemic hypertension Induction of renal hypertrophy and cell
Systemic and renal vasoconstriction proliferation
Stimulation of other vasoconstrictors Stimulation of extracellular matrix synthesis

(endothelin) and inhibition of vasodilators Inhibition of extracellular matrix
(nitric oxide and atrial natriuretic peptide) degradation

Increased glomerular capillary pressure Increased tubular uptake of proteins
and permeability Stimulation of cytokine (e.g., TGF-β,

Mesangial cell contraction leading vascular endothelial growth factor,
to reduction in filtration surface area endothelin) production

Stimulation of superoxide production
Activation of nuclear factor-κB
Reduction in podocyte nephrin expression



glucose/diabetes may stimulate the local RAS within the kidney or the “intrarenal”
RAS. This chapter focuses on the intrarenal RAS in cell culture and animal models 
of diabetes.

Intrarenal RAS 
In recent years, the role of the intrarenal RAS in the pathophysiology of renal diseases

such as DN has been the subject of extensive investigation. Cultured glomeruli and
mesangial cells contain all of the elements of the RAS, including the substrates and the
enzymes required for Ang II generation (12–14). Indirect evidence for the presence of
a locally regulated RAS within the kidney is also provided by the studies showing
much higher concentrations of Ang II in several intrarenal compartments than those
found in the systemic circulation (15–17). The effects of high glucose/diabetes on various
components of the intrarenal RAS are reviewed here.

ANGIOTENSINOGEN

In cultured MCs, high glucose increases angiotensinogen mRNA expression
accompanied by an increase in angiotensinogen protein levels (18). Also, in the
STZ-induced diabetic rat, an increase in angiotensinogen mRNA expression in the
whole kidney (19) and angiotensinogen protein levels in the glomeruli (20) have
been observed. The mechanism(s) by which high glucose increases angiotensinogen
mRNA and protein levels has not been fully elucidated. In rat proximal tubular cells,
the effects of high glucose on angiotensinogen gene transcription are mediated by
the p38 mitogen-activated protein kinase (MAPK) (21), ROS (22), and by activation
of the hexosamine pathway (23). Our preliminary studies in cultured MCs have

Ang II in Diabetic Nephropathy 5

Fig. 1. The classical components of the renin–angiotensin system (RAS). ACE, angiotensin-converting
enzyme.



shown that high glucose-induced increase in angiotensinogen levels is mediated via
the p38 MAPK pathway. 

RENIN AND ACE
MCs secrete both forms of the renin enzyme, that is, active renin and inactive prorenin

(24), and contain receptors for prorenin and renin (25). Prorenin can be converted into
active renin by proteolytic enzymes including cathepsin B, which act on the pro-segment
of prorenin (26). In cultured MCs, high glucose increased renin activity by stimulating
prorenin gene transcription and conversion of prorenin to active renin (27). In recent
studies, a prorenin/renin receptor was identified in human MCs, which showed renin- and
prorenin-specific binding (28). The binding of renin to this receptor resulted in increased
catalytic efficiency of the enzyme, leading to increased conversion of angiotensinogen to
Ang I, and the binding of prorenin to this receptor caused a conformational change of the
prorenin molecule to an enzymatically active state (termed nonproteolytic activation of
prorenin) (28). Recently, it has been shown that the nonproteolytic activation of prorenin
can be blocked by a decoy peptide with an amino acid sequence corresponding to the
“handle” region of the prorenin prosegment (29). Infusion of this peptide into STZ diabetic
rats decreased the renal content of Ang I and Ang II and completely inhibited the develop-
ment of DN (29). Thus, peptides that can inhibit activation of prorenin at the cellular level
may be useful in suppressing enhanced RAS activity in the diabetic kidney. 

ACE is a dipeptidyl carboxypeptidase enzyme that converts the inactive decapeptide
Ang I to the active octapeptide Ang II by removing two amino acids at the carboxyl ter-
minus. MCs in culture express ACE mRNA and synthesize this enzyme (14). ACE is
also present in proximal tubular cells mainly localized to the brush border and thus
plays a regulatory role by generating Ang II, which in turn affects tubular reabsorption
of sodium (30). Studies in cultured MCs in our laboratory have demonstrated that high
glucose does not affect ACE activity or levels (18), although a recent study has reported
a stimulatory effect of high glucose on ACE gene transcription and activity (27); thus
this issue needs further investigation. Few studies have examined the effects of diabetes
on ACE in the kidney. In the STZ diabetic rat, total renal ACE activity was decreased
although ACE immunostaining was enhanced in glomeruli and reduced in proximal
tubules (19). However, ACE protein levels in glomeruli were similar in STZ diabetic
and nondiabetic rats (20).

ANGIOTENSIN II
Studies from our laboratory have demonstrated that high glucose increases Ang II

levels in rat mesangial cell lysates in a concentration-dependent fashion (4) (Fig. 2).
High glucose also increased Ang II levels in human MCs (31). Ang II is increased due
to both an increase in the substrate angiotensinogen as well as increased conversion of
Ang I to Ang II via ACE-independent mechanisms (18). When the conversion of exoge-
nous Ang I to Ang II was studied in MC extracts by high-performance liquid chro-
matography (HPLC), there was significant formation of the intermediate peptide
angiotensin(1–9) [Ang(1–9)] (18). MC extracts incubated with exogenous Ang(1–9)
converted it to Ang II (Fig. 3), indicating the presence of an enzyme that can convert
Ang(1–9) to Ang II. Also, the conversion of Ang(1–9) to Ang II was increased in high
glucose-treated MC extracts (Fig. 3), suggesting that the activity of this pathway is
increased under high-glucose conditions (18). In support of this hypothesis, increased
Ang II levels were observed in glomeruli from STZ diabetic rats, which may also
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involve increased conversion of Ang(1–9) to Ang II (20). Because inhibitors of ACE or
chymase did not block conversion of Ang(1–9) to Ang II, this may be one of the non-
ACE mechanisms for enhanced formation of Ang II in diabetes (20).

There are various other enzymes besides ACE that are involved in the formation of
Ang II. These include tonin, trypsin, kallikrein, cathepsin G, and chymase (32). In the
heart, much of Ang II formation is the result of chymase (33), but in the kidney, the role
of chymase in Ang II formation is not fully established. A recent study has shown that
the chymase-dependent Ang II generation is upregulated in the human diabetic kidney
(34). In ACE knockout mice, local Ang II generation in kidney is unchanged owing to
a 14-fold increase in chymase activity (35). Thus, it appears that the chymase enzyme
may constitute one of the non-ACE pathways for enhanced formation of Ang II in the
diabetic condition. 

Increased Ang II levels in tissues could be due to increased formation and/or
decreased degradation. Ang II is known to be degraded by aminopeptidases to Ang III
and Ang IV by sequential removal of aminoterminal amino acids (36). A specific
carboxypeptidase that can remove a C-terminal amino acid from various Ang peptides
was identified from a human heart failure ventricle cDNA library (37) and from a
human lymphoma cDNA library (38). This enzyme has been termed ACE2 and
although having a similar catalytic domain to ACE, it is present in only heart, kidney,
and testis. Although ACE2 can convert Ang I to Ang(1–9), it is 400 times more active
in degrading Ang II to Ang(1–7) (39). In ACE2 knockout mice, Ang II levels are
increased in the kidney and heart suggesting that ACE2 is important in the degradation
of Ang II (40). ACE2 mRNA expression is reduced in renal tubules of STZ diabetic
rats (41). In a preliminary study, we have also found decreased ACE2 activity in
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Fig. 2. Ang II levels in mesangial cell lysates after incubation of cells with varying concentrations
of glucose (5–60 mM) for 24 h. Ang II levels were measured by ELISA. Data shown are the means
+ SEM of four experiments. Glucose loading increased Ang II production in a concentration-dependent
manner. The asterisk denotes p < 0.05 vs 5 mM glucose. (From ref. 4 with permission.)



glomerular extracts of STZ diabetic rats (Fig. 4). Further studies are needed to estab-
lish the role of ACE2 in the regulation of Ang II levels in the diabetic kidney.

ANGIOTENSIN(1–7)
Ang(1–7) can be formed from Ang II (via ACE2), Ang(1–9) (via ACE), or from Ang I

via neutral endopeptidases (Fig. 5). Of the various metabolites of Ang II, this peptide
has generated the most interest because it has important physiological functions that
are often opposed to those of Ang II (42). Ang(1–7) has antiproliferative effects (43),
acts as an endogenous ACE inhibitor (44), and may also downregulate AT1 receptors
(45). Additionally, Ang(1–7) attenuates Ang II-induced vasoconstriction (46) and
dilates rabbit-afferent arterioles (47). The latter effect is blocked by A-779, a selective
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Fig. 3. (A) A sample chromatograph showing formation of Ang II from exogenously added Ang(1–9)
(10–4M) in mesangial cell extracts. (B) The effect of 30 mM glucose (HG) on formation of Ang II from
Ang(1–9) in mesangial cell extracts. The peak absorbance for Ang II or Ang(1–9) was calculated from
the respective peak height. A significant increase in Ang II/Ang(1–9) peak ratio was observed in HG
suggesting that formation of Ang II from exogenously added Ang(1–9) is increased in mesangial cells
incubated in HG. NG, normal (5 mM) glucose; HM, osmotic control (5 mM glucose + 25 mM mannitol).
Values presented are mean + SEM of three experiments. The asterisk denotes p < 0.05 vs NG and HM.
(From ref. 18 with permission.) 



Ang(1–7) antagonist, but not by AT1 and AT2 receptor antagonists (47), suggesting that
a specific receptor may exist for Ang(1–7). The effects of Ang(1–7) on matrix accumu-
lation in diabetes requires further study.

ANG II RECEPTORS

Ang II Receptor Subtypes 
Ang II is known to mediate its various effects by binding to two specific receptors,

AT1 and AT2, and both have been shown to belong to the G protein-coupled receptor
superfamily. In some species, such as rats and mice, there are two subtypes of AT1
receptors: AT1a and AT1b. Most of the known effects of Ang II in glomerular MCs are
mediated via activation of AT1 receptors (48). Although AT2 receptors are also
described for rat mesangial cells (49), their role in Ang II-mediated effects in kidney
are not fully understood. 
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Fig. 4. ACE2 activity in control and STZ diabetic rat glomeruli. The figure depicts the time-course of
conversion of a fluorogenic substrate to product. ACE2 activity was reduced in STZ diabetic rat
glomerular extracts. Values are mean ± SEM (n = 3 rats for each group).

Fig. 5. Metabolic pathways leading to formation of Ang(1–7) from Ang I and other Ang peptides.
NEP, neutral endopeptidase; ?, unknown carboxypeptidase.



AT1 receptors are seven-transmembrane domain receptors and their primary struc-
tures have been described by molecular cloning (50). The activation of signaling mech-
anisms due to binding of Ang II to the AT1 receptor depends on many factors, including
the rate of transcription, stability, and translational efficiency of the receptor mRNA as
well as degradation of the receptor protein, because these factors regulate the availability
of the receptors. A direct relationship between AT1 receptor mRNA levels and Ang II-
binding sites has been shown in glomeruli and MCs (51). Whereas exposure to Ang II
resulted in downregulation of AT1 receptor mRNA and protein expression in MCs (51),
AT1 receptor mRNA was upregulated in proximal tubular cells (52). Upregulation of
AT2 receptors by Ang II has been noted in rat cerebral cortical neuronal cultures, but it
is not clear if this also occurs in the kidney (53).

Ang II binding to its receptors at the cell membrane is followed by translocation of
the Ang II–AT1 receptor complex to the intracellular vesicles (54) with internalization
occurring with a half-life of less than 2 min (55). In contrast to AT2 receptors, which
are not internalized, AT1 receptors are recycled from endosomal vesicles to the plasma
cell membrane. The internalized Ang II is either degraded or it may be translocated to
the nucleus, where it may directly affect gene transcription as shown in the case of
hepatic cells (56). Alternatively, Ang II may activate intracellular kinases, which subse-
quently activate nuclear transcription factors. Although receptor-ligand internalization
is an accepted mechanism by which Ang II gains access inside the cell, the generation
of locally synthesized Ang II and its interaction with intracellular Ang II receptors can-
not be excluded (discussed in the following subsection). 

In the kidney, AT2 receptors are known to increase nitric oxide release and cyclic-
guanosine-monophosphate (cGMP) levels and binding of Ang II to these receptors
induces vasodilation (57). The role of AT2 receptors in mediating growth- and matrix-
promoting effects of Ang II is not well understood, but appears to counteract the effects
of the AT1 receptor (58). A reduction in glomerular AT2 receptor protein expression has
been observed in STZ diabetes (59). Whether or not this is beneficial is not clear, since
the activated AT2 receptor may also mediate adverse events such as stimulation of
proinflammatory pathways by induction of nuclear factor-κB (60,61).

Activation of AT1 receptors by Ang II initiates stimulation of signal transduction
pathways including activation of phospholipases A2 and C, inositol triphosphate,
intracellular calcium release, activation of protein kinase C (PKC), and inhibition of
adenylate cyclase activity (62). In addition, Ang II-mediated growth effects are carried
out by the activation of cellular tyrosine kinase pathways such as p21 ras, C-Src, the
Janus-activated kinase/signal transducer and activator of transcription pathway, and
MAPKs (62). Recent studies have also shown that Ang II stimulates the activation
of an MAPK termed extracellular signal-regulated kinase (63) and that extracellular
signal-regulated kinase, through activation of transcription factor activator protein-1,
is involved in Ang II-induced increase in TGF-β1 mRNA expression (64). Ang II
also increases generation of ROS via activation of the reduced form of NAD(P)H
oxidase (5), whereby ROS act as a signaling pathway for transduction of Ang II
effects. The stimulatory effect of Ang II on ROS is mediated via AT1 receptor-linked
activation of NAD(P)H because this effect of Ang II is blocked by AT1 antagonist,
losartan, as well as by the flavoprotein inhibitor diphenylene iodoinium (DPI) (31).
Also, AT1 receptors stimulate expression of the cell cycle-dependent kinase
inhibitors (such as p27kip1) which plays an important role in Ang II-mediated cell
hypertrophy (65).
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The signaling pathways linked with AT2 receptor activation are not fully understood.
However, AT2 receptor activation has been shown to cause decreased MAPK activity
(66), which may be associated with antiproliferative effects in non-renal cells (67).

Autocrine/Paracrine vs Intracrine Effects of Ang II
The de novo tissue generation of Ang II and its binding to Ang II receptors present

either on the same or adjacent cell membranes results in activation of signaling mecha-
nisms leading to autocrine or paracrine effects, respectively. Recently, it has been pro-
posed that Ang II may exert “intracrine” effects by binding to receptors present on
intracellular organelles (68). Possible modes of intracellular action include binding to
receptors in endoplasmic reticulum, intracellular vesicles after internalization, nuclear
membrane, nucleolar components, or chromatin (68). The binding of Ang II to these
intracellular receptors may also activate intracellular second messengers, eventually
leading to biological effects, whereas Ang II binding to nuclear receptors could directly
stimulate gene transcription. For example, Ang II binding to hepatic nuclear receptors
resulted in increased mRNA gene expression for renin and angiotensinogen (56). These
intracrine actions of Ang II may mediate the effects of glucose/diabetes on cell metab-
olism and matrix synthesis (see next section). 

MECHANISMS OF ACTION OF ANG II

Glucose Transport
Among the six glucose transporters described, glucose transporter 1 (GLUT1) is the

predominant form expressed in mesangial cells (69). Ang II increases glucose uptake
by upregulation of GLUT1 mRNA expression in mesangial cells (70). Overexpression
of GLUT1 has been shown to result in increased synthesis of extracellular matrix pro-
teins (71,72). Also, TGF-β1 that is stimulated by Ang II has been shown to increase
GLUT1 expression and glucose uptake in MCs (73). Single-nucleotide polymorphisms
(SNPs) at the GLUT1 locus have been reported to enhance susceptibility to diabetic
nephropathy in type 1 diabetes mellitus, suggesting that a hereditary disposition to
increased cellular uptake could be of pathogenic importance in patients with diabetic
nephropathy (74,75).

Glucose flux through the hexosamine pathway has been implicated in some of the
adverse effects of glucose (76) via changes in the final product, uridine diphosphate
N-acetylglucosamine (UDP-GlcNac) which participates in the O-glycosylation of tran-
scription factors (77). Under physiological conditions, a small percentage of glucose 
entering cells is shunted through the hexosamine pathway, which is regulated by the
rate-limiting enzyme, glutamine:fructose-6-phosphate amidotransferase (GFAT; 77).
Ang II has been shown to activate the GFAT promoter in mesangial cells (78), thus
increasing glucose shunting into the hexasoamine pathway in addition to increasing
cellular uptake of glucose.

TGF-β1 and Extracellular Matrix Accumulation
The major matrix proteins expressed in mesangial cells are fibronectin, collagen I,

collagen IV, and laminin (79). Ang II has been shown to stimulate synthesis of matrix
proteins in MCs via induction of TGF-β1 (3). In addition to increased synthesis,
accumulation of ECM in the presence of high glucose can also result from decreased
degradation of matrix proteins (80). The enzymes involved in the degradation of matrix
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proteins are known as matrix metalloproteinases (MMPs) (81), of which MMP-2 is
predominant in MCs. Mesangial matrix is degraded by MMP-2; in addition, the pro-
tease plasmin both activates MMPs and itself degrades matrix. Activity of MMPs is
also regulated by specific protein inhibitors called tissue inhibitors of metalloproteinases
(TIMPs), TIMP-2 being the specific inhibitor of MMP-2 (81). Plasmin activity is regu-
lated by the plasminogen activators (PA) and their inhibitors (PAI-1,2) (82). In rat MCs,
the inhibitory effects of Ang II on matrix degradation are mediated via decreased MMP-
2 activity (4) and increased production of PAI-1 (82). Also, Ang II decreased MMP-2
levels in MCs and this effect of Ang II was accompanied by an increase in TGF-β1
secretion (4) (Fig. 6). As TGF-β1 also inhibits MMP-2 activity and increases TIMP-2
levels in a concentration-dependent fashion (83), it is likely that the effects of Ang II on
MMP-2 and TIMP-2 are mediated by TGF-β1. Ang II-induced upregulation of PAI-1
gene transcription is also mediated in part through induction of TGF-β1 (82).

Reactive Oxygen Species
ROS include superoxide anion, hydrogen peroxide (H2O2), and free hydroxyl radical. At

low levels, ROS function as redox signaling molecules but increased generation or accu-
mulation of ROS and/or oxidative products may cause oxidative injury. ROS can be pro-
duced by mitochondrial oxidative phosphorylation (84) and cytoplasmic oxidative enzymes
such as NAD(P)H oxidase (85). Among the two types of NAD(P)H oxidases, the non-
phagocytic NAD(P)H oxidases, as opposed to phagocytic oxidases, generate constitutive
low levels of superoxide in a predominantly intracellular location. Both types of NADPH
oxidases express p22phox, p47phox, rac1, and the p67phox subunits and both possess a
catalytic moiety (gp91phox or a nox isoform, either nox 1-5), which is inhibited by DPI. 

Ang II increases superoxide production by activating NAD(P)H oxidase probably
via a PKC-dependent pathway (5). Activation of NAD(P)H oxidase occurs via trans-
location of p47 phox from the cytoplasm to the membrane, as endothelial cells from
p47 phox knockout mice do not produce superoxide from Ang II (86,87). Also, recent
studies have suggested that Ang II-induced increased H2O2 production is mediated by
the activation of the p22 phox subunit of NAD(P)H because transfection of cells with
antisense p22 phox reduced NAD(P)H oxidase activity and H2O2 production (88).
Additionally, Gorin et al. (89) found that Ang II-induced increased protein synthesis
was absent in MCs transfected with antisense nox4, suggesting that activation of nox4
subunit of NAD(P)H oxidase may also be involved in Ang II-linked superoxide gener-
ation and cell proliferation. The effect of Ang II on NAD(P)H oxidase activity is medi-
ated via AT1 receptor activation because both superoxide and H2O2 production were
blocked by AT1 receptor antagonists (31,88).

ROS are scavenged by antioxidant enzymes such as catalase, glutathione peroxidase, and
superoxide dismutase (SOD). Mostly, H2O2 is derived by dismutation of the free radical
superoxide by SOD and is converted to H2O by catalase or scavenged by glutathione perox-
idase. Recent studies have shown that neither SOD activity (31,88) nor catalase activity (88)
was affected by Ang II. However, upregulation of heme oxygenase-1, an antioxidant
enzyme, ameliorated Ang II-induced oxidant injury in proximal tubules (90).

Interrelationships Between Glucose, Ang II, ROS, TGF-β1,
and Matrix Accumulation

In recent years, oxidative stress has been proposed as the cause of diabetic compli-
cations (84). NAD(P)H oxidase activity is significantly enhanced in diabetic glomeruli,
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and its activity is decreased by treatment with the PKC-β inhibitor ruboxistaurin, which
prevents membranous translocation of glomerular p47 phox (as well as p67phox) (91).
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Fig. 6. Effect of Ang II on TGF-β1 and MMP-2 levels in mesangial cells incubated in NG plus various
concentrations of Ang II for 24 h. Cell media were analyzed for total TGF-β1 and MMP-2 levels by
ELISA. Ang II significantly increased TGF-β1 secretion and decreased MMP-2 secretion at the
higher concentrations of Ang II. Values are mean ± SEM of three experiments. The asterisk denotes
p < 0.05 compared with NG. (From ref. 4 with permission.)



Because Ang II also stimulates NAD(P)H oxidase activity (see “Reactive Oxygen
Species” section), it is possible that oxidative stress in high glucose/diabetes may be due
to stimulation of the Ang II-NAD(P)H oxidase system. Indeed, our recent studies have
demonstrated that high glucose-induced superoxide accumulation was blocked by the
AT1 antagonists losartan and irbesartan as well as by NAD(P)H oxidase inhibitors
apocynin and DPI (31) (Fig. 7). Studies in STZ diabetic rats have further characterized
the link between Ang II, NAD(P)H oxidase, and ROS. Increased expression of
NAD(P)H oxidase subunits nox4 and p22phox and reversibility by insulin treatment
have been observed in 4- and 8-wk STZ diabetic rats (92). Also, STZ-induced diabetes
is associated with increased lipid peroxidation and protein carbonylation in renal cortex
which were improved with insulin, antioxidants, and ACE/ARBs (93,94). These data
suggest that Ang II-induced ROS formation may be a critical mediator of the deleterious
effects of high glucose.

To summarize, data from our laboratory and others indicate that high glucose/
diabetes increases intracellular Ang II levels. The role of Ang II in increased TGF-β1
secretion and matrix accumulation has been well established. However, studies from
our laboratory using ARBs have demonstrated that Ang II inhibition prevents high
glucose-induced increase in TGF-β1 secretion (Fig. 8) and collagen accumulation
(Fig. 9) in mesangial cells (4). In addition, intracellular Ang II production in
response to high glucose leads to ROS generation via NAD(P)H oxidase (31). ROS
may subsequently stimulate TGF-β1 secretion, which in turn may activate NAD(P)H
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Fig. 7. Effect of high glucose on net superoxide (O2
–) accumulation in human mesangial cells. Cells

were incubated in 10 mM glucose (C), HG, or HG with either AT1 antagonists [losartan (Los) or irbe-
sartan (Irb)] or NAD(P)H oxidase inhibitors [DPI or apocynin (Apo)] (all 10–4M) for 24 h. O2

– accu-
mulation was measured using the chemiluminescence of lucigenin and represented as relative light
units (RLU)/mg protein. The HG-induced increase in O–

2 accumulation was prevented by both AT1
antagonists and NAD(P)H oxidase inhibitors. Values are mean ± SEM of five experiments. The aster-
isk denotes p < 0.01 compared with the other five groups. (From ref. 31 with permission.)



oxidase activity, leading to more ROS production (85). The stimulatory effect of TGF-β1
on matrix protein gene expression via Smad pathways is also well established (95).
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Fig. 8. Total TGF-β1 levels in media from mesangial cells incubated in NG, HG, or HG + 10–4M of
the AT1 receptor antagonist losartan (HG + L). Losartan prevented the glucose-induced increase in
TGF-β1. Values are mean + SEM of six experiments. The asterisk denotes p < 0.05 vs NG and HG + L.
(From ref. 4 with permission.)

Fig. 9. Mesangial cell collagen accumulation in response to NG or HG in the presence or absence of
10–4M L. The glucose-induced increase in collagen accumulation was prevented by losartan. Values
are mean + SEM of 10 experiments. The asterisk denotes p < 0.05 vs NG, NG + L, and HG + L.
(From ref. 4 with permission.)



Our hypothesis that high glucose increases Ang II levels, which in turn stimulates
ROS production via NAD(P)H oxidase activation leading to enhanced production of
TGF-β1 and matrix accumulation is depicted in Fig. 10.

FUTURE DIRECTIONS

The importance of Ang II in matrix remodeling in glomerular mesangium has
become increasingly evident. Recent studies have established the presence of a functional
RAS within the glomerulus that includes MCs and proximal tubules. Glucose stimu-
lates RAS activity in these tissues, specifically by increasing angiotensinogen and Ang
II production. The effects of Ang II occur in autocrine, paracrine, or intracrine fashion,
the latter being a relatively new concept that remains to be explored in the future.
However, intracrine (intacellular) actions of Ang II suggest that Ang II may act as a sig-
naling peptide. For example, Ang II produced locally inside the cell can either stimu-
late other intracellular signaling pathways or bind to nuclear receptors to initiate
transcriptional changes for particular genes. Indeed, at least in the hepatic cells, Ang II
has been shown to regulate angiotensinogen and renin gene transcription and expression
by binding to nuclear receptors. In view of these findings, it is important to explore the
localization of nuclear Ang II receptors and their role in the regulation of gene transcription
and expression of matrix proteins in glomerular MCs. 

Future work related to the local RAS also should be focused on some of the newly
discovered members of the RAS, such as prorenin/renin receptors, ACE2, and
Ang(1–7). Recently, renin and prorenin have been shown to bind to receptor-binding
proteins causing cell hypertrophy and increased conversion of angiotensinogen to
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Fig. 10. Postulated interrelationships between glucose, Ang II, ROS, transforming growth factor
(TGF)-β1, and extracellular matrix (ECM) protein accumulation in renal mesangial cells. GLUT1,
mesangial glucose transporter; PKC, protein kinase C; MAPK, mitogen-activated protein kinase; AP-1,
activated protein-1 (transcription factor); AGT, angiotensinogen; Ang I, angiotensin I; AT1, Ang type 1;
ROS, reactive oxygen species; Smad, nuclear transcription factor for TGF-β1.



Ang I and Ang II within the cell. Thus, a study of the functional role of the prorenin/
renin receptor in tissue Ang II production may provide useful explanations for the
increased RAS activity in diabetes mellitus and lead to new approaches to prevent
this enhanced activity. In addition, ACE2 has emerged as a regulator of Ang II levels
in the heart and kidney by converting or inactivating Ang II to Ang(1–7). 
The study of ACE2 in diabetes should prove useful in understanding the mechanisms
by which glucose increases Ang II accumulation in glomeruli. Indeed, preliminary
work from our laboratory has shown that ACE2 activity is decreased in glomerular
extracts from STZ diabetic rats compared with controls, suggesting that inhibition
of ACE2 activity may be one of the mechanisms by which Ang II levels are increased
in the glomeruli from STZ diabetic rats. Future studies are also warranted on
understanding the role of Ang(1–7) in matrix remodeling in the glomerular
mesangium because this peptide has been shown to counterbalance the effects of
Ang II in the heart, blood vessels, and kidneys, probably via an unknown receptor
that has yet to be identified. 

It is clear that our understanding of the intrarenal RAS is still rudimentary, but in the
past few decades much progress has been made. Few now doubt the existence and
importance of the intrarenal RAS. Further research on the intracellular effects of Ang II
and related peptides should advance our knowledge on the role of intrarenal RAS in the
development of diabetic nephropathy.
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INTRODUCTION

The early stage of type 1 diabetes (T1D) is characterized by glomerular hyperfiltration
that arises as the result of preglomerular (primarily afferent arteriolar) vasodilation.
Although hyperglycemia is the trigger for this process, the mechanism linking hyper-
glycemia to reduced afferent arteriolar tone remains an area of active debate. It is well
established that diabetic hyperglycemia provokes a condition of oxidative stress in many
organs including the kidney. In this chapter, we consider the possible role of oxidative
stress in producing a defect in afferent arteriolar electromechanical coupling that
involves K+ channel activation, membrane hyperpolarization, and a consequent decrease
in Ca2+ influx through voltage-gated channels. As voltage-dependent Ca2+ influx is a
primary determinant of afferent (but not efferent) arteriolar tone and vasoconstrictor respon-
siveness, this scenario offers a potential mechanism whereby hyperglycemia results in
the preglomerular vasodilation that underlies diabetic hyperfiltration.

TIME-COURSE OF RENAL FUNCTIONAL ALTERATIONS IN T1D

The renal functional complications of T1D are complex and evolve markedly with
duration of the disease. The early stage of T1D is characterized by substantial increases
in renal blood flow and glomerular filtration rate (GFR). In humans, diabetic hyperfil-
tration persists for 5–10 yr, before waning to a normal and eventually subnormal
GFR. The onset of diabetic nephropathy (DN) is heralded by the appearance of
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microalbuminuria and albuminuria. Advanced DN is characterized by proteinuria,
further deterioration of renal function and GFR, glomerulosclerosis, and interstitial
fibrosis. This progression is exacerbated by hypertension, underscoring the vascular basis
of the process. Maneuvers that limit or prevent development of diabetic hyperfiltration
(e.g., by decreasing efferent arteriolar resistance, as provided by angiotensin-converting
enzyme (ACE) inhibitors) delay or prevent onset of DN, suggesting that the hyperfiltra-
tion occurring early in T1D engenders eventual development of DN.

LOCALIZATION OF THE RENAL MICROVASCULAR 
DYSREGULATION IN EARLY T1D

Diabetic hyperfiltration is evident not only in humans with T1D, but also in
rodent models of T1D. Most experimental studies of renal hemodynamic and
glomerular function in diabetes have utilized the streptozotocin (STZ)-treated rat.
Renal cross-transplantation studies have established that STZ exerts minimal direct
nephrotoxic effects, such that the renal functional changes evident in the STZ rat
arise as a consequence of the induction of T1D (1). Within 3 d after STZ injection,
renal and glomerular hypertrophy are evident (2), whereas hyperfiltration arises
within 1 wk and remains evident for weeks to months (probably dependent on the
magnitude of the hyperglycemia). The hyperfiltration can be substantial, as exem-
plified by our observation of an 80% increase in inulin clearance in Sprague-
Dawley rats studied 2 wk after STZ treatment (3). Hence, although there are some
limitations in the utility of the STZ rat in studying the processes occurring during
advanced DN (2), the STZ rat provides a useful tool for studying the mechanisms
underlying diabetic hyperfiltration. 

During the 1980s, micropuncture studies in the STZ rat provided the first documen-
tation that diabetic hyperfiltration results from a reduction in preglomerular vascular
resistance, with the ultrafiltration coefficient and efferent arteriolar resistance usually
unaffected (4,5). This situation increases glomerular plasma flow and capillary
hydrostatic pressure, thereby spawning the substantial increase in GFR. The glomerular
capillary hypertension in STZ rats is an acutely reversible consequence of insulin
deficiency and the resulting hyperglycemia (4). Indeed, acute restoration of euglycemia
also restores GFR to normal values in humans with recent onset T1D (6).
Hyperfiltration in STZ rats is evident not only at the whole kidney level and in superfi-
cial nephrons accessible by standard in vivo micropuncture methods, but also occurs in
juxtamedullary nephrons (3). Data obtained through the use of videomicroscopy in
concert with the in vitro blood-perfused juxtamedullary nephron technique have
confirmed that the increase in GFR can be attributed to a significantly greater afferent
arteriolar lumen diameter in STZ kidneys, compared with kidneys from Sham (vehicle-
treated) rats, whereas efferent arteriolar diameter is unaffected (3). In addition to the
reduced basal arteriolar tone, afferent (but not efferent) arterioles from moderately
hyperglycemic STZ rats display attenuated vasoconstrictor responsiveness to
norepinephrine (3). Over the course of several studies, we have observed a bell-shaped
relationship between blood glucose levels and juxtamedullary afferent arteriolar
diameter (Fig. 1). This observation is in accord with previous reports that hyperfiltra-
tion occurs in moderately hyperglycemic STZ rats, whereas severe hyperglycemia
evokes a reduction in GFR (5).
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ETIOLOGY OF THE AFFERENT ARTERIOLAR DILATION 
UNDERLYING DIABETIC HYPERFILTRATION

Results from the Diabetes Control and Complications Trial (7,8) established that
intensive insulin therapy aimed at near normalization of blood glucose levels reduces
the occurrence of microalbuminuria and albuminuria by 39 and 54%, respectively,
compared with conventional insulin therapy. These benefits were greatest when inten-
sive therapy was initiated soon after onset of T1D, underscoring the importance of
early hyperglycemia-induced processes in leading to development of DN. Whereas it
seems likely that hyperglycemia triggers or promotes the development of diabetic
hyperfiltration, the events linking hyperglycemia to impaired preglomerular micro-
vascular function in T1D have not been definitively established. Indeed, intensive investi-
gation of many different pathophysiological sequelae proposed to underlie diabetic
hyperfiltration (renal prostaglandins, sorbitol, growth hormone, atrial natriuretic
peptide, nitric oxide, glucagon, kallikrein–kinin system, the renin–angiotensin system
(RAS), etc.) has failed to unveil the undisputed key insult. In this chapter, we consider the
possibility that altered electromechanical regulation of vascular smooth muscle tone
and renal oxidative stress act in concert to promote the afferent arteriolar dilation under-
lying diabetic hyperfiltration.

Renal Oxidative Stress in T1D
One widespread consequence of hyperglycemia in T1D is oxidative stress reflecting

net accumulation of reactive oxygen species (ROS), which encompass a variety of partially
reduced metabolites oxygen. At the forefront of the array of ROS lies superoxide anion
(O2

•–), which is formed in biological systems as the result of a one-electron reduction
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Fig. 1. Relationship between blood glucose concentration and juxtamedullary afferent arteriolar
lumen diameter in kidneys from nondiabetic rats (Sham, �) and rats with STZ-induced T1D (λ). The
second-order regression line (solid) with 95% confidence intervals (•) is also provided.



of molecular oxygen by oxidases and auto-oxidation processes. As summarized in Fig. 2,
O2

•– formation leads to production of several ROS. The initial fate of O2
•– is either dis-

mutation to form hydrogen peroxide (H2O2) or reaction with nitric oxide (NO) to form
peroxynitrite (ONOO–). Spontaneous dismutation of O2

•– is accelerated more than
30,000-fold by superoxide dismutase (SOD), a reaction that proceeds at approx 60% of
the rate of ONOO– formation (9). Significant amounts of H2O2 are produced that, in
turn, can be degraded to H2O and O2 by antioxidant enzymes. Alternatively, H2O2 can
serve as a precursor of other damaging substances such as hypochlorous acid (HOCl)
and hydroxyl radical (OH•).

Whereas net accumulation of one or more ROS can result from excess formation
and/or inadequate degradation mechanisms (enzymatic and nonenzymatic scavengers
and so on), the initiating event in this cascade is O2

•– production. The cellular sources
of O2

•– include the mitochondrial electron transport chain, NAD(P)H oxidase, NO
synthase (NOS), xanthine oxidase, cyclooxygenase, and the oxygenated form of
cytochrome P450 (9). O2

•– production by the mitochondrial electron transport chain
has been proposed to represent a common element that triggers glucose-induced acti-
vation of several processes implicated in the vascular complications of T1D (10,11);
however, NAD(P)H oxidase and NOS have also been implicated as a sources of
excess O2

•– production in T1D (12,13). Activation of one or more of these oxidant
pathways during T1D drives an increase in O2

•– formation in the vasculature and in
the renal cortex (14). Moreover, compensatory increases in renal antioxidant enzyme
activities are evident (15–17). A consequence of accelerated O2

•– production is the
formation of ONOO– and/or H2O2. ONOO– can react with tyrosine residues on pro-
teins, a process presumed to underlie the increase in renal cortical protein tyrosine
nitration in T1D (14,18). The possibility of increased renal H2O2 production in T1D
has received little attention, although this situation can be expected to result from the
increases in both O2

•– production and SOD activity (14). In recent preliminary studies,
we found that STZ rats exhibit increased urinary H2O2 excretion, which could reflect
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Fig. 2. Cascade of endogenous ROS formation. O2
•–, superoxide anion; NO, nitric oxide; ONOO–,

peroxynitrite; H2O2, hydrogen peroxide; OH•, hydroxyl radical; HOCl, hypochlorous acid; GSH-Px,
glutathione peroxidase.



net increases in systemic and/or renal H2O2 production. H2O2 is relatively stable and
easily crosses cell membranes; hence, any accumulation of H2O2 in the kidney could
influence the function of a variety of cell types (19). Alternatively, H2O2 could be
degraded by catalase or glutathione peroxidase, or it could serve as a substrate for
formation of OH• and/or HOCl. Winiarska et al. (20) have reported accelerated OH•

generation by renal cortical tubules from rabbits with alloxan-induced T1D. Because
OH• is highly reactive, it is very short-lived and thus assumed to exert its effects
locally. An unexplored possibility is that OH• is produced by (and subsequently influ-
ences the function of) the renal microvasculature in T1D. It is also possible that
infiltration and activation of leukocytes (the only cells that express myeloperoxidase)
leads to HOCl production in the kidney during the early stage of T1D. Indeed,
although glomerular infiltration by leukocytes and monocytes/macrophages is evi-
dent within 1 wk of STZ injection in rats (21), no attempts have been made to deter-
mine if renal HOCl production occurs in diabetes. 

MICROVASCULAR IMPACT OF RENAL OXIDATIVE STRESS IN T1D
The best-documented vascular consequence of oxidative stress in T1D is a decreased

half-life of NO (accelerated degradation as a result of ONOO– formation). The resulting
impairment of agonist-induced NO-dependent relaxation in aorta and other vascular
beds is normalized by antioxidant maneuvers (22–24). Agonist-induced endothelium-
dependent relaxation is impaired in small intrarenal arteries from STZ rats, apparently
as a result of O2

•–, OH•, and prostaglandin endoperoxide opposition of the effects of NO
(25). O2

•–-dependent processes are also implicated in impaired endothelium-dependent
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Fig. 3. Suppressed influence of NOS inhibition (100 μM Nitro-L-arginine) on juxtamedullary
afferent and efferent arteriolar diameter in STZ kidneys is restored by exogenous SOD (150 U/mL
of blood perfusate). p < 0.05 vs Sham; n = 7–10 arterioles. (Data from Ohishi and Carmines
[27].)



relaxation of afferent arterioles isolated from diabetic rabbits (26). As illustrated in
Fig. 3, renal arteriolar constrictor responses to NOS inhibition are attenuated in kidneys
from STZ rats, but restored by acute exposure to SOD (27). This observation indicates
that O2

•– production diminishes the tonic dilator influence of endogenous NO on the
renal microvasculature. The O2

•–-dependent decrease in NO bioavailability is evident in
both afferent and efferent arterioles; thus, it is difficult to envision this phenomenon as
contributing to diabetic hyperfiltration. In fact, the decrease in NO bioavailability in
early T1D actually increases pre- and postglomerular vascular resistance, rather than
producing the selective decline in preglomerular resistance that engenders diabetic
hyperfiltration. 

O2
•– may also alter renal vascular function via NO-independent mechanisms. In non-

renal vascular beds, O2
•– generally promotes vasoconstriction via effects on intracellular

Ca2+ homeostasis and signaling events (28–33), although a few studies indicate attenuated
contractile responsiveness (34,35). O2

•– has also been variably reported to influence K+

channels and L-type voltage-gated Ca2+ channels (VGCCs) (31,36), which  are particularly
critical to regulation of renal preglomerular microvascular function (37–39). However, no
studies have examined the possibility that O2

•– exerts an NO-independent influence on the
renal vasculature. 

Systemic infusion of ONOO– evokes renal, hindquarter and mesenteric vasodilation
possibly via a mechanism involving ATP-sensitive K+ channels (KATP channels)
(40,41). ONOO– also dilates cerebral arterioles by activating KATP channels (35). In
contrast, ONOO– contracts rat cerebral artery (42,43) and diminishes currents through
voltage-sensitive K+ channels (Kv channels), as well as reducing the dilator influence
of these channels in rat small coronary arteries (44). This phenomenon may result from
nitration of tyrosine residues in the pore-forming α-subunit of the Kv channel (44). As
ONOO– appears to activate KATP channels and inhibit Kv channels in vascular smooth
muscle, the resulting change in vascular tone may reflect the relative prominence of
these channel subtypes in a particular vascular bed. It is intriguing note that KATP
channels have increased functional impact on afferent arteriolar function in T1D
(see pp. 30–31), thus raising the possibility that this phenomenon might arise via a
ONOO–-dependent mechanism.

A survey of literature concerning the vasoactive effects of H2O2 yields a mixed bag
of constrictor (31,45) and dilator effects (46–48). In some cases, contraction is evident
at low concentrations with higher concentrations provoking a transient contractile
response followed by a sustained dilation (49,50). Most studies indicating vasodilator
responses to H2O2 have implicated increased K+ channel activity in the response
(49,51–53). Renal medullary interstitial infusion of H2O2 decreases medullary blood
flow (54); however, our preliminary data unveiled a concentration-dependent, NOS-
independent afferent arteriolar dilator response to H2O2 (55). Although we do not know
if this phenomenon is endothelium dependent or if it reflects vasoactive effects of H2O2
metabolism products (OH• and HOCl), this observation suggests that increased H2O2
production in the renal cortex during T1D might contribute to the afferent arteriolar
dilation and hyperfiltration.

Little information exists concerning the potential renal vascular effects of OH•,
except for one report indicating that OH• contributes to impaired endothelium-
dependent dilation of small intrarenal arteries from STZ rats (25). A similar effect of
OH• has been described in the basilar artery of STZ rats (56). Thus, it appears likely
that OH• impairs NO-dependent dilator events, possibly by oxidizing NO (57).
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However, conflicting reports regarding the effects of OH• on vascular tone include a
vasodilator impact on cerebral arterioles (58), but an endothelium-independent constrictor
influence on rat aorta (59).

Among the ROS, the vasoactive effects of HOCl are the most poorly characterized.
HOCl increases vascular resistance in the perfused rat liver (60). In isolated pulmonary
arteries from sheep, HOCl produces vasoconstriction under resting force and vasodilation
when the pulmonary arteries are precontracted (61). HOCl also appears capable of
impairing NO-dependent vasodilation (62,63). Moreover, a recent report indicates that
exposure of rat aortic rings to 20 mM glucose for 5 h sensitizes the vessel to
myeloperoxidase-induced endothelial dysfunction (64), an observation that underscores
the potential for a vascular effect of HOCl if even only modest renal leukocyte infiltration/
activation occurs during the early stage of T1D. However, nothing is known about the
effects of HOCl on renal hemodynamics, even in inflammatory states in which increased
renal myeloperoxidase activity and HOCl-oxidized protein have been documented
(65–67). It is interesting to note that immunosuppressant/anti-inflammatory therapy is
beneficial in preventing glomerular injury in uninephrectomized STZ rats (which
display accelerated development of diabetic nephropathy), although this phenomenon
appeared to arise independent of the hemodynamic changes associated with diabetic
hyperfiltration (68).

In addition to direct effects on the renal vasculature, ROS production in T1D may
elicit tubuloglomerular feedback-dependent alterations in afferent arteriolar tone. A
complex interaction exists between O2

•– and NO in determining tubuloglomerular
feedback regulation of afferent arteriolar tone (69). Moreover, ROS can influence Na+

transport by various segments of the nephron. For example, in the medullary thick
ascending limb, O2

•– increases net NaCl reabsorption, ONOO– inhibits Na+-K+-
ATPase activity, and H2O2 has no effect on Na+ transport (70). The possibility that
HOCl and OH• might influence renal Na+ transport has not been explored. The pluripo-
tential effects of the various ROS on Na+ transport might change solute delivery to the
macula densa, thereby indirectly altering afferent arteriolar resistance. Obviously, this
phenomenon could represent a mechanism through which ROS influence the magni-
tude of diabetic hyperfiltration. 

SUMMARY OF THE POTENTIAL ROLE OF OXIDATIVE STRESS

IN DIABETIC HYPERFILTRATION

Oxidative stress in T1D is implicated in multiple complications of the disease,
including diabetic nephropathy, which has its origin in dysregulation of renal pre-
glomerular microvascular tone. Intense investigative effort has established several
pathways through which ROS production results from hyperglycemia. However, it is
not clear which renal cells produce excess ROS in T1D, nor is it clear which ROS pre-
dominates in the kidney (and in the renal microvasculature) under these conditions.
Even less well understood are the functional effects of the various ROS—information
that is critical for understanding the mechanisms through which these substances con-
tribute to the deleterious effects of T1D. Each ROS has the potential to influence renal
microvascular tone via direct effects on the resident vascular smooth muscle cells,
through effects on NO bioavailability (as documented for O2

•–), or indirectly via effects
on tubular transport that evoke tubuloglomerular feedback-mediated vascular
responses. Any or all of these events can be expected to influence the magnitude of
diabetic hyperfiltration. 
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Disrupted Electromechanical Regulation of Preglomerular Microvascular
Resistance in STZ-Induced T1D

Basal tone and contractile responsiveness of the preglomerular microvasculature are
highly dependent on Ca2+ influx through voltage-gated channels, whereas efferent arte-
riolar function seems much less reliant on this process (37). Accordingly, alterations in
electromechanical coupling events would have a functional impact on a variety of
processes in the preglomerular microvasculature, with little impact on the efferent arte-
riole (71). In light of the fact that multiple aspects of afferent arteriolar function are
impaired in T1D, with relative preservation of efferent arteriolar function, we have pro-
posed that T1D provokes a functional defect in electromechanical regulation of afferent
arteriolar function. 

FUNCTIONAL IMPAIRMENT OF AFFERENT ARTERIOLAR

VOLTAGE-GATED CA2+ CHANNELS IN T1D
Bank and colleagues (72) first suggested that insulinopenia in T1D might impair

Ca2+ movement through VGCCs in the renal vasculature. Subsequently, Williams and
Schrier (73) found that cultured rat aortic vascular smooth muscle cells exposed to high
extracellular glucose concentrations for 12 h exhibited suppressed voltage-sensitive
and agonist-induced [45Ca2+] uptake responses. In recent preliminary studies, we con-
firmed that culture of renal preglomerular microvascular smooth muscle cells for 3–5 d
in high-glucose media significantly impaired [Ca2+]i responses to depolarization (74).
These observations link hyperglycemia with depressed VGCC activation. We have
reported attenuation of afferent arteriolar contractile responses to BAY K 8644 (a dihy-
dropyridine activator of L-type VGCCs) in kidneys from STZ rats. Moreover, the EC50
for KCl-induced afferent arteriolar contraction was 40% greater in STZ kidneys than in
kidneys from Sham rats (75). We also found that afferent arterioles from STZ rats iso-
lated and studied in media containing 20 mM glucose exhibited blunted [Ca2+]i
responses to K+-induced depolarization (Fig. 4) (75). Although afferent arterioles from
Sham rats were unaffected by bath glucose concentration, [Ca2+]i responsiveness to
depolarization in arterioles from STZ rats was restored within 10 min of exposure to
normal bath glucose values. The rapid reversibility of this phenomenon is reminiscent
of the ability of acute restoration of euglycemia to normalize GFR in STZ rats, as
noted earlier (4), and also makes it unlikely that a decrease in VGCC expression in
afferent arteriolar smooth muscle cells is responsible. Rather, these observations
suggest that hyperglycemia in T1D provokes altered regulation of afferent arteriolar
VGCCs, probably representing a diminished sensitivity to membrane potential. This
phenomenon can be expected to result in reduced responses to a variety of stimuli that
normally rely on depolarization-dependent Ca2+ influx to evoke increases in
preglomerular vascular resistance—including autoregulatory and tubuloglomerular
feedback responses, as well as contractile responses to AngII, vasopressin, norepi-
nephrine, and other agonists (37,76–78). Accordingly, the impaired afferent arteriolar
responsiveness to depolarization in T1D should promote afferent arteriolar dilation
and diabetic hyperfiltration (71).

EXAGGERATED IMPACT OF ATP-SENSITIVE K+ CHANNELS

ON AFFERENT ARTERIOLAR TONE IN T1D
Studies from our laboratory have also explored the possibility that K+ channel regu-

lation of afferent arteriolar function is altered in T1D. In particular, we have focused on
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the KATP channel (79), the activation of which may reflect the cellular metabolic state.
Several studies have provided functional evidence of KATP channel expression in the
renal microcirculation (80–83). We confirmed that potassium channel openers (pinacidil
or PCO-400; both specific for KATP) evoke concentration-dependent afferent arteriolar
dilation in kidneys from nondiabetic rats (Fig. 5), indicating the functional expression
of KATP channels; however, the normal afferent arteriole is minimally responsive to gliben-
clamide (a sulfonylurea KATP inhibitor). Thus, the normal afferent arteriole possesses a
recruitable pool of KATP channels having a low open probability in the absence of pharma-
gological activators and in the presence of physiologic intracellular ATP levels. In contrast,
afferent arterioles from STZ rats contracted significantly in response to glibenclamide
(Fig. 5), indicating the emergence of a KATP channel-dependent component of afferent
arteriolar tone in T1D. Indeed, as the afferent arteriole is typically vasodilated in the
hyperfiltering kidney of the STZ rat, glibenclamide-induced contraction of these
vessels restored arteriolar diameter to values that did not differ significantly from arterioles
in Sham kidneys (79). Afferent arterioles from STZ rats also exhibited an exaggerated
vasodilator response to pinacidil and PCO-400, consistent with an increased functional
expression of KATP channels and/or an enhanced impact of these channels on membrane
potential (and hence arteriolar tone). As opening of KATP channels promotes afferent
arteriolar dilation, this phenomenon can be expected to contribute to the etiology of
diabetic hyperfiltration (71).

SUMMARY OF THE POTENTIAL ROLE OF IMPAIRED AFFERENT ARTERIOLAR

ELECTROMECHANICAL COUPLING IN DIABETIC HYPERFILTRATION

Increased functional availability and basal activation of KATP channels in T1D
should result in dysregulation of membrane potential (favoring hyperpolarization).
Moreover, this situation should be exacerbated by impaired VGCC responsiveness
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to membrane depolarization. These synergistic effects of T1D on KATP channels and
VGCCs would tend to diminish afferent arteriolar responsiveness to myriad constrictor
stimuli, thus promoting the characteristic afferent arteriolar dilation that evokes diabetic
hyperfiltration. However, the events that underlie altered electromechanical coupling
in the preglomerular microvasculature during T1D have not been elucidated.

Could Oxidative Stress in T1D Underlie the Alterations in Afferent Arteriolar
Electromechanical Coupling?

In considering the potential roles of renal oxidative stress and impaired afferent arteriolar
electromechanical coupling in the etiology of diabetic hyperfiltration, it is intriguing to
note a potential link between these phenomena. Indeed, many of the direct vasoactive
effects of ROS arise via changes in K+ channels that regulate membrane potential or Ca2+

channels that respond to changes in membrane potential. These channels play prominent
roles in the electromechanical regulation of afferent arteriolar tone (and are much less
prominent in the efferent arteriole). Thus, as illustrated in Fig. 6, it is conceivable that
renal oxidative stress in T1D might activate K+ channels (perhaps the KATP channel) in
afferent arteriolar smooth muscle cells, resulting in hyperpolarization and diminished
Ca2+ influx through VGCCs, thus engendering afferent arteriolar dilation and hyperfil-
tration. These events may occur in parallel with effects of ROS that reduce NO bioavail-
ability (tempering hyperfiltration) and/or ROS-stimulated changes in tubular transport
that evoke tubuloglomerular feedback-dependent responses (which could either favor or
blunt hyperfiltration). This complex scenario of factors impacting the magnitude of
diabetic hyperglycemia awaits validation through detailed experimental scrutiny. 
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Fig. 5. Impact of KATP channels on juxtamedullary afferent arteriolar lumen diameter in kidneys
from Sham and STZ rats. Responses to 100 μM glibenclamide (KATP blocker) and 100 μM pinacidil
(KATP opener) are illustrated. p < 0.05 vs Sham; n = 7–9 arterioles. (Data from Ikenaga et al. [79].)
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INTRODUCTION

In chronic renal glomerular diseases the degree of interstitial fibrosis determines
renal failure and the rate of progression toward end-stage renal disease. This relation-
ship between renal insufficiency and interstitial fibrosis has also emerged in the most
common single disease entity causing renal failure with the need for chronic renal
replacement therapy, namely diabetic nephropathy (DN) (1,2).

Clinical studies have demonstrated that proteinuria is a risk factor for the rate of pro-
gression of renal failure (3,4). Even small rates of proteinuria (≤1–3 g/d) impose an
increased risk (3). In combination, the histopathological and clinical observations give
rise to the hypothesis that ultrafiltered proteins interact with tubular cells and, indi-
rectly, with cells in the interstitium promoting fibrogenesis and, hence, accelerating
renal disease progression. This hypothesis does not exclude important contributions of
metabolic abnormalities to tubulo-interstitial injury in DN. Nevertheless, a causative role
of glomerular protein ultrafiltration has recently emerged from experimental study
and is supported by clinical observations.

GLOMERULAR PROTEINURIA AND THE RENAL INTERSTITIUM

The nephrotic syndrome in ouvert DN is associated with nonselective proteinuria
(i.e., 50–60% of the urinary protein excretion consists of albumin with the balance
including proteins of lower as well as high molecular weights). Diabetic microalbuminuria
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is clinically defined by but not limited to albumin excretion. In diabetic microalbu-
minuria there is also increased urinary excretion of IgG and β2-macroglobulin indica-
tive of nonselective glomerular proteinuria, albeit at low rates (5,6). Although the
most abundant protein that is translocated into tubular fluid in micro- as well as macro-
proteinuric states of DN is albumin, it is not the only ultrafiltered protein.

Albumin as a Tubular Toxin
Given the preponderance of albumin in glomerular protein ultrafiltration in DN (and

other proteinuric glomerular diseases), several laboratories tested the hypothesis that
albumin is the culprit for tubular cell injury, which subsequently entertains interstitial
fibrogenesis. This conclusion is largely derived from in vitro experimental observations
(7–10). Incubation of cultured tubular cells with albumin activates the transcription fac-
tor nuclear factor (NF)-κB (8–10). Activation of this transcription factor occurs as a
general response to many modes of injury including exposure to several cytokines in
many cell types and is not specific to the exposure with albumin (11,12). NF-κΒ tran-
scriptionally activates the C–C chemokines monocyte chemoattractant protein (MCP)-1,
Regulated on Activation, Normal T Expressed and Secreted (RANTES), and
fractalkine, and possibly other chemokines (Fig. 1). These molecules may attract
mononuclear cells (macrophages) into the peritubular interstitium, which release fibro-
genesis-promoting factors such as transforming growth factor (TGF)-β, endothelin-1,
angiotensin II, and plasminogen activator inhibitor-1, which can act on tubular cells as
well as on interstitial fibroblasts. In this model, albumin in tubular fluid directly and by
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Fig. 1. Activation of nuclear factor (NF)-κΒ by proteasomal degradation of its inhibitor, I-κΒ, in
tubular cells occurs in response to various modes of cell injury including the exposure to large
concentrations of albumin, other proteins and some cytokines such as transforming growth factor-β.
NF-κΒ upregulates expression of some ECM proteins (fibronectin) and C–C chemokines.



itself initiates a cascade of events that promotes interstitial fibrogenesis. In this sense,
albuminuria would not only be a risk factor for interstitial fibrosis but also causatively
involved.

Although this “albumin hypothesis” appears to provide an attractive model of interstitial
fibrogenesis in DN, several other clinical observations and experimental findings remain
unexplained and in fact at odds. In the minimal change nephrotic syndrome, despite severe
(selective) albuminuria, there is no evidence of progressive interstitial fibrosis, and per-
itubular macrophage infiltrates are generally not seen. Moreover, other investigators were
not able to demonstrate tubular cell toxicity by purified albumin (13–15). Its polyanionic
nature gives rise to binding of various compounds to plasma albumin, which include fatty
acids and other metabolites or drugs. Schreiner and his associates provided experimental
evidence that metabolites of certain albumin-bound fatty acids are released intracellularly
and are toxic to proximal tubular cells (16). Indeed, a potentially toxic role of albumin-
bound fatty acids (but not albumin per se) is further supported by experimental findings by
Arici and coworkers (17–19).

The minimal concentration of albumin that is required for activation of NF-κΒ
(5–10 mg/mL) far exceeds the albumin levels in glomerular ultrafiltrate and proximal
tubular fluid in vivo in the nephrotic syndrome, perhaps by two orders of magnitude,
and even more so in subnephrotic proteinuria or microalbuminuria of early DN (20).
Burton and associates performed experimental studies that help to explain a predictive
but not necessarily causative relationship between albuminuria, interstitial fibrogenesis,
and rate of progression of renal failure in DN. Incubation of proximal tubular cells with
purified albumin (1 mg/mL) does not raise the secretion of MCP-1 but equivalent con-
centrations of the 40–100 kDa fraction of heat-inactivated serum increases the secre-
tion of this C–C chemokine as well as of platelet-derived growth factor (PDGF) (14).
Similarly, this fraction (but not albumin) also raises the basolateral secretion of
fibronectin in apically stimulated cells (13).

In the aggregate, experimental findings favor an alternative hypothesis that apical
tubular cell exposure to ultrafiltered compounds of molecular sizes, similar, or greater
than albumin are causative in interstitial fibrogenesis, and the presence of albuminuria
is indicative of the translocation of such bioactive molecules into tubular fluid.

Glomerular Ultrafiltration of Growth Factor: Cytokines
Glomerular proteinuria does not only translocate albumin but also highly bioactive

growth factors and cytokines into tubular fluid. In plasma, these molecules are usually
present in bioinactive, high molecular weight precursor forms that are normally
excluded from glomerular utrafiltration because of their molecular size. In proteinuric
glomerulopathies ultrafiltration has been demonstrated for insulin-like growth factor
(IGF)-I, hepatocyte growth factor (HGF), and TGF-β, and their potential contributions
to tubular cell “activation” and in the context of interstitial fibrogenesis in DN has been
examined.

ULTRAFILTERED IGF-I
IGF-I (7.6 kDa) is present in circulating plasma at considerably high levels (20–40 nM)

but almost exclusively in high-molecular-weight-binding protein (BP) complexes.
Approximately 75% are bound to IGFBP-3 that forms together with an acid-labile
subunit a complex of 150 kDa. Most of the remaining IGF-I is bound to IGFBP-1, -2,
or -4 in molecular complexes of 45–50 kDa. This molecular size distribution of plasma
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IGF-I explains its exclusion from glomerular ultrafiltration in physiological states.
However, in the experimental nephrotic syndrome, IGF-I undergoes translocation into
proximal tubular fluid together with (some of its) BPs, perhaps primarily as 45–50 kDa
complexes (20), and estimated tubular fluid levels are 1.3 nM, which is probably two
orders of magnitude above its lowest level of bioactivity. In tubular fluid, IGF-I becomes
bioactive as demonstrated by the ability of nephrotic rat proximal tubular fluid to phos-
phorylate the IGF-I receptor β-subunit and to increase 3H-thymidine incorporation in
cultured tubular cells which is inhibitable by IGF-I neutralizing antibodies (20).

The fractional urinary excretion of IGF-I in the nephrotic syndrome in rats has been
estimated at 0.1% and the nephron clearance of IGF-I, is on an average threefold greater
than that of albumin. These experimental observations demonstrate the presence of consid-
erably great levels of IGF-I in proximal tubular fluid in proteinuric states. This data also
suggests that ultrafiltration of IGF-I may reach biologically meaningful tubular fluid levels
even in moderate degrees of glomerular proteinuria such as in early DN.

IGF-I transmits its activity through specific IGF-I receptors which have been demon-
strated in basolateral but also in apical membranes of some nephron segments (21) and
biological activity can be transduced through apical tubular membrane receptors
(22,23). Thus, IGF-I undergoes glomerular ultrafiltration in high-molecular-weight
complexes in proteinuric glomerulopathies and can act through apical tubular recep-
tors. Among its documented actions in tubular cells is cell growth, and this may con-
tribute to growth in nephron size and length that has been described in early
experimental DN (24,25). Other biological actions of ultrafiltered IGF-I include mod-
erately increased rates of tubular cell secretions of extracellular matrix (ECM) proteins,
specifically collagens type I and IV, which could contribute to the interstitial accumula-
tion of ECM proteins and hence interstitial fibrosis (20).

ULTRAFILTERED HGF
HGF is also present in plasma, albeit at lesser concentrations compared with IGF-I,

including both the bioinactive, monomeric precursor form of HGF (97 kDa) and mature,
bioactive, heterodimeric HGF (80–92 kDa). In streptozotocin (STZ)-induced diabetes
in rats, serum levels of pro-HGF as well as mature HGF tend to increase in comparison
with controls (26). Diabetic but not normal rats excrete the bioactive form of HGF in
urine. Moreover, early proximal tubular fluid obtained by nephron micropuncture from
diabetic rats contains mature HGF, which is absent in normal controls (26). Thus, similar
to IGF-I, HGF is also translocated from plasma into tubular fluid by glomerular ultra-
filtration in rats with DN but not in control animals.

HGF exerts biological activity through its specific receptor, the p190met protein.
HGF receptors are expressed in several nephron segments in basolateral membranes
and in apical membranes. Proximal tubular p190met expression is increased in DN (26).
This increase in tubular HGF-receptor expression seems to be mediated by TGF-β. The
c-met gene contains a cis-acting smad-responsive element adjacent to a Sp1-site, and
TGF-β transcriptionally upregulates p190met smad dependently with additional require-
ment of Sp1 (27).

Although some experimental findings are supportive of a contributory role of ultrafil-
tered HGF to interstitial fibrogenesis in DN, other evidence is less supportive or even
opposing such a role. Glomerular ultrafiltrate from diabetic (but not from control) rats
as well as recombinant human HGF (rhHGF) increase fibronectin expression in cultured
proximal tubular cells and induce other profibrogenic molecules (chemokines and
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PDGF-BB). In contrast, HGF concentration dependently downregulates expression of
Col3A1, a subunit of collagen type III (28). Thus, the contribution of ultrafiltered HGF to
interstitial fibrogenesis in DN remains questionable (Fig. 2).

ULTRAFILTERED TGF-β
TGF-β is also present in serum at considerable levels and large amounts are stored in

platelets and released on degranulation (29). Ninety-nine percent or more of serum
TGF-β is bound to latency-associated protein and TGF-β-latency-associated protein
is actually the transcriptional and translational product of the TGF-β gene. This pro-
tein is largely bound to latent TGF-β BP forming a complex of about 220 kDa or to
β2-macroglobulin (900 kDa). Thus, TGF-β is normally effectively excluded from
glomerular ultrafiltration except in glomerular proteinuria.

Indeed, in DN TGF-β is found in early proximal tubular fluid at biologically signif-
icant levels (800 pg/mL). Approximately 10% is directly bioactive, and the reminder
appears to undergo activation by proteolytic enzymes, thrombospondin-1, progressive acid-
ification, and increasing urea levels that occur with downstream travel of tubular fluid.
TGF-β that is present in tubular fluid may be plasma-derived, and/or may originate
from increased expression in glomeruli, or from degranulating platelets. TGF-β recep-
tors are also expressed in several nephron segments, including expression in apical
membranes (26,30).

The validity of these findings in experimental animals is also supported by clinical
observations. In patients with membranous nephropathy, urinary excretion of TGF-β is
increased and levels are predictive of the rate of progression of renal failure (31).
Urinary excretion of TGF-β has also been shown specifically in patients with DN
(32,33). There is compelling evidence for a major profibrogenic role for ultrafiltered
TGF-β in DN.

BIOLOGICAL RESPONSES TO ULTRAFILTERED GROWTH FACTORS

Although three growth factors have been shown to undergo glomerular ultrafiltra-
tion in proteinuric glomerulopathies in general and specifically in DN, it is possible,
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Fig. 2. Dual actions of rhHGF in tubular cells. Although HGF moderately raises the expression of
some matrix proteins such as fibronectin, the expression of the A1 chain of collagen type III is almost
quantitatively blocked.



perhaps likely, that several other bioactive proteins take similar routes. Demonstrated
bioactivity data are only available for ultrafiltered IGF-I, HGF, and TGF-β, and most data
on the latter two proteins.

Direct Profibrogenic Responses by Tubular Cells
Ultrafiltered IGF-I increases the secretion of collagen type I and IV (20), and TGF-β

increases col3A1 expression, albeit moderately in proximal tubular cells (28). In con-
trast, HGF appears to be a negative regulator for this latter protein chain (Fig. 2) (28).
Both, HGF and TGF-β raise fibronectin expression in proximal tubular as well as inner
medullary collecting duct cells, and this can be reproduced by incubating cells with
diluted proximal tubular fluid from rats with DN but not from control animals (Fig. 3).
These ECM proteins contribute to interstitial fibrosis in DN, and the findings suggest
that tubular cells when stimulated with ultrafiltered IGF-I and TGF-β (and perhaps
HGF) contribute directly to interstitial fibrosis. However, tubular cells express mini-
mally, if at all, col1A2, and this is not much increased by TGF-β or HGF. This indi-
cates that collagen type I, which substantially contributes to interstitial fibrosis, is not
of tubular origin (but derived from interstitial myofibroblasts).

Incubation of proximal tubular cells with early tubular fluid that was collected by
micropuncture from rats with DN also induces PDGF-BB expression (Fig. 3) (28).
Both ultrafiltered HGF and TGF-β contribute to increased tubular cell PDGF-BB and
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Fig. 3. Ultrafiltered TGF-β, HGF, and IGF-I interact with apical membrane receptors in tubules and
raise the expression of some ECM-proteins as well as of PDGF, CTGF, and possibly TGF-β. These
latter cytokines may act in autocrine/paracrine modes on tubular cells but important targets are renal
interstitial fibroblasts.



coincubation in the presence of a mixture of TGF-β- and HGF-neutralizing antibodies
ameliorates this activity of tubular fluid. Moreover, rhHGF as well as rhTGF-β each
raise PDGF-BB expression in proximal tubular cells substantially with TGF-β being
more powerful in an equimolar comparison (28). PDGF-BB is an important proliferative
regulator for interstitial renal fibroblasts (34,35) and may contribute modestly to the
expression of some ECM-proteins (col3A1) but not of others (col1A2 and fibronectin)
in these cells (28). Thus, apical exposure to ultrafiltered cytokines is translated by
tubular cells into another cytokine signal (PDGF-BB) that has specific actions on inter-
stitial cells.

CONNECTIVE TISSUE GROWTH FACTOR

On its discovery, connective tissue growth factor (CTGF) was thought to be exclu-
sively expressed in (myo) fibroblasts downstream of the TGF-β receptor (36–38).
However, more recently it was determined that CTGF is widely expressed in varying
cell types including epithelial cells in the distal nephron and in mesangial cells.
Moreover, it is not exclusively induced by TGF-β but also by other cytokines (39).
CTGF raises the expression of ECM-proteins and other matrix-promoting regulators in
myofibroblasts (and other cell types).

Early proximal tubular fluid from rats with DN moderately increases CTGF in cul-
tured tubular cells which is mainly driven by the TGF-β content of early proximal
tubular fluid (Fig. 3) (39). Interestingly, CTGF binds to IGF-I, albeit with lesser affin-
ity in comparison with the “classic” IGFBPs (40,41). This may be of major functional
importance, given that a specific signaling receptor for CTGF has not (yet) been iden-
tified. Although, a very high molecular weight, probably nonspecific cell surface BP
has been described, it appears that it functions perhaps as a scavenger rather than a
signaling receptor (42). The lack of a defined receptor-signaling model for CTGF
gives rise to an alternative hypothesis of action of this profibrogenic protein, namely
binding to IGF-I and amplifying the activity of the latter through the IGF-I receptor.
Indeed, CTGF amplifies the effects of IGF-I on the expression of collagen type III
(col3A1) and thrombospondin-1 (39). Further evidence on collaboration between
CTGF and IGF-I has more recently been described in fibroblasts specifically in the
context of diabetes (43).

Proinflammatory Responses to Ultrafiltered Cytokines
Renal fibrogenesis may be compared with skin-wound healing. In this setting,

inflammatory infiltrates are required for subsequent scarring and even large fetal
wounds, which lack inflammation, heal without scars (44). Similarly, renal interstitial
fibrogenesis is thought to require inflammatory cells (mainly macrophages), which
express important cytokines in the interstitium. Although early DN is thought by some
scholars to completely lack the interstitial accumulation of macrophages, quantitative
histological analysis indicates increased numbers of renal interstitial macrophages (45).
Experimental evidence suggests that ultrafiltered HGF and TGF-β are causative in
inducing tubular basolateral chemokine secretion including MCP-1 and RANTES,
which then regulate and activate interstitial macrophages (Fig. 4).

TUBULAR SECRETION OF MCP-1
Exposure of cultured tubular cells to glomerular ultrafiltrate from rats with DN raises

the expression of MCP-1 (26). There are two observations suggesting a major contribution
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of TGF-β and HGF to the induction of MCP-1 in tubular cells: First, incubation with
recombinant HGF or TGF-β each raises MCP-1; second, coincubation with early prox-
imal tubular fluid and neutralizing antibodies suppressing HGF and TGF-β activity
blocks MCP-1 secretion.

The effect of the glomerular ultrafiltrate can also be shown in inner medullary col-
lecting duct cells suggesting that several nephron segments respond to apical, ultrafil-
tered TGF-β and HGF. Two-thirds of the MCP-1 is secreted through the basolateral
membrane and one third is secreted apically and can undergo urinary excretion (26).
Indeed, increased urinary MCP-1 excretion has been demonstrated in patients with DN
(45–48). In addition, moderately increased urinary MCP-1 excretion occurs already
with diabetic microalbuminuria (48).

TUBULAR SECRETION OF RANTES
The C–C chemokine RANTES is also induced in tubular cells on apical stimulation

with TGF-β or HGF. The vast majority is secreted basolaterally and a minor portion
leaves the cell through the apical membrane and would be expected to undergo urinary
excretion (26).

In concert, these experimental observations give rise to a pathophysiological paradigm
that glomerular ultra filterer of growth factors in early DN interact with apical tubular
cell receptors, “activate” tubular cells, and induce basolateral secretion of chemokines
(Fig. 4). But is there evidence for this paradigm in vivo in patients with DN? Mezzano and
associates demonstrated increased tubular expression and levels of MCP-1 and RANTES
in renal biopsy specimens from patients with DN. The tubular levels of both chemokines
correlated tightly with the degree of proteinuria in these subjects and were colocalized
with activated NF-κB (49).
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Fig. 4. Cytokines in tubular fluid induce a chemokine gradient in the peritubular interstitium which is
recognized by CCR2 receptors on macrophages as a homing signal. MCP-1 also raises TGF-β secre-
tion by macrophages, which appear to be an important source for this fibrogenic cytokine in the renal
interstitium.



Macrophage Response to Tubular Chemokines
MCP-1 and RANTES, which are basolaterally secreted form chemokine gradients in

the peritubular interstitium, are recognized by specific receptors (CCR2) on monocytes/
macrophages causing a homing response (Fig. 4). Although DN is not associated with
severe interstitial inflammation, increased numbers of renal interstitial macrophages have
been found in STZ-induced DN in rodents as well as in human diabetes (26,45,49).
CCR2 receptors do not only serve as homing devices for macrophages but their interac-
tions with specific ligands such as MCP-1 also cause macrophage activation. In
response to MCP-1, macrophages increase their expression of TGF-β dose dependently
(Fig. 4) (26). Macrophages are the most prominent source of TGF-β in the renal
interstitium in chronic renal diseases, including DN. Interstitial TGF-β is an impor-
tant proliferation activator for fibroblasts and raises the profibrogenic activity in
myofibroblasts.

FIBROBLASTS AND MYOFIBROBLASTS IN DIABETIC NEPHROPATHY

In the normal renal interstitium, fibroblasts are found only scarcely. These cells have
a very modest capacity to produce ECM proteins. On stimulation with PDGF or TGF-β,
fibroblasts proliferate. Given that TGF-β has either no effect on cell growth or induces
apoptosis in several other cell types, its proliferative response in fibroblasts suggests
involvement of unique signaling pathways (Fig. 5). TGF-β-induced proliferation of
fibroblasts involves activation of the nonreceptor tyrosine kinase ableson (c-abl) (50).
An inhibitor of both, the PDGF-receptor kinase and c-abl, imatinib mesylate, reduces
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Fig. 5. Multiplication of renal interstitial fibroblasts and their subsequent transition to myofibroblasts
are important events in renal fibrogenesis as only myofibroblasts are very efficient ECM-producing
cells. Proliferation of residential fibroblasts is mainly regulated by TGF-β (utilizing a pathway that is
unique to fibroblasts and involves c-abl) and PDGF. Additional recruitment of fibroblasts may occur
by epithelial–mesenchymal transition (EMT) and from bone marrow stromal stem cells, although
these mechanisms may contribute only in very advanced renal fibrosis. Multiple growth factors par-
ticipate in the phenotype transition to myofibroblasts.



the increase in fibroblast number that precedes interstitial fibrosis and retards the devel-
opment and progression of DN (50,51).

Fibroblasts are precursor cells for myofibroblasts (Fig. 5). These latter cells express
efficiently various ECM-proteins and are the most powerful matrix generators in the
renal interstitium. The fibroblast–myofibroblast transition is regulated by CTGF and
(macrophage-derived) TGF-β and is enhanced by collaboration with other cytokines,
notably IGF-I and -II or epithelial growth factor (EGF) (36,52). Increased numbers of
interstitial myofibroblasts have been found in renal biopsy specimens from patients
with DN (53).

The transition to the myofibroblast phenotype is associated with new onset expres-
sion of motor proteins such as α-smooth muscle actin and myosin providing locomo-
tion. Myofibroblasts are highly differentiated, lost much of their ability to proliferate
but produce ECM proteins. In addition to in situ proliferation, additional fibroblasts
may be recruited by transformation of severely injured tubular epithelial cells in a
process termed epithelial–mesenchymal transition (EMT), which can be regulated by
TGF-β in association with EGF. The mechanisms have been recently reviewed exten-
sively (54,55). This process appears to occur only in very advanced stages of interstitial
fibrosis and has not yet been demonstrated specifically in DN. Fibroblasts may also be
recruited from circulating fibrocytes and/or bone marrow stromal stem cells. The con-
tribution of this latter mechanism to DN, if any, is not known (56,57).

A MECHANISTIC MODEL FOR PROTEINURIA-DEPENDENT RENAL
INTERSTITIAL FIBROGENESIS IN DIABETIC NEPHROPATHY

The glomerular ultrafiltrate in DN contains growth factor cytokines including IGF-I,
TGF-β, and HGF, which are ultrafiltered in high-molecular-weight forms, become
bioactive in tubular fluid and act on tubular epithelial cells through apical membranes.
The cells respond with the secretion of modest amounts of ECM-proteins (fibronectin)
and various mediators including PDGF-BB and CTGF as well as the C–C chemokines
MCP-1 and RANTES. These latter molecules attract and activate macrophages into the
interstitium, which are the major source for TGF-β in this renal compartment with
important profibrogenic activity in fibroblasts and myofibroblasts. TGF-β (via a non-
smad pathway involving c-abl) and PDGF induce proliferation of residential fibrob-
lasts. TGF-β and CTGF in collaboration with IGFs and/or EGF induce phenotype
transition to myofibroblasts, the major ECM-producing cell in the renal interstitium.
Transcription of ECM proteins is also accelerated by these cytokines in myofibroblasts
together with the provision of other profibrogenic, matrix-regulating enzymes and pro-
teins from macrophages and myofibroblasts. These interactions that can be triggered by
growth factors that are translocated into tubular fluid by glomerular ultrafiltration in
proteinuric DN give rise to tested and novel therapies; the latter have, at present, mainly
experimental and academic interest as they still require testing in patients with diabetic
renal disease.

CURRENT AND NOVEL THERAPEUTIC APPROACHES AND TARGETS

Therapies to reduce tubulo-interstitial fibrogenesis in DN may be directed toward
preventing the glomerular ultrafiltration of growth factors and other proteins into tubu-
lar fluid or to inhibit downstream interactions with tubular cells; or to modify the
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tubulo-interstitial responses. At present, generally accepted preventative therapies are
aimed at reducing proteinuria/glomerular protein ultrafiltration. Several other interven-
tions and therapeutic targets have been tested experimentally and some may give rise to
clinical therapies in the future.

Antiproteinuric Therapies in Diabetic Nephropathy
Mechanistic experimental studies support that proteinuria is a risk factor but growth

factor cytokines that are present in proteinuric glomerular ultrafiltrate are culprits in
entertaining tubulo-interstitial fibrogenesis. Thus, the goal is to reduce glomerular
macromolecule filtration. To this end angiotensin-converting enzyme (ACE) inhibitors
have become the standard of care in DN. Substantial reductions in proteinuria can also
be achieved with angiotensin receptor blockers (ARBs). In the Reduction of Endpoints
in NIDDM with the Angiotensin II Antagonist Losartan (RENAAL) study, the level of
proteinuria in type 2 diabetic patients with nephropathy who were treated with losartan
decreased, on an average by 35% (58). Losartan has also been shown to reduce urinary
TGF-β excretion without affecting TGF-β serum levels (59). With irbesartan, protein-
uria can be reduced by approx 60% in type 2 diabetics with nephropathy and microal-
buminuria as demonstrated in the Irbesartan in Microalbuminuria (IRMA)-2 study (60).
A review of multiple clinical trials indicates that ACE inhibitors or ARBs are beneficial
in patients with DN and reduce the rates of proteinuria as well as of the progression of
renal failure (61).

ACE inhibitors, even at maximum dosages, do not completely block angiotensin II
generation. Some angiotensin II persists, perhaps through parallel, ACE-independent
pathways. Thus, theoretically, combination therapies with an ACE inhibitor and an ARB
may provide additive benefits. This question has undergone only very limited clinical
study thus far. Further reductions in proteinuria and urinary excretion of TGF-β with
combined therapy using ramipril or candesartan in comparison with ramipril alone was
demonstrated in a small trial in patients with IgA-nephropathy, but this benefit was not
achieved in patients with DN (33). The COOPERATE trial demonstrated added benefit
of combination therapy with losartan and trandolapril in patients with nondiabetic renal
diseases but similar studies in DN are presently not available (62). Moreover, combina-
tions of ACE inhibitors and ARBs may increase the risk for serious complications such
as symptomatic hyperkalemia.

Emerging Novel Therapeutic Targets and Strategies
Better understanding of events that are mediated and perpetuated by glomerular

proteinuria and “activation” of tubular cells by ultrafiltered growth factor cytokines
gives potentially rise to several targeted interventions (Fig. 6). Their possible thera-
peutic utility in DN is merely inferential from experimental observations at present,
and there are almost no studies in humans yet that would indicate benefit and/or safety.
Nevertheless, some of these therapeutic principles may find their way into the clinic in
the future.

INHIBITION OF THE INTERSTITIAL INFLAMMATORY RESPONSE

AND MACROPHAGE ACTIVATION

One of the initial tubular cell responses to ultrafiltered proteins and growth factors
is the basolateral secretion of C–C chemokines (MCP-1, and RANTES), which attract
and activate macrophages. The latter are thought to be the primary source for profibrogenic
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TGF-β in the renal interstitium, and fibroblasts are the primary target. Transcriptional
upregulation of C–C chemokines appears to be NF-κΒ-dependent which, in turn, is
activated by proteasomal degradation of its endogenous inhibitor, I-κΒ. Indeed, inhi-
bition of MCP-1 with 7ND by means of renal overexpression of a 7ND expression
plasmid reduces interstitial fibrogenesis (63). Similarly, renal overexpression of IκB
with an adenoviral vector reduces the MCP-1 response and the macrophage infiltrate
and lessens interstitial fibrosis (64). These experiments provide proof of concept but
are perhaps therapeutically not feasable in patients. Prolongation of the half-life of
endogenous I-κΒ with a specific proteasomal inhibitor, bortezomib (PS-341, Velcade®,
Millenium Pharmaceuticals, Cambridge, MA), which is approved for the treatment of
multiple myeloma by regulatory agencies, could provide a testable therapeutic avenue
for the management of renal interstitial fibrogenesis in DN (Fig. 6) but neither exper-
imental nor clinical data are currently available in this setting (65,66).

RECOMBINANT HUMAN HGF
rhHGF is present in glomerular ultrafiltrate in rats with DN and acts through apical

membranes on tubular epithelial cells. As discussed earlier, some of the cells’ responses,
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Fig. 6. Summary of novel therapeutic targets in DN. Potentially useful therapeutic principles are
depicted in light gray lettering. See text in “Emerging, Novel Therapeutic Targets and Strategies”
Section for explanations.



but not others, suggest contributions to renal fibrogenesis. However, in the renal intersti-
tium, rhHGF appears to inhibit profibrogenic TGF-β signals. Cell culture studies indicate
that HGF induces the smad transcriptional corepressor snoN and reduces the catabolism
of the smad corepressor TGIF (Fig. 6) (67–69). This reduces TGF-β-induced ECM pro-
duction as well as TGF-β-driven CTGF transcription (70). Systemic administration of
rhHGF or of a HGF-expression plasmid ameliorate DN in mice (69,71). Thus, systemi-
cally administered rhHGF or (small molecule) HGF agonists may be beneficial in DN
(Fig. 6).

BONE MORPHOGENETIC PROTEIN 7
Bone morphogenetic protein (BMP)7 is a member of the TGF-β superfamily of cys-

teine knot cytokines and plays pivotal roles during renal and eye development. In adult
mammalian organisms, expression of BMP7 is retained very selectively and the kidney
is among the sites of prominent expression, primarily in selective tubular segments and
in glomerular podocytes. In bone, BMP7 promotes osteoblast function, giving rise to
the hypothesis that renal BMP7 functions as an osteotrophic hormone. In STZ diabetes
in rats, renal BMP7 expression decreases predating other renal pathologies (72). Several
experimental observations support the notion that renal BMP7 opposes TGF-β actions
and has antifibrogenic activity. In vitro studies demonstrate that coincubation of mesan-
gial cells with BMP7 lessens TGF-β-driven expression of ECM-proteins and profibro-
genic regulators (73). Its mechanisms of action have been partially delineated and
include smad6, which is induced by BMP7 smad5 dependently (Fig. 6). Smad6 reduces
effective nuclear translocation of TGF-β-induced smad3/4 complexes without involvement
of smad corepressors (74). BMP7 also opposes TGF-β-dependent epithelial–mesenchymal
transition in vitro and in vivo (75). Systemic administration of rhBMP7 reduces renal
fibrogenesis in rodents with DN (76). At present, there are no studies in humans with dia-
betic renal disease involving rhHGF or rhBMP7.

TGF-β RECEPTOR KINASE INHIBITORS

Given the pivotal contribution of ultrafiltered as well as interstitial TGF-β in renal
fibrogenesis in DN, it is no surprise that inhibition of this cytokine such as with neu-
tralizing antibodies ameliorates renal fibrosis (Fig. 6) (77). Small molecule deriva-
tives of imidazole inhibitors of p38 mitogen-activated protein kinase selectively
inhibiting the TGF-β-receptor I kinase (activin-like kinase [ALK]-5) have recently
been developed and tested in in vitro experiments and found to block many or all
actions of TGF-β (78–82). These compounds also inhibit ALK-4 and -7 but not the
BMP-activated type-I receptors (ALK-2, -3, or -6). Unfortunately, no in vivo experi-
mental studies with these ALK-5 inhibitors in animal models of renal diseases, espe-
cially DN, have yet been published. Because TGF-β knockout mice develop systemic
lymphoma-like illnesses with accelerated mortality (indicating a role of this cytokine
in immune surveillance), systemic therapy with a global TGF-β antagonist in humans
could be risky (83).

CTGF ANTAGONISTS

CTGF is induced, although not exclusively, by TGF-β and is involved in the upregu-
lation of ECM-expression in several cell types. Moreover, this growth factor also
contributes to the phenotype transition of fibroblasts to myofibroblasts. Antisense
oligonucleotides that reduce CTGF have been shown to lessen renal fibrogenesis (84).
An anti-CTGF human monoclonal antibody is presently examined in phase Ib clinical
trials in patients with DN (85).
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IMATINIB MESYLATE

Imatinib mesylate (Gleevec®, Novartis, New Hanover, NJ) has been developed for
the treatment of Philadelphia+ acute myelogenous leukemia expressing B-cell receptor-
abl and for tumors that grow c-kit dependently. In addition to these two oncogene prod-
ucts, this compound inhibits abelson and the PDGF-receptor kinase (Fig. 6). There are
two reasons why imatinib could be a useful antifibrogenic therapeutic agent in renal
diseases such as DN. First, PDGF is an important proliferative agent for renal fibrob-
lasts (35). Second, recent observations indicate a dual function of TGF-β in (renal)
fibroblasts. TGF-β-dependent fibroblast proliferation utilizes the ableson nonreceptor
tyrosine kinase (c-abl) but other fibrogenic functions of this cytokine such as promot-
ing transition to myofibroblasts and upregulation of matrix expression in these latter
cells appears to be mainly smad3-dependent (50). In vivo studies in a rat model demon-
strate that imatinib ameliorates TGF-β-driven renal interstitial fibrosis by reducing
fibroblast proliferation (50,51). Thus, although data in DN in humans are not available,
imatinib mesylate or newer drugs with similar functions could be useful in the therapy
of DN pending further (especially human) studies (86).

SUMMARY

The degree of interstitial fibrosis determines severity and progression of chronic
renal failure in DN, and glomerular protein ultrafiltration appears to be causatively
involved. Ultrafiltered albumin and, importantly, ultrafiltered growth factor cytokines
(IGF-I, TGF-β, HGF, and potentially others) activate the transcription factor NF-κB
and transcriptionally activate a number of genes with profibrogenic effects in tubular
cells. This leads to basolateral formation of chemokine gradients causing macrophage
attraction and activation. These latter cells in peritubular spaces are perhaps the major
source of interstitial TGF-β, the most important, single fibrogenesis regulator. Through
its antiproliferative effects in epithelial cells TGF-β may contribute to tubular atrophy
whereas it has proliferative activity on resting interstitial fibroblasts (through non-smad
passways) and transforms fibroblasts to the myofibroblast phenotype (through smad2/3
passways). Myofibroblasts are the predominant source of interstitially accumulating
ECM proteins. Some of the profibrogenic actions of TGF-β are mediated by CTGF
whereas BMP7 is a TGF-β smad-signal inhibitor. Other cytokines such as PDGF-BB,
which are also secreted by tubular cells in glomerular proteinuria also contribute to inter-
stitial fibrogenesis such as by contributing to fibroblast proliferation.

These complex interactions between different cell types through intercellular
cytokine and chemokine signals give rise to several, potential therapeutic interventions
in addition to classical therapies aimed at reducing glomerular proteinuria with ACE
inhibitors and ARBs with the goal to reduce interstitial fibrogenesis and hence the rate
of progression of renal failure in DN.
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INTRODUCTION 

The glomerular capillary wall comprises three major components: the fenestrated
endothelium surrounded by glycocalyx, the glomerular basement membrane, and
the podocyte layer. Podocytes are specialized epithelial cells that form a network of
interdigitating foot processes. The predominant filtration pathway for macromole-
cules is through slit diaphragms bounded by podocyte foot processes. Nephrin is a
key component of the slit diaphragm in association with other intracellular proteins,
including CD2-associated protein (CD2AP), podocin, and α-actinin IV (Fig. 1).
Together, these proteins contribute to the role of the slit diaphragm as the major
size-selective filtration barrier. 

Recent studies using electron tomography have shown that the slit diaphragm
consists of extracellular nephrin strands with pores of similar size to albumin, approx
40 nm wide (1). Genetic studies have revealed abnormalities in nephrin expression that
result in severe proteinuria accompanied by abnormalities of the slit diaphragm. For
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instance, congenital nephrotic syndrome of the Finnish type is caused by various muta-
tions in the nephrin gene (NPH S1), which result in different phenotypes (2). Mutations
of the gene encoding podocin, which connects nephrin to the cytoskeleton, have been
found in steroid-resistant congenital nephrotic syndrome (3). Mice lacking the gene for
CD2-associated protein also develop a congenital nephrotic syndrome (4). Apart from
their role in protecting against massive or lethal proteinuria, the podocytes and nephrin
constitute the major cellular and molecular modulators of protein filtration by the
glomerulus.

The above discoveries have diminished the importance of the basement membrane
endothelium in glomerular protein filtration even though the permeability of the base-
ment membrane to albumin is less than 1% of a layer of water of equal thickness. The
placement of the glomerular basement membrane upstream to the slit diaphragm means
that its size selectivity for proteins is likely to be completely masked (5). Deletion of
heparan sulphate, which is a major negatively charged constituent of the glomerular
basement membrane, does not lead to proteinuria (6). Nevertheless, the glomerular
basement membrane is the major determinant of glomerular hydraulic permeability.
Although the fenestrae of the endothelium are too large to sieve proteins, there is evidence
that the endothelial glycocalyx contributes to glomerular sieving function (7).

The present review of the role of podocytes in diabetic nephropathy will focus, first, on
podocyte ultrastructure, followed by assessment of nephrin expression in experimental
and human studies, and then the regulation of podocyte function in diabetes. Finally, it
will analyze the role of the podocyte in initiating increases in albuminuria in diabetic
nephropathy (DN) and its possible contribution to the progression of DN. The compo-
nents, constituents, products, functions, and changes in DN of the glomerular filtration
barrier and its associated mesangial cells (MCs) are summarized in Table 1.

PODOCYTE ULTRASTRUCTURE IN TYPE 1 DIABETES

There have been several studies of glomerular ultrastructure in patients with type 1
diabetes spanning the spectrum from normoalbuminuria through microalbuminuria to
overt nephropathy (Table 2). Using light microscopy, comparisons of renal ultrastruc-
tural changes in microalbuminuric patients and healthy controls have focused on base-
ment membrane thickening and matrix/glomerular volume fraction. In some studies,
microalbuminuric patients were shown to have significantly increased glomerular
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Fig. 1. The normal glomerular filtration barrier, indicating the slit diaphragm composed of overlapping
nephrin strands.
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basement membrane thickness and matrix/glomerular volume fraction when compared
with normoalbuminuric patients (8–10). However, other studies using different methodo-
logy, did not confirm these findings (11,12). None of these studies, which were performed
in the 1990s, addressed podocyte ultrastructure by electron microscopy.

Using electron microscopy, alterations in podocytes have been described even in
normoalbuminuric patients. In a mixed group of type 1 diabetic patients with micro-
albuminuria and overt nephropathy, the first observations of glomerular epithelial cell
structure were reported in 1987 (13). This showed increased foot process width in
patients with either microalbuminuria or overt nephropathy compared with control sub-
jects. Another study in nine normoalbuminuric and nine microalbuminuric patients as
well as nine patients with overt nephropathy also showed a trend for increased foot
process width with increasing albuminuria (14). Widening of filtration slits did not
correlate with increases in albuminuria, but a decrease in filtration slit width was associ-
ated with a decrease in glomerular filtration rate (14). In a study of 36 adolescent
patients with normoalbuminuria, 8 of whom had transient microalbuminuria at the time
of biopsy, a positive correlation was found between foot process width and albumin
excretion rate and a negative correlation between filtration slit length density and albumin
excretion rate (15). The authors of this study concluded that increased foot process
width suggests that glomeruli are enlarged and/or exposed to increased intraglomerular
pressure resulting in adaptive change by the podocytes. A subsequent study by Steffes
in 2001 found that podocyte density did not change with duration of diabetes or severity
of diabetic nephropathy (14). However, decrease in podocyte number was found in
patients with type 1 diabetes compared with controls, even in those with a relatively
short duration of diabetes. Unfortunately, albumin excretion data were not shown,
which makes it difficult to compare this study with others.

A more recent study of 32 patients with type 1 diabetes and microalbuminuria and
18 patients with overt nephropathy showed that when these patients were analyzed as a
group, there was no significant decrease in podocyte number (15). However, in the sub-
group with overt nephropathy, podocyte number correlated negatively with an increase
in albumin excretion rate. Serial biopsies in normotensive patients showed that a
decrease in podocyte density over 3 yr correlated with final albumin excretion rate. The
authors concluded that the association between podocyte loss and albumin excretion
rate may be a response to, rather than a cause of, progression of nephropathy. The
importance of serial ultrastructural studies was emphasized. 

PODOCYTE ULTRASTRUCTURE IN TYPE 2 DIABETES

The main findings of studies examining podocyte ultrastructure in type 2 diabetes are
summarized in Table 3. The first two studies of podocyte ultrastructure in type 2 diabetes
were performed in Pima Indians. In the first, 51 patients with a range of albumin excretion
rates from normo- to macroalbuminuria were studied (16). Microalbuminuria could not
be distinguished from normoalbuminuria on structural grounds. Broadening of foot
processes was associated with enlarged glomeruli and a decrease in podocyte numbers
was found in patients with overt nephropathy. It was concluded that podocyte loss
contributes to progression of nephropathy. The second study focussed on 16 Pima
Indians with microalbuminuria and found that a decrease in podocyte density predicted
progression of albumin excretion rate over 4 yr (17).
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Subsequently, two studies were performed in Caucasian patients with type 2 dia-
betes. In the first, a group of 67 patients with an approximately equal proportion of
normo-, micro-, and macroalbuminuric subjects was studied (18). Podocyte density
was decreased in all diabetic patients regardless of albuminuria status compared with
controls. Podocyte density and filtration slit length density decreased as albuminuria
increased and foot process width increased as albuminuria increased. It was concluded
that podocyte density may be more relevant to nephropathy than absolute podocyte
number. A second study in 16 hypertensive Caucasian diabetic patients with overt
nephropathy was performed recently (19). This showed that podocyte number was
decreased whereas glomerular volume was increased in diabetic subjects compared
with controls. There was a negative correlation between proteinuria and podocyte number
and between proteinuria and podocyte density per glomerulus. It was pointed out that
longitudinal studies are required to determine the sequence of events leading to
podocyte loss. As in their previous study in type 1 patients, these authors raised the
possibility that podocyte loss may be part of the disease process rather than a causal
factor. This would be consistent with the concept that albuminuria is a marker but not
the culprit in the progression of renal disease (20).

PODOCYTE AND NEPHRIN EXPRESSION 
IN EXPERIMENTAL DIABETES

Nephrin is a 130-kDa transmembrane protein of the immunoglobulin superfamily of
cell adhesion molecules, which is specifically expressed in podocytes (21). Studies in
experimental diabetes have generally demonstrated a biphasic expression of nephrin
with increasing albuminuria (Table 4). Four studies from Melbourne have assessed
nephrin gene expression in rats with streptozotocin-induced diabetes. In a 24-wk study,
glomerular nephrin gene expression was increased at 8 wk followed by a decrease at
16 and 24 wk in hypertensive diabetic rats (22). By comparison, in normotensive diabetic
rats, there was an increase in nephrin gene expression at 8 wk but no significant
decrease at 16 or 24 wk despite an increase in albumin excretion rate (22). Irbesartan
therapy prevented the decrease in glomerular nephrin gene expression and nephrin
immunostaining and attenuated albumin excretion in hypertensive diabetic rats (23).

In normotensive diabetic rats assessed at 1 and 24 wk, decreased nephrin gene
expression was found in the late proteinuric phase but not in the preproteinuric phase
(24). Perindopril therapy attenuated changes in nephrin gene expression and also albu-
minuria. By contrast, aminoguanidine therapy attenuated albuminuria but not nephrin
gene expression (24). An electron microscopic study in normotensive diabetic rats
demonstrated a decrease in the number of slit pores per unit length of glomerular base-
ment membrane after 24 wk, consistent with podocyte foot process broadening (25).
These changes were attenuated by treatment with either ramipril or valsartan and were
consistent with results obtained later in human studies. 

NEPHRIN EXPRESSION IN HUMAN DIABETES

Two studies have assessed nephrin expression in human diabetic nephropathy (Table 5).
In the first, 14 patients with type-2 diabetes and overt nephropathy were randomized to
2-yr treatment with perindopril or placebo as part of the diabiopsies study (26). Similar
degrees of proteinuria were noted in the perindopril and placebo groups at the time of
biopsy performed 2 yr after randomization. In the placebo group, decreased nephrin
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gene expression was found compared with a nondiabetic control group, whereas in
perindopril-treated patients nephrin gene expression was the same as in the control
group. A close inverse relationship was found between nephrin gene expression and
proteinuria in both the perindopril (n = 7) and placebo (n = 7) groups. 

In the second study, nephrin immunostaining was assessed in a mixed group of type 1
and type 2 diabetic patients. Ten normal subjects were compared with 6 diabetic patients
with microalbuminuria and 17 diabetic patients with overt nephropathy (27). Decreased
nephrin immunostaining was observed in both diabetic groups. In the same report,
studies in cultured human podocytes showed a decrease in nephrin immunostaining
after exposure to angiotensin II or glycated albumin acting via the receptor for advanced
glycation endproducts (RAGE). 

The above studies indicate that there is a strong inverse relationship between nephrin
gene expression and proteinuria in experimental and human diabetes. In the human studies,
the numbers are too small to differentiate between any specific changes in nephrin expres-
sion in type 1 as opposed to type 2 diabetes. The question of whether changes in nephrin
expression precede, follow, or are part of the process of proteinuria is not yet resolved.

Despite the small number of studies to date, current evidence suggests that modulation
of nephrin expression may regulate glomerular permeability to proteins and that blockade
of the renin–angiotensin system (RAS) may exert a direct intrarenal effect on angiotensin
action at the glomerular filtration barrier. This is supported by evidence that angiotensin
II receptors are found in isolated intact glomeruli (28). The renoprotective effects of RAS
blockade may, therefore, include a local action on podocyte number and structure and
nephrin expression as suggested by Tryggvason (29). By contrast, the antiproteinuric
effects of aminoguanidine, which inhibits advanced glycation, may depend on alterations
of lysosomal albumin-processing mechanisms in the renal tubules (24,30).

ALTERATIONS OF PODOCYTE FUNCTION IN DIABETES

Both metabolic (hyperglycemia) and hemodynamic (stretch and systemic hyperten-
sion) mechanisms are important mediators of podocyte dysfunction in diabetic
nephropathy. Podocytes are the principal cell type involved in the formation of the
glomerular basement membrane (31). Podocytes also secrete matrix metalloproteinases
(MMPs) that modulate matrix remodeling (32). Recent studies in cultured human
podocytes have shown that glucose decreases MMP activity and enhances tissue
inhibitor of matrix metalloproteinase (TIMP)-2 expression, thereby reducing extracel-
lular matrix (ECM) degradation (33). These results are similar to earlier reports of the
effects of glucose on MMP activity in mesangial cells (MCs) (34).

In diabetes, podocytes can be stimulated by hyperglycemia to produce several
cytokines and growth factors that may mediate both functional and structural alter-
ations in the glomerular filtration barrier (35). Glucose influx is modulated by GLUT-1
in both podocytes and MCs and GLUT-4 in podocytes (36). Transgenic experiments
have shown that overexpression of GLUT-1 in MCs cultured in a normal glucose milieu
mimics the diabetic phenotype (37,38). Both insulin and transforming growth factor
(TGF)-β1 stimulate glucose uptake by enhancing GLUT-1 expression in podocytes and
MCs, and it has been hypothesized that resistance to insulin action at the level of the
podocyte may explain the occurrence of microalbuminuria in patients with type 2
diabetes (39,40). Endogenous TGF-β1, platelet-derived growth factor, and connective
tissue growth factor play important roles as mediators of sclerosis and fibrosis at both
glomerular and tubular levels (41).
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PODOCYTES AND TGF-β
Several studies have linked TGF-β to both functional and structural changes in DN.

TGF-β gene expression and protein levels are significantly increased in glomeruli and
the tubulo-interstitium, in human and experimental diabetes (41). However, the interac-
tion between high glucose levels and TGF-β1 expression in podocytes is indirect. High
glucose does not induce TGF-β1 expression in podocytes but it enhances podocyte
responsiveness to TGF-β1 by increasing the expression of the TGF-β1 type-2 receptor
(42). Angiotensin II is an additional factor that stimulates renal cells to produce TGF-
β1. In vitro studies have shown that cyclic stretch of MCs and podocytes stimulates
TGF-β1 gene expression and protein secretion (43) and enhances the expression of
TGF-β receptors (44).

A recent study has made it possible to dissociate glomerulosclerosis and tubulo-
interstitial fibrosis from albuminuria using anti-TGF-β antibodies (45). In this study,
long-term administration of monoclonal anti-TGF antibody to genetically diabetic
db/db mice prevented the development of glomerular mesangial matrix expansion and
renal insufficiency, but failed to prevent an increase in albuminuria. By contrast, block-
ade of vascular cadothelial growth factor (VEGF) by administration of neutralizing
antibodies to diabetic rats abolished hyperfiltration and partially suppressed urinary
albumin excretion (46). These studies suggest that activation of distinct VEGF and
TGF-β axes may contribute to the functional and morphological alterations in DN (47).

PODOCYTES AND VEGF

Apart from increasing the expression of TGF-β type-2 receptors, high glucose levels
stimulate podocytes to produce VEGF (Fig. 2). Interestingly, although podocytes are
the major site of VEGF production in the kidney, glomerular endothelial cells constitu-
tively express VEGF receptors (48). VEGF increases vascular permeability but also has
a role in cytoprotection and in maintaining normal glomerular function (49). For
instance, VEGF is implicated in both protection and regeneration of the glomerular
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Fig. 2. The autocrine effects of VEGF and TGF-β on the podocoyte, induced by metabolic and/or
hemodynamic stimuli.



endothelium (50). In experimental diabetes, podocyte exposure to VEGF prevents
podocyte apoptosis by inducing nephrin phosphorylation (51). These results would
argue for a renoprotective role for VEGF.

In contrast to the evidence that VEGF is renoprotective, antibodies against VEGF
have been shown to improve early renal dysfunction in experimental diabetes (46).
Recently, a study in mouse podocytes showed that in addition to actions on the glomeru-
lar endothelium, VEGF may be involved in an autocrine loop and act on the podocyte
itself, because mouse podocytes possess a VEGF receptor (52). This study showed that
VEGF signaling proceeds through activation of the phosphatidyl inositol 3-kinase
pathway to stimulate α-3 (IV) collagen production. It was concluded that endogenous
VEGF, stimulated by TGF-β1, may contribute to glomerular basement membrane thick-
ening and altered macromolecular permeability (52).

Glucose induces changes in cytokine and growth factor expression in both podocytes
and MCs, with a major focus on VEGF in podocytes and TGF-β in MCs. Studies in isolated
MCs have shown that glucose induces expression and activation of TGF-β. High glucose
also induces TGF-β receptor expression and magnifies TGF-β intracellular signaling in
MCs (53). In addition, TGF-β blockade prevents glucose-induced MC hypertrophy and
ECM production in diabetes, indicating the presence of an autocrine mechanism (45).

Clinical studies have shown that VEGF is increased in podocytes and in distal tubular
cells in biopsies from patients with early DN (54). In contrast, VEGF expression was
decreased or absent in sclerotic glomeruli in patients with advanced DN (53). These
findings were supported by another study of patients with DN, which showed that
glomerular VEGF expression was highest in patients with milder sclerotic changes and
decreased or absent with increasing sclerosis (55).

In addition to stimulation by high glucose, advanced glycation endproducts (AGE)
and stretch also induce VEGF expression in podocytes (47). In experimental diabetes,
increased VEGF gene expression has been demonstrated in the glomerulus (56) and
two studies have examined the effects of antiglycation therapies on VEGF expression
in podocytes. As discussed in detail later in this chapter, podocytes isolated from
diabetic db/db mice were found to have elevated levels of the receptor for advanced
glycation endproducts (RAGE) as well as increased levels of VEGF (47). Treatment
of these mice with soluble RAGE led to a reduction in VEGF and improvements in
albuminuria and glomerulosclerosis. In a second study performed in Otsuka Long-
Evans Tokushima Fatty (OLETF) rats, long-term treatment with the AGE inhibitor
OPB/9195 was renoprotective and abolished the enhanced renal VEGF immuno-
reactivity (57). In this study, OPB-9195 also suppressed TGF expression in parallel
with its effects on VEGF.

PODOCYTES AND RAGE

Expression of RAGE is enhanced in the diabetic kidney both in animals and in man
(58). In the glomerulus, RAGE is expressed especially at the base of podocytes but not
in mesangium or endothelium (58). As mentioned, a recent study tested the hypothesis
that activation of RAGE contributed to increased excretion of urinary albumin and attrac-
tion of mononuclear phagocytes to diabetic glomeruli, driven by enhanced expression of
podocyte VEGF and expansion of mesangial matrix mediated by TGF-β (47). It showed
that RAGE expression was increased in podocytes in spontaneously diabetic db/db mice
by an age of 13 wk and that RAGE-bearing podocytes expressed high levels of VEGF.
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Treatment with soluble RAGE, which blocks RAGE receptors, resulted in decreased
albuminuria and glomerulosclerosis at 27 wk and improved renal function (47). In other
experiments, the same investigators showed that diabetic homozygous RAGE null mice
failed to develop increased mesangial matrix expansion or thickening of the glomerular
basement membrane (47). These results indicate that activation of RAGE contributes to
the expression of VEGF and enhanced attraction of inflammatory cells in the glomerulus,
thereby setting the stage for mesangial activation and TGF-β production (47). In sum-
mary, the data support the concept that RAGE-mediated proteinuria and glomeruloscle-
rosis rely on podocyte VEGF as a primary mediator with increased generation of TGF-β
as a secondary component leading to glomerulosclerosis.

The above hypothesis separates the consequences of RAGE activation into a
hyperpermeability mechanism that is linked to albuminuria and a mesangial activation
mechanism linked to glomerulosclerosis and a decrease in glomerular filtration rate.
An independent pathogenetic role for albuminuria in renal and cardiovascular 
disease has also been identified in recent clinical studies. Albuminuria is an indepen-
dent risk factor for progression of nephropathy in type 2 diabetes as well as being an
independent predictor of cardiovascular events in patients with type 2 diabetes and
nephropathy (59).

PODOCYTE DENSITY IN DIABETIC NEPHROPATHY

At least three processes may explain a decrease in podocyte density in patients with
DN (Fig. 3). First, it is possible that glomerular enlargement caused by glucose, intra-
glomerular hypertension, and/or growth factors leads to separation of podocyte foot
processes without a decrease in podocyte number. As the podocyte is a terminally dif-
ferentiated cell, any acquired increase in glomerular size induced by diabetes result in
increases in endothelial cell and MC number but not in podocyte number. Increases in
glomerular size have been reported in association with diabetes especially in non-
Caucasian patients. For instance, glomerulomegaly has been reported in the inhabitants
of the Tiwi Islands but not in other studies of glomerular size in indigenous Australian
patients with diabetes (60).
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Fig. 3. The proposed mechanisms leading to a decrease in podocyte density in diabetes: apoptosis,
loss of podocyte attachment to the glomerular basement membrane (GBM) and glomerulomegaly.



The response of the podocyte to acquired glomerular enlargement includes foot
process widening as an adaptive response to maintain normal glomerular slit pore func-
tion. It is possible that albuminuria and the associated changes in nephrin distribution
and function develop once the adaptive changes in podocyte density prove to be inade-
quate to compensate for the glomerulomegaly.

There are two other mechanisms for a decrease in podocyte density, which involve a
decrease in podocyte number. The first is apoptosis (Fig. 1). It is well established that
podocytes are unable to undergo regenerative proliferation to compensate for an
increase in the surface area of the glomerular basement membrane (61) and apoptosis is
a candidate mechanism to explain the decrease in the number of podocytes per
glomerulus in diabetes. In isolated podocytes, stretch activates the local RAS to release
angiotensin II, which then induces apoptosis by binding to the AT-1 receptor (62).
Stretch also enhances the apoptotic response by inducing TGF-β formation in podocytes.
Other workers have shown that TGF-β1 and the TGF-β signaling molecule SMAD7 also
promote apoptosis in podocytes (63).

Another mechanism, which may explain a decrease in podocyte density in associa-
tion with a decrease in podocyte numbers per glomerulus, relates to matrix podocyte
interactions. The integrins and α3β1 dystroglycans are specific matrix receptors that
anchor podocyte foot processes to the glomerular basement membrane (64). The basal
surface of podocyte foot processes is connected to the glomerular basement membrane
mainly by α3β1 integrin. Studies in cultured podocytes have shown that high glucose
levels and stretch induce a decrease in α3β1 integrin expression. Also, in vivo reduction
in α3β1 integrin expression has been reported in both human and experimental DN
(65). Furthermore, studies by Tsilibary’s group have shown that podocyte binding to
nonenzymatically glycated matrix leads to alterations in podocyte phenotype (66). This
evidence implies that loss of attachment of podocytes in patients with DN would lead
to increased podocyte excretion in the urine. One study has shown that treatment with
thiazolidinediones can reduce the number of podocytes in the urine of patients with
diabetes (67).

Whereas the major focus of ultrastructural studies of podocyte density in diabetes
has been on glucose as the initiating stimulus, it is likely that systemic hypertension
when transmitted to the glomerulus may start a similar process leading to mechanical
stress and loss of podocytes followed by exposure of bare glomerular basement mem-
brane, protein leakage, and ultimately to glomerulosclerosis and loss of nephrons (61).

INTERACTION OF PROTEINS AND OTHER PLASMA FACTORS 
WITH PODOCYTES AND TUBULES IN DIABETIC NEPHROPATHY

Although the glomerular slit diaphragm is the major site for size-selective filtration
of proteins, several studies indicate that additional cellular processing of proteins occurs
during their renal passage through the glomerulus and renal tubules. In the proximal
tubule, albumin is reabsorbed by endocytosis, mediated by two receptors, cubilin and
megalin, acting in concert (68). In human diabetes, filtered albumin is subject to lysosomal
degradation and albumin-derived fragments are returned to the tubular lumen (69). This
means that urinary albumin-derived material consists mainly of peptide fragments,
which cannot be detected by immunoassay but can be measured by labeling tracer
amounts of albumin with tritium. However, as albuminuria increases, lysosomal degra-
dation is attenuated (69).
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Interventions in experimental diabetes have shown that agents that reduce protein-
uria also induce parallel changes in the renal tubules. For instance, in experimental dia-
betes, ramipril and aminoguanidine both prevent diabetes-related increases in albumin
excretion rate and restore renal tubular lysosomal processing to normal levels (30).
Intervention with an angiotensin receptor blocker as well as an angiotensin-converting
enzyme inhibitor also ameliorates the endocytosis of urinary albumin and restores renal
tubular megalin expression to normal while preventing increases in diabetes-related
albuminuria (70). It is likely that receptor-mediated endocytosis also occurs in the
podocyte because podocytes also contain megalin receptors (71). Megalin is a 600-kDa
transmembrane protein belonging to the low-density lipoprotein receptor gene family
and is identified in rat podocytes as the target for immune deposit-forming antibodies
in Heymann nephritis (72). Studies in isolated rat podocytes have shown that megalin
acts as an endocytic receptor that contributes to the uptake of lipoproteins as well as
proteins (73). The binding of albumin and other proteins to megalin initiates several
intracellular processes (67) including lysosomal degradation of protein and generation
of reactive oxygen species (ROS) (Fig. 4). The above evidence suggests that the process
of renal handling of plasma proteins at the glomerulus is not purely an extracellular
event regulated by slit diaphragms but also involves intracellular protein processing in
the podocyte. To what degree the podocyte contributes to renal protein processing of
proteins compared with the renal tubules remains to be defined. 

A recent study has added a novel concept to podocyte slit diaphragm functioning
(74). Using human podocytes in cell culture, it was shown that exposure to normal and
non-nephrotic human plasma leads to the concentration of nephrin, podocin, CD2AP,
and actin at the cell surface (Fig. 4). By contrast, when podocytes are exposed to
nephrotic plasma, nephrin, podocin, and CD2AP assume a cytoplasmic distribution.
Furthermore, the relocation of nephrin induced by nephrotic plasma can be reversed by
coincubation with non-nephrotic plasma. The changes induced by nephrotic plasma
involve intracellular calcium signaling mediated by tyrosine kinase phosphorylation.
Furthermore, using nephrin mutant human cell lines, it was shown that the nephrin
translocation response with normal plasma is nephrin-dependent. The authors con-
cluded that nephrotic plasma is deficient in factors acting via the podocyte slit
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Fig. 4. Two proposed mechanisms describing the interaction of filtered plasma proteins leading to
protein degradation and reactive oxidative stress (ROS) in podocytes (left-hand side) and the effects
of postulated plasma factors from patients with nephrotic syndrome on nephrin redistribution in
podocytes (right-hand side). GBM, glomerular basement membrane.



diaphragm complex that are essential for maintaining its physiological function. The
study was performed in six patients with focal and segmental glomerulosclerosis, one
patient with lupus nephritis, and one control non-nephrotic patient. Because a propor-
tion of patients with focal segmental glomerulosclerosis respond to plasma exchange,
this suggests that removal of a pathogenetic plasma factor acting on podocytes may
help to attenuate proteinuria. These results raise the possibility that the podocyte in nor-
mal conditions is constantly maintained by a milieu of circulating factors and that dis-
ruption of this process leads to loss of slit diaphragm stability, reorganization of
associated actin filaments and subsequent foot process effacement (74). However, it is
not known whether a similar process operates in diabetic patients. 

SUMMARY

The podocyte and its processes containing nephrin strands represent the major size
selective barrier in the glomerulus. Changes in podocyte structure and function are
closely related to increases in albuminuria in a variety of renal disorders including dia-
betic nephropathy. Metabolic (hyperglycaemia and RAGE activation) and hemo-
dynamic (intraglomerular hypertension and glomerular stretch) derangements in
diabetes lead to a finite number of pathological changes in the podocyte. The earliest
signs of damage involve loss of the normal pattern of podocyte foot processes which
leads to a decrease in podocyte density and eventually to a reduction in podocyte num-
ber. The processes mediating this include apoptosis, detachment of podocytes from the
glomerular basement membrane, and alterations in intracellular microfilaments in asso-
ciation with an increase in generation of ROS.

The podocyte is a dynamic functional cell that is under the influence of vasoactive
peptides including angiotensin, cytokines including VEGF and TGF-β, and as yet
unidentified circulating factors that determine the intracellular distribution of nephrin.
As a consequence of being involved in the filtration and processing of proteins, the
podocyte contributes to glomerular damage, with the loss of podocytes being a major
potential starting point for glomerular injury (61).

In type 1 diabetes, predominantly glucose-mediated stimuli produce similar ultra-
structural effects in the podocyte as the combination of raised blood pressure and glu-
cose do in older patients with type 2 diabetes. Nephrin expression at the genetic and
protein levels parallels proteinuria in a general sense and can be manipulated by anti-
hypertensive therapy with RAS blockade and also by inhibition of advanced glycation.
However, a large proportion of filtered protein is degraded in the renal tubules through
lysosomal processing. It follows that changes in albuminuria reflect not only glomeru-
lar but also tubular mechanisms.
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INTRODUCTION

Over many years of investigation it has been found that the mechanisms contributing
to the development of diabetic nephropathy (DN) are both varied and complex (1–8). A key
finding, however, was that hyperglycemia plays an important role in the development
of diabetic tissue complications, including nephropathy. A substantial amount of effort
has been expended in identifying glucose-induced pathways in the kidney, which con-
tribute to the production of excessive extracellular matrix (ECM), which could scar the
kidneys, particularly in the form of glomerulosclerosis (3,9–12), but also in the form of
tubulo-interstitial fibrosis (13–17). More recently, the discovery of numerous new mem-
bers of the glucose transporter families, both the facilitative glucose transporter family
(i.e., GLUTs; solute carrier family SLC2A) and the sodium–glucose cotransporter
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family (i.e., SGLT, SLC5A), has allowed their investigation in the kidney and a begin-
ning assessment of their roles in normal and diabetic kidneys. The explosion of infor-
mation that is now occurring in the glucose transporter field is allowing renal
researchers many new opportunities to understand how these transporters contribute to
normal and altered renal glucose metabolism (18–22).

GLOMERULAR GLUCOSE TRANSPORTERS

The investigation of glomerular glucose transporters followed the identification of
relatively higher levels of glucose transporters in the renal tubules (23,24). The first
glomerular glucose transporter identified was GLUT1 (24,25), previously known as the
red blood cell and brain glucose transporter (26,27). The term “GLUT” refers to facili-
tative glucose transporters, of which 12 are currently known (18,20). Subsequently, the
GLUT3, GLUT4, GLUT5, and GLUT8 isoforms were discovered in glomeruli
(24,28,29). GLUTs 3, 4, and 8 are high-affinity facilitative glucose transporters,
whereas GLUT5 is predominantly a fructose transporter, with less glucose transport
activity. In addition, there are reports of sodium–glucose cotransporter activity, possi-
bly SGLT1, in glomerular mesangial cells (MCs) and podocytes (30,31). These latter
reports remain to be confirmed and the transporters more thoroughly characterized. A
description of the glomerular glucose transporters identified to date and their responses
to diabetes, are provided below and in Table 1.

GLUT1
GLUT1 has been identified in whole glomeruli, MCs, podocytes, and endothelial

cells ([24] and Heilig unpublished data on endothelial cells) and its Km in cultured
MCs has been determined to be approx 3 mM (25). This transporter has a relatively low
capacity for glucose transport, in contrast to GLUT2, which is expressed in the proxi-
mal tubule and podocytes, with a high capacity (31,32). GLUT1 is believed to be near
saturation at physiological glucose concentrations (25,33). It typically is expressed in
plasma membranes with a smaller component in intracellular vesicles (23,24). In non-
renal tissues it exhibits some response to insulin by translocating to the plasma mem-
brane, though GLUT4 is the classic insulin-responsive glucose transporter as described
in muscle and adipose tissue (34,35).
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Table 1
Changes in Renal Glucose Transporter Expression Reported With Diabetes

GLUT1 Increase in glomeruli (preliminary report) 
and increase in whole cortex

GLUT2 Increase in proximal tubules
GLUT3 N/A
GLUT4 Decrease in glomeruli
GLUT5 Increase in mesangial cells
GLUT8 Increase in podocytes
SGLT1 Increase in proximal tubules
SGLT2 Increase in proximal tubules
SGLT3 N/A

GLUT, facilitative glucose transporter; SGLT, sodium/glucose cotransporter;
N/A, information not available.



GLUT2
GLUT2 is a low-affinity, high-capacity glucose transporter (Km approx 17 mM) that

was recently identified in cultured podocytes (31,32). The presence of this transporter
suggests podocytes have the potential for excessive glucose uptake at high extracellular
glucose concentrations and its expression in whole glomeruli and potential changes in
response to diabetes mellitus have yet to be investigated. 

GLUT3
GLUT3 is a high-affinity glucose transporter with a Km of 1.4 mM (22). This

protein is expressed in glomeruli (24), although the specific cell types involved have
not been identified, and its response to diabetes mellitus in glomeruli is unknown (24).
GLUT3 mRNA has been detected in cultured podocytes, however (31), and an assess-
ment of the protein expression is needed. Therefore, characterization of GLUT3
expression in glomerular cells remains to be fully characterized. GLUT3 is unde-
tectable in MCs that have been passed in culture, however, which impairs its study in
vitro (36). This glucose transporter is expressed in plasma membranes and intra-
cellularly, and in one report a translocation response to insulin was detected in L6
myotubes (37). Similar to GLUT1, GLUT3 has been proposed to play an important
role in basal cell nutrition (38).

GLUT4
GLUT4 is expressed in glomerular mesangial cells and podocytes (24). It is a high-

affinity glucose transporter with a Km of approx 5 mM (22). As noted earlier, it is typi-
cally located in intracellular vesicles until stimulated to translocate to the plasma
membrane in response to insulin. This response of GLUT4 to insulin has been well
characterized in skeletal muscle and adipose tissue (34,39), although the potential regu-
lation of renal GLUT4 by insulin has yet to be investigated. GLUT4 is suppressed in
glomeruli in response to diabetes (40), and this is the opposite response from glomerular
GLUT1 (41). Suppression of glomerular GLUT4 could be protective against diabetes,
except that glomerular GLUT1 is increased in this situation and the latter transporter is
typically expressed at the plasma membrane in which it can function in the uptake of
excess glucose. In addition, as opposed to GLUT1, GLUT4 tends to be lost from MCs
when they are repeatedly passed in culture (25,36), which makes it difficult to study
this glucose transporter in these cells. The expression of GLUT4 in cultured podocytes
appears to be maintained at least for the short term in vitro (31,32). GLUT4 expression
in afferent microvessels to the glomerulus has been reported to decrease in response to
diabetes (40). One proposed effect of this change is that it could promote vascular
dilation by reducing adenosene triphosphate (ATP) production from glycolysis, increasing
ATP-dependent K+ channel activity and hyperpolarizing the cells. The resulting
shutdown of voltage-sensitive calcium channels could then lead to arteriolar vaso-
dilation followed by glomerular hyperfiltration (40). Dilation of the afferent arteriole
resulting in glomerular hyperfiltration has been implicated in the pathogenesis of diabetic
glomerular damage and this might be due in part to the response of the GLUT4 glucose
transporter (40).

GLUT5
GLUT5 has been detected in glomerular MCs by use of immunocytochemistry

(28). These authors also reported an apparent increase in glomerular GLUT5 with
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streptozotocin (STZ) type 1 diabetes. These findings await confirmation, and the role of
GLUT5 in MC glucose uptake is currently unknown. This transporter is predominantly a
fructose transporter (Km of 6 mM for fructose), with little transport activity for glucose (22).

GLUT8
GLUT8 has a high affinity for glucose, with a Km of approx 2 mM (22). In embryos,

it has been shown to respond to insulin (42). It is important in embryonic development
(42), and recently was identified in glomerular podocytes (29). GLUT8 in podocytes
has been found to increase in response to diabetes (29), and the implications of this for
development of DN will require further investigation. To date, GLUT8 has not been
detected in other glomerular cell types. GLUT8 is located largely inside of cells in the
absence of a stimulus such as insulin (29,42), therefore the contribution of this glucose
transporter to basal glucose metabolism in podocytes is potentially less than that 
of GLUT1. 

IMPLICATIONS OF HIGH GLUCOSE-INDUCED ALTERATIONS 
OF MESANGIAL CELL GLUCOSE TRANSPORTER EXPRESSION 

FOR DN

High extracellular glucose in the diabetic range has been shown to stimulate MC
GLUT1 expression and glucose uptake. Although such a response is not unique to MC
(43,44), most other cell types outside the kidney respond to high-glucose exposure by
reducing their glucose transporter expression or maintaining it constant (34,45). Therefore,
these nonrenal cells presumably protect themselves from excessive glucose uptake and
metabolism, which is potentially harmful (25,46,47). Because MCs do not protect them-
selves from high-glucose exposure, they take up and metabolize excessive amounts of
glucose, which allows them to produce excessive ECM. In vivo this would contribute to
development of glomerulosclerosis (25). This response of MCs has been proposed to play
a key role in the kidney’s well-established susceptibility to diabetic damage (25,36). In
other studies, it was shown that hypertension in rats is associated with increased glomeru-
lar GLUT1 expression, and that in vitro stretch of rat MCs causes an increase in GLUT1
expression leading to enhanced glucose uptake (48). This suggests that in diabetes mellitus
where glomerular hypertension and MC stretch are believed to occur, these processes
could contribute to the increased glomerular GLUT1 expression. Therefore, both high-
glucose exposure in the diabetic range and MC stretch can increase MC glucose uptake,
allowing increased glucose metabolism to stimulate ECM production.

Studies have demonstrated that GLUT1 expression is limiting for glucose uptake
into cultured MCs, and that GLUT1 expression regulates MC expression of ECM proteins
such as fibronectin, collagen type IV, collagen type I, and laminin (25,33). A model for
altered GLUT1 expression in MCs has demonstrated that isolated overexpression of
GLUT1 leads to excessive ECM production (Fig. 1), even in the absence of high extra-
cellular glucose exposure (25). Furthermore, suppression of MC GLUT1 prevents high-
glucose stimulation of MC GLUT1 and ECM expression (33). Therefore, the response
of MC GLUT1 to diabetes may play an important role in the development of diabetic
glomerulosclerosis. A potential role for GLUT1 susceptibility alleles in the development
of diabetic nephropathy is discussed later in this chapter. In contrast to GLUT1, the
potential roles of MC GLUT4, GLUT5 and SGLT1-like activities in the development
of DN remain to be elucidated.
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Preliminary work in transgenic mice, which overexpress and underexpress GLUT1
in glomerular MCs indicates that reduced GLUT1 provides protection from type 2 diabetes-
induced glomerulosclerosis (41), whereas increased GLUT1 leads to albuminuria and
glomerulosclerosis even in the absence of diabetes (10). Further characterization of
these models will provide information concerning the mechanisms by which isolated
changes in GLUT1 affect glomerular ECM accumulation, independent of hyper-
glycemia. In vitro data in MCs indicates that though the effects of high extracellular
glucose exposure and an isolated increase in GLUT1 expression are similar in many
ways, they are not identical (49). This suggests that high extracellular glucose may
have effects at the plasma membrane, which are independent from the intracellular
effects of glucose due to enhanced cellular uptake and metabolism. Further investigation
of the transgenic mouse models should identify the resulting similarities and differences
in the kidney pathology which develops with diabetes vs an isolated increased in
glomerular GLUT1.

Podocytes have been shown to upregulate GLUT8 in response to diabetes mellitus
(29). However, the implications of this change for DN are not yet clear because
GLUT8 is typically intracellular until exposed to an appropriate stimulus (42,50).
Glomerular podocytes also express GLUT1, GLUT4, and possibly GLUT3 (31),
although their responses to diabetes and high-glucose exposure in these cells remain
to be clarified. SGLT1-like activity has been detected in podocytes and requires fur-
ther evaluation (31). Investigations underway will determine the relative roles of these
transporters in podocyte glucose metabolism under normal and diabetic conditions.
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Potential damage to podocytes from altered GLUT expression and the effects on ECM
production by these cells have yet to be determined. 

Glomerular endothelial cells express GLUT1 (Heilig, unpublished data). However,
other glucose transporters have yet to be described in these cells, and the response of
glomerular endothelial cell GLUT1 to diabetes has yet to be characterized. Diabetic
exposure of nonrenal endothelial cells leads to different responses of GLUT1 depending
on the origin of the cells, with a decrease in endothelial GLUT1 in brain and heart
endothelial cells (51), and no decrease in retinal endothelial cells (51,52). The lack of a
decrease in retinal endothelial cell GLUT1 with diabetes was suggested to make the
eyes more susceptible to diabetic damage (51,52). It will be of interest to find out how
glomerular glucose transporters are regulated in the setting of diabetes mellitus.

In summary, much work lies ahead in order to characterize the roles of glucose trans-
porters in glomerular glucose metabolism under both normal and diabetic conditions,
though such studies should give us a much better understanding of glomerular glucose
handling and the pathogenesis of diabetic nephropathy.

GLOMERULAR GLUCOSE METABOLISM

As noted, glomerular glucose transporters were initially difficult to detect, presum-
ably owing to low expression (23,24). GLUT1 was the first glucose transporter to be
characterized in the glomerulus (24,25), and this transporter is believed to be important
for maintaining basal cell nutrition in many different cell types (19,38). Partial suppres-
sion of MC GLUT1 has been shown to slow the growth rate of the cells (33), an indi-
cation that GLUT1 is vital to them. Glomeruli have a relatively low level of oxygen
consumption, and low levels of glycolytic and tricarboxylic acid (TCA) cycle enzymes
when compared with renal tubules (53), consistent with their relatively low level of
glucose transporter expression (23,24). The renal cortex in general tends to use fatty
acids and ketones as energy substrates, with a lesser reliance on glucose (53).

As noted earlier, MC glucose utilization is limited by glucose transport into the cells,
and excessive glucose metabolism in MC is associated with adverse consequences in
terms of excess polyol, lactic acid, and ECM production (10). A role for glucose trans-
porters in MC apoptosis has not yet been investigated but will be important to pursue,
considering that GLUTs play a role in the apoptosis of other cell types (54–56). In
summary, the low baseline metabolism of glucose in MCs could be protective in that
ECM production is controlled, whereas a diabetes-induced increase in MC GLUT1 has
the potential to enhance ECM production, a process key to the development of glomeru-
losclerosis in vivo.

MESANGIAL CELL-SIGNALING PATHWAYS FROM GLUCOSE
TRANSPORTERS TO EXTRACELLULAR MATRIX PRODUCTION

An isolated increase in MC glucose transporter expression (i.e., GLUT1) leads to
persistent increases and activation of PKCα and PKCβ, even in the absence of high
extracellular glucose concentrations (57). A persistently elevated glucose uptake rate,
polyol pathway activation with sorbitol accumulation, enhanced glycolysis, excessive
glucose utilization, and excessive ECM production are also features of this model
(25,57). Increased PKC activity is known to stimulate assembly of the transcriptional
activator protein AP-1 from cfos and cjun (4), leading to increased AP-1 as described in
GLUT1-overexpressing MC (49). The AP-1 can then bind to TPA-responsive elements
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(i.e., TREs) in regulatory regions of target genes such as fibronectin and GLUT1 to
increase their expression (49). AP-1 is persistently increased in mesangial cells over-
expressing GLUT1 (49). Although acute increases in transforming growth factor
(TGF)-β1, mitogen-activated protein kinase (MAPK) and reactive oxygen species
(ROS) in response to high extracellular glucose exposure have been implicated in
excessive MC ECM production (5,58), these processes are not necessary for mainte-
nance of excess MC ECM production in response to an isolated increase in GLUT1
expression (49). Preliminary work in which PKC was inhibited with Calphostin-C
treatment and chronic PMA suppression indicated a role for PKC in GLUT1-induced
GLUT1 gene transcription (59).

Therefore, in the long term there appears to be an important role for the PKC pathway
in maintenance of glucose-induced ECM production. It is not yet known whether
chronic, intermittent high-glucose exposure would cause recurrent increases in TGF-β1,
MAPK, and ROS to stimulate MC ECM production, and this needs to be investigated.
Potential roles for intracellular advanced glycosylation endproducts (AGE) and receptor
for AGE (RAGE) expression also need to be examined with respect to MC glucose trans-
porters and ECM expression, because AGE have been implicated in DN. Studies of
serine/threonine Akt kinase signaling in nonrenal cell types have identified a role for
this mediator in stimulating GLUT1 gene expression and translocation to the plasma
membrane (60,61). Investigation of Akt signaling may therefore be of value in determining
mechanisms by which glomerular GLUT1 is increased in diabetes.

As noted earlier, investigations are underway to identify GLUT1-responsive genes in
MC and mechanisms by which they are induced. Finally, the USF transcription factors
(i.e., upstream stimulatory factors) are being investigated to determine their roles in
glucose- and GLUT1-induced gene expression in MCs, as a preliminary report suggests
USF2 is regulated by glucose and glucose transporters in these cells (62).

RENAL TUBULAR GLUCOSE TRANSPORTERS

The renal tubules appear to have much higher expression of glucose transporters
than the glomeruli. This may be due in part to the substantial energy requirement for
solute reabsorption (53). The renal tubules express both facilitative GLUTs and
sodium–glucose cotransporters (Fig. 2). The GLUTs identified in the tubules to date
include GLUT1–5 and –8. The sodium-linked glucose transporters reported in the
tubules to date include SGLT1–3, and “NaGLT1” (63,64). SGLT1 is a high-affinity,
low-capacity glucose transporter located in the proximal tubule S3 segment in the apical
membranes of the epithelial cells (64). SGLT2 is a low-affinity, high-capacity glucose
transporter localized to the apical membranes of proximal tubule S1 segment cells in
which it is believed to play a major role in glucose reabsorption from the glomerular
filtrate (64). SGLT3 is not yet fully characterized, but may be expressed in the apical
membranes of proximal tubule S1 segment cells (64). SGLT2 in the S1 segment is asso-
ciated with the high-capacity GLUT2 glucose transporter in the basolateral membrane,
which would help transport glucose from the proximal tubule cells toward the blood in
peritubular capillaries (64). In contrast, SGLT1 in the S3 segment is associated with
basolateral expression of GLUT1, which is a high-affinity, low-capacity glucose transporter.
Therefore, the glucose transporters of the proximal tubule S1 segment appear better
suited for large-scale reabsorption of glucose. In diabetes mellitus, SGLT2 and SGLT1
are both increased in the renal tubules, as is GLUT2 (S1 segment) and transiently
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GLUT1 (distal nephron). The increases in SGLT2 and GLUT2 in the S1 segment of the
proximal tubule may be particularly important for increased reabsorption of the excess
filtered glucose. Therefore, there may be adaptive increases in glucose transporters to
prevent excess glucose spillage into the urine. Whether or not the increases in renal
tubular glucose transporters and cellular glucose uptake contribute to excessive ECM
production leading to interstitial fibrosis is not yet known. This will be an important
topic for future studies.

The axial distribution of facilitative GLUTs along the renal tubules differs for the
individual isoforms expressed. GLUT1 appears to be most highly expressed in the thick
ascending limbs (TAL) of Henle and inner medullary collecting duct (IMCD) cells
(24), with lower levels of expression in the cortical collecting ducts and S3 segment of
proximal tubules. GLUT1 has a basolateral localization in renal tubule segments
(23,24). GLUT2 is expressed solely in the S1 segment of the proximal tubules, in which
it has a basolateral distribution (23). GLUT3 is expressed in the TAL and IMCD cells
(24), and is expressed both inside the cells and at the plasma membrane. GLUT4, also
known as the insulin-responsive glucose transporter of adipose and muscle tissue, is
expressed largely in the TAL in which it exhibits an intracellular location (24). GLUT5
exhibits glucose transport activity, although it is better suited as a fructose transporter,
and is expressed in the brush border membranes of S3 segment proximal tubule cells
(65). GLUT8 is typically intracellular, and is expressed in the TAL and collecting ducts
(29). GLUT1 expression in IMCD cells is positioned to provide nutrition and glucose-
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derived osmotically active solutes in a location of the kidney in which the oxygen ten-
sion is relatively low, and extracellular osmolality is high. GLUT1 expression tends to
be high in tissues where a need for anerobic glycolysis exists (23,24). GLUT3 is
expressed predominantly in the TAL and IMCD cells, and like GLUT1 may supply
maintenance nutrition for the cells (19,37,38). GLUT4 in the TAL cells appears pre-
dominantly intracellular, and its participation in cell nutrition or the development of
DN presumably depends on its translocation to the plasma membrane. However, it is
not yet known which stimuli may translocate GLUT4 in renal cells. GLUT8 is
expressed in the TAL and also appears to be expressed predominantly inside the cells
(29). Similar to the situation for GLUT4, it is not yet known if GLUT8 in the kidney
responds to insulin, though GLUT8 is known to be insulin responsive in embryos (42).

GENETIC STUDIES OF GLUT1 ALLELES AND THE RISK 
FOR DN

There are now multiple studies that have reported on the investigation of GLUT1
alleles and their potential relationship to the development of DN (66–72). The initial
focus of research was on the XbaI polymorphic site in intron 2 of the human GLUT1
gene. This single-nucleotide polymorphism (SNP) was associated with increased risk
for development of DN in studies from China (69), the United Kingdom (67), and
Poland (71). In contrast, studies from Denmark (70) and Spain (66) did not document
an increased risk. Subsequently, Ng et al. (73), in the United States, identified an asso-
ciation between the GLUT1 XbaI (–) allele and development of DN in type 1 diabetic
patients. Furthermore, a subsequent meta-analysis of the GLUT1 XbaI allele studies
indicated an increased risk for DN associated with the XbaI SNP site (74). Potentially
more important than the XbaI data, was the finding by Ng et al. (73) at the Joslin
Diabetes Center, that the Enhancer 2, SNP1 site in an E-box in intron 2 of the human
GLUT1 gene was associated with an approximate twofold increased risk for DN (Fig.
3). The XbaI site was in tight linkage dysequilibrium with the nearby Enhancer-2, SNP
1 site, such that 100% of the patients homozygous for the Enhancer-2, SNP 1 A allele
(susceptibility allele) also were homozygous for the XbaI–allele (73). The authors pro-
posed that the Enhancer-2, SNP 1 site could be the site of the disease allele. The AA
genotype at this site is associated with increased risk for the nephropathy, and the link-
age disequilibrium with the nearby XbaI site could explain why the XbaI site has been
associated with an increased risk for DN in some of the previous reports (73). A dia-
gram depicting GLUT1 SNP sites and susceptibility alleles is shown in Fig. 3. Finally,
a recent report from Hodgkinson et al. (68) has identified a new polymorphic site
(A-2841T) in the human GLUT1 promoter that is strongly associated with an increased
risk for DN (Fig. 3).

The SNP in Enhancer-2, SNP1 is an E-box, a type of motif that is potentially glu-
cose responsive (i.e., a glucose-response element) and potentially stimulated by USF
transcription factors. Because USF2 is upregulated by glucose in mesangial cells
(75), it has the potential to interact with the Enhancer-2, SNP1 site to affect GLUT1
transcription. If the Enhancer-2, SNP1 susceptibility allele (i.e., the A allele) were
found to be associated with upregulation of GLUT1 expression, this could help explain
the increased susceptibility to DN. Some evidence that this might occur comes from
preliminary work in cultured mesangial cells. A segment identical to the human GLUT1
Enhancer-2, SNP1 site is found in the promoter of the mouse GLUT1 gene (62). When
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this site was altered by site-directed mutagenesis, GLUT1 gene transcription increased in
response to USF2, a glucose-inducible transcription factor in mesangial cells (62). Further
work is necessary to determine precisely the mechanism by which the Enhancer-2, SNP1
“A” allele predisposes to DN in humans.

EFFECTS OF ANTIDIABETIC DRUGS ON MESANGIAL CELL
GLUCOSE TRANSPORTERS

Sulfonylureas
The sulfonylurea medications have been in use for decades to manage hyper-

glycemia in type 2 diabetic patients, however, even patients with well-controlled
blood glucose levels may develop DN. It is of interest, therefore, that studies of the
sulfonylurea derivative tolazemide have demonstrated that it increases MC glucose
uptake (76), despite its beneficial effect to improve glycemia in diabetics by increasing
peripheral glucose disposal. The increase in glucose uptake into MCs appears to be
via GLUT1, and may increase extracellular matrix production in vitro (76). Other
sulfonylureas have been shown to increase GLUT1-mediated glucose transport in
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Fig. 3. Enhancer 2, SNP1 is in putative E-box motif (CCCATG), and therefore is potentially responsive
to glucose-inducible USF transcription factors. This specific SNP is associated with an increased risk
for nephropathy in type 1 diabetic patients (73). A preliminary report also has associated this same SNP
with increased risk for nephropathy in type 2 diabetics and in nondiabetics (72). (Adapted from ref. 73.)



nonrenal tissues (77–80). However, recent work in type 1 diabetic rats suggests sul-
fonylurea treatment can actually protect against the development of glomeruloscle-
rosis rather than exacerbate it (81). In the same study, a similar protective effect was
not observed in type 2 diabetic mice.

Thiazolidinediones
More recently, effects of the thiazolidinedione antidiabetic medications on MC glucose

transport and glucose metabolism have been examined in vitro (82,83). These drugs
appear to suppress GLUT1 in cultured MCs, leading to improved MC glucose metabolism
(82). They have been used to control peripheral blood glucose levels in type 2 diabetics;
therefore a beneficial effect in the kidney MC would be welcome. Again, as for the sulfony-
lurea effects on glucose transport, further investigations are needed to determine
whether the in vitro findings translate to significant effects in vivo.

Insulin
Historically, the kidney has not been considered to be an insulin-responsive organ.

Although insulin stimulates glucose uptake into skeletal muscle and adipose tissue via
GLUT4, and to a lesser extent via GLUT1, it has little effect to stimulate glucose uptake
into cultured MC (84). More recent discoveries of GLUT4 and GLUT8 in glomeruli
and renal tubules suggest the insulin responsiveness of renal cells in vivo might differ
from their responsiveness in vitro. For example, the loss of GLUT4 from MCs in culture
(36) could limit their responsiveness to insulin. A minimal response of MC glucose
transporters to insulin presumably would provide some protection against excessive
glucose uptake, glucose metabolism, and ECM production (10), while at the same time
glycemia is improving from the treatment. It would be valuable as well to know how
TAL cells respond to insulin, as the TAL appears to be a major site in renal tubules in
which GLUT4 and GLUT8 are expressed (24,29). The TAL is a major site for solute
reabsorption in which substantial energy is expended (53), and additional capacity for
glucose uptake could be beneficial for ATP production. Basal GLUT1 expression also
appears to be relatively high in the TAL (24), and for the same reasons may be benefi-
cial to solute transport in this segment.

INHIBITORS OF GLUT1

Research to identify and characterize glucose transport inhibitors that may protect
against the development of DN is in its infancy. Certainly, many different drugs and
food constituents have the potential to regulate glucose transporter expression, and some
examples are mentioned here with references for more in-depth reading.

Captopril has been shown to inhibit a high-glucose-induced increase in GLUT1-
mediated glucose transport in retinal endothelial cells (85). A role for Captopril inhibi-
tion of MC glucose transport will need to be investigated because this could identify a
new and important nonhemodynamic protective effect of an angiotensin-converting
enzyme (ACE) inhibitor on the kidney. The mechanism by which Captopril achieves
this effect in retinal endothelial cells is not yet known, although it does not appear to
result from a change in overall GLUT1 expression (85).

The flavanoids and isoflavones (e.g., genestein, quercetin, and others) are tyrosine
kinase inhibitors known to inhibit glucose transport via their effects on GLUT1 (86). At
least part of the affect results from their binding to an ATP-binding site in GLUT1,
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thereby impairing its transport capacity (86). One article has been published in which
the isoflavone quercetin was given to diabetic rats and prevented the development of
DN (87). Although the beneficial effect of quercetin was attributed to inhibition of
ROS, the effect of this compound to inhibit glucose uptake into the mesangial cells and
glomeruli was not assessed. Certainly, future studies should address the effectiveness of
chemical inhibition of glucose transporters to prevent DN, because suppression of MC
GLUT1 has provided protection against ECM production in vitro (33), and preliminary
data indicates that transgenic suppression of MC GLUT1 in vivo is protective against
the development of diabetic glomerulosclerosis in mice (41). Methylxanthines as well
have been shown in nonrenal cells to inhibit glucose transport via GLUT1, and their
avoidance has been recommended in patients with the GLUT1 deficiency syndrome in
which a congenital deficiency of GLUT1 leads to hypoglycorrhachia, seizure activity,
and motor abnormalities (88–90). The latter example also indicates that excessive sys-
temic inhibition of GLUT1 could have adverse consequences. Therefore, a more selective
inhibition of glucose transporters in the kidney would be desirable in screening for drugs
with the potential to inhibit glomerular ECM production by interfering with GLUT1-
mediated glucose uptake.

The drug, rhein, an anthraquinone derived from rhubarb, which historically was used as
an herbal remedy for various ailments in China, has also been effective in blocking TGFβ1-
induced GLUT1 and glucose transport in cultured MCs (91). The inhibitory effect of rhein
on glucose transport has been known for many years in nonrenal tumor cells (92). The
effectiveness of rhein to prevent DN is currently under investigation. 

Finally, pentobarbital is a known suppressant of GLUT1 in nonrenal tissues such as
the brain (26), however its potential to suppress GLUT1 in the kidney has not yet been
investigated.

CONCLUSIONS

The roles of glucose transporters in renal glucose metabolism and DN have been little
investigated, in part as a result of the recent discovery of numerous new glucose trans-
porter isoforms over the last 10 yr. Renal glucose transporters continue to be identified
and characterized. Information on the GLUT1 isoform suggests it could play an important
role in the development of diabetic nephropathy. Studies in humans also indicate there
are GLUT1 susceptibility alleles that increase the risk for nephropathy in diabetic
patients. Data suggesting a role for glucose transporters in nondiabetic renal disease is
more preliminary, although potentially very important as it could broaden the role of
glucose transporters in the pathogenesis of renal disease. Future investigations of the
more recently discovered renal glucose transporters will enhance our understanding of
their roles in DN. Finally, future investigations of glucose transport inhibitors hold
potential promise for new therapies to prevent and treat diabetic, and possibly even
some nondiabetic kidney diseases.
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INTRODUCTION

With the decoding of the human genome, there is an urgent need for greater under-
standing of how proteins are synthesized and how they function. This notion is predicated
on the importance of proteins as ultimate arbiters of cell function. Studies restricted to
investigation of changes in mRNA levels do not address changes in proteins and their
function. A strict linear correlation between mRNA levels and proteins does not always
exist (1,2). Therefore, it is imperative that protein metabolism be studied directly.

The life history of a protein begins with the synthesis of its mRNA by transcription of
its gene. Factors affecting transcription and mRNA stability regulate the ambient level of
mRNA. Following its synthesis, mRNA is transported out of the nucleus and peptide
chain synthesis is initiated on the ribosome. The process of synthesis of a peptide from
the genetic information present in the mRNA is called translation. Following translation,
the peptide commonly undergoes posttranslational modification and gets sorted to the
appropriate compartment of the cell or secreted to serve discrete function after which it
is degraded. Each of these stages is highly regulated by a large number of factors. The
steady-state concentration of a protein is the result of transcription, mRNA stability,
translation, and protein degradation. Although the processes of transcriptional and degra-
dational control have received much attention, regulation of translation has not been as
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thoroughly explored. Recent evidence has shown that translation is an important site of
regulation of protein metabolism, cell growth, apoptosis, development, carcinogenesis,
and response to cellular stress. Investigation of translational processes has provided
important insights into pathogenesis of type 2 diabetes and insulin resistance syndromes
(3). As mRNA translation involves energy expenditure, consuming approx 20–25% of
total cell energy (4), it is logical to expect a derangement in its regulation in diabetes,
which is characterized by significant changes in energy metabolism. In renal science,
however, translation has not been investigated in detail as an independent site of regula-
tion of protein metabolism. In this review, our aim is to focus on regulation of mRNA
translation as it relates to diabetic kidney disease.

mRNA TRANSLATION

mRNA translation is thought to occur in three stages, initiation, elongation, and
termination. The initiation phase is the rate-limiting step in mRNA translation (5), and
also the most frequently regulated phase (6). Translation initiation entails the recruit-
ment of the ribosome to the mRNA, a process that is facilitated by eukaryotic initiation
factors (eIFs). During the elongation phase, amino acids are added to the nascent peptide
as dictated by the codons in the mRNA by the participation of respective aminoacyl
transfer RNAs (tRNAs). Eukaryotic elongation factors (eEFs) control this step in trans-
lation. In the termination phase, the polypeptide chain is released from the ribosomal
complex under the direction of eukaryotic release factors. Abnormalities in any of the
three phases can result in aberrant protein synthesis.

Translational Machinery: Structural Considerations
Structures within the mRNA play a critical role in translation. They include the

methylated guanosine triphosphate, m7GpppX (G for guanosine, X is any base) at the
5′ end of the mRNA (the cap), the stretch of bases from the cap to the initiator methio-
nine AUG codon at which translation begins called the 5′ untranslated region (UTR),
the stretch of bases of mRNA extending from the stop codon to the polyA stretch,
called the 3′ UTR, and the polyA tail at the 3′ end (Fig. 1A). The cap, the polyA tail
and the UTRs contain binding sites for a variety of proteins, for example, eIF4E, polyA
binding protein. Interaction between these proteins and the mRNA results in circular-
ization of the mRNA that is believed to improve the efficiency of translation (7,8). As
circularization requires intact 3′ UTR of the mRNA it may be one way to ensure that
nicked or incomplete mRNAs are not translated into nonfunctional proteins.

Ribosomes consist of the 40S subunit made of 18S RNA and several proteins, the
60S subunit consisting of 28S, 5.8S, 5S RNA, and proteins, and the 80S ribosome
formed by the association of 40S and 60S subunits (Fig. 1B). An active mRNA, which
is engaged in translation, is bound to several ribosomes, resulting in a polyribosome or
polysome (Fig. 1C). mRNAs for proteins that are destined for secretion or cell surface
expression are sorted to ribosomes bound to endoplasmic reticulum membrane, whereas
cytosolic proteins are synthesized by the free ribosomes.

Translation of mRNAs Can Occur by Two Methods
Translation of mRNAs can occur by two major mechanisms, cap-dependent or cap-

independent. In the former, eIFs bind to the cap at the 5′ end of the mRNA, mediating
binding of the ribosome to the mRNA. This method appears to apply to the vast majority
of eukaryotic mRNAs (9).
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INTERNAL RIBOSOMAL ENTRY SITE-DRIVEN TRANSLATION

Translation of cellular mRNAs can continue even when the cap-dependent translation
mechanism is inhibited. It is estimated that up to 10% of cellular mRNAs may be
regulated in this fashion (10–12). In translation of such mRNAs, the ribosome directly
binds to mRNA in regions originally termed ribosome landing pads (13) and now called
the internal ribosomal entry sites (IRES). IRES-driven translation occurs without the
participation of mRNA cap at the 5′ end of the mRNA or its binding protein, eIF4E;
however, other eIFs are usually used (14). IRES-regulated mRNAs are generally
involved in differentiation, cell cycle events and stress response, and include
immunoglobulin heavy chain binding protein (15), vascular endothelial growth factor
(VEGF) (16), fibroblast growth factor (FGF)2 (17), ornithine decarboxylase (18), and
platelet-derived growth factor (19). Recently, many non-eIF proteins that regulate ribo-
somal binding to IRES called IRES-transacting factors have been described and include
heterogeneous nuclear RNA-binding proteins (9,12). IRES-transacting factors may
help bring the ribosome and the mRNA together or stabilize the active conformation of
IRES and promote translation initiation. IRES-driven mRNAs do not have distinct con-
sensus sites for ribosomal binding but are characterized by extensive secondary struc-
tures and multiple AUG sites. It is possible that secondary and tertiary structure of the
5′ UTR is important in ribosomal binding to the IRES-regulated mRNA. Translation of
some capped mRNAs can occur by either cap-dependent or IRES-driven mechanisms.
In some of these mRNAs, the IRES may be located within the coding region.
Translation of such mRNAs can result in different lengths of peptides (isoforms)
depending on initiation site, the IRES-driven peptide being smaller than cap-regulated
translation product, for example, PITSLRE protein kinase, a cyclin-dependent kinase,
(20) and FGF2 (17,21). Such proteins isoforms are differentially synthesized depend-
ing on cell needs, and subserve distinct functions.

CAP-DEPENDENT TRANSLATION: THE INITIATION PHASE

A consensus model of initiation phase is provided here (Fig. 2). The initiation phase
begins with dissociation of the 80S ribosome into 40S and 60S subunits, a process that
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Fig. 1. mRNA and ribosome, essential components involved in mRNA translation. (A) Organization
of mRNA showing the cap at 5′ end, 5′ and 3′ UTRs, coding region and the polyA tail. (B) 80S ribosome
consisting of 40S and 60S subunits, bound to mRNA. (C) Polyribosome or polysome consists of several
ribosomes bound to an mRNA transcript.



involves regulation by eIF6. The 40S ribosomal subunit binds to eIF3, eIF1, eIF1A, and
the initiator methionyl tRNA bound to eIF2; the resulting complex is called the 43S
preinitiation complex. In the resting cell, the cap-binding protein, eIF4E is held inactive
by its repressor-binding proteins. There are two types of repressors of eIF4E. One type
is represented by proteins that are in physical association with select mRNAs and reg-
ulate their translation by binding to eIF4E although still being tethered to the mRNA,
for example, maskin and cup (6). The other group of proteins is not mRNA-specific
and includes the eIF4E-binding proteins (4E-BPs). There are three 4E-BPs that are
products of distinct genes. Of these, 4E-BP1 (also called PHAS-I) is the most com-
monly studied. On stimulation of protein synthesis, the eIF4E/4E-BP1 dimeric com-
plex dissolves following phosphorylation of 4E-BP1 allowing free eIF4E to associate
with eIF4G (Fig. 3). The binding sites for eIF4E on 4E-BP1 and eIF4G share the same
consensus sequence (YXXXXLφ, in which Y is tyrosine, L is leucine, X any amino
acid, and φ is a hydrophobic amino acid) and the two proteins compete with each other
for binding to eIF4E (22). eIF4E and eIF4A bind to eIF4G to form the eIF4F complex.
Additionally, eIF4G has binding sites for other proteins including eIF3, polyA binding
protein and mitogen-activated protein (MAP) kinase-integrating kinase (Mnk-1), a kinase
for eIF4E. The ability of eIF4G to bind eIF3, which interacts with 40S ribosomal com-
plex enables it to function as a bridge between the mRNA and the ribosome (14). The
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Fig. 2. Scanning model of initiation phase in cap-dependent mRNA translation.



eIF4F complex binds to the cap via eIF4E. The 43S preinitiation complex traverses the
5′ UTR of the mRNA to reach the AUG initiation codon. The 5′ UTR secondary struc-
ture is melted by the helicase activity of eIF4A, facilitating the 43S preinitiation com-
plex to reach the AUG initiation codon. At this point, the initiation factors dissociate from
the mRNA with assistance from eIF5, a GTPase-activating protein that promotes GTP
hydrolysis by eIF2. The 60S ribosomal subunit now joins the 43S subunit, forming the
80S initiation complex. With the positioning of the 80S ribosome with the initiator
methionyl tRNA on the initiator AUG codon at the translation initiation site, the initia-
tion phase comes to an end. Activities of individual eIFs are governed by binding pro-
teins and phosphorylation. More detailed accounts of the initiation phase have been
recently published (6,14,23).

REGULATION OF THE INITIATION PHASE

The bulk of regulation of the initiation phase occurs by phosphorylation/
dephosphorylation reactions governed by distinct kinases and phosphatases. An extensive
network of signaling pathways is recruited by nutrients and growth factors to regulate
translation initiation and requires a detailed examination. 

Receptor Tyrosine Kinases. Recent work from our laboratory has shown that
insulin, insulin-like growth factor (IGF)-I, angiotensin II and VEGF promote synthesis of
both structural and matrix proteins by regulating key steps in translation in renal proxi-
mal tubular and glomerular epithelial cells in culture (24–29). On exposure to insulin
and VEGF, there is a rapid induction of tyrosine phosphorylation of several proteins
including the respective receptors, which function as tyrosine kinases (24,29).
Following exposure to insulin, IGF-1 and VEGF, insulin receptor substrate 1 (IRS-1),
the docking protein, binds to the respective receptor and undergoes phosphorylation;
this binding serves to amplify the effects of agonist activation of its receptor (Fig. 4). In
VEGF-treated cells reduction in IRS-1 expression by antisense strategy decreased both
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Fig. 3. Interaction between eIF4E and its binding protein, 4E-BP1. In the resting cell, eIF4E is held
inactive in a dimeric complex by its binding protein, 4E-BP1. On application of a stimulus for protein
synthesis, 4E-BP1 is phosphorylated with dissolution of the dimeric complex. eIF4E is now free to
associate with eIF4G and facilitate initiation of mRNA translation.



phosphatidylinositol 3 kinase (PI 3 kinase) activation and increase in protein synthesis,
suggesting IRS-1 participates in the VEGF receptor signaling pathway leading to protein
synthesis (29).

PI 3 Kinase and Akt. In cells stimulated with growth factors, following tyrosine
phosphorylation of IRS-1, the catalytic subunit of PI 3 kinase binds to the IRS protein via
its 85 kDa regulatory subunit, stimulating its lipid kinase activity and generating inositol
3,4,5 triphosphate (Fig. 4). Overexpression of the 110 kDa catalytic subunit of the kinase
in the absence of growth factors promotes 4E-BP1 phosphorylation, demonstrating its
importance (30). A phosphatase called PTEN (phosphatase and tensin homolog on chromo-
some 10) that dephosphorylates inositol 3,4,5 triphosphate has been identified; its role in
inhibiting PI 3 kinase regulation of translation remains to be elucidated. The PI 3 kinase
product, inositol 3,4,5 triphosphate translocates Akt (protein kinase B) to the cell mem-
brane in which it is duly phosphorylated on Thr308 and Ser473. Phosphoinositide-
dependent kinase 1 phosphorylates Thr308 on Akt (31,32). The identity of the kinase that
phosphorylates Ser473 is controversial and may include the integrin-linked kinase (33) or
a kinase that belongs to PI 3 kinase-related kinase family called ataxia telengiectasia
mutated (ATM) (34). Recent reports have shown that mammalian target of rapamycin
(mTOR) in a complex with a protein called rictor directly phosphorylates Ser473 on Akt
(35). Akt activity has been shown to be critical for phosphorylation of 4E-BP1 (30). Akt
activation leads to mammalian target of rapamycin (mTOR) phosphorylation, although
whether Akt is a direct kinase for mTOR is controversial.

TSC-1, TSC-2 and Rheb. Because mTOR occupies a central role in mRNA transla-
tion by controlling phosphorylation of 4E-BP1 and S6 kinase that phosphorylates riboso-
mal proteins, its regulation merits a detailed examination (Fig. 5). It is important to note
that mTOR functions as a nutrient-sensor, responding to changes in amino acid and
glucose availability. The nutrient-sensing property of mTOR has obvious implications for
diabetes-related complications including renal disease. Recent investigations have
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Fig. 4. Signaling pathways involved in regulation of phosphorylation of 4E-BP1 and eIF4E.



unraveled a complex series of regulatory steps involved in Akt regulation of mTOR
activity. Two tuberous sclerosis complex proteins TSC-1 and TSC-2, also called hamartin
and tuberin, respectively, have been found to be important mTOR regulators. Mutations in
these proteins lead to tuberous sclerosis disease that is characterized by hypertrophy and
growth of tumors, hamartomas, in several tissues including the kidney (36). The asso-
ciation of cell hypertrophy with mutations in TSC genes suggests that TSC-1 and TSC-2
normally inhibit protein synthesis. TSC-1 and TSC-2 form a heterodimer that slows cell
growth (37,38), and inhibits mTOR activity (39). Phosphorylation of TSC-2 by Akt results
in its inactivation and leads to increase in mTOR activity (40,41). Other kinases for TSC-2
include protein kinase C and Erk 1/2 type MAP kinase (42). Nutrient supply also regulates
TSC-2 phosphorylation. In states of adenosine triphosphate (ATP) deficiency, adenosine
monophosphate (AMP)/ATP ratio increases, which stimulates activity of AMP-activated
protein kinase (AMPK), which has been shown to promote phosphorylation of TSC-2
and increase its activity (4), thereby linking nutrient sensing to an upstream regulator of
mTOR activation. The control exerted by TSC-1/ TSC-2 dimer on mTOR phosphorylation
is indirect and involves Rheb (Ras homolog-enriched in brain). TSC-2 acts as a GTPase-
activating protein for Rheb (43,44). Agonists that stimulate protein synthesis increase
GTP-bound form of Rheb. In contrast, increase in TSC-1/TSC-2 dimer reduces Rheb present
in GTP-bound form and increases the proportion of the GDP-bound form, thus decreasing
Rheb’s activity (43,45). Additionally, Rheb overexpresion augments and Rheb depletion
inhibits mTOR activity, respectively (43,46,47). These observations show that Rheb in its
GTP-bound form is a positive modulator of mTOR activity. The precise mechanism by
which Rheb regulates mTOR activity remains to be elucidated.
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Mammalian Target of Rapamycin. mTOR is a large modular protein (289 kDa)
with a kinase domain near its carboxy terminus. It belongs to the family of PI 3 kinase-
related kinases that include PI 3 kinase and ATM (48). It has two important substrates
relevant to translation, i.e., 4E-BP1 and S6 kinase; as such, increase in phosphorylation
of these substrates is employed as a readout of mTOR activity. Rapamycin, an inhibitor
of mTOR, binds a site toward N-terminus from the mTOR kinase domain. Activation of
mTOR involves autophosphorylation site at Ser2481 and phosphorylation of Ser2448
regulated by the PI 3 kinase-Akt axis (49,50). Increase in nutrient amino acid supply
augments mTOR activity. Preliminary observations from our group suggest that
increase in glucose availability also increases mTOR phosphorylation and activity in
proximal tubular epithelial and glomerular epithelial cells (50a). The precise mecha-
nism by which mTOR detects changes in nutrient supply is not known; changes in the
association of mTOR with its cofactors has been suggested as a possible mechanism
(51,52). mTOR regulation of 4E-BP1 and p70S6 kinase activity seems to depend on
association with cofactors (Fig. 5). One such factor is raptor (regulatory associated protein
of TOR), a 150 kDa protein that assists mTOR binding to TOR signaling motifs (TOS
domains) in its substrates 4E-BP1 and S6 kinase (53,54). The second cofactor for
mTOR is LST8 also known as GβL (G protein β subunit-like protein), a 36 kDa protein
(52). LST8/GβL binds to the kinase domain of mTOR and positively modulates its
activity (52). The third mTOR-associated factor is called rictor. Whereas the mTOR-
LST8-raptor complex is rapamycin-sensitive, another protein complex consisting of
mTOR-LST8-rictor is thought to be resistant to rapamycin (55). As mentioned earlier
the latter complex has been implicated in the phosphorylation of Ser473 of Akt (35). In
summary, mTOR, a central player in regulation of initiation phase in translation, is regu-
lated upstream by a complex network PI 3 kinase-Akt-TSC-1/TSC-2-Rheb axis and by
such downstream cofactors such as raptor, rictor, and LST8/GβL. Existence of such an
extensive network of regulatory factors emphasizes the critical importance of mTOR in
regulation of protein synthesis.

4E Binding Protein. In the resting cell, the mRNA cap binding protein, eIF4E, is
bound to 4E-BP1 that keeps eIF4E in an inactive state. An early event in the initiation
phase of mRNA translation is release of eIF4E by phosphorylation of 4E-BP1, which is
directly under the control of mTOR (56,57). There are several serine or threonine sites
for phosphorylation on 4E-BP1 (58). Depending on the intensity of phosphorylation,
three isoforms of 4E-BP1 with distinct migration patterns on a fractionating gel may be
identified, α being the least, γ the most phosphorylated, with intensity of phosphoryla-
tion of β being intermediate between the two others. On agonist stimulation, the pro-
portion of intensely phosphorylated isoforms increases resulting in dissolution of eIF4E
complexation with 4E-BP1 (Fig. 3). The role of individual phosphorylation sites on 4E-
BP1 in dissolution of its complex with eIF4E is controversial. There may be a hierar-
chy among the phosphorylation sites in promoting eIF4E-4E-BP1 dissociation. Thr37,
46 phosphorylation is thought to be the priming event (58) followed by phosphoryla-
tion at Thr70 and Ser65; phosphorylation at these four sites may be sufficient to release
eIF4E (48). Phosphorylated sites on 4E-BP1 seem to lie close to acidic amino acids on
eIF4E (59). Dissociation of the eIF4E/4E-BP1 complex following phosphorylation of
the latter may be due to electrostatic repulsion of the negative charges on the two pro-
teins. Distinct kinases may mediate phosphorylation of individual phosphorylation sites
on 4E-BP1. Thus, Akt and mTOR regulate phosphorylation at Thr37, Thr46, Ser65 and
Thr70. ATM, a kinase belonging to the PI 3 kinase family, and cdc42 may regulate
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phosphorylation at other sites (60,61). The role of Erk in 4E-BP1 phosphorylation may
be cell-specific and is discussed later.

Eukaryotic Initiation Factor 4E. Ser209 in eIF4E undergoes phosphorylation
during initiation phase and has been identified as the physiologically important site
(62). Erk 1/2 MAP kinase regulates Ser209 phosphorylation, although it is not the
direct kinase as eIF4E lacks proline residues around Ser209. Mnk-1 is the direct kinase
for eIF4E (63–65). The scaffolding protein eIF4G has binding sites for Mnk-1 and
eIF4E and facilitates phosphorylation of eIF4E by Mnk-1 (63). Mnk1 has a nuclear
transport signal in its N terminus (66), although the significance of shift from cytoplasm
to nucleus is unclear. The biological implication of eIF4E phosphorylation is unsettled.
In vitro studies and investigations in Drosophila suggested that phosphorylation of
eIF4E promoted cell growth (67,68). However, this view has been challenged recently
and phosphorylation of eIF4E has been suggested to inhibit binding to mRNA cap by
electrostatic repulsion between negatively charged phosphate residues on mRNA cap
and eIF4E (69,70).

ELONGATION PHASE AND TERMINATION PHASE

During the elongation phase, peptide propagation occurs by systematic addition of
amino acids in accordance with codon sequence in the mRNA. Elongation phase is
regulated by eukaryotic elongation factors (eEFs) 1 and 2; eEF2 is active when it is
dephosphorylated. Detailed surveys of elongation phase have been recently published
(23,71,72). Termination phase begins with the arrival of the 80S ribosome at the termi-
nation codon on the mRNA. The release of the peptide is facilitated by the participation
of ribosomal release factor, which has structural similarity to tRNA (73,74). The 80S
ribosome is split into the 40S and 60S subunits with the assistance of eIF6 and eIF3; the
40S ribosomal unit is recycled for another round of peptide synthesis.

mRNA TRANSLATION IN DIABETIC NEPHROPATHY

Control of mRNA translation is now receiving attention in the investigation of diabetic
renal disease. A brief summary of ongoing work is provided.

Regulation of mRNA Translation by Glucose and Insulin
We have recently explored the role of hyperglycemia and hyperinsulinemia in general

protein synthesis/hypertrophy and in synthesis of extracellular matrix protein, laminin,
in renal cells. Whereas hyperglycemia is a pathogenic factor common to both types of
diabetes, hyperinsulinemia is of relevance to type 2 diabetes. Hyperinsulinemia precedes
clinical expression of diabetes during the phase of insulin resistance. Fasting plasma
insulin levels and insulin levels between meals remain higher than normal in type 2
diabetes although the response of insulin to glucose loads is suboptimal (75,76). This
results in exposure of the individual with type 2 diabetes to considerable periods of
hyperinsulinemia in a 24-h period. Mice with type 2 diabetes (db/db mice) manifest
significant hyperinsulinemia during the initial phase of hyperglycemia; thus, renal
abnormalities in the early phase of type 2 diabetes can be potentially due to hyperglycemia
and/or hyperinsulinemia.

TRANSLATION REGULATION OF GLUCOSE-INDUCED HYPERTROPHY

The first structural change in the kidney in diabetes is enlargement. Most of the kidney
enlargement is accounted for by increase in size of individual renal cells from augmented
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protein and RNA content per cell (i.e., hypertrophy) rather than in their number (77,78).
Renal hypertrophy occurs rapidly with significant increase in kidney weight being evident
within days of onset of type 1 or type 2 diabetes (27). The importance of hypertrophy
lies in the possibility that it may predispose to long-term complications of diabetes
(77). Glomerular visceral epithelial cells (GECs, podocytes) have recently attracted
much attention for their role in diabetic renal disease. Podocyte deficiency caused by
either  reduced number or reduced density relative to length of the glomerular basement
membrane, has been suggested as a determinant of proteinuria and progression in diabetic
nephropathy (79–81). The mechanism underlying podocyte loss is not well understood.
In cardiac myocytes, maladaptive hypertrophy has been linked to eventual cardiac failure
(82); in a similar manner, podocyte loss may be linked to hypertrophy. Investigations
are underway to elucidate pathways by which high glucose promotes podocyte hyper-
trophy. Transforming growth factor-β has been studied extensively as a mediator of
glucose-induced hypertrophy in renal cells (83). Other factors are likely to be involved
in high-glucose-induced hypertrophy, including changes in the energy status of the
cell, which has not been examined. As glucose is an important metabolic fuel for the
cells, high glucose alters the energy status of the cells. The cells detect changes in the
energy status by means of sensors such as the AMPK (84) and mTOR. However, the
potential role of AMP kinase in glucose-regulated cell processes including protein
synthesis has not been examined. AMPK is a trimeric protein made of the catalytic 
α-unit, which requires Thr172 phosphorylation for its activity, and two regulatory sub-
units, β and γ. AMPK activity is stimulated by increase in cellular AMP to ATP ratio.
Activity of AMPK is directed at increasing ATP generation by fatty acid oxidation and
inhibiting energy consuming processes (85). The role played by AMPK in high glu-
cose-induced changes in renal cell metabolism was examined in the GEC (85a). High
glucose stimulated significant increase in protein synthesis and induced hypertrophy in
the GEC following incubation for 3 d. These changes were dependent on activation of
PI 3 kinase and mTOR and were associated with increase in phosphorylation of 4E-
BP1 and dephosphorylation of eEF2, respectively (85a). As reviewed earlier, stimula-
tion of initiation and elongation phases of translation requires phosphorylation of
4E-BP1 and dephosphorylation of eEF2. Under conditions of high-glucose-induced
hypertrophy in the GEC, Thr172 phosphroylation of AMPK was reduced suggesting a
decrease in AMPK activity. Stimulation of AMPK activity by metformin or 5-aminoim-
idazole-4-carboxamide 1-β-ribofuranoside prevented high-glucose-induced changes
in phosphorylation status of 4E-BP1 and eEF2 and induction of hypertrophy. These
data suggest that AMPK is an important regulator of initiation and elongation phases
of translation in response to high glucose. The status of AMPK phosphorylation in
renal tissue undergoing hypertrophy was examined in rats with streptozotocin-
induced type 1 diabetes (85a). There was a significant reduction in phosphorylation
of AMPK in renal cortex and in isolated glomeruli in diabetic rats that coincided with
hypertrophy. These in vitro and in vivo observations suggest that AMPK normally
inhibits protein synthesis in renal cells. Inhibition of its activity appears to facilitate
renal growth in diabetes. Availability of pharmacological agents that modulate AMPK
activity, for example, metformin, makes it an attractive target for therapies aimed at
ameliorating diabetic kidney disease.

TRANSLATION REGULATION OF LAMININ SYNTHESIS BY GLUCOSE AND INSULIN

Laminin is a heterotrimeric protein with distinct subunit composition in matrix
compartments of the kidney. It is composed of α5, β2, γ1 chains (laminin-11) in the
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glomerular basement membrane and α1, β1, γ1 chains (laminin 1) or α5, β1, γ1 chains
(laminin 10) in the tubular basement membrane (86). Laminin is involved in cell anchor-
age and supramolecular assembly of extracellular matrix (87). Laminin contributes to
regulation of glomerular capillary permeability as mice lacking laminin β2 chain develop
massive proteinuria even as other components of the glomerular basement membrane are
normally expressed (88). Recently, congenital nephrotic syndrome associated with ocular
abnormalities owing to mutation in laminin β2 gene has been reported (89). Accumulation
of laminin contributes to accumulation of matrix in glomerulus as well as the tubulo-
interstitium in diabetic kidney (90–93). We examined the molecular regulation of laminin
in the kidney cortex of db/db mice with type 2 diabetes in both early (within 4 wk of
onset of diabetes) and established stages of diabetes (3 mo). Accumulation of laminin
chains was associated with reduced mRNA levels in the renal cortical lysates (94), sug-
gesting that nontranscriptional mechanisms were involved. Thus, decreased degradation
and/or increased efficiency of laminin chain mRNA translation could account for increase
in renal parenchymal laminin. The role of translation was further examined, as it has not
been addressed in contrast to extensive studies on regulation of matrix degradation in
diabetic renal disease. As the laminin accumulation was evident in early stages of type 2
diabetes associated with elevations not only in plasma glucose but also in plasma insulin
(95), the role of high glucose and high insulin in regulation of laminin synthesis were
examined in renal proximal tubular epithelial cells. We employed these cells in our stud-
ies as they form the bulk of renal cortex on which in vivo studies were conducted, and
laminin changes were also evident in tubular matrix in addition to that of the glomerulus
(94). High glucose alone (30 mM), high insulin alone (1 nM), and both together rapidly
stimulated laminin β1 chain synthesis and secretion into the medium within 5 min and
the effect lasted for up to 60 min; the effect of high glucose could not be explained by
osmotic effect (50a). Analysis of mRNA levels showed no change and laminin β1 protein
increment could not be blocked by transcription inhibitors. Together these data suggested
that increase in laminin β1 chain synthesis was likely owing to augmented mRNA trans-
lation. High glucose and high insulin did not increase laminin β1 chain synthesis in cells
expressing mutant of 4E-BP1 in which Thr37, 46 are changed to alanine. As reviewed
earlier, phosphorylation of these two “priming” sites is required for dissociation of the
eIF4E/4E-BP1 complex. These data suggest that high glucose and insulin regulate laminin
β1 chain synthesis at the level of initiation phase of its cap-dependent translation. Both
4E-BP1 phosphorylation and laminin synthesis induced by high glucose and high insulin
could be abolished by expression of dominant negative constructs of PI 3 kinase and
mTOR, demonstrating both high glucose and high insulin recruit PI 3 kinase-mTOR
pathway in augmenting 4E-BP1 phosphorylation. Increase in laminin β1 chain synthesis
was also associated with increase in eIF4E phosphorylation that was dependent on Erk
activation. PD098059, an inhibitor of MAP kinase kinase (MEK), the upstream kinase of
Erk, could abolish laminin synthesis indicating a role for Erk in laminin synthesis stimu-
lated by high glucose and high insulin. Whether Erk regulates 4E-BP1 phosphorylation in
addition to that of eIF4E remains to be studied. Computer analysis of laminin β1 chain
mRNA revealed a complex 5′ UTR with extensive secondary structures; translation of
such mRNAs requires assistance of cap-dependent process (96). These data show that
translation can be a site of regulation of matrix protein synthesis in diabetes.

An unexpected observation in these investigations was the rapidity with which high
glucose and high insulin stimulated laminin synthesis. Others have noted that a 2-h
exposure to high glucose commits renal fibroblasts to increase synthesis of collagen
and fibronectin (97). There may be a clinical correlate for these findings. Recently,
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postprandial peaks of plasma glucose, which tend to be short lived, have been found to
be an independent risk factor for cardiovascular complications of diabetes (98). Taken
together, the experimental and clinical data suggest that even transient elevations of
glucose may be injurious to target tissues in diabetes.

Furthermore, our data implicate hyperinsulinemia in pathogenesis of diabetic renal
disease. Evaluation of insulin signaling pathway in diabetic mice has provided support
for this notion. Analysis of insulin receptor activation was performed in renal cortex of
mice in the early stages of type 2 diabetes in db/db mice (99). In comparison with non-
diabetic littermates, tyrosine phosphorylation of the insulin receptor β chain, kinase
activity of the insulin receptor, and PI 3 kinase activity associated with insulin receptor
were all increased several fold in the renal cortex of db/db mice. In contrast, activity of
insulin receptor was unchanged in the liver of db/db mice. These data demonstrate that in
contrast to the liver, an acknowledged site of insulin resistance, the renal cortex is
insulin-sensitive in type 2 diabetes. The timing of insulin receptor activation suggests it
may contribute to pathological changes in the kidney seen in early stages of type 2 dia-
betes including hypertrophy and matrix accumulation (99). Insulin stimulates protein
synthesis in proximal tubular epithelial cells by stimulating 4E-BP1 phosphorylation in
a PI 3 kinase-Akt-mTOR-dependent manner (24). Abrass et al. (100) have shown that
insulin administration promotes appearance of type III collagen in the kidney of rodents.
They have also reported that insulin promotes the synthesis of laminin in mesangial cells
(101). Additionally, in proximal tubular epithelial cells, insulin has been shown to pro-
mote synthesis of transforming growth factor (TGF)-β by regulating its translation and
not transcription (102). These data suggest that insulin may have an injurious role in kidney
disease in type 2 diabetes. There is precedent implicating hyperinsulinemia in compli-
cations of diabetes, for example, vascular disease (103). It should be noted that insulin
effects are suboptimal in type 2 diabetes only regarding glucose transport. The compen-
satory hyperinsulinemia that occurs may be sufficient to amplify other properties of
insulin including protein and DNA synthesis. There is probably no resistance to the 
non-glucose-transporting properties of insulin. Although our data suggest a pathogenic
role for insulin in renal disease pathogenesis in type 2 diabetes, definitive evidence
needs to be provided. It is probable that there are distinct metabolic factors in type 2
diabetes (104) that may operate differently from type 1 diabetes that promote a pathogenic
role for insulin in the renal tissue in the hyperinsulinemic phase of type 2 diabetes. This
may explain the salutary effects of insulin in management of renal disease in type 1
diabetes in contrast to its potential injurious effect in early stages of type 2 diabetes.

Other Growth Factors and Regulation of mRNA Translation
VASCULAR ENDOTHELIAL GROWTH FACTOR (VEGF)

VEGF is an angiogenic factor with an established role in ocular complications of
diabetes (105); however, its involvement in diabetic kidney disease has not been well
understood. In the kidney, VEGF is expressed by the podocyte (106) and the proximal
tubular epithelial cells (25). VEGF exerts its effects via VEGF receptors (VEGFRs),
which function as tyrosine kinases. VEGFR1 and VEGFR2 are expressed in the glomerular
endothelial cells and in vitro in the proximal tubular epithelial cells (27). VEGF expression
is increased several fold within a few days of onset of type 1 or type 2 diabetes in mice,
coinciding with hypertrophy of the kidney (27), suggesting VEGF may regulate protein
synthesis. Observations in proximal tubular epithelial cells showed that VEGF stimulates
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protein synthesis and induces hypertrophy by recruiting PI 3 kinase-Akt-mTOR pathway
to augment phosphorylation of 4E-BP1. These data provide a mechanistic explanation
for the observation that administration of neutralizing antibodies to VEGF ameliorates
renal hypertrophy in mice with type 1 or type 2 diabetes (107,108).

The mechanism by which diabetic kidney increases VEGF expression is beginning to
be addressed with focus on angiotensin II, a principal agent of renal injury in diabetes
(109). Administration of angiotensin II for several days resulted in elevation of VEGF
synthesis by increasing its mRNA levels (110). In addition to delayed phase regulation
that involves transcription, recent work from our laboratory has shown that the rapid
phase of VEGF synthesis induced by angiotensin II involves a different mechanism (25).
In proximal tubular epithelial cells, angiotensin II stimulated VEGF synthesis within 5 min
that lasted for nearly 30 min. The increment in VEGF synthesis was not owing to changes
in either mRNA level or stability of the mRNA, and could not be blocked by transcription
inhibitors. Polysomal analysis showed that it was owing to increase in the efficiency of
VEGF mRNA translation (25). Angiotensin II failed to stimulate VEGF synthesis in
cells expressing a phosphorylation mutant of 4E-BP1 demonstrating that the rapid phase
synthesis of VEGF induced by angiotensin II is dependent on regulation of the initiation
phase. Investigation of signaling mechanisms revealed that angiotensin II recruited PI 3
kinase and Akt signaling pathway to phosphorylate 4E-BP1.

The rapidity of angiotensin II regulation of VEGF synthesis suggested involvement of
a mediator that is recruited almost immediately on exposure to angiotensin II. In this
context, the role of reactive oxygen species (ROS) was examined. Angiotensin II has
been shown to stimulate Akt by activation of ROS in mesangial cells (111,112).
Angiotensin II-induced VEGF synthesis was completely inhibited by antioxidants
N-acetyl cysteine and diphenyleneiodonium. Further investigation showed that ROS were
upstream of PI 3 kinase-Akt-4E BP1 pathway in angiotensin II-treated cells (112a). The
source of ROS that results in injury to target tissues in diabetes has attracted attention. A
unifying scheme in which ROS originate in the mitochondria has been proposed as the
underlying mechanism of target cell injury in diabetes (113). However, amelioration of
angiotensin II effect on VEGF synthesis by diphenyleneiodonium suggested involvement
of flavin-containing NAD(P)H oxidase as a possible source of ROS. Preliminary studies
suggest that deactivation of mitochondria does not prevent angiotensin II induction of
VEGF synthesis, suggesting NAD(P)H oxidase as the potential source of ROS (112a).
Further studies are needed to clarify the individual roles of mitochondrial and membrane
derived ROS in angiotensin II-mediated injury to the kidney.

INSULIN-LIKE GROWTH FACTOR-I
The part played by growth factors in renal injury induced by diabetes has been

reviewed recently (114). We will focus on regulation of mRNA translation by growth
factors as it relates to diabetic kidney disease. IGF-I has been studied for regulation of
renal growth in diabetes as it is known to stimulate protein synthesis (115) and mice
transgenic for IGF-I manifest renal hypertrophy (116). Renal cells synthesize IGF-I
(117) and may serve as the source of IGF-I in the kidney in diabetes (118) as systemic
levels of the growth factor is reduced in diabetes (119). An increase in renal parenchymal
IGF-I concentration precedes rapid increase in renal weight in diabetes (119–121). As
proximal tubular epithelial cells express receptors for IGF-I (122) and constitute the
bulk of cells undergoing growth in diabetes-induced renal hypertrophy, IGF-I regulation
of protein synthesis at the level of translation has been studied (26). IGF-I stimulated
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de novo protein synthesis by regulation of initiation phase of translation.
Phosphorylation of 4E-BP1 was found to be essential for IGF-I stimulation of protein
synthesis, which was dependent on stimulation of the IRS-1-PI 3 kinase-Akt signaling
pathway. Interestingly, IGF-I also stimulated Erk 1/2 MAP kinase activity and blocking
this kinase also inhibited both 4E-BP1 phosphorylation and protein synthesis. Further
studies showed that Erk activation by IGF-I was dependent on activation of PI 3-kinase.
Thus, the site of regulation of protein synthesis by IGF-I appears to be at the level of
4E-BP1 phosphorylation, a key step in the initiation phase of protein synthesis. Similar
involvement of Erk in 4E-BP1 phosphorylation has also been reported in proximal
tubular epithelial cells treated with insulin, with Erk activation being dependent on
PI 3 kinase (24). The precise site in the Erk regulatory cascade in which PI 3 kinase
exerts control is not clear. Protein kinase ζ has been reported as a mediator of cross-talk
between PI 3 kinase and Erk pathways in myeloid cells (123). Erk involvement in
regulation of 4E-BP1 phosphorylation appears to be cell-specific as it is reported to
occur in smooth muscle cells (124), kidney cells recovering from osmotic stress (125)
but not in other cells (126).

PLATELET-DERIVED GROWTH FACTOR

TGF-β has been shown to be a major mediator of renal injury in diabetes (127). The
mechanism by which high glucose promotes TGF-β synthesis has been studied. TGF-β
mRNA levels were increased by high glucose in proximal tubular epithelial cells.
However, it was found that a permissive role of platelet-derived growth factor (PDGF)
was needed for the accumulated mRNA to be processed into TGF-β protein (128).
These data suggest regulation of transcription and translation of TGF-β by distinct fac-
tors in proximal tubular epithelial cells.

CONCLUSION

Proteins are the executors of cell function. Recent advances have provided abundant
evidence that mRNA translation is an important target for regulation of protein synthesis.
Translational control plays an important role in such diverse cell events as development,
differentiation, apoptosis, and response to environmental or endogenous stress.
However, investigation of renal injury in diabetes has not adequately addressed the
potential role of mRNA translation. This review has provided a brief introduction to the
process and regulation of mRNA translation and summarized recent findings on its
dysregulation in diabetic nephropathy.

There is a need for changing our strategy in study of proteins. We need to consider
translational control of synthesis of individual proteins, in addition to their regulation
at the levels of transcription, mRNA stability, posttranslational modification, and
degradation. Drawing conclusions from measurement of changes in mRNA levels is
hazardous as mRNA levels do not always correlate with either protein levels or
protein function. It is useful to consider regulation of mRNA translation when there
is lack of correlation between the mRNA concentration and that of the corresponding
protein. mRNAs with complexities in the 5′ UTRs are particularly regulated by
translation. Translation of mRNA is regulated predominantly by phosphorylation/
dephosphorylation reactions under the control of signaling pathways. Thus, transla-
tional responses can be rapid in comparison with transcriptional regulation. It is
estimated that mRNA translation can proceed at the rate of 20 amino acids per second
(72). Studies on mRNA translation are likely to yield important insights into cellular
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pathogenesis of diabetic kidney disease as its dysregulation is involved in such
diverse cell events as abnormal protein synthesis, cell cycle regulation, apoptosis,
differentiation, and stress response.
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ABBREVIATIONS

4E-BP 4E binding protein
AICAR 5-aminoimidazole-4-carboxamide 1-β-ribofuranoside
AMPK AMP-activated protein kinase
ATM ataxia telengiectasia mutated
BiP immunoglobulin heavy chain-binding protein
eEF eukaryotic elongation factor
eIF eukaryotic initiation factor
eRF eukaryotic release factor
FGF fibrobalst growth factor
GβL G protein β-subunit-like protein
GEC glomerular epithelial cells
IRES internal ribosomal entry site
IRS insulin receptor substrate
ITAF IRES-transacting factor
IGF insulin-like growth factor
Mnk MAP kinase-integrating kinase
mTOR mammalian target of rapamycin
PDGF platelet-derived growth factor
PDK phosphoinositide-dependent kinase
PTEN phosphatase and tensin homolog on chromosome ten
Raptor regulatory associated protein of TOR
Rheb Ras homolog enriched in brain
TSC tuberous sclerosis complex
TOS TOR signaling domain
UTR untranslated region
VEGF vascular endothelial growth factor
VEGFR vascular endothelial growth factor receptor
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INTRODUCTION

Prolonged hyperglycemia is the critical etiological factor in the development of the
microvascular complications of diabetes including diabetic nephropathy (1–3). The
tissues subject to these complications appear to be susceptible by virtue of abundant
expression of cell surface facilitative glucose transporters resulting in the transport of
glucose down its concentration gradient. The fact that increased glucose uptake and
metabolism promotes the pathological changes leading to tissue damage has led to
great interest in the pathways of disposition of glucose metabolites and their regulation.
There are at least five pathways of glucose metabolism that, either directly or indirectly,
appear to contribute to the complications of diabetes. This current concept, reviewed by
Brownlee (4), is supported by a number of studies. The increased cellular entry of glucose
results first in augmented glycolytic flux and glucose oxidation. A byproduct of
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mitochondrial substrate metabolism, i.e., electron transport and oxidative phosphorylation,
is superoxide, O2

–. The increased reactive oxygen species (ROS) production by mito-
chondria produces oxidative stress, a state in which the formation of ROS exceeds the
capacity of cellular endogenous antioxidant removal systems. The excess ROS results in
inhibition of the redox-sensitive glycolytic enzyme glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), possibly via activation of poly-ADP-ribose polymerase (5).
Poly-ADP-ribose polymerase activation is thought to be owing to ROS-induced DNA
damage. The result of GAPDH inhibition is the increased flux of glucose metabolites
through four other metabolic pathways, all of which emanate from glycolytic interme-
diates upstream of GAPDH. These include the following:

1. the aldose reductase or polyol pathway (6),
2. the formation of advanced glycation endproducts (AGEs) (7),
3. the formation of diacylglycerol (DAG), resulting in protein kinase C (PKC)

activation (8),
4. increased flux via the hexosamine biosynthesis pathway (HBP) and generation of

the end product uridine diphosphate N-acetyl-glucosamine (UDP-GlcNAc), a sub-
strate used for protein glycosylation (Fig. 1).

Other chapters review oxidative stress and the polyol, AGE formation, and PKC
activation pathways in detail. In this chapter, the role of the HBP is discussed.
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Fig. 1. Glucose metabolic pathways contributing to the microvascular complications of diabetes.
Under hyperglycemic conditions, increased cellular glucose uptake and oxidative metabolism results
in elevated generation of ROS and subsequent inhibition of GAPDH. Four pathways of glucose
metabolism that arise at or upstream of glyceraldehyde-3-P are activated: (1) the aldose reductase/
polyol pathway, (2) formation of AGEs from 3-deoxyglucosone (3DG) and methylglyoxal (MG), (3)
synthesis of DAG and activation of PKC, and (4) flux through the HBP to increase UDP-GlcNAc.
(Reviewed in ref. 4.)



THE HEXOSAMINE BIOSYNTHETIC PATHWAY

The HBP is a glucose metabolic pathway, usually accounting for only 2–5% of total
glucose metabolism that has been associated with posttranslational protein modification
by glycosylation and the synthesis of glycolipids, proteoglycans, and glycosylphos-
phatidylinositol anchors (9–11). Classical N- and O-protein glycosylation targets secreted
proteins and the extracellular domains of transmembrane proteins and takes place largely
in the Golgi apparatus. More recently appreciated is the process of O-glycosylation of
intracellular proteins on Ser/Thr residues, which is a reversible, dynamic, covalent modi-
fication analogous to phosphorylation (9–11). Because this intracellular O-glycosylation
appears to be driven to a significant extent by the available concentration of UDP-GlcNAc
(see “Protein O-Glycosylation and Gene Expression” section), which in turn is regulated
by HBP flux, current research in the area of diabetes complications is focused largely on
this phenomenon.

Interest in the relationship among glucose metabolism, diabetes, and the HBP was
initiated by the discovery of its potential role in the pathogenesis of insulin resistance
(12,13). Although high glucose, free fatty acids, and glucosamine (Glc) can all induce
insulin resistance, several studies have suggested that the HBP contributes in each case
(12–15). Furthermore, it has recently been proposed that the HBP functions in
adipocytes, muscle cells, and pancreatic β-cells, as a “nutrient-sensing” pathway medi-
ating responses to nutrient availability. For example, the adipocyte-derived hormone
leptin is synthesized and secreted in response to increased HBP flux (16). Because it is
beyond the scope of this chapter to review this aspect of HBP function, the reader is
referred to refs. 12–16.
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Fig. 2. The HBP. Fructose-6-P and the amino group donor, glutamine, are converted to Glc-6-P
by GFA, subsequently N-acetylated and linked to UDP to generate UDP-GlcNAc utilized for
protein glycosylation. Free fatty acid (FFA) metabolism will increase HBP flux by inhibition of
glucose metabolism. Uridine availability will also enhance flux. Most commonly used in experi-
mental systems is Glc, which bypasses the rate-limiting enzyme, GFA, and is a potent stimula-
tor of HBP flux.



GLUTAMINE FRUCTOSE 6-PHOSPHATE AMIDOTRANSFERASE: 
THE RATE-LIMITING ENZYME AND DIABETES COMPLICATIONS

The HBP begins with the conversion of fructose-6-phosphate (F-6-P) and glutamine
to Glc-6-P by the rate-limiting enzyme of this pathway glutamine:fructose-6-P 
amidotransferase (GFA; also abbreviated as GFAT or GFPT) (Fig. 2). A number of subse-
quent enzymatic steps result in the formation of UDP-GlcNAc. There are two isoforms of
GFA encoded by separate genes (17). GFA1 is ubiquitously expressed, whereas GFA2 is
highly expressed in the central nervous system (CNS) as well as detected in heart, skeletal
muscle, lung, and placenta. The regulation of GFA is not completely understood. Much of
its activity appears to be determined by its rate of expression because it has a short half-life
of 1 h. The acute effects of cAMP via protein kinase A (PKA) phosphorylation are oppo-
site on GFA1 and GFA2. Thus, phosphorylation of Ser205 of GFA1 results in inhibition
(18), whereas that of Ser202 of GFA2 results in activation (19). This differential regulation
would allow for tissue-specific responses of HBP pathway flux depending on the relative
expression of the two isoforms in each tissue. There is also allosteric feedback inhibition
by the endproduct, UDP-GlcNAc (19,20).

The importance of GFA as a rate-limiting step of the HBP and the data supporting its
role in insulin resistance and diabetes complications have led to several studies of
genetic associations. One report suggests an association of a polymorphism in the
5′ flanking region in humans (–913 G/A) with body mass index, percent body fat, and
intramyocellular lipid content (–913 G associated with higher values) (21). In another
study, flanking sequence variations of GFA (GFPT1) showed a marginal association
with diabetes in Caucasians (22). In the case of diabetic nephropathy, one small study
showed an association with 2/7 flanking sequence variations with diabetic nephropathy
in African Americans in GFPT1 and a 60% increase in GFA1 mRNA in Caucasians
with nephropathy compared with diabetic subjects without nephropathy (22). In one
biopsy study, immunohistochemistry revealed GFA upregulation in diabetic subjects
with nephropathy (23). In contrast, a larger study of type 1 diabetes mellitus (T1DM)
and type 2 diabetes mellitus (T2DM) subjects with and without nephropathy revealed
no association with different single-nucleotide polymorphisms (SNPs) in the 60-kb
GFPT1 locus (24). Recently, an amino acid substitution in GFA2, I47IV, was reported
to be associated with T2DM in Caucasians and a trend for an association with nephropa-
thy in African Americans. In the same study, other variants in the 3′ UTR also showed
similar associations, namely, T2DM in Caucasian and diabetic nephropathy in African
Americans (25). Interestingly, African Americans appeared to have a higher GFA2
mRNA in general than Caucasians. It should be noted that all these genetic association
studies are small and the significance of the amino acid substitutions and the flanking
region variations remain to be firmly established.

EVIDENCE FOR A ROLE OF THE HBP IN THE PATHOGENESIS 
OF NEPHROPATHY

Diabetic nephropathy is characterized pathologically by glomerular changes including
basement membrane thickening, mesangial expansion consisting of extracellular matrix
(ECM) protein accumulation, occasionally the classical Kimmelstiel-Wilson nodules,
and, in advanced disease, glomerular sclerosis with obliteration of capillaries (26–28).
It has been proposed that the critical event leading to progressive renal failure is the
unrelenting accumulation of ECM proteins such as fibronectin, laminin, and collagen.
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Thus, mechanisms that increase the synthesis and/or decrease degradation of the ECM
have been proposed to play important pathogenic roles. One such key effector is trans-
forming growth factor (TGF)-β, an autocrine/paracrine growth factor that is upregu-
lated by high glucose and stimulates ECM protein gene expression (29,30). One of the
first studies implicating the HBP in the pathogenesis of diabetic nephropathy showed
that in cultured porcine glomerular mesangial cells, Glc could mimic high glucose to
increase expression of fibronectin and TGF-β (31). Glc is taken up by cells via glucose
transporters and converted directly to Glc-6-P, thereby bypassing the rate-limiting enzyme
GFA (Fig. 2). In this way, the HBP is very strongly activated and therefore, Glc has
often been used as a probe of the effects of the HBP. Importantly, in that study the
effect of high glucose on TGF-β and fibronectin was inhibited by azaserine, a glutamine
analog and inhibitor of GFA, as well as by markedly decreasing GFA protein content
using antisense oligonucleotides. Although Glc mimics high glucose, it likely has other
effects, so that these additional approaches to modulate HBP flux in the presence of
high glucose provided critical supportive data. Taken together, the evidence suggested
that enhanced HBP flux increased TGF-β1 gene expression and consequently ECM
protein expression. It is noted that earlier studies had already implicated HBP activation
in the stimulation of gene expression, in that case, of TGF-α and basic fibroblast growth
factor in vascular smooth muscle cells (32).

Another protein upregulated in diabetic nephropathy, which inhibits ECM protein
degradation, is plasminogen activator inhibitor (PAI)-1. PAI-1 mRNA is also induced by
high glucose via the HBP, but is independent of TGF-β1 (33). Similarly, inhibition of
GFA by 6-diazo-5-oxo-1-norleucine (DON) blocked the effect of high glucose to increase
PAI-1 (33). Apart from using Glc, another method for driving the HBP is to overexpress
GFA. This experimental maneuver can increase HBP flux even in the presence of normal
glucose. Experiments in cells and transgenic mice overexpressing GFA confirm the
increased expression of various proteins, for example, TGF-β1 (34,35), TGF-β type 1 and
type 2 receptors (35), PAI-1 (35), and fibronectin (36) in mesangial cells, angiotensinogen
in renal proximal tubular cells (37), and in adipose tissue, leptin (38).

POTENTIAL MECHANISMS OF ALTERED GENE EXPRESSION 
BY HBP FLUX

Although flux through the HBP has now been well documented to influence gene
expression, a number of questions have been raised about the mechanism. One is
whether these effects on gene expression are dependent on the formation of the
endproduct, or on some other HBP intermediate. 

Oxidative Stress
In this context, it has been noted that Glc-6-P, the immediate product of GFA, can

inhibit glucose-6-P-dehydrogenase, the enzyme that promotes glucose metabolism via
the pentose phosphate pathway (PPP) (39). One important function of the PPP is the
generation of NADPH, necessary for the regeneration of reduced glutathione (GSH), a
critical and major cellular antioxidant. Thus, in the presence of elevated Glc-6-P and
consequent PPP inhibition caused by exposure to Glc, there occurs an associated oxida-
tive stress. Indeed, oxidative stress has been implicated in the effects of Glc to induce
pancreatic β-cell dysfunction (40) as well as teratogenesis (41). In β-cells, both high
glucose and Glc increased expression of c-myc, whereas in the day 7.5 mouse embryo,
both glucose and Glc depleted GSH and inhibited expression of Pax-3, resulting in neural
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tube defects. The protection against these changes by administration of GSH ethyl ester
or N-acetylcysteine (NAC), to maintain endogenous GSH concentrations, supports the
notion that oxidative stress may be, in some cases, a key trigger of Glc action. This is
important for several reasons. First, many studies that support the HBP as a mediator
of hyperglycemia-induced cellular perturbations have utilized Glc. The conclusion that
any of these effects are owing to increased O-glycosylation resulting from increased HBP
flux may be erroneous. Second, both glucose and Glc may cause oxidative stress. However,
they appear to act differently. Thus, Glc will inhibit the PPP, whereas glucose enhances
mitochondrial oxidative metabolism and ROS generation (see Introduction and Fig. 1).
Marshall (42) recently demonstrated that, at least in adipocytes, high glucose does not
increase Glc-6-P concentrations, whereas exposure to 2 mM Glc (commonly used in in
vitro experiments) results in a marked elevation. Similarly, Glc results in much higher
levels of UDP-GlcNAc (about three- to fourfold) than high glucose.

In order to determine the contribution of the HBP to the pathophysiology of diabetic
complications, a number of different approaches will be necessary to dissociate those
consequences of increased HBP flux that are not relevant to hyperglycemia.

Protein O-Glycosylation and Gene Expression
Because the major function of the HBP appears to be the generation of UDP-GlcNAc

used for glycosylation, increasing numbers of studies have focused on this process.
Whereas more complex glycosylation of secreted and extracellular domains of proteins
appears to be regulated by enzymes localized to the endoplasmic reticulum and Golgi
apparatus, the addition of a single O-GlcNAc moiety to protein Ser/Thr residues is
catalyzed by uridine diphospho-N-acetyl-Glc:polypeptide β-N-acetylglucosaminyltrans-
ferase (OGT) (EC 2.4.1.94). OGT is encoded by a single gene and resides largely in the
nucleus. An alternatively spliced variant is localized to the mitochondria (43,44).
Although the regulation of OGT is not completely understood, Hart has proposed that the
intracellular levels of UDP-GlcNAc are limiting for intracellular protein O-glycosylation
(9,11). For this reason, glucose concentration and activity of GFA are important determi-
nants of overall levels of protein O-glycosylation. OGT targeting via protein–protein
interactions likely imposes some substrate specificity under certain conditions (45). There
is also one enzyme, O-GlcNAcase (O-β-N-acetylglucosaminidase EC 3.2.1.52 [hexo-
saminidase C]) which removes the O-GlcNAc moiety (46,47). This results in reversible
alterations of protein function.

The protein targets of O-glycosylation are those primarily involved in transcriptional
regulation, for example, RNA polymerase-associated proteins, transcription factors, and
coactivators and corepressors (9–11). Several functional consequences of O-glycosylation
have been documented such as increased DNA-binding (48), altered protein–protein
binding (49,50), and decreased protein degradation (51). Depending on the cellular
context, activation or repression of gene expression has been documented (52–55).

In the context of diabetic nephropathy, as outlined above, the expression of several
genes; TGF-β1, laminin, fibronectin, and PAI-1 were stimulated by high glucose, Glc,
and overexpression of GFA. Furthermore, inhibition of GFA blocked the effect of high
glucose but not Glc (Fig. 3). These data support increased O-glycosylation secondary
to HBP flux as playing a role.

Transcription Factor Regulation by the HBP
In the case of PAI-1, our laboratory has examined the role of the transcription factor

Spl. Although the PAI-1 promoter can be stimulated by TGF-β1 via a Smad-binding
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site, we found that HBP flux could increase gene expression independent of TGF-β1
(33). Other PAI-1 promoter sequences had been identified, which bound the transcription
factor specificity protein 1 (Sp1), a known target of O-glycosylation (56). We were able
to demonstrate that a PAI-1 promoter luciferase reporter gene was activated by Glc and
mutation of the Spl-binding sites abolished this stimulation (Fig. 4). In keeping with at
least one function of O-glycosylation, O-glycosylated Sp1 showed enhanced DNA
binding (33). It was also shown that under hyperglycemic conditions, there is increased
glycosylation and reciprocally decreased overall phosphorylation of Sp1 (34). It has
been proposed that one mechanism by which protein O-glycosylation alters function is by
competition with phosphorylation which may occur on the same or adjacent sites (9)
(Fig. 5). It is important to note, however, that in the case of Spl, with at least nine
potential O-glycosylation sites, it is possible that specific sites may regulate different or
even opposing functions.

Although we noted that the enhanced DNA binding was relatively modest
(~30%), there was a marked stimulation of the promoter (33). Thus, the transactiva-
tion function of Sp1 was examined by fusing the entire transcription factor (holo
Sp1) or only the transactivation domain (TAD) with the yeast GAL4 DNA-binding
domain. This chimeric, fused Sp1 GAL4 was cotransfected into mesangial cells
with an expression vector encoding a luciferse reporter gene driven by a GAL4-
binding promoter (GAL4-Luc). Both Glc and high glucose strongly stimulated
luciferase gene expression and the glucose effect was blocked by DON, a GFA
enzyme inhibitor (57) (Fig. 6). Thus, it appeared that increased flux through the
HBP could alter gene expression by modulating transcription factor function in at
least two ways, namely, DNA binding and transactivation. The mechanism of
altered transactivation could be direct, i.e., mediated by Sp1 O-glycosylation, or
indirect, for example, glycosylation-independent and mediated by an upstream HBP
product such as Glc-6-P, and/or O-glycosylation of other targets that regulate Sp1
function such as signaling proteins or transcriptional coactivators/corepressors. To
test whether “upstream” HBP metabolites were involved, we took advantage of
cells derived from embryos of EMeg32 knockout mice (58). Glc-6-P N-acetyltransferase
(EMeg32) catalyzes the acetylation of Glc-6-P. The targeted deletion of EMeg32 is
embryonic lethal but embryonic fibroblasts could be generated. These cells have
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Fig. 3. Inhibition of GFA by DON blocks high glucose but not Glc stimulation of the PAI-1 pro-
moter. Rat mesangial cells were transfected with a PAI-1 promoter (nucleotides from –740 to +44)
fused to the luciferase reporter gene and then exposed to 20 mM, high glucose (glucose) or 2 mM
Glc, in the presence and absence of DON to inhibit GFA. Cells were harvested and luciferase activity
determined. Values are expressed relative to basal glucose defined as 1.0. (Adapted from ref. 33.)



extremely low levels of UDP-GlcNAc that do not rise on exposure to elevated
glucose. When transfected with the PAI-1 promoter luciferase-expressing cDNA,
basal levels of expression were low and did not increase in response to glucose or
Glc (Fig. 7). However, addition of serum did lead to an increase demonstrating the
specificity of a lack of the HBP end product to high glucose-induced gene expression
(not shown).

Altered Cell Signaling
Another effect of increased HBP flux that we considered was altered cell signaling.

There were a number of suggestions that Glc could activate PKC enzymes (59,60).
It had been well documented that high glucose results in PKC activation, which
appears to be a key event in the pathogenesis of the complications of diabetes (8).
Furthermore, PKC signaling had been noted to activate Sp1-mediated gene expression
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Fig. 4. Activation of the PAI-1 promoter by high glucose and Glc is dependent on Sp1 binding sites.
(A) Schematic representation of the transcription factor Sp1, which contains nine potential sites of
O-glycosylation on Ser/Thr residues. Note the Ser/Thr rich regions in the TAD. (B) A portion of the
PAI-1 promoter (nucleotides from –740 to +44) fused to a luciferase reporter (PAI-1, open bars) or
the PAI-1 promoter –Luc with the Sp1 sites mutated (Sp1 mut, filled bars) was transfected into rat
mesangial cells which were subsequently exposed to 2 mM Glc, 20 ng/mL TGF-β, or 20 mM
glucose. Cells were harvested and luciferase activity measured. Although Glc and high glucose
stimulated the wild-type PAI-1 promoter, mutation of the Sp1 sites abolished this effect. However,
TGF-β1 was able to stimulate both wild type and mutant promoters, presumably via the intact
smad, transcription factor, binding site. *p < 0.05 vs stimulation of wild-type promoter. (Adapted
from ref. 33.)



(61). We found that both high glucose and Glc-activated PKC-β and -δ in cultured
mesangial cells, and that specifically inhibiting each isoform by transfection of
dominant negative (DN) PKCs was able to block PAI-1 promoter-driven luciferase
expression. Moreover, the DN PKC-β1 (but not DN PKC-δ) and a PKC-β specific
pharmacological inhibitor, LY379196, were able to block the transactivation function
of the Sp1-GAL4 chimeric transcription factor (Fig. 8) (57). These data implicated
PKC activation, and specifically PKC-β, as part of the mechanism. Although high
glucose is known to activate cPKCs (conventional PKCs) such as PKC-β by stimu-
lating de novo DAG synthesis, blocking the HBP flux with DON, surprisingly, also
decreased PKC activation (Fig. 8). The precise contribution of the HBP to PKC
activation remains unclear; however, O-glycosylation of PKCs was not detected (not
shown).

Requirement of O-Glycosylation: OGT
The evidence thus far strongly suggested, but did not directly prove the requirement

of O-glycosylation for the stimulation of PAI-1 gene expression and Sp1 activation
by high glucose. To demonstrate this we have recently employed genetic and pharma-
cological approaches to specifically modulate O-glycosylation. Thus, transfection of
a DN-OGT (lacking the catalytic domain) blocked the high glucose-induced increase
in expression of the endogenous PAI-1 mRNA and the PAI-1 promoter-driven
luciferase reporter gene. Similar results were obtained with transfection of an OGT
siRNA that depleted OGT by 60–80%. Third, overexpression of O-GlcNAcase, to
rapidly remove the O-GlcNAc from proteins, also inhibited the effect of high glucose.
This was demonstrated for endogenous PAI-1 mRNA, as well as reporter gene
expression driven by either the PAI-1 promoter or the GAL4 promoter (in the presence
of the fused Spl-GAL4 transcription factor), indicating that the stimulation of the
transactivation function of Spl was O-glycosylation-dependent. Finally, inhibition of
O-GlcNAcase with PUGNAc, in the presence of normal physiological glucose
concentrations, increased protein O-glycosylation and mimicked high glucose to
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Fig. 5. Reciprocal phosphorylation and O-glycosylation. A number of transcription factors, including
Sp1, are subject to both phosphorylation and O-glycosylation which may occur at the same site and
modulate protein function. Such alternating covalent modification may serve as an additional level of
control to that exerted by activation and inhibition of kinases, phosphatases, OGT, and O-GlcNAcase.
(Reviewed in ref. 9.)



stimulate PAI-1 mRNA and luciferase expression (62). These results formally prove
that the effects of HBP flux on gene expression, at least in the case of PAI-1, and
likely for many other genes, is mediated by increased O-glycosylation. It should be
emphasized that, although correlating with Sp1 glycosylation, the relevant target pro-
tein(s) of OGT, which enhance gene expression remain unknown. In the case of
Sp1, for example, glycosylation of at least one amino acid, Ser484, has been associ-
ated with decreased transcriptional activity (53). In the case of enhanced TGF-β1
expression by high glucose and the HBP, the transcription factor USF (upstream stimu-
latory factor) has been implicated, but increased glycosylation of USF was not detected
(63). Furthermore, cAMP response element-binding protein (CREBP) phosphorylation
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Fig. 6. High glucose and Glc stimulate the transactivation function of Sp1 via the HBP. (A) A cDNA
coding for the entire transcription factor Sp1 (Sp1 Holo) or its TAD (Sp1 Trans), or the c-Jun TAD
(Jun), or a portion of the AP-2 TAD was fused to the yeast GAL4 DNA binding domain (GAL4). These
cDNAs were cotransfected into mesangial cells with an expression vector for the luciferase reporter
gene driven by a promoter containing GAL4 DNA binding sites and exposed to Glc. Glc strongly stim-
ulated the transactivation of Sp1, as well as Jun (likely via the AP-1 like site in the promoter, see Fig. 4B),
but not AP-2. (B) Rat mesangial cells were cotransfected as in A with plasmids expressing the Spl
GAL4 “chimeric” transcription factor and the GAL4-Luc reporter and exposed to 20 mM glucose in the
presence and absence of 20 μM DON to inhibit GFA. Inhibition of GFA completely blocked the stimu-
lation of Sp1 transactivation function by high glucose. (Adapted from ref. 57.)



and activation has also been associated with enhanced HBP flux (64). Thus, in addition
to transcription factors, proteins which alter cell signaling (e.g., kinases, phos-
phatases [65,66]), or coactivator/corepressor proteins resulting in altered protein–protein
interactions with transcription factors, may be equally or more important targets of
O-glycosylation depending on the cellular context and specific gene being studied.
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Fig. 7. EMeg32–/– cells with an impaired HBP do not respond to Glc. (A) The HBP includes the
enzyme, Glc-6-P N-acetyltransferase (EMeg 32), which is necessary for the generation of the end
product, UDP-GlcNAc. (B) EMeg32+/– (heterozygote) and EMeg32–/– (knockout) embryonic fibro-
blasts were cultured and transfected with the wild-type PAI-1 promoter or the PAI-1 promoter with the
Spl sites mutated fused to the luciferase reporter as in Fig. 4. The cells were exposed or not to 2 mM
Glc. The EMeg32+/– cells containing the wild-type promoter responded to Glc whereas the mutation of
the Sp1 sites blocked this effect. In contrast, in the EMeg32–/– cells, there was no stimulation of the
wild-type PAI-1 promoter by Glc. UDP-GlcNAc concentrations were very low in the EMeg32–/– cells
and not altered by Glc. *p < 0.05 compared with control. **p < 0.01 compared with Glc in EMeg32+/–

with wild-type promoter.



CONCLUSIONS

The HBP begins with conversion of the glycolytic intermediate F-6-P, in combina-
tion with glutamine, to Glc-6-P. Subsequent steps yield the endproduct, UDP-GlcNAc,
utilized in glycosylation reactions. Flux through the HBP, usually comprising only
2–5% of glucose metabolism, is elevated in diabetes by hyperglycemia. This is due not
only to increased cellular glucose uptake but also to an oxidative stress induced block
of glycolysis, downstream of F-6-P, at the level of GAPDH. The augmented synthesis 
of UDP-GlcNAc drives intracellular protein O-glycosylation, a posttranslational,
dynamic, and reversible modification of Ser/Thr residues analogous to phosphorylation.
Many of the targets of O-glycosylation, namely, nuclear proteins, for example,
transcription factors, cofactors, and signaling molecules, for example, eNOS, regulate
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Fig. 8. High glucose activates PKC-β and -δ and PKC-β is required to stimulate Sp1 transactivation.
(A) Cultured rat mesangial cells were exposed to 20 mM glucose (HI GLU) for 4 d and with or
without 20 μM DON for the final 2 d. Cells were homogenized and PKCs immunoprecipitated with
isoform-specific antibodies and subjected to in vitro kinase assays. High glucose activated PKC-β1
and PKC-δ, which were both inhibited in the presence of the GFA inhibitor, DON. **p < 0.01 vs
PKC activity in basal glucose. ##p < 0.01 vs HI GLU in the absence of DON. (B) Mesangial cells
were cotransfected with the expression vectors for Sp1-GAL4 and GAL4-Luc as in Fig. 6, along with
an empty vector or DN mutants of PKC-β1, PKC-δ, or stress-activated protein kinase/extracellular
signal activated protein kinase kinase. Only DN-PKC-β1 blocked the transactivation function of Sp1.
**p < 0.01 vs empty vector pcDNA3. (Adapted from ref. 57.)



gene expression. Indeed, expression of prosclerotic proteins, for example, TGF-β1,
fibronectin, laminin, collagen, and PAI-1, has been found to be stimulated in the kidney
via enhanced HBP flux. These proteins are critical components of the development and
progression of diabetic nephropathy, involved in basement membrane thickening, extra-
cellular mesangial matrix accumulation, and glomerulosclerosis. Thus the HBP, along
with other glucose metabolic pathways, appears to be a significant contributor to the
altered tissue structure and function observed in diabetes caused by hyperglycemia. A
goal of future research is to test whether inhibition of the increased O-glycosylation in
vivo is a feasible and effective approach to prevent and treat diabetic nephropathy.

In conclusion, the HBP is implicated as a major contributor to the microvascular
complications of diabetes, along with the polyol pathway, PKC activation, and AGE
formation. It has been associated not only with diabetic nephropathy, but also more
recently with diabetic embryopathy (41), cardiomyopathy (67), and cataract formation
(68). This pathway has been shown to be a contributor to insulin resistance, particularly
in the context of high glucose, and to β-cell dysfunction. Taken together, the data sup-
port augmented intracellular O-glycosylation as one of the major mediators of “glucose
toxicity.” In this chapter and in the context of diabetic nephropathy, we have focused on
altered gene expression as the major consequence of increased HBP flux (Fig. 9).
However, proteins other than transcriptional regulators are known to be modified by
O-glycosylation, which results in functional consequences. Important examples are the
Rpt2 ATPase subunit of the 26S proteasome, which results in inhibition of protein
degradation (51), and endothelial nitric oxide synthase (eNOS) which is O-glycosylated
on Ser1146, the amino acid target of phosphorylation by Akt/PKB (66). This results in
resistance of eNOS activation by insulin and other Akt/PKB activators in endothelial
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Fig. 9. Proposed mechanism of the contribution of the HBP to the pathogenesis of diabetic nephropathy.
Increased flux through the HBP results in elevated UDP-GlcNAc levels that drive intracellular pro-
tein O-glycosylation. This posttranslational modification of nuclear proteins, for example, transcrip-
tion factors, cofactors and potentially of signaling molecules, leads to altered gene expression.
Increased expression of such prosclerotic proteins as TGF-β1, fibronectin, laminin, collagen, and
PAI-1, which are documented to contribute to diabetic nephropathy are mediated, at least in part, by
the HBP. The most relevant protein targets of O-glycosylation that play a role in the pathogenesis of
nephropathy and altered gene expression remain to be identified.



cells. Such dysregulation may contribute to atherosclerosis, a process that begins with
endothelial dysfunction.

We are just beginning to discover the multiple targets and functional consequences
of reversible, intracellular protein O-glycosylation (11). The HBP and this posttranslational
modification appear to play a critical role in the physiology and pathophysiology of
diseases associated with abnormal glucose metabolism. Further in vivo work is required
to explore these relationships and determine if, and under what circumstances, inhibition
of the HBP and/or protein O-glycosylation may be a feasible and effective therapeutic
strategy to limit the vascular complications of diabetes.
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INTRODUCTION

The products of nonenzymatic glycation and oxidation of proteins and lipids are
enriched in diabetic tissues. Driven by hyperglycemia and oxidative stress, the pro-
duction and accumulation of these species result in multiple perturbations in the
diabetic kidney. One of these, a “gain-of-function” outcome results from the interaction
of advanced glycation endproducts (AGEs) with their signal transduction receptor,
RAGE (receptor for AGE). Multiple epidemiological studies support the contention
that AGEs are increased in diabetic nephropathy (DN) and may be a biomarker of
disease activity. Studies in animal models support the premise that blockade of AGE
or RAGE pathways results in significant suppression of diabetes-associated nephro-
pathic changes, including decreases in albuminuria, expansion of the mesangial
matrix, and production of prosclerotic cytokines and growth factors. First, studies in
human clinical trials targeting the AGE axis provide support for the contribution of
AGEs to the pathogenesis of DN. Trials to assess the role of RAGE antagonism are
on the horizon.
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GLYCATION AND RAGE

AGEs and Diabetic Kidney Disease
A number of key consequences ensue from elevated levels of glucose; one of these,

the generation of AGEs, is linked to the development of diabetic complications (1,2).
AGEs are a heterogeneous class of compounds formed by a number of mechanisms in
the tissues, including nonenzymatic glycation and oxidation of proteins and lipids.
Examples of AGEs that have been found in diabetic tissues, including in the diabetic
kidney, include pentosidine, carboxymethyl lysine (CML) AGEs, and pyrallines (3–10).
In addition to measurement of tissue AGEs in the kidney, many researchers have
reported the utility of measurement of serum/plasma AGEs as markers of the presence
and/or degree of DN (11–16). Certainly, examination of peripheral blood provides a
more readily available source of material for initial determination of AGEs, particularly
for serial assessments. It is important to note that confounding factors in at least some
of these studies are the following. First, these studies support the premise that as renal
function declines, levels of AGEs rise in parallel with reduced clearance of these
species. Thus, beyond a certain degree of renal insufficiency, AGE levels may not solely
reflect the degree of microvascular complications, but, in addition, the general severity
of impending renal failure. Second, it is well established that AGEs are a heteroge-
neous class of molecules. Thus, although some types of AGEs are increased in renal
consequences of diabetes, it is likely that some of these species reflect markers of disease.
In other cases, such elevated AGEs may not only be biomarkers of disease, but, also,
contributing pathogenetic factors in the development of nephropathy. More study is
needed in the AGE field to better establish the precise role(s) of distinct AGE species in
microvascular disease in the kidney. Despite these caveats, however, such studies under-
score the concept that at least certain classes of AGEs likely play a role in the patho-
genesis of nephropathy.

One of the principal AGEs found in vivo are the CML-AGE species (6,7). CML-
AGEs are not members of the crosslinking family of AGEs. Evidence indicates that
CML adducts interact with the signal transduction receptor, RAGE. The interaction of
CML-AGE with RAGE is linked to the pathogenesis of diabetic complications in both
the macro- and microvasculature (17).

RAGE is Expressed in Diabetic Kidney
Multiple different types of receptor or binding molecules have been reported for

AGEs, such as scavenger receptor type A, CD36, galectin-3, and others (18–21). Our
work has focused on RAGE as a receptor for AGEs (22,23). There is no evidence that
RAGE serves as a scavenger receptor for AGEs (22). Rather, as RAGE is a member of
the immunoglobulin superfamily of cell-surface molecules, extensive evidence suggests
that RAGE transduces the effects of AGEs in the tissue by virtue of its ability to activate
a range of signal transduction pathways inside the cell (23). The predicted hydropathy
plot indicates that RAGE is composed of an extracellular domain, itself containing
three immunoglobulin (Ig)-like domains (one V-type Ig domain followed by two
C-type domains). This portion of the molecule is followed by a single transmembrane
spanning domain and, lastly, a short intracellular cytoplasmic domain that is essential
for RAGE-mediated modulation of cellular function (23).

Multiple studies have indicated that RAGE is expressed at low levels in homeostasis
but at enhanced degrees in kidney tissues affected by chronic types 1 or 2 diabetes
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(24–27). Studies by our group showed for the first time that the principal site of RAGE
expression in diabetic kidney is the glomerular visceral epithelial cell, or podocyte (27).

Studies have now indicated clearly that RAGE is not solely a receptor for AGEs.
Rather, RAGE also transduces the effects of distinct ligands that accumulate not only in
diabetic kidney, but also in euglycemic foci characterized by chronic inflammatory
injury, cellular transformation, or degenerative processes. Specifically, RAGE interacts
with S100/calgranulins (28). S100/calgranulins are a family of molecules with multiple
potential functions. These molecules may have roles inside the cell, in which they have
been demonstrated to bind calcium (29–31). Outside the cell, S100/calgranulins are not
merely markers of inflammatory disease or malignancy. Rather, the demonstration that
RAGE is a signaling receptor for S100/calgranulins supports the premise that interac-
tion of these ligands with RAGE may augment inflammatory mechanisms. In this con-
text, blockade of RAGE has been shown to suppress various inflammatory pathways in
euglycemic animals, such as delayed-type hypersensitivity, collagen-induced arthritis,
inflammatory colitis, and experimental autoimmune encephalitis (28,32,33). Furthermore,
in euglycemic animals predisposed to the development of type 1 diabetes, by virtue of
injection of diabetogenic splenocytes, RAGE blockade significantly prolongs the time
to development of hyperglycemia vs vehicle-treated mice (34).

In addition to S100/calgranulins, recent work has suggested that the RAGE ligand
amphoterin, or high-mobility group box 1 (HMGB1) protein, is also linked to amplification
of inflammatory mechanisms (35–37). HMGB1 is a nuclear protein, however, a plethora of
evidence suggests that this molecule may exist on the surface of cells, especially at the
leading edges, and outside the cell, and may interact with RAGE. The relationship between
RAGE, HMGB1, and inflammation is complex, however, as it has been demonstrated that
HMGB1 also interacts with toll like receptors 2 and 4 (38).

Additional studies indicate that RAGE interacts with amyloid-β peptide and other
β-sheet fibrils (39–41). Such studies suggest roles for RAGE in Alzheimer’s disease as
well as in amyloidoses. Lastly, it has been recently shown that RAGE is a receptor for
Mac-1, thereby further implicating RAGE in inflammatory mechanisms (42). To date,
it has been shown that at least two ligand families of RAGE are upregulated in human
DN, AGEs and S100/calgranulins (27). The challenge of linking these phenomena with the
pathogenesis of nephropathy has been approached by the use of pharmacological blockade
of RAGE as well as genetic modification.

RAGE IS LINKED TO THE PATHOGENESIS 
OF DIABETIC NEPHROPATHY

Pharmacological Blockade of RAGE and Its Impact 
in Diabetic Nephropathy

Studies demonstrating the enhanced expression of RAGE in the diabetic kidney did
not shed light on whether this observation was linked mechanistically to the pathogenesis
of nephropathy. To approach this question, pharmacological approaches have been taken
to test the role of the RAGE axis in diabetes-associated nephropathy. In the first experi-
ments, we employed the soluble form of the receptor. Soluble RAGE (sRAGE) was pro-
duced and purified from a baculovirus expression system and administered to animals
once daily based on the pharmacokinetic profile of distribution and elimination (43).

In diabetes, it has been speculated that vascular leakiness, a surrogate marker of
endothelial dysfunction, is a harbinger of diabetic vascular complications (44,45).
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To test the potential role of RAGE in this setting, we modeled endothelial dysfunction
by measurement of “vascular permeability,” using the tissue blood isotope ratio (TBIR).
Diabetes was induced using streptozotocin (STZ) in rats. By 11 wk after induction of
hyperglycemia, diabetic animals displayed increased vascular leakage as measured by
TBIR. Increased vascular permeability in diabetic rats was most evident in intestine,
skin, and kidney, in which albumin leakage was increased approx 2.8-, 3- and 2.8-fold,
respectively, compared with nondiabetic controls. The ligand decoy, sRAGE was
administered to the rats by once daily intraperitoneal administration, at two different
doses, 2.25 mg/kg or 5.15 mg/kg. sRAGE was administered immediately before sacrifice
of the animals. Administration of sRAGE at the lower dose completely blocked vascular
leakage in the intestine and skin, and largely prevented vascular leakage in the kidney
(approx 60%). In the presence of the higher dose of sRAGE, hyperpermeability was
completely suppressed in both intestine and skin, and by approx 90% in the kidney (43).
These studies suggested that key features of endothelial function were strikingly impaired
in diabetes, and that this dysfunction could be reversed by blockade of RAGE.

To extend these studies to a chronic model in which early changes of nephropathy of
diabetes develop, we employed db/db mice, a murine model of insulin resistance and
type 2 diabetes. Mice were treated once daily with sRAGE or vehicle, phosphate-
buffered saline from age 8 wk. db/db Mice displayed increased expression of RAGE
and S100/calgranulins in the kidney, particularly in podocytes and in infiltrating inflam-
matory cells, respectively (46). Mice, 8 wk of age, were chosen for those studies as, at
that time, all of the mice displayed marked insulin resistance and hyperglycemia. After
an extended period of treatment, mice were sacrificed (46). Multiple studies revealed
significant protection from the adverse impact of diabetes on the kidney in these ani-
mals. Specifically, albuminuria was significantly less in sRAGE-treated diabetic mice
compared with that observed in vehicle-treated db/db animals. Mesangial expansion
and thickening of the glomerular basement membrane were significantly lower in mice
treated with sRAGE (46). At the molecular level, transcripts for TGF-β and α-1,4 col-
lagen were decreased in the renal cortices of sRAGE-treated mice (46). Furthermore,
antigen levels of vascular endothelial growth factor (VEGF) were also decreased by
sRAGE in the diabetic mice, particularly in podocytes (46). Because previous studies
linked VEGF expression selectively to podocytes in the diabetic kidney (47), these
studies suggested that generation of this factor was, at least in part, under control of
RAGE. It may be speculated that VEGF might function to enhance permeability or
recruit mononuclear cells to the perturbed glomerulus (46). Other potential functions of
VEGF in this setting include roles in fibrosis (48). Consistent with pathogenic roles for
VEGF in early nephropathy, administration of antibodies against VEGF improved early
renal dysfunction in STZ-treated diabetic rats (49).

Flyvbjerg and colleagues (50) addressed the impact of direct antagonism of RAGE in
db/db mice by means of long-term administration of a neutralizing antibody against the
receptor. Animals were treated for 2 mo with anti-RAGE antibody vs an irrelevant IgG.
Compared with mice receiving irrelevant IgG, anti-RAGE IgG-treated mice displayed
reduced increases in kidney weight, glomerular volume, mesangial volume, and urinary
albumin excretion rate. Full normalization of creatinine clearance and basement membrane
thickness was affected by administration of anti-RAGE IgG in these animals.

Taken together, these studies were the first to demonstrate that blockade of the
ligand–RAGE axis, using either sRAGE or neutralizing antibody to RAGE blocked
key elements of the DN phenotype in diabetic mice.
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An additional pharmacological approach to the blockade of RAGE targeting produc-
tion of type IV collagen was demonstrated by the studies of Tsuji and colleagues (51).
A stable mouse mesangial cell (MC) line producing the RAGE-specific ribozymes was
generated in which RAGE mRNA and protein were effectively diminished vs control
cells. Exposure to AGEs in the RAGE-ribozyme-expressing cells resulted in signifi-
cantly decreased production of type IV collagen mRNA (51). Although these studies
were limited to the in vitro setting, they nevertheless underscored the relevance of the
RAGE axis to mechanisms linked to DN. 

Genetic Models of RAGE Modification and Diabetic Nephropathy
In order to definitively address the role of RAGE in the pathogenesis of DN,

genetic models have been employed in experimental systems. In the first studies,
Yamamoto and colleagues (52) generated transgenic mice that overexpress RAGE in
vascular cells (and to some degree on mononuclear phagocytes) and cross-bred these
mice with animals that develop insulin-dependent diabetes shortly after birth. The
double-transgenic diabetic mice displayed increased enlargement of the kidney,
glomerular hypertrophy, increased albuminuria, mesangial expansion, advanced
glomerulosclerosis, and increased serum creatinine compared with the diabetic litter-
mates that lacked the RAGE transgene. In those studies, consistent with roles for
advanced glycation in amplifying RAGE-mediated perturbation in this setting, these
authors found that administration of OPB-9195, an inhibitor of AGEs, prevented the
nephropathy phenotype in the double-transgenic mice (52).

In other studies, to test the impact of genetic deletion of RAGE, homozygous
RAGE null mice and their RAGE-expressing littermates were rendered diabetic with
STZ. After 3 mo of established hyperglycemia, diabetic RAGE null and wild-type
mice were sacrificed for analyses. Compared with RAGE-expressing diabetic mice,
diabetic RAGE null mice displayed decreased kidney weight/body weight ratio and
decreased renal cortex expression of VEGF antigen and transcripts for TGF-β (46).
Together with studies in RAGE-overexpressing mice, these experiments in mice
devoid of RAGE highlighted the central role of RAGE in the pathogenesis of the
DN phenotype.

RAGE SIGNALING AND IMPLICATIONS 
FOR DIABETIC NEPHROPATHY

The signaling cascades activated on ligand-engagement of RAGE are diverse and
reflect the cell type and duration of stimulation by ligand. We and others have shown that
RAGE signaling triggers recruitment of p21ras, erk1/2 (p44/p42) MAP kinases, p38 and
SAPK/JNK MAP kinases, rho GTPases, phosphoinositol-3 kinase, and the JAK/STAT
pathway. Key downstream consequences such as activation of the key transcription fac-
tors nuclear factor (NF)-κB and CREB have also been reported (28,36,53–61).

Recent studies have linked RAGE signaling to TGF-β-Smad signaling pathways,
and, further, have suggested key links between AGE–RAGE pathways and angiotensin
(Ang) II. In cultured rat MCs, incubation with AGEs resulted in RAGE-dependent gene-
ration of reactive oxygen species in parallel with production of Ang II (62). AGE-
induced TGF-β overproduction was blocked by the Ang II type 1 receptor blocker
candesartan. AGE-induced phosphorylation of Smad 2 and TGF-β inducible promoter
activity were reduced by candesartan and antibody to TGF-β. In these MCs, AGEs inhibited
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DNA synthesis and stimulated protein synthesis and fibronectin production, in parallel
with upregulation of p27, processes blocked by candesartan or antibody to TGF-β (62).
These studies linked for the first time AGE–RAGE signaling to TGF-β and Smad
signaling in MCs.

Other studies demonstrated that AGEs and TGF-β induced p21waf expression and
collagen production in cultured MCs. Signaling via STAT5 was required for the effects
on AGE adducts and TGF-β on p21 waf expression and growth arrest, but not required
for the impact on collagen production. These studies were confirmed in fibroblasts
retrieved from p21waf null mice (63).

A potential effect of RAGE signaling in the progression of tubulo-interstitial disease
has been suggested by the effects of AGEs on epithelial–myofibroblast transdifferentiation.
AGE exposure to cultured rat proximal tubule cells resulted in epithelial–myofibroblast
transdifferentiation determined by de novo α-smooth muscle actin expression and loss
of epithelial E-cadherin staining, effects blocked by antibodies to either RAGE or to
TGF-β (64). These effects were prevented by incubation with ALT-711, an AGE 
crosslink breaker. Li and colleagues (65) extended these findings to show that these
effects were consequent to signaling through MEK1-ERK 1/2 MAP kinases and were
independent of TGF-β.

Our studies indicated that RAGE signaling exerted effects on VEGF expression in
cultured podocytes. When immortalized cultured murine podocytes were incubated
with the prototypic RAGE ligand, S100b, increased VEGF antigen was demonstrated
by Western blotting. Consistent with an important role for RAGE, pretreatment of the
podocytes with anti-RAGE IgG or sRAGE significantly attenuated S100b-mediated
upregulation of VEGF (46).

Although the implications of these findings to the in vivo setting in long-term dia-
betic kidney remain to be elucidated in human studies, they nevertheless suggest that
AGE–RAGE pathways may exert diverse effects in cells susceptible to the long-term
adverse effects of hyperglycemia in the kidney.

TARGETING AGE–RAGE PATHWAYS: PERSPECTIVES 
FOR CLINICAL TRIALS

AGEs as Therapeutic Targets
Substantial evidence supporting the AGE hypothesis in the pathogenesis of DN is

now accruing in both experimental systems and human clinical trials.
Initial studies employed aminoguanidine, an inhibitor of AGE formation, antiantioxi-

dant, and inhibitor of iNOS in animal models of diabetic complications, including
nephropathy. Aminoguanidine displayed preclinical benefit in reduction of albuminuria
and mesangial expansion when administered to such animals as STZ-treated diabetic rats,
Otsuka Long-Evans Tokushima Fatty rats, and STZ-treated diabetic apolipoprotein
E (apo-E) null mice (66–68). In-depth studies using aminoguanidine implicated roles for
protein kinase C in the pathogenesis of nephropathy (69). Furthermore, in aminoguanidine-
treated diabetic Sprague-Dawley rats, significantly decreased expression of TGF-β,
PDGF-B, and type IV collagen was noted in the renal cortex tissue (70).

These promising findings led to clinical trials in which pimagedine (aminoguanidine)
was tested in human subjects with type 1 diabetes in a randomized clinical trial. The
primary endpoint of the trial was the time of doubling of serum creatinine; the secondary
endpoints included evaluation of proteinuria, kidney function, and retinopathy. Serum
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creatinine doubled in 26% of the placebo-treated subjects and in 20% of those receiving
pimagedine (p = 0.099) (71). The estimated glomerular filtration rate decreased more
slowly in the subjects treated with pimagedine over 36 mo (p = 0.05) and pimagedine
significantly reduced the 24-h protein excretion (p < 0.001). However, three patients
receiving the high-dose pimagedine in this trial developed glomerulonephritis (71).
Despite the fact that the trial failed to show efficacy based on the primary endpoint, in
their entirety, these studies provided strong support for the AGE hypothesis in the patho-
genesis of DN. 

More recently, the AGE crosslink breaker, ALT-711 has been tested for efficacy in
animal models of DN. Promising findings have been reported in STZ-induced diabetic
rats and diabetic apo-E null mice (72,73). Although not yet tested in human trials in
nephropathy, administration of ALT-711 to the elderly resulted in improved arterial
compliance in aged humans with vascular stiffening when administered over a 56-d
period (74).

Other experimental agents that target AGEs, such as pyridoxamine and LR-90, have
also been tested in preclinical models of nephropathy and have demonstrated promising
results (75,76). Pyridoxamine targets both AGEs and advanced lipoxidation endprod-
ucts, thereby implicating lipid peroxidation products as well in the pathogenesis of
nephropathy (75).

RAGE as a Therapeutic Target
Although RAGE antagonism has yet to be tested in clinical trials, preclinical studies

using sRAGE, anti-RAGE IgG, or ribozymes directed against RAGE in nephropathy
models support the relevance of this axis to the pathogenesis of injury in the diabetic kid-
ney (46,50–51). Importantly, in each of these cases, there was no evidence that blockade
of RAGE (using sRAGE, anti-RAGE IgG or in RAGE-null mice) altered levels of glu-
cose, insulin, or lipids in the animals. These studies suggest strongly that RAGE is a
downstream effector pathway in hyperglycemic injury, and not the cause of initial pertur-
bation. In this context, it is likely that complementary therapies targeting this axis, as well
as other established targets, might exert additive benefit in the kidney. Additional strate-
gies to antagonize RAGE, including small-molecule antagonists and siRNA are also pos-
sible means to break the cycle of AGE–RAGE perturbation in the diabetic kidney.

Combination Therapies in Diabetic Nephropathy
The finding that RAGE antagonism in diabetic animals does not impact on levels

of glucose or lipids strongly supports that optimal strategies to attenuate the course
of nephropathy will include agents targeting multiple key axes. For example, Davis
and colleagues have shown superior protective effects of combination therapy with
ACE inhibitors (perindopril) and aminoguanidine in STZ-induced spontaneously
hypertensive rats (77). Interestingly, other studies have suggested that there is inter-
play between ACE and AGE pathways. Administration of ACE inhibition (ramipril)
or aminoguanidine attenuated AGE formation in the kidney of STZ diabetic animals
to the same degree, thereby suggesting that accumulation of AGEs in experimental DN
may be linked through oxidative stress (77). Other studies confirmed this relationship;
STZ-treated diabetic rats receiving the AT1 receptor antagonist valsartan displayed
reduction of tissue and plasma CML-AGEs (78).

Thus, it would not be surprising that combination therapies may exert synergistic
benefit in nephropathy. Such experimental findings set the stage for optimal design

RAGE and Diabetic Nephropathy 143



of renoprotective regimens in chronic diabetes. If and how RAGE antagonism might be
included in these treatment regimens remains to be determined.

CONCLUSIONS

Evidence is accruing that the AGE–RAGE pathway plays critical roles in the patho-
genesis of DN. We hypothesize that AGEs, via RAGE, impact on multiple distinct cell
types implicated in nephropathy. Experimental evidence supports the premise in vitro and
in vivo that AGE–RAGE interaction in podocytes results in upregulation of VEGF, and,
thereby, a mechanism to attract inflammatory cells and release of pro-inflammatory
RAGE ligands, such as S100/calgranulins and HMGB1. In addition, ligand–RAGE inter-
action activates MCs, thereby providing a mechanism to augment generation of proscle-
rotic growth factors and cytokines such as TGF-β. RAGE is also expressed by endothelial
cells, thus, interaction of RAGE ligands with RAGE in the endothelium may directly
amplify vascular perturbation in the glomerulus. A key consequence of such injury is the
development of albuminuria. Future studies must dissect the potential impact of inflam-
matory RAGE signaling in the pathogenesis of nephropathy.

Although studies in proximal tubular cells suggest roles for AGE–RAGE signaling
in epithelial myofibroblast transdifferentiation, such concepts have yet to be explored
in vivo and thus represent solely theoretical considerations at this time.

We conclude that future clinical trials should include studies focused on combina-
tion therapy strategies to target the AGE–RAGE axis. Importantly, the critical impact of
stringent control of hyperglycemia is the foremost goal. Studies in the Diabetes Control
and Complications (DCCT) research group clearly indicated that rigorous control of
hyperglycemia was associated with decreased microvascular complications, including
nephropathy (79). Recently, fascinating findings published by the Epidemiology of
Diabetes Interventions and Complications (EDIC) study suggested that subjects in the
original intensively treated DCCT group continued to display renoprotection (decreased
albuminuria, hypertension, and rise in serum creatinine level) vs subjects originally in
the conventional treatment group (80). This extended benefit occurred despite the fact
that levels of glycosylated hemoglobin in the originally intensively treated subjects
gradually became indistinguishable between the two groups. Such considerations suggest
that earlier and substantive reduction in hyperglycemia in the original intensively
treated group left an indelible mark in the vasculature of these diabetic subjects, and
support the hypothesis that high levels of glucose may be linked to long-term “memory”
in vascular targets in diabetes. It is plausible that AGE–RAGE interaction is one of the
mechanisms underlying glycemic memory, thereby further supporting the targeting of
this axis in chronic nephropathy.
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INTRODUCTION

Diabetic nephropathy (DN) is currently the leading cause of end-stage renal disease
(ESRD) in the United States and most other developed nations. Approximately 40% of
new patients who entered ESRD programs in the United States in 2003 had DN; the
overall rate of ESRD resulting from diabetes in the United States has risen 68% since
1992 (1). Moreover, even the earliest clinically detected stage of renal injury in dia-
betes (microalbuminuria) is associated with an increased prevalence of macrovascular
disease (2–5). Thus, the mortality, morbidity, and costs associated with DN extend far
beyond those directly attributable to ESRD per se. They include costs associated with
the increased burden of macrovascular disease seen at earlier stages of DN (2–5).
Common pathogenic mechanisms operative in both microvascular and macrovascular
injury in diabetes may account at least in part for this association (6,7).

Over the past several decades, much progress has been made in our understanding of
the pathogenesis of DN. Genetic (8–11), hemodynamic (12–14), and metabolic risk
factors (15) have all been implicated. The independent and interactive benefits of
glycemic and blood pressure control in the suppression of the development of
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microalbuminuria and its progression to overt nephropathy (13,16–20), and the powerful
effect of blood pressure control to retard the progression of overt nephropathy (19,20)
have been clearly demonstrated in both types 1 and 2 diabetes. The added beneficial effects
of angiotensin-converting enzyme inhibitors (ACEIs) and/or angiotensin receptor blockers
(ARBs) on the development and the progression of DN beyond those attributable to
blood pressure reduction alone are also now well established in both types 1 and 2
diabetes (21–26). Dyslipidemia has been similarly implicated as a risk factor for renal
injury in diabetes but this association requires further examination (27). Unfortunately,
none of the interventions currently available has been shown to completely prevent the
development or arrest the progression of DN. Accordingly, there is a need to develop
additional strategies for intervention based on a more complete understanding of the
pathogenesis of renal injury in diabetes.

In this regard, there is accumulating evidence to support a role for oxidative and
glycooxidative (carbonyl) stress in the pathogenesis of DN, as well as in other diabetic
complications (28–30). The formation of increased quantities of labile intermediate
dicarbonyls and advanced glycosylation endproducts (AGEs) in diabetes is well
recognized (31,32). These products arise via nonenzymatic extracellular protein gly-
cation or from intracellular pathways of glucose metabolism, which result in genera-
tion of reactive dicarbonyl precursors (31,32). Formation of some of these products
involves redox reactions, including glucose autooxidation (glycooxidative stress)
(31,32). Once formed, extracellular AGE also contributes to oxidative stress by
increasing cellular generation of reactive oxygen species (ROS) through receptor-
mediated pathways (33). Other multiple metabolic processes in diabetes may lead to
enhanced levels of ROS. Thus, nonphysiological and potentially cytotoxic levels of
ROS may develop in kidney and other tissues as direct or indirect consequences of
hyperglycemia, elevated free fatty acids, other intermediary metabolites, and/or due
to compromised antioxidant defense mechanisms in diabetes (28,34,35). In experi-
mental diabetes, evidence for increased renal oxidative stress includes accumulation
of malondialdehyde (MDA) in renal cortex (a marker of increased lipid peroxidation),
increased content of 8-hydroxy 2′-deoxyguanosine in glomeruli (an index of enhanced
oxidation of nucleic acid), depletion of reduced glutathione in renal cortex, and
increased production of ROS, NADPH oxidase, and heme-oxygenase-1 activities in
glomeruli (35–38). These renal changes are all suppressed by treatment of diabetic
animals with antioxidants (35–38). However, the conventional concept that ROS act
predominantly as cellular toxins via pathological interactions with lipids, proteins,
and nucleic acids has been revised. Recent studies have supported a physiological role
for ROS in normal cell signal transduction, including cell signaling by angiotensin
(Ang) II whose participation in renal injury in diabetes, similar to that of hyper-
glycemia, is firmly established (28,39–41). Thus, interventions targeted at modification
of key redox reactions in diabetes might alter not only ROS generated patho-
physiologically, such as that occurs in response to hyperglycemia or AGE, but also those
formed as part of otherwise physiological cell signaling pathways which are overex-
pressed in diabetes.

In this chapter, the major mechanisms that may mediate increased oxidative and
glycooxidative stress in diabetes, the pathways through which redox and/or glyco-
oxidative reactions may participate in the pathogenesis of renal injury, and evidence for
involvement of redox and/or glycooxidative mechanisms in the development of DN in
vivo will be reviewed.
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MECHANISMS OF INCREASED OXIDATIVE AND GLYCOOXIDATIVE
STRESS IN DIABETES

Multiple pathways may contribute to enhanced oxidative and glycooxidative stress
in diabetes via increased generation of reactive oxygen species (ROS) and dicarbonyls
(Table 1). The relative importance of various metabolic pathways as sources of these
labile moieties in diabetes may differ significantly as a function of the cell type in ques-
tion. The major pathways implicated are reviewed below.

Increased Mitochondrial Electron Transport
In many cell types under physiological conditions, mitochondria are the major

intracellular source of ROS production (39). In an elegant series of studies conducted
predominantly in cultured bovine aortic endothelial cells, Brownlee and coworkers
(34) implicated overproduction of superoxide by the mitochondrial electron transport
chain, induced by hyperglycemia and/or fatty acids, as a potential major source of
ROS generation in diabetes. Overproduction of superoxide by mitochondria, in turn,
may be a key mechanism by which hyperglycemia increases activity of the polyol
and hexosamine pathways, the formation of AGE and activation of protein kinase C
(PKC), all of which have been implicated in the pathogenesis of vascular and renal
injury in diabetes (34). This proposed common pathogenetic mechanism for expression
of multiple cellular actions of high ambient concentrations of glucose has previously
been reviewed in detail by Brownlee et al. (34). Briefly, in cells in which glucose
uptake is not regulated by insulin, including endothelial and glomerular mesangial
cells (MCs) (42,51), a high extracellular concentration of glucose leads to an elevated
intracellular glucose level. Metabolism of glucose via glycolysis and the tricarboxylic
acid (TCA) cycle results in reduction in the coenzymes NAD+ and FADH with genera-
tion of CO2. The NADH and FADH2 formed donate electrons to the electron transport
chain located in the inner mitochondrial membrane and are thus reoxidized. Electron
transport through the chain generates a proton gradient across the inner mitochondrial
membrane (52–54). The latter drives oxidative phosphorylation with production of
adenosine triphosphate (ATP). When the proton gradient across the membrane is
enhanced via metabolism of excess glucose, there is evidence that electron transport
at complex III (ubiquinol: cytochrome-c oxidoreductase) of the chain is suppressed,
and that electrons carried by coenzyme Q (ubiquinone) reduce O2 to superoxide
rather than being passed to complex III (52–54).
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Table 1
Pathways Implicated in Increased 

ROS or Dicarbonyl Generation in Diabetes

• Increased mitochondrial electron transport activity induced by hyperglycemia and fatty
acids (42,43).

• Altered activity of endothelial nitric oxide synthase (eNOS) (44,45).
• Activation of nonphagocytic cell NADH/NADPH oxidase (46).
• Increased glucose autooxidation (47,48).
• Activation of RAGE receptors by AGE (33).
• Increased cyclooxygenase and/or lipoxgenase activity (28).
• Increased xanthine oxidase activity (49).
• Increased cytochrome P-450 activity (50).



The increase in mitochondrial superoxide production that results from high intra-
cellular glucose has in turn been linked to suppression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and generation of increased levels of intermediary metabo-
lites of glucose (Fig. 1). It has been proposed that this sequence may lead to (a) an
increase in diacylglycerol from the glycolytic intermediate dihydroxyacetone
phosphate (DHAP) with consequent activation of PKC; (b) an increase in fructose
3-phosphate formation which enhances the activity of the hexosamine pathway; the
latter promotes glycosylation and increased activity of several transcription factors
through formation of UDP-N-acetylglucosamine. These include specificity factor 1
and transforming growth factor (TGF)-β1, a central mediator of progressive
glomerular mesangial expansion in DN (55,56); (c) an increase in formation of AGE
from dicarbonyl metabolites (glyoxal and methylglyoxal), which in turn are derived from
high glucose (HG) and the glycolytic intermediates DHAP and glyceraldehyde-3-
phosphate; and (d) activation of the polyol pathway by HG per se, in which aldose
reductase uses NADPH as a cofactor to convert glucose to sorbitol (Fig. 1). The
conversion of NADP+ back to NADPH consumes reduced glutathione and thus may
impair cellular antioxidant defenses (34). In addition, during the subsequent oxidation
of sorbitol to fructose by sorbitol dehydrogenase, NAD+ is reduced to NADH (Fig. 1).
In a hyperglycemic environment, NAD+ is also consumed by activated poly-ADP-ribose
polymerase, an effect of glucose that has been linked to increased mitochondrial
superoxide production (34,57). The resultant increase in the cytosolic ratio of
NADH/NAD+ impairs the activity of GAPDH, which as noted above, fosters generation
of intermediate glucose metabolites (Fig. 1).
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Fig. 1. Effects of glucose-induced increases in superoxide (O2–.) production on pathways of glucose-
mediated cell injury. GSH, reduced glutathione; GSSG, oxidized glutathione; G-6-P, glucose 6-phosphate;
F-6-P, fructose 6-phosphate; Gly-3-P, glyceraldehyde-3-phosphate; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; TGF-β, transforming growth factor-β; DHAP, dihydroxyacetone phosphate; DAG,
diacylglycerol; AGE, advanced glycosylation endproducts; PKC, protein kinase C; AR, aldose reductase.
(For description, see text.)



In support of a key role for mitochondrial electron transport in the increase in super-
oxide induced by HG in cultured endothelial cells, this increase is suppressed by (a)
inhibitors of mitochondrial metabolism, (b) overexpression of manganese superoxide
dismutase (Mn+2 SOD), the mitochondrial form of SOD, or (c) overexpression of
uncoupling protein 1, which collapses the protein gradient across the inner mitochondrial
membrane (42). Recent studies have similarly supported a role for enhanced mitochondrial
metabolism in the increases in superoxide induced by HG in cultured human MCs (58).
Other studies have suggested mitochondria as a major source of the increases in superoxide
induced in cultured endothelial cells by high levels of fatty acids (43).

Altered Endothelial NO Synthase
NO derived from eNOS plays a critical physiological role in normal vascular function

and structure (7,59,60). Reduced bioavailability of NO in diabetes has been linked to
impaired endothelium-dependent vasodilation, an altered vascular redox state, abnormal
vascular smooth muscle cell (VSMC) growth, and prothrombotic properties of the
vessel wall (7,59,60). The rapid interaction of NO with superoxide may be an important
determinant of the redox state of some cells, including endothelial cells (7,61,62). Of
note, there is evidence to support eNOS per se as a significant source of superoxide in
diabetes (7,63). Under conditions of reduced access of eNOS to either substrate (arginine)
or the cofactor tetrahydrobiopterin, conditions which may pertain in diabetes (7,63,64),
the enzyme preferentially transfers electrons to molecular oxygen and produces
increased quantities of superoxide relative to NO. This altered synthetic capacity has
been referred to as “uncoupled” eNOS. The eNOS production of superoxide is enhanced
in vitro in endothelial cells exposed to HG (65), whereas inhibition of eNOS in vivo has
been shown to suppress aortic endothelial superoxide levels in diabetic animals (66).
Notably, eNOS mRNA and protein are increased in the aorta of diabetic animals
(64,65,67). Thus, an increased vascular content of eNOS and the propensity of the
enzyme to generate more superoxide relative to NO under diabetic conditions may both
contribute to increased oxidative stress (64,67). Similar changes in eNOS activity and
eNOS superoxide production have been reported in diabetic rat renal cortex (68). In
rats with early proteinuric DN, expression of both glomerular eNOS and NADPH oxidase
are increased, in association with indexes of enhanced renal-oxidative and nitrosative
stress (69). These and other data support altered NO bioavailability in glomeruli of diabetic
animals, which is at least in part attributable to enhanced NO interaction with superoxide
(70). Uncoupled eNOS per se thus may be a source of both superoxide and NO in the
glomeruli of diabetics.

Nonphagocytic Cell NADH/NADPH Oxidase
Endothelial cell (EC), VSMC, glomerular MC, renal tubular cells, and fibroblasts

contain oxidases that use NADH and/or NADPH as substrates for electron transfer to
molecular oxygen (46). These oxidases are structurally similar but functionally different
from the plasma membrane-associated NADPH oxidase first characterized in neu-
trophils (71,72). The latter enzyme complex releases millimolar amounts of superoxide
extracellularly during phagocytosis (71). The oxidases identified in nonphagocytic cells
are similar to neutrophil NADPH oxidase, a membrane-associated cytochrome-b558
complex, in that they possess both flavin and heme-binding regions likely involved in
electron transfer (71,72). They also share at least one protein subunit, P22 phox (phox
stands for phagocyte oxidase). However, several differences have been noted between
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the NADPH oxidase systems of neutrophils and those of nonphagocytic cells. These
include the following: (1) the neutrophil enzyme system preferentially uses NADPH as
substrate, whereas nonphagocytic cells use either NADH or NADPH; (2) the nonphago-
cytic systems seem to constitutively generate consistently low levels of superoxide
which can be upregulated by stimuli, but not to the high levels produced in bursts by
activated neutrophils; and (3) a significant fraction of superoxide generated by the
NADPH oxidase of nonphagocytic cells seems to occur intracellularly, whereas that of
neutrophils is released extracellularly (46,71–74). The latter difference may in turn be
linked to the subcellular distribution of NADPH oxidase in neutrophils vs nonphago-
cytic cells (75–77). In resting neutrophils, regulatory subunits of NADPH oxidase (p47
phox, p67 phox, and others) are in the cytosol. They translocate to the plasma mem-
brane and associate with the membrane-bound cytochrome catalytic components gp 91
phox and p22 phox during neutrophil activation. By contrast, in nonphagocytic cells
NADPH oxidase subunit may be preassembled in the cytosol and associated with the
intracellular cytoskeleton (46,75–77).

Studies in kidney from normal rats have indicated that NADH/NADPH oxidase is
the major source of superoxide production in renal cortex and outer medulla, exceeding
that derived from mitochondria in this region of the kidney (78). Of note, VSMC and/or
MC NADH/NADPH oxidase is activated by Ang II, AGE, HG, fatty acids, and platelet-
derived growth factor (46,72,79–81), whereas NADPH oxidase of EC is activated by
TNF-α, thrombin, and other moieties (46,82). In diabetes, upregulation of NADPH
oxidases by these and other agonists in cells may contribute to oxidative stress
(33,46,78,83). However, superoxide derived from NADH/NADPH oxidase has also
been implicated as an important step in the cell signaling cascade of several extracellular
messengers implicated in diabetic renal injury (see Fig. 3, p.159), and most notably in
expression of the cellular actions of Ang II (79,84). Thus, a number of the cellular
actions of Ang II are blocked by inhibitors of NADPH oxidase and in NADPH-oxidase
knockout mouse models (72,79,85,86).

As noted above, NADPH oxidase is upregulated in glomeruli of diabetic rats with
proteinuria, as assessed by immunostaining of the p47 phox cytosolic component (69).
Treatment of the diabetic rats with either an ACEI or an angiotensin subtype-1 ARB
suppressed the increases in immunoreactive NADPH oxidase and eNOS, as well as the
increases in urinary protein excretion and indexes of oxidative and nitrosative stress
(69). Enhanced superoxide production via activation of NADPH oxidase in kidney in
diabetes has also been postulated to have several consequences which contribute to the
pathogenesis of DN. They include suppression of the bioavailability of NO (66),
increases in glomerular TGF-β1 and matrix protein accumulation, and decreased
expression of renal matrix metalloproteinases (87).

Glucose Auto-Oxidation and Formation of AGE 
AGE, predominantly NG-(carboxymethyl) lysine (CML), pentosidine, and pyrraline,

can arise in excess in diabetes from sequential glycation and oxidation reactions termed
glycooxidation or auto-oxidative glycosylation (30,34,47,48,88,89). Formation of CML
and pentosidine in particular depend on oxidative processes (31).

Glucose and other reducing sugars can be auto-oxidized by metal-catalyzed oxida-
tive processes that generate ROS and the reactive intermediate dicarbonyl, glyoxal
(Fig. 2). The latter reacts with amino groups on protein to form CML (90).

156 DeRubertis and Craven



Pentosidine is also formed from the Amadori product (glucose-derived 1-amino-1-
deoxyfructose lysine adducts) by oxidative reactions (31,91). The Amadori product
may decompose to 3-deoxyglucosone, which reacts with amino groups of proteins to
form pyrraline (47). The reactive diacarbonyl intermediate methylglyoxal, which also
participates in formation of AGE adducts, is generated from glyceraldehydes 
3-phosphate and DHAP (34). In renal biopsies obtained from humans with DN (31),
the glycooxidation products CML and pentosidine were colocalized by immuno-
histochemical staining with the lipid peroxidation product MDA (a marker of oxidative
stress). These products were colocalized in the expanded glomerular mesangium and
in thickened glomerular capillaries in early DN and in nodular glomerular accumu-
lation of matrix and renal arteriolar walls in advanced DN (31). By contrast, pyrraline
did not colocalize with MDA in these areas. The findings suggest that accumulation,
and presumably increased formation of at least some AGE reflects local oxidative
stress (31).

Formation of reactive AGE precursors may result in renal and other cell injury by a
variety of mechanisms (Fig. 2) involving direct alterations of protein function and/or
structure (34,91,92). In DN, these include alterations in matrix proteins such as inter-
molecular crosslinking of collagen (34,83,91,92). However, in addition to these effects,
extracellular AGE-modified proteins also interact with several cell surface receptors
(33,34,93,94), including the receptor for AGE (RAGE), a multiligand member of the
immunoglobulin superfamily of cell surface molecules (33). Activation of RAGE
increases ROS generation in EC and MC (32,83,95). This increase (Fig. 2), which may
be mediated via RAGE stimulation of NADPH oxidase, is part of a cell signaling cas-
cade by which extracellular AGE activates PKC, mitogen-activated protein kinase,
TGF-β and the pleiotropic gene transcription factors, nuclear factor (NF)-κB, activator
protein 1, and p21 (32–34,87).
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Fig. 2. Metabolic pathways in the formation of AGE. (For description, see text.) RAGE, receptor for
AGE; MAPK, mitogen-activated protein kinase; AP1, activator protein 1; NF-κB, nuclear factor-κB.
(For other abbreviations, see Fig. 1.)



Depletion of Endogenous Antioxidants and Altered Activity 
of Antioxidant Enzymes

Depletion of endogenous antioxidants and free radical scavengers may occur in
diabetes (28,96–101). In plasma or serum, lower levels of vitamins C, E, and A,
lycopene, and lipoic acid have been reported in human diabetics compared with non-
diabetic controls (28,96–99,102–104). Similarly, impaired total serum antioxidant
capacity and reduced antioxidant properties of serum albumin and high-density lipoprotein
have been described in human diabetics (102,105–109). In experimental diabetes,
depletion of reduced glutathione occurs in kidney and other tissues (36,49,70). Depletion
of endogenous antioxidants and radical scavengers in diabetes may be a consequence
rather than a cause of oxidative stress. 

Depending on the tissue examined and the duration and severity of diabetes, activ-
ities of some antioxidant enzymes are reduced, whereas those of others are increased
or unchanged (14,38,110–117). Thus, activities of both cytosolic Cu2+/Zn2+ SOD
(SOD1) and mitochondrial Mn2+ SOD (SOD2) of neutrophils from diabetic human
subjects are lower than corresponding values in nondiabetics (111). In the kidney of
streptozotocin (STZ) diabetic rats, the changes described in antioxidant enzyme
activities have not been consistent. In one study (113), renal activities of SOD1 and
glutathione peroxidase increased, whereas SOD2 did not change 1–6 wk after induc-
tion of diabetes. Catalase activity in kidney from diabetic rats showed a biphasic
response with an early increase at 1 wk and later decline to levels below that of control
kidney (113). In another report, increased mRNA levels for SOD1 and catalase were
found in kidney from STZ diabetic rats, but enzyme activities were not examined
(38). In STZ diabetic and db/db mice with diabetes for 2–5 mo duration, renal cortical,
SOD1, SOD2, and catalase activities did not differ from corresponding values of
renal cortex from nondiabetics (14,70). By contrast, after several months of diabetes,
glutathione peroxidase activity of renal cortex from the diabetic mice was higher
than the corresponding values from age-matched control mice. The potential roles
of specific antioxidant enzymes in the pathogenesis of renal injury in diabetes, or in
renoprotection, are at present incompletely understood. However, there is now evidence
that genetic enhancement of SOD1 activity may be renoprotective in experimental
diabetes (14,70).

REDOX AND GLYCOOXIDATIVE REACTIONS 
IN THE PATHOGENESIS OF DIABETIC RENAL INJURY

Redox-Regulated Signaling Pathways
A characteristic feature of early and advanced DN is expansion of the glomerular

mesangium, owing predominantly to deposition of extracellular matrix (118). Indeed,
in human DN, the severity of this histological change correlates best with loss of
glomerular filtration rate (118,119). Studies in cultured glomerular MCs have demon-
strated that high ambient concentrations of glucose, Ang II, extracellular AGE proteins,
and a thromboxane analog—all increase synthesis and reduce degradation of extracel-
lular matrix proteins (ECMs) (81,120–123). These same factors also have been impli-
cated in the pathogenesis of glomerular mesangial expansion in vivo in experimental
diabetes (16,22,34,124–126). A central common mediator of the cellular actions of these
agonists in MC matrix protein deposition is TGF-β1 (127–129). Redox reactions have
been implicated in cell signaling pathways leading to increased production and release
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of TGF-β1 (95,130–133) and in the expression of at least some of the actions of TGF-β1
per se in kidney (41).

As summarized in Fig. 3, the expression of the actions of HG, Ang II, and AGE to
signal increases in TGF-β1 in matrix protein synthesis in MC involves ROS generation.
There is evidence that the latter may be derived at least in part from activation of
NADPH oxidase (40,41,81,94,134,135) in response to HG, Ang II, and AGE, and in the
case of HG also from mitochondria (41,42). Activation of NADPH oxidase by HG, Ang II,
and AGE in MC may in turn be mediated via activation of PKC (37,41,81,134). In support
of this possibility, adenovirus-mediated overexpression of PKC-β2 in cultured MC
increases ROS (37). However, studies suggest the converse is also true, namely, that
activation of NADPH oxidase and the consequent increase in ROS leads to activation
of PKC (95,135). Accordingly, the interrelations of these two early steps in the signaling
pathway are complex and may differ as a function of cell type. 

In MC, evidence to support a key role for redox reactions in the increases in ECM
induced by HG, Ang II, and AGE include (a) demonstration of increases in ROS gener-
ation in cultured MC in response to these agonists (40–42,81,94,134,135); (b) suppres-
sion of increases in TGF-β1 and ECM by inhibitors of NADPH oxidase (41,81,134),
and/or in the case of HG also by inhibitors mitochondrial electron transport (41); and
(c) suppression of increases in PKC activity, TGF-β1, and/or ECM in cultured MC by a
variety of exogenous antioxidants, or by overexpression of either SOD1 or SOD2
(14,95,131,136,137). The actions of HG, Ang II, AGE, TXA2 to activate NF-κB and
specificity factor 1, and to increase monocyte chemoattractant protein-1 or PAI-1 in
MC also involve redox mechanisms, as reflected by inhibition of these responses
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Fig. 3. Redox-regulated signaling of increased accumulation of extracellular matrix (ECM) in dia-
betes in response to high intracellular levels of glucose (HG), angiotensin II (Ang II), and AGE (for
description, see text); AT1, angiotensin receptor type 1; ROS, reactive oxygen species; JAK, Janus
family of protein kinases; STAT, signal transducers and activators of transcription. (For other abbre-
viations, see Fig. 2.)



by antioxidants (87). TGF-β1 per se has been shown to enhance the transition of renal
tubular epithelial cells to mesenchymal cells, a process implicated in the development
of interstitial fibrosis in diabetes (138). There is evidence that expression of this effect
of TGF-β involves enhanced generation of ROS as part of the pathway which signals
cell transition (138).

In EC, as noted above, increased mitochondrial production of ROS in response to
HG has been linked to activation of metabolic pathways that may mediate vascular
injury in diabetes (34,42). In this cascade (Fig. 1), superoxide suppresses GAPDH
with diversion of upstream glycolytic metabolites into pathways which may mediate
hyperglycemic damage, including activation of PKC and an increase in AGE formation
(34). In cultured bovine EC, benfotiamine, a lipid-soluble thiamine derivative, has
recently been reported to suppress the actions of HG to activate PKC, the hexosamine
pathway, and NF-κB, and to inhibit AGE formation (139). Benfotiamine activates the
pentose phosphate pathway enzyme transketolase, which converts the glycolytic
intermediates glyceraldehydes 3-phosphate and fructose 6-phosphate to pentose 
5-phosphates and other sugars. By this action, benfotiamine may reduce the availability
of the glycolytic intermediates to activate PKC and several other pathways leading to
hyperglycemic damage. Benfotiamine also suppressed the development of early
retinopathy when administered to STZ diabetic rats (139), but its effect on DN has not
been examined.

Thus, multiple, redox-regulated signaling pathways may participate in the pathogen-
esis of renal cell injury in diabetes. Targeted interruption of one or more of these path-
ways may be protective against renal injury and other vascular complications of
diabetes.

Interactions Between ROS and NO 
Alterations in NO signaling in diabetes have been linked to hemodynamic and struc-

tural changes in the kidney. As recently reviewed in detail, the contribution of altered
NO signaling to renal hemodynamic changes in diabetes is quite complex, incompletely
understood, and may vary with the duration of the disease and other factors (64). There
is evidence that renal generation of both NO and superoxide are enhanced in diabetes
(14,28,39,70,140–143). An imbalance between renal NO and superoxide production in
diabetes might lead to altered renal hemodynamic through several pathways (Fig. 4):
(1) inactivation of NO via its reaction with superoxide may lead to vasoconstriction
owing to loss of the vasodilator action of NO (62); (2) excess superoxide production
per se, independent of its inactivation of NO, may mediate renal vasoconstriction (40);
and (3) increased renal production of superoxide and its subsequent conversion to H2O2
by SOD may result in vasodilation mediated by H2O2 (144). In vitro studies indicate
that the relative kinetics of the two potential metabolic fates of superoxide above (i.e.,
inactivation by NO or conversion to H2O2 by SOD) favor the former pathway (145).
Nevertheless, the net renal hemodynamic impact of increased production of both NO
and superoxide in diabetes cannot be readily predicted. At least early in experimental
diabetes, enhanced renal NO production by neuronal NOS in the macula densa, eNOS
or both may result in increased NO bioavailability, which contributes to renal vasodila-
tion and glomerular hyperfiltration (140,141). However, not all data support this con-
clusion (62). Studies of Ang II-induced vasoconstriction of afferent arteriole isolated
from diabetic rats illustrate the complexity of factors which may govern vasomotor
responses in diabetes in addition to altered production rates and interactions between
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NO and superoxide (62). The results indicated that increased superoxide production in
response to Ang II in afferent arterioles from diabetic rats attenuated the vasodilatory
influence of endogenously produced NO (62). Nevertheless, afferent arterioles from
diabetic rats remained vasodilated after exposure to Ang II, presumably owing to a con-
current defect in expression of the action of Ang II to depolarize the cell membrane and
open voltage-gated Ca2+ channels, a step essential to the vasoconstrictor response (62).
Clearly, the net effects of reactions between NO and superoxide on renal hemodynam-
ics are highly complex and require further study.

NO also modulates the proliferation of MC and production of ECM in response to
HG, Ang II, and other stimuli (146–149). Thus, altered NO signaling may also partici-
pate in the expansion of glomerular mesangium characteristic of DN. In general, evi-
dence in cultured MC and VSMC supports antiproliferative actions of NO and NO
suppression of ECM protein production by MC (146–152). Studies in cultured MC
have shown that increases in endogenous NO production or NO donors can suppress
several steps in the signaling cascade by which HG, Ang II, and TXA2 increase ECM
production, including activation of PKC and increases in TGF-β (146,148,149). As
noted above, some of these same agonists increase ROS generation in MC (81,131,135).
Thus, expression of the action of HG and Ang II to increase MC matrix protein may be
owing, in part, to quenching of NO by ROS. This conclusion is supported by the action
of antioxidants to potentiate NO suppression of MC synthesis of ECM in response to
HG (148). Observations in glomeruli isolated from rats or mice with either STZ or
genetic (db/db mice) diabetes have demonstrated that NO-dependent increases in
cGMP, induced by either cholinergic stimuli or exogenous NO donors, are suppressed
compared with corresponding responses in glomeruli from nondiabetic rats (70,153).
Overexpression of SOD1 in glomeruli from db/db mice restores NO-dependent cGMP
responses to levels seen in the glomeruli from nondiabetic mice (70). Thus, the attenu-
ated cGMP responses to NO observed in glomeruli from wild-type diabetic mice may
be owing to quenching of NO by superoxide. 

The reaction between NO and superoxide leads to the formation of peroxynitrite
(Fig. 4), a reactive intermediate which nitrosylates tyrosine moieties of protein (154).
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Fig. 4. Potential hemodynamic and cytotoxic effects of nitric oxide (NO)-superoxide interaction in
diabetes. For description, see text. NOS, nitric oxide synthase; H2O2, hydrogen peroxide; SOD,
superoxide dismutase.



The latter process may alter protein structure and function, and thus represents an addi-
tional pathway for cell injury under conditions in which both the generation of NO and
superoxide are increased (154). Enhanced accumulation of nitrotyrosine in tissues in
diabetes is thus at least in part an index of increased peroxynitrite generation, which in
turn may reflect increased generation of NO, superoxide, or both (154). Nitrotyrosine
accumulates in the kidney of rodents with STZ or genetic diabetes (68,70,142,143),
consistent with enhanced renal production of NO and/or superoxide (154). Genetic
overexpression of SOD1 in diabetic mice suppresses accumulation of nitrotyrosine in
glomeruli to levels observed in nondiabetic, wild-type mice, and also attenuates renal
injury in the diabetics. Thus, a reduction in the availability of superoxide to react with
NO may be renoprotective in diabetes, in part by reducing formation of the toxic-reac-
tive intermediate peroxynitrite (70).

INVOLVEMENT OF REDOX AND GLYCO-OXIDATIVE MECHANISMS
IN THE PATHOGENESIS OF DN IN VIVO

Evidence to support a role for oxidative and/or glycooxidative stress in the patho-
genesis of DN in vivo has come largely from studies of the effects of inhibitors of AGE
formation and those of conventional exogenous antioxidants on renal function and
structure in experimental diabetes. There are only limited data on the effects of these
same interventions on renal injury in human diabetes, and on the impact of genetically
induced alterations in antioxidant enzymes on renal injury in diabetic animals.
However, there is increasing recognition that the renoprotective actions of interventions
of proven efficacy in human DN, notably those of ACEIs and ARBs, may involve or at
least are associated with, reductions in oxidative stress and AGE formation (142,143).
Similarly, though not yet assessed with respect to DN, vascular protection afforded by
statins in diabetics may be linked to antioxidant and anti-inflammatory, as well as lipid-
lowering actions of these agents (155). Thus, at least two classes of agents with estab-
lished benefits in reducing vascular injury in diabetes, although not previously thought
of as antioxidants, may in fact have antioxidant actions. 

Inhibitors of AGE Formation and RAGE Blockade
In STZ diabetic rats, two structurally different inhibitors of AGE formation have

been reported to ameliorate renal injury (124,156–158). Aminoguanidine, the most
extensively studied inhibitor of AGE formation, has been reported to prevent the
development of albuminuria and mesangial matrix expansion, as well as renal accu-
mulation of AGE (124). Similarly, this agent has been reported to prevent retinal
and neural injury in experimental diabetes (34,159). In addition to its antioxidant
properties, aminoguanidine also inhibits the activity of inducible NOS (124,150,
157). However, a recent study suggests that its renoprotective actions in diabetes are
owing largely to its antioxidant properties (124). Clinical trials with aminoguanidine
in human diabetics with nephropathy have found a reduction in proteinuria and retar-
dation of loss of renal function (34), but drug toxicity has complicated interpretation
of these benefits (6). Consistent with the possibility that extracellular AGE moieties
may also mediate cellular injury in diabetes via cell surface receptors, administration
of a soluble blocker of RAGE has been reported to attenuate renal and vascular
injury in experimental diabetes (160,161). Additional studies of this interventional
approach are needed.
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Antioxidant Therapy
The effects of dietary supplementation with exogenous antioxidants on renal injury

in experimental diabetes have been extensively examined (36,162–165). Agents studied
include vitamins E and C, lipoic acid, and taurine (36,162–165). Most studies have
found renoprotective effects associated with evidence of reduced oxidative stress,
including reduction in indices of renal lipid peroxidation and restoration of renal cortical
levels of reduced glutathione (36,162–165). Lipoic acid, in particular, has been shown
not only to suppress albumin excretion, glomerular volume, and glomerular content of
TGF-β and collagen (α1) IV, but also to attenuate subsequent increases in mesangial
matrix volume and glomerulosclerosis (36,165). However, not all studies have found
that conventional antioxidants ameliorate DN in experimental models (163). The dose
of antioxidants employed may be critical, perhaps because agents such as vitamin E
may have either pro- or antioxidant effects in vivo (164). Thus, potentiation of renal
injury in diabetes has been reported with vitamin E in one study (163). In another study,
administration of antioxidants have been shown to improve some indices of end-organ
injury in diabetes but worsen others (166). In general, results of clinical trials employing
conventional antioxidants for secondary prevention of macrovascular diseases in either
diabetics or nondiabetic subjects, have shown no significant benefits (167–171). Few
clinical studies have specifically examined the effects of antioxidants on DN. These
trials included small study groups and were relatively brief in duration. Thus, although
antioxidant attenuation of proteinuria has been reported in short-term trials with
diabetic subjects given either lipoic acid or a combination of vitamins C and E
(172,173), definitive data to support sustained benefits of these agents on the progression
of DN are lacking.

Clinical trials with antioxidants in the secondary prevention of vascular disease have
been disappointing. However, this does not necessarily negate a key role for redox
mechanisms in the mediation of vascular injury in diabetes. Both the complexity of the
cellular pathways involved and of the actions of the antioxidants tested should temper
extrapolation of these negative outcomes to the conclusion that redox reactions do not
participate in vascular injury in diabetes.

Genetic Alterations of SOD
The role of superoxide in the mediation of renal injury in diabetes in vivo has been

assessed in transgenic mice which overexpress SOD1 (14,70). SOD1-transgenic mice
with either STZ-induced or genetic (db/db) diabetes were examined and alterations in
renal function and structure compared with those in corresponding age-matched, wild-type
diabetic mice. In these experimental mouse models of types 1 and 2 diabetes, overex-
pression of SOD-1 suppressed increases in urinary albumin excretion, glomerular volume,
glomerular content of collagen IV, TGF-β and mesangial matrix volume compared with
the corresponding values in diabetic wild-type mice. Overexpression of SOD-1 in the
diabetic mice was associated with decreases in renal cortical accumulation of MDA
and/or higher GSH levels, indices of reduced renal oxidative stress (14,70). Overall,
these findings support a role for superoxide in the pathogenesis of renal injury in vivo
in diabetes. Conversely, in STZ diabetic mice with reduced expression of SOD1
(homozygous SOD1 knockouts) renal injury is accelerated compared with the wild-type
diabetic counterparts (unpublished), further supporting a role for superoxide in the
pathogenesis of DN. Of note, the GFR of diabetic mice which overexpressed SOD-1
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was higher that that of the diabetic wild-type mice before, but not after, treatment with
a NOS inhibitor; the latter reduced GFR in the transgenic but not the wild-type diabetics.
These findings implied that the higher GFR in the diabetic mice overexpressing SOD1
was at least in part dependent on NO (70). Ex vivo studies of glomeruli from the wild-type
db/db mice demonstrated impaired cGMP responses to both endogenously generated
NO and to exogenous NO donors compared with corresponding responses of glomeruli
from nondiabetic mice (70). By contrast, cGMP responses to endogenous and exogenous
NO of glomeruli from db/db mice which overexpress SOD1 did not differ from those
of glomeruli from nondiabetic mice (70). The renoprotection observed in the db/db
mice which overexpressed SOD-1 was thus associated with evidence of increased NO
action on GFR in vivo and enhanced bioavailability of glomerular NO ex vivo, possibly
owing to reduced quenching of NO by superoxide. The latter possibility was supported
by the finding that the nitrotyrosine content of glomeruli from diabetic mice which
overexpress SOD1 was significantly lower than that of the nontransgenic db/db mice,
an index of reduced glomerular peroxynitrite formation in the SOD1 overexpressors
(70). An interaction between NO and superoxide in the regulation of systemic blood
pressure and GFR in STZ diabetic rats has also been described (174). Thus, chronic
administration of the NOS inhibitor L-NAME induces systemic hypertension and
reduces GFR in the diabetic rats. These changes are reversed by chronic treatment with
the SOD mimetic tempol (174).

CONCLUSIONS

DN is the leading cause of end-stage renal disease in most developed nations.
Mounting evidence supports a role for oxidative and glyco-oxidative stress in the patho-
genesis of DN and other diabetic complications. Multiple metabolic processes participate
in the increased generation of ROS, reactive dicarbyonyl species, or both in diabetes.
Sources include (a) increased mitochondrial electron transport activity induced by
hyperglycemia and fatty acids, (b) increased production of superoxide relative to nitric
oxide (NO) by “uncoupled” eNOS; (c) activation of nonphagocytic cell NADH/NADPH
oxidase by hyperglycemia and Ang II; (d) increased glucose auto-oxidation, and several
others. Moreover, interactions among different sources of ROS have been described,
which may further amplify cellular production of ROS in diabetes (175,176). An example
is oxidative degradation of the eNOS cofactor tetrahydobiopterin by ROS derived from
several sources (176). This in turn leads to uncoupling of eNOS and consequent
enhanced superoxide generation by the enzyme (176). Increased production of ROS in
diabetes may result in renal injury and other complications by direct cytotoxic actions
or via overexpression of physiological redox regulated signaling pathways, such as Ang II
activation of NADPH oxidase. 

Among the consequences of increased superoxide production by glomerular cells in
diabetes are inactivation of NO and enhanced formation of the highly reactive radical
peroxynitrite. In addition to direct renal cytotoxic actions of peroxynitrite, reduced
availability of NO as a consequence of its reaction with superoxide may contribute to
renal hemodynamic changes, and to increases in matrix production by MCs which
results in the expansion of the glomerular mesangium, characteristic of DN. Therapeutic
interventions targeted at interruption of redox-mediated signaling pathways, ROS-
mediated cytotoxicity, and/or the interaction of superoxide with NO have shown
renoprotective effects in experimental DN. These include exogenous antioxidants such
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as lipoic acid and genetic overexpression of superoxide dismutase. However, the clinical
efficacy and safety of antioxidant interventions in the prevention or treatment of human
DN remain to be demonstrated.
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INTRODUCTION

Since its discovery in 1991, connective tissue growth factor (CCN2; formerly named
CTGF), a member of the CCN family of genes, has been shown to have quite diverse bio-
logical functions. Our laboratory was among the first to provide evidence for a causal role
for CCN2 in the pathogenesis of diabetic nephropathy (DN). We suggested its criticality as
downstream profibrotic factor stimulated by both transforming growth factor (TGF)-β-
dependent and -independent mechanisms, and as such, a novel target for therapeutic inter-
vention. Proof is now being provided for its role in the fibrosis and sclerosis that occurs in
the glomerulus, and likely in the interstitium, in DN. This chapter will focus first on the
evidence for a causal role, second on the recently discovered mechanisms and factors
involved in regulation of CCN2, and third on the direction we envision the research
heading, including possibilities for novel therapeutics and diagnostics targeting CCN. 

CCN2: DISCOVERY AND STRUCTURE

CTGF is a cysteine-rich (CR) peptide first described as a molecule capable of inducing
proliferation of endothelial cells (1). It is now recognized that CTGF belongs to a family
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of at least six related genes, recently named the CCN family (2). The letters, C–C–N,
arise from the first letter of the first three members to be reported, CTGF, Cyr-61, and
NOV. As CTGF was the second to be reported, the newly proposed name for this mol-
ecule is CCN2. All of the members share a common motif consisting of four modules:

1. an insulin-like growth factor-binding protein domain;
2. a von Willebrand factor type-C repeat (VWC);
3. a thrombospondin type-1 repeat; and 
4. a C-terminal (CT) module (Fig. 1).

These members share a 40–60% sequence homology with the modules of the other
members. Full-length CCN2 typically exists as approx 36- and 39-kDa molecules, the
two likely representing differences in glycosylation. 

CCN2: A CAUSAL FACTOR IN THE PATHOGENESIS OF DN

Ito et al. (3) first reported the presence of CCN2 mRNA in the adult human kidney,
and suggested that increased CCN2 might be associated with renal disease. CCN2
mRNA staining in human kidney sections was faint and limited to a few areas in non-
diseased tissue, but was substantially greater among those with a variety of different kid-
ney diseases, including two cases of DN. Soon thereafter, our laboratory reported that
cultured mesangial cells (MCs) produced relatively low constitutive levels of CCN2
mRNA and protein (4). However, in an in vitro model of DN, exposure to either TGF-β, or
elevated glucose concentrations, markedly increased both the transcript and protein
levels of MC CCN2, a change accompanied by increased extracellular matrix (ECM)
accumulation (4). A causal role was indicated by the finding that exposure of cultured
MCs to rhCCN2 resulted in an augmentation of collagen and fibronectin protein levels
equal to, or greater than, those stimulated by TGF-β or high glucose levels. Furthermore,
using the db/db mouse model of human type 2 diabetes and DN, we found an early and
dramatic upregulation of CCN2 mRNA in the glomerulus (27-fold). This compared
with a mild, but statistically significant (twofold), increase in the kidney cortex (4).
Overall, these findings suggested that CCN2 was a major causal factor in DN and that
the primary source, at least at this stage of DN, was the glomerulus. The MC was the
likely contributor. Our findings were substantiated by those from a number of other
laboratories (5,6) and extended to implicate CCN2 in other renal fibrosis models,
including the streptozotocin (STZ) model of type 1 diabetes and those with reduced
renal mass, that is, in nondiabetic animals (7–10).

Tubulo-interstitial fibrosis is considered a late stage and final common pathway in
the progression to end-stage renal failure in numerous afflictions, including DN. Models
of DN share the deficiency of a lack of progression to the advanced disease seen in
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Fig. 1. Schematic representation of basic CCN2 structure. Five exons encode a signal peptide (SP), an
insulin-like growth factor-binding protein domain, a VWC, a thrombospondin type-1 repeat, and a
C-terminal (CT) module. At the junction between the domains II and III is a region proposed to act as a
hinge. (Reprinted by permission of author, B. Perbal et al., University of Paris, from Lancet, 363, 2004.)



humans, often without tubulo-interstitial fibrosis. We must therefore extrapolate from
comparable studies. However, in a partial nephrectomy rat model, CCN2 mRNA
expression is minimal in controls but increases strongly after 4–8 wk in interstitial
fibroblasts, coinciding with damage, regeneration, and fibrosis (11). TGF-β, but not
high glucose exposure, has been reported to induce increased expression of CCN2 in
cultured mouse proximal convoluted tubule cells, and rhCCN2 exposure moderately
increased fibronectin in mouse proximal convoluted tubule cells, with rhCCN2 increasing
collagen type I and III in cultured normal rat kidney fibroblasts (NRK-49F) (10,12).
This suggests then that CCN2 may also play an important role in the interstitial fibrosis
that occurs in later stage DN.

In consideration of the present data supporting a casual role for CCN2 in DN, final
proof is not yet available, but will come from in vivo blockade studies using CCN2-
specific inhibitors. Along these lines, a recent preliminary study has described the use
CCN2-specific antisense oligonucleotides (AS-ODN), administered in both STZ and
db/db mouse diabetic models (13). Using a prevention protocol, systemic treatment
was able to substantially block the upregulation of CCN2. In the STZ model, this treat-
ment resulted in a blockade of albuminuria development, and a significant attenuation
of fibronectin and mesangial matrix expansion (13). In the same report, similar results
were observed in the db/db model, with a substantial reduction in the development of
albuminuria, collagen gene expression, and mesangial matrix expansion. These prelim-
inary findings are supported by two recent peer-reviewed publications also using CCN2
AS-ODN treatments to demonstrate a causal role in nondiabetic models of renal fibrosis.
For example, CCN2 is upregulated in the proximal tubular epithelial cells of mice after
partial (5/6) nephrectomy. This upregulation can be blocked by an intravenous adminis-
tration of CCN2 AS-ODN. The increased level of TGF-β mRNA that also occurs in the
model is not reduced. This paralleled a reduction in mRNA levels of matrix molecules
as well as proteinase inhibitors, plasminogen activator inhibitor-1, and tissue inhibitor of
metalloproteinase (TIMP)-1, suppressing renal interstitial fibrogenesis (14). Furthermore,
AS-ODN directed against CCN2-specific sequences, when injected into the renal artery,
were able to markedly attenuate the upregulation of CCN2 that occurs in unilateral uretheral
obstruction, a rapidly developing model of tubulo-interstitial fibrosis in rats (15). This
treatment simultaneously and markedly attenuated the upregulation of fibronectin and
collagen type I, without affecting the expression of TGF-β and appeared to reduce the
number of myofibroblasts, but not proliferating tubule or interstitial cells.

POSITIVE REGULATORY FACTORS FOR CCN2 IN DN

We currently envision CCN2 as a very downstream mediator of ECM overaccumu-
lation and fibrosis/sclerosis in DN. This means that multiple factors act to drive (either
directly or indirectly) CCN2 activity. The schematic in Fig. 2 provides an overview of
the proposed interaction and hints to its complexity.

Altered Glucose Metabolism and CCN2 
Altered metabolism of glucose, unique in diabetes as opposed to other forms of renal

disease, is a critical factor contributing to increased CCN2 and DN. As described earlier,
the exposure of a variety of renal cell types, including MCs, to elevated glucose levels has
been shown to markedly increase CCN2 activity. This is likely to occur through at least
two pathways in vivo. First, high glucose is able to increase protein kinase C, which
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then acts to upregulate TGF-β activity (16). As described earlier, TGF-β activity is well
established as a major stimulatory factor for CCN2 production in a variety of renal and
nonrenal cells. An increase in its activity is able to then increase CCN2, via a TGF-β
responsive element on the CCN2 molecule (17).

A second pathway for glucose metabolism-driven CCN2 stimulation is via the
generation of advanced glycation endproducts (AGE). These irreversibly formed 
biochemical endproducts of nonenzymatic glycosylation have been implicated as causal
in the expansion of ECM that occurs in DN. AGE are present in the serum and in many
tissues of diabetic patients. They have the ability to covalently crosslink and biochemi-
cally modify protein structure and function. AGE exposure upregulates, in a dose-
dependent and dose-specific manner, CCN2 mRNA and protein level in dermal fibroblasts
(18). In a similar manner, the exposure of cultured MCs to AGE increases both CCN2
and fibronectin expression (19). Further support for a role of AGE in this pathway has
come from several in vivo studies using specific inhibitors of AGE formation (see the sec-
tion on nonspecific inhibitors).

Altered Hemodynamics and CCN2
A third major pathway for the upregulation of CCN2 activity in DN likely results

from increased hemodynamic stretching or sheer forces. Systemic hypertension is an
established causal factor in progressive renal disease. In experimental diabetes, one
early change is that of impaired normal dampening of blood pressure fluctuations at the
afferent arteriole of the glomerulus. This results in the exposure of the glomerulus and
its vessels to increased pressure, with pathological effects likely occurring even in the
absence systemic hypertension, but likely worsened as systemic pressure increases.
Our laboratory in conjunction with that of Kritz in Germany previously showed that the
MC, with foot-like processes attached to the perimesangial basement membrane is
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Fig. 2. Schematic diagram proposing a central role of CCN2 in the pathogenesis of diabetic
nephropathy, and the interplay of contributing factors. (From ref. 52 with permission.)



subjected to mechanical stretching force as the glomerulus expands (20,21). The MC
response to increased cyclic stretch is an upregulation of both TGF-β and ECM accumu-
lation (21). We more recently showed that this same cyclic stretch acts to markedly
upregulate CCN2 expression in MCs (4), an observation supported by the findings of
others (22). It stands to reason that provided enough time, CCN2 activity will increase
as a result of a stretch-induced TGF-β upregulation, the latter requiring 24–48 h (23).
However, we showed that CCN2 expression levels increase dramatically, as early as 4 h
following the application of cyclic stretch and remain upregulated for a least 48 h.
Collectively, this indicates that mechanical force resulting from glomerular hypertension
may act to upregulate CCN2 production and activity both through TGF-β-dependent
and -independent pathways. Increased stretch and sheer forces also act to increase
vascular permeability, which could result in increased proteinuria and the release of
vasoactive hormones. The latter, including angiotensin (Ang) II and endothelin, may
increase protein kinase C and in turn TGF-β and CCN2, either directly or indirectly
(24–28) (Fig. 2).

Inflammatory Mediators and CCN2
Recent attention has focused on inflammation and inflammatory cytokines as con-

tributing factors in the pathogenesis of DN. Along these lines we investigated the MC
response to the proinflammatory cytokine tumor necrosis factor (TNF)-α. We found that
a 24-h treatment increased MC CCN2 protein to levels similar to that induced by TGF-
β. When TNF-α was used in combination with TGF-β, there was an additive stimula-
tory effect on CCN2 protein and mRNA. This suggested that the presence of TNF-α
under inflammatory conditions would result in augmentation of CCN2 activity and thus
further enhance ECM deposition. Surprisingly, however, this same treatment with TNF-
α failed to correspondingly increase collagen type-I protein levels, but instead
decreased levels, compared with those in unstimulated cells (measured by ELISA). In a
similar manner, TNF-α markedly reduced the level of collagen type-I mRNA stimu-
lated by TGF-β (manuscript submitted). When the exposure was extended to a second
treatment, i.e., over a 6 d total period, neither TGF-β nor TNF-α alone simulated CCN2
protein production, but in combination did synergistically increase CCN2 protein accu-
mulation. These findings demonstrate the complexity of examining and interpreting the
role of multiple cytokine interactions. Although such studies do not appear to have
been done previously, TNF-α (in the absence of other cytokines) was reported to have
no effect on constitutive CCN2 protein levels in cultured human scleroderma fibroblasts
(29), primary bovine aortic endothelial cells (30), and murine 3T3 fibroblasts (31).
However, increased TGF-β and TIMP-1 in MCs occurred following treatment with
TNF-α and TGF-β in combination (32). Increased TGF-β would then be expected to
further increase CCN2 and ECM accumulation. Our results suggest that in rat MCs,
TNF-α does not act directly on CCN2 gene expression at the level of transcription but
may instead have a posttranslational effect, perhaps via the modulation of levels of
TIMP-1 and/or matrix metalloproteinase (MMP)-3 as described earlier (submitted for
publication). The response of MCs to CCN2 then, may be greatly modified in the pres-
ence of TNF-α. Other cytokines including platelet-derived growth factor, vascular
endothelial growth factor, and endothelin may also have a regulatory, or modifying,
effect on CCN2 activity. Reactive oxygen species are likely to upregulate CCN2
activity. Although there does not appear to be information addressing this element in kid-
ney cells, it has been reported that hydrogen peroxide increased CCN2 mRNA levels in
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a dose-dependent manner in human lens epithelial cell line B3 (33). Message levels
were increased as early as 2 h poststimulation, suggesting that the response was inde-
pendent of TGF-β. This is supported by the additional finding that same exposure failed
to stimulate either TGF-β mRNA expression or that of plasminogen activator inhibitor-1.
The upregulation of CCN2 expression was blocked by AG490, an inhibitor of Janus
kinase (33).

Genetics and CCN2
Genetics are thought to play a role in the development and progression of DN, and

may be a key factor in explaining why 30–40% of diabetic patients progress to DN,
whereas the remaining live free of the disease for decades. Although implicated, the
exact contribution(s) of genetics is not yet clear. As depicted in Fig. 2, it is thought that
the genetic background may act at the levels of altered glucose metabolism and altered
hemodynamics. We investigated the possibility that genetics might also operate at the
level of CCN2 regulation, with differences in genetic background determining the level
of constitutive CCN2 produced, or the potential for the cellular response to upregulation
of CCN2. To test this, MCs were isolated from the glomeruli of two different mouse
strains. These strains model the two outcomes described above for patients with diabetes,
namely those who have a propensity (ROP; B6 mouse; Jackson Labs) or resistance
(C57BL/6 mouse; Jackson Labs) for developing progressive DN (34). After switching
these early passage MC cultures to serum-deprived conditions, CCN2 protein and
mRNA expression were determined. Interestingly, the cultures from the DN susceptible
ROP strain produced CCN2 protein levels that were nearly twofold greater than those
produced by the MCs from the DN-resistant C57B/6 strain. A correspondingly similar
increase in CCN2 mRNA level was obtained from the DN-susceptible strain as
compared with the resistant strain. These findings suggest that genetic differences at
the MC level may be reflected in the baseline levels of CCN2 produced, and may there-
fore influence directly the potential for development of DN.

Many, if not all, of the factors outlined in Fig. 2 are likely to interact in DN to upregu-
late CCN2 and to drive the overaccumulation of ECM that characterizes the disease.
Additionally, once upregulated, CCN2 may be able to autoinduce its own activity. We
found that MCs, when exposed to rhCCN2, increased the expression of CCN2 transcripts
fourfold (4). In fact, the level of induction was equal to that in response to TGF-β at 2
ng/mL. We did not find the reverse to be true, that is, rhCCN2 (even at 20 ng/mL) failed
to upregulate TGF-β message levels.

THERAPEUTIC INTERVENTION TARGETING CCN2

Because CCN2 appears to exert its effect in a very downstream manner, concerning
injurious factors in DN, it would seem to be a potentially attractive therapeutic target.
In fact, we first began our investigations into the role of CCN2 in DN seeking a new
downstream element that might provide advantages over targeting molecules such as
TGF-β. For example, TGF-β, an established profibrotic factor is ubiquitous, exists in
multiple isoforms, and appears to play a role in a diverse array of biological functions
including immune surveillance. CCN2 as a factor acting downstream of TGF-β and
with the potential to also be stimulated independently of TGF-β would appear, a priori,
to be a potentially more effective target. However, as recent evidence is solidifying its
role as an important causal factor, it is also becoming increasingly clear that CCN2,
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like TGF-β, is important in a diverse array of biological functions. Furthermore, it is
produced under a variety of different stimuli, and in many organs. It is also present in
circulation, and is excreted in urine (35). It will be important to determine the effect, if
any, of chronic reduction in CCN2 on normal physiology. This may define a necessity
of developing CCN2 inhibitory agents that are site specific. Current evidence suggests
a number of agents, or methods, for negatively regulating CCN2 (Table 1).

Specific Inhibitors of CCN2
One method for the control, or inhibition, of CCN2 activity may be the administra-

tion of neutralizing antibodies. Antibodies directed against CCN2 have been generated
in a number of different species, and to different sites on the molecule, and may there-
fore seem to have potential as therapeutic agents. However, very few of these antibodies
have been reported to demonstrate neutralizing activity. In fact, we have observed that
some anti-CCN2 antibodies not only fail to neutralize, but may actually enhance CCN2
biological activity (unpublished observation). The mechanism for this enhancement is
not known. However, our observation is supported by a recent study of both polyclonal
and monoclonal antibodies generated to full-length CCN2. The authors reported that
most antibodies produced were directed against the VWC module, and were not
neutralizing. One antibody that bound to the CT module was able to neutralize the pro-
liferative effect of CCN2 on chrondrocytes. They also found that most of the antibodies
enhanced the proteoglycan synthesis by these cells (36). At least one company, however,
has developed a human anti-CCN2 monoclonal antibody that is currently in an open-
label, phase-I clinical trial (FibroGen public announcement, October 27, 2004) and
plans to enter phase II with an indication of pulmonary fibrosis. The results of these tri-
als should be most interesting. 

Our laboratory has been interested in the development of inhibitors of CCN2 RNA
regulation and utilization in the form of both AS-ODN and siRNAs. This approach has
the potential advantage of highly specific targeting. Some of the greatest obstacles to
this technology, however, involve delivery to the target organ and proof of limited off-
target effects. These factors are often not effectively addressed in initial reports.
Nevertheless, AS-ODN to CCN2 administered via the renal artery has been reported to
successfully attenuate the fibrosis observed in the unilateral uretheral obstruction
model, as described earlier. This ostensibly, is a reasonable model to test such agents
because of the rapid development of fibrosis. However, the use of such an agent to treat
chronic kidney disease will likely require a long-term stable agent and the acceptability
of an oral or infrequent intravenous parenteral administration, with targeted delivery to
the appropriate renal site.
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Table 1
Potential Candidates for Therapeutic Intervention of CCN2 Activity

CCN2-specific inhibitors CCN2-nonspecific inhibitors Endogenous CCN2 inhibitors

Antibodies ACEI/ARBs IFN-γ
AS-ODNs Cyclooxygenase inhibitors BMP-7
siRNAs AGE inhibitors Others ??

CCN2, connective tissue growth factor; ACE, angiotensin II-converting enzyme; ARB, angiotensin II
receptor blockers; IFN, interferon; AS-ODNs, antisense oligonucleotides; BMP, bone morphogenic pro-
tein; AGE, advanced glycation endproduct.



Nonspecific Inhibitors of CCN2
As described earlier, Ang II is likely an important positive regulatory factor for CCN2,

and may help to explain the ability of angiotension II- converting enzyme (ACE) inhibitor
therapy to slow progression in at least some patients. Understanding how this effect is
mediated may lead to improvement within these classes of drugs. Several studies have
shown the ability of ACE inhibitors, or angiotension II receptor blockers (ARBs) to reduce
CCN2 expression in vitro (27,37). Another potential method for indirectly targeting
CCN2 would be one directed at altered glucose metabolism. For example, a 32-wk treat-
ment of diabetic rats with aminoguanidine, an inhibitor of AGE formation, was reported
to prevent the expression of excess expression CCN2 and fibronectin (19). In another
study with STZ-induced diabetes in rats, similar effects were seen with both early (16-wk)
and late (8-wk) treatment with aminoguanidine. Both reduced TGF-β and CCN2, as
well as the albumin excretion rate, blood pressure, and renal hypertrophy. However, the
glomerulosclerotic index, tubulo-interstitial area, renal collagen, and TGF-β only showed
improvement with the early treatment (38). Finally, another method for potential indirect
targeting of CCN2 is suggested by a study reporting that chronic aspirin treatment in
diabetic rats effectively suppressed CCN2 induction and fibronectin expression, and
significantly attenuated mesangial expansion (39). This treatment also inhibited the
upregulation of TGF-β. In cultured MCs, aspirin treatment abolished high glucose-stim-
ulated CCN2 upregulation, suggesting that modulation of the cyclooxygenase pathway
may slow the progression of DN via a downregulation of multiple elements impacting
on CCN2 and ultimately ECM accumulation (39).

Endogenous Factors as Therapeutics
We are currently exploring the possibility of utilizing endogenous mechanisms that

are part of the normal control of CCN2 expression and/or activity in the kidney. Along
these lines, previous reports have suggested that the interferon (IFN)-γ may act to slow
the development of pulmonary fibrosis by its ability its ability to downregulate TGF-β
(40–42). We examined IFN-γ as a possible negative regulatory cytokine for CCN2.
However, in our hands, a 24-h exposure of MCs to IFN-γ alone (50 U/mL) had no
effect on CCN2 or collagen protein expression measured at 3 d poststimulation, and
failed to block the induction by TGF-β of CCN2 or collagen type I, over a dose range
of 5–500 U/mL (manuscript submitted).

Certain of the bone morphogenic proteins (BMPs) may also be endogenous negative
regulatory factors for CCN2 activity. For example, BMP-7 is able to repress CCN2
expression in MCs (43). However, this treatment also reduces the activity of TGF-β. It
has apparently not yet been determined if the effect on CCN2 can occur independent of
TGF-β. These findings are particularly interesting because, the primary organ for pro-
duction of this cytokine/hormone appears to be the kidney. Production and circulation
of BMP-7 appears to be greatly reduced in chronic kidney disease, being most apparent
in end-stage renal disease. In models of DN it has been demonstrated that the replace-
ment of BMP-7 (i.e., treatment with rhBMP-7) is able to ameliorate progression of disease
(44,45). The treatment of human patients with a systemic administration of BMP-7 does
not appear to have as yet been reported. As an additional note, it has been shown that
CCN2 can directly bind BMP-4 and TGF-β1 through its CR chordin-like domain  (shown
in Fig. 1 as VWC domain) and antagonizes BMP-4 activity (46), indicating a possible
coregulation by some of the members of these two different families of molecules. 
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A number of studies have indicated a role for hepatocyte growth factor (HGF) as a
potential endogenous antifibrotic factor, although some original reports suggested the
reverse effect. A human HGF (hHGF) plasmid administered by intramuscular injection
over a 30-d period in rats, with early and advanced STZ-DN, upregulated endogenous
HGF expression in kidney (47). This gene therapy did not improve early DN but
reduced albuminuria and was reported to induce a regression of mesangial expansion
and glomerulosclerosis in advanced DN (47). These findings were associated with sup-
pression of renal TGF-β1, and mesangial CCN2 upregulation, and were therefore sug-
gested as an innovative therapeutic strategy to treat advanced DN. Endogenous
administration of HGF to mice transgenic for TGF-β expression and with an added par-
tial nephrectomy, counteracted TGF-β1 through attenuation of CCN2 induction, and
was reported to prevent renal fibrogenesis (48).

PREDICTING THE ONSET AND PROGRESSION OF DN

One of the problems inherent in the treatment of DN is that of early diagnosis. More
effective treatment, or prevention, might be possible if these 30–40% of patients des-
tined to develop DN could be identified before the formation of irreversible renal damage.
Microalbuminuria, often considered a predictor, is most likely an indicator of already
established renal disease. We showed, for the first time, that CCN2 is present in urine
of healthy individuals as well as in rodents (35). Interestingly, the amount (and possibly
the molecular form) of urinary CCN2 is altered early in DN. This occurred both in
humans and in rodent models and suggests that the measurement of urinary CCN2 may
be a predictor of those patients destined for development of disease. In support of this
hypothesis, we also examined glomerular mRNA levels for CCN2 from kidney biopsy
of living renal donors (n = 10), and patients with type 1 diabetes and normoalbuminuria
(n = 12), microalbuminuria (n = 5), and overt proteinuria (n = 6) (49). Values were
established for those falling within the 95% confidence interval (CI) for the live donors
and those falling within the 95% CI for those with abnormal albuminuria. After 44 mo
of follow-up, one patient converted to from normoalbuminuria to microalbuminuria.
This was the only patient in the study whose CCN2 mRNA levels were above the 95%
CI of the living renal donors (49).

In addition to urine and renal tissue, CCN2 is present in circulation. A recent study
using an antibody that measures the amino-terminal fragment of CCN2, reported an
elevation of the molecule in the plasma of patients with type 1 diabetes and nephropa-
thy that correlated with proteinuria and creatinine clearance (50). In another recent
investigation, we studied 18 patients who were either proteinuric (0.2–4.9 g/dL) and/or
who had elevated serum creatinine levels (1.2–3.8 mg/dL). Spot urine samples were
collected, measured by ELISA for urinary CCN2, and the relationship to creatinine,
urinary protein, and/or blood pressure studied. We found a significant and positive
relationship between the level of CCN2 excretion and the levels of both proteinuria, as
well as serum creatinine. Perhaps most remarkable, however, was the highly positive
correlation (R2 0.878) between urinary CCN2 levels and mean arterial blood pressure.
The latter results support the findings from our in vitro modeling experiments, indicating
that intraglomerular hypertension and the resulting mechanical strain are critical
determinants for the positive regulation of CCN2, and thus the development of renal
fibrosis/sclerosis (51).
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CONCLUSIONS

In DN, the overall casual factors include metabolic, genetic, and hemodynamic alter-
ations. These factors interact to drive progression. We envision CCN2 as a central,
downstream mediator of the effects of these three elements. For example, pathological
force (shear or stretch) resulting from intraglomerular hypertension appears to stimu-
late the production of cytokines including CCN2. This same force is likely to be respon-
sible for increased vascular permeability leading to both proteinuria and an elevated
production of vasoactive hormones such as Ang II and endothelin, which in turn also
elevate CCN2 and further enhance the mechanical force. The abnormal accumulation
of AGE that occurs with the altered metabolism of glucose present in DN may also
work to directly increase ECM crosslinking and accumulation, as well as to stimulate
CCN2 activity. The genetic background of the individual can influence the elements of
hemodynamics and metabolism and, as a result, the pathways described. However, the
genetic background may also exert its effect at a more direct cellular level, seen as a
differential cellular capacity for production of, and perhaps response to, CCN2. In con-
sideration of intervention, recent information has suggested a number of potential methods
for therapeutically reducing or preventing the increase in CCN2 in DN. These include
both specific as well as nonspecific targeting of CCN2. Although recent animal studies
appear encouraging, most have utilized prevention, rather than treatment, protocols.
Nevertheless, CCN2, as a downstream molecule in the pathway to DN, does appear to
greatly influence the accumulation of ECM and fibrosis, and is upregulated both by
TGF-β-dependent and -independent mechanisms, including possible autoinduction.
This suggests a high potential as an effective target for therapeutic intervention. As a
caveat, however, there remains much we do not know about this molecule including the
role, if any, of partial CCN2 fragments, CCN2 complexed with other molecules (including
other members of the CCN family of genes). Additionally, unknown is the effect of
CCN2 blockade, or reduction, on normal physiology including the capacity to upregulate
its activity when needed.
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INTRODUCTION

Diabetic nephropathy is the major cause of end-stage renal disease in the United
States and in many other countries (1–3). The development of diabetic nephropathy is
thought to occur as a result of an interplay between hemodynamic and metabolic factors
(4,5). The various metabolic factors, such as the renal accumulation of advanced glycation
end (AGE) products and activation of the polyol pathway, as well as hemodynamic
changes, including changes in vasoactive hormones such as the renin–angiotensin system
(RAS), act through the stimulation of various intracellular second messengers, cytokines
and growth factors to induce end-organ injury (5,6). Vascular endothelial growth factor
(VEGF), originally known as vascular permeability factor because of its ability to stimulate
vascular permeability, was later shown to have a mitogenic effect in endothelial cells
(7,8). Indeed, VEGF was shown to stimulate angiogenesis (8) and has subsequently
been postulated to play a role in the pathogenesis of various complications of diabetes
(9). In this chapter, we will discuss the role of VEGF, as yet not fully delineated in the
development of diabetic nephropathy.
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VASCULAR ENDOTHELIAL GROWTH FACTOR

VEGF and its functions have been described in many excellent reviews (7–10). It is
a specific mitogen of endothelial cells and has been described as having at least five
isoforms (7,8). A number of receptors for VEGF have been described including two
specific tyrosine-kinase receptors, VEGFR-1 (flt-1) and VEGFR-2 (KDR/flk-1) (7,8).
VEGF stimulates endothelial cell proliferation and differentiation, increases vascular
permeability, endothelium-dependent vasodilatation via NO, and plays a central role in
physiological and pathological angiogenesis as well as modulating leukocyte migration
(6,8). The importance of VEGF in angiogenesis is critical as deletion of the gene in
mice results in major vascular defects and intrauterine death (11). In fact, topical application
of VEGF improves wound healing by stimulating growth factors and by mobilizing
cells, which contribute to new vessel formation (12). In addition, VEGF has been shown
to promote tumor angiogenesis with clinical trials of agents, which block VEGF dependent
pathways currently underway (7,8). VEGF has also been shown to play a role in
hematopoiesis and hematological malignancies (8).

The importance of VEGF in the pathogenesis of proliferative diabetic retinopathy
has been extensively examined. This role of VEGF has been substantiated in both animal
(13–15) and human studies (16,17) and has recently been reviewed (18).

VEGF AND THE KIDNEY

VEGF mRNA and protein have been localized to glomerular epithelial cells and
collecting duct cells using in situ hybridization and immunohistochemistry (19–22). In
addition, using sensitive techniques to assess gene expression of VEGF, the presence of
three isoforms of VEGF in fetal kidney and cortex, isolated glomeruli and medulla of
human adult kidney has been demonstrated. Gene expression of the two tyrosine kinase
receptors has been reported in endothelia from glomerular and peritubular capillaries in
fetal and adult kidneys (19,21,22). The presence of both VEGF and its receptors within
the kidney suggests that this factor may play an important role in renal physiology and
pathology. The importance of VEGF in development of glomerular abnormalities and
disease has been investigated in genetically modified mice with specific loss or gain of
VEGF function in the glomerular podocytes (23). Mice, which had complete absence
of VEGF in the podocytes, died at birth or within 18 h of birth, some of them being
born with hydrops as seen in congenital nephrotic syndrome. The mice, which were
heterozygotic for podocyte VEGF, developed endotheliosis and “bloodless” kidneys
by 2.5 wk of age, which progressed to nephrotic syndrome and end-stage renal failure
by 9–12 wk of age. Overexpression of VEGF led to a form of collapsing glomerulopathy
(23). These studies demonstrate the importance of regulation of glomerular VEGF and
the development of renal disease as a result of both under- and overexpression of this
growth factor. Interactions between important renal factors and the release of VEGF
have also been described. For instance, angiotensin II stimulates the release of VEGF
from human vascular (24) and mesangial cells (25).

VEGF AND NONDIABETIC RENAL DISEASE

Shulman et al. (26) examined the expression of VEGF in renal biopsies of a series of
patients with various renal diseases including diabetic nephropathy. They found a
decreased number of cells expressing VEGF in areas of focal glomerular sclerosis in
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the setting of amyloidosis, diabetes, crescentic glomerulonephritis, and diffuse endo-
capillary proliferative glomerulonephritis associated with systemic lupus erythematosus
(26). In a previous study we have found decreased VEGF gene expression in a series of
patients with minimal change disease (27). These findings have been interpreted to be
consistent with VEGF being important for the repair of renal tissue, as previously pos-
tulated by other investigators (28).

VEGF IN EXPERIMENTAL DIABETIC KIDNEY DISEASE

The possible role of VEGF in diabetic nephropathy has been investigated in several
animal models of diabetes mellitus, initially in essentially descriptive studies but more
recently in experiments in which the effects of VEGF have been blocked. Cooper et al.
(21) demonstrated an early and sustained increase in VEGF gene and protein expres-
sion in the visceral epithelial cells of the glomerulus from rats with streptozotocin-
induced diabetes. On the other hand, the expression of VEGFR-2, mainly in the
glomeruli was increased at the earlier 3-wk time-point but not at 32 wk, suggesting a
more important role for VEGF in the earlier stages of diabetic renal disease. A similar
increased expression of VEGF mRNA and protein has been reported at early time-
points in the development of nephropathy in spontaneously diabetic rats. These investi-
gators suggested that hypoxia and cAMP played a regulatory role in the expression of
VEGF at the onset of diabetes (29). Changes in VEGF expression have been examined
in a longitudinal manner in Otsuka-Long-Evans-Tokushima-Fatty rats, a model of type-2
diabetes mellitus. These rats had increased albuminuria throughout the study (30).
Urinary VEGF levels were greater from 25 to 37 wk and then decreased but remained
higher than observed in control rats. Urinary VEGF levels correlated with albuminuria.
VEGF was found mainly in the podocytes, as had been reported in the type-1 models of
diabetes. Interestingly, the increase in VEGF gene expression was observed in the early
period of diabetic nephropathy and was associated with increased urinary albumin
excretion. Other investigators have described similar findings in these Otsuka-Long-
Evans-Tokushima-Fatty rats (31) as well as in Zucker Diabetic fatty rats, another model
of type-2 diabetes (32).

The importance of this early increase in VEGF expression in the diabetic kidney
has been further investigated using a variety of different interventions. Monoclonal
antibodies against VEGF were administered intraperitoneally to rats with streptozo-
tocin diabetes. The antibodies were shown to inhibit serum VEGF levels and caused
a decrease in hyperfiltration, albuminuria, and glomerular hypertrophy (33). As
experimental diabetes is associated with renal hypertrophy, Schrijvers et al. (34) used
another model of glomerular hypertrophy induced by high protein intake in mice.
The administration of a neutralizing antibody to VEGF prevented the glomerular
hypertrophy in that model but had no effect on kidney and body weight, consistent
with a specific action of VEGF on glomerular hypertrophy. Furthermore, these inves-
tigators demonstrated in a mouse model of obese type-2 diabetes the db/db mouse
that the administration of a neutralizing VEGF antibody resulted in attenuation in the
increases in kidney weight, glomerular volume, and basement membrane thickness,
seen in untreated diabetic mice (35). In addition the increase in creatinine clearance,
a relatively crude marker of hyperfiltration, was prevented. These findings are consis-
tent with the view that direct inhibition of VEGF may prevent the renal damage seen
in diabetes.
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Of particular interest is whether other agents, which ameliorate diabetic nephropathy,
work through VEGF-dependent mechanisms. Diabetic rats were treated with either an
angiotensin converting enzyme inhibitor (ACE-I) (enalapril) or an angiotensin II receptor
blocker (ARB) (candesartan) (36). Both treatment regimens reduced the urinary
excretion of albumin, whereas only the ACE-I attenuated renal VEGF protein content,
consistent with the antialbuminuric effect of ACE inhibition, which may be partly via
reducing renal VEGF accumulation. Recently Satoh et al. (37) examined the effects of
an ARB and a calcium channel blockade in hypertensive Wistar fatty rats, a model of
type-2 diabetes. ARB administration reduced blood pressure and the increase in urinary
albumin excretion, whereas the calcium channel blocker did not affect albuminuria
despite reducing blood pressure to a similar extent. The ARB reduced renal expression
of VEGF, whereas the calcium channel blocker had no effect on this growth factor. The
authors concluded that in this model the concomitant systemic hypertension accelerates
nephropathy through hemodynamic mechanisms involving angiotensin II’s action on
VEGF synthesis. Of interest is the report showing that the administration of a cyclo-
oxygenase-2 inhibitor to a rat model of diabetes and hypertension resulted in the reduc-
tion of several putative mediators of renal injury including PAI-I, VEGF, and tumor
growth factor (TGF)-β1 (38). This was associated with a decrease in proteinuria and
mesangial sclerosis, suggesting that various mediators of renal disease in diabetes, such
as VEGF may involve cyclo-oxygenase-2 dependent pathways. In a study to determine
if HMG Coenzyme A reductase inhibitors influence the progression of diabetic
nephropathy diabetic rats were treated with losartan (ARB), simvastatin or both (39).
Injury to the kidney was attenuated by losartan but not by simvastatin. Both drugs indi-
vidually and in combination resulted in a similar attenuation of the increase in not only
glomerular expression of TGF-β1 but also VEGF. However, only the combination
resulted in a reduction in the plasma concentrations of urea and creatinine.

In a study investigating the relationship between AGE products and the intracellular
second messenger, protein kinase C (PKC) in diabetic nephropathy, diabetic rats were
treated with pharmacological approaches to attenuate renal AGE accumulation, either
the crosslink breaker, ALT-711 or the inhibitor of AGE formation, aminoguanidine
(40). Both treatments reduced the glomerular deposition of AGEs and attenuated
increased expression of certain PKC isoforms. However, the increased renal expression
of VEGF was attenuated only by ALT-711 and not by aminoguanidine. Further studies
indicated that ALT-711, in both in vitro and in vivo experiments, inhibited phosphory-
lation of the PKC-α isoform suggesting a link between certain PKC isoforms and VEGF
expression. The importance of the PKC-α isoform has been further suggested in exper-
iments in which induction of diabetes in PKC-α–/– mice was associated with reduced
renal VEGF expression and interestingly less albuminuria (41).

In an attempt to correlate the effects of VEGF with other angiogenic growth factors,
Rizkalla et al. (42) measured the expression not only of VEGF and the receptor VEGF-R2
but other angiogenesis related factors such as, angiopoietin (Ang)-1, Ang-2, and their cog-
nate receptor, Tie2 in diabetic rat, kidneys. Furthermore, the investigators assessed the
effects of blockade of the RAS with AT-1 and AT-2 receptor antagonists on these growth
factors and their receptors. Diabetes was associated with increased gene and protein expres-
sion of VEGF, the VEGF receptor VEGFR-2, Ang-1, Ang-2, and Tie-2. Blockade of the
AT-1 receptor prevented the increased expression of these cytokines and their respective
receptors, whereas the AT-2 blocker had less widespread effects, reducing VEGF receptor
and Ang-1 gene expression and decreasing VEGF, Ang-1, and Ang-2 protein levels.
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Although not directly relevant to this chapter, further evidence linking the RAS to
expression of VEGF, related proteins and receptors has been described in AII infused
rodent kidneys (43) as well as in the diabetic retina (44) and in a nondiabetic model of
retinal neovascularization (45).

VEGF AND RENAL CELLS: IN VITRO STUDIES

VEGF signaling and production has been assessed in cultured mesangial cells, in
response to high glucose concentrations. The high glucose concentration resulted in
increased VEGF mRNA and protein expression. This increase was prevented by inhibi-
tion of PKC (46,47). Other investigators have demonstrated VEGF production in
glomerular endothelial cells, proximal and distal tubular cells as well as confirming the
mesangial cell findings (25,48,49). High ambient glucose concentrations have also
been shown to stimulate production of VEGF in mouse podocytes (50). Exogenous
VEGF stimulated the production of α3 (IV) collagen by immortalized mouse podocytes
(51). SU5416, a pan-VEGF receptor inhibitor prevented the increase in VEGF-stimulated
collagen production and collagen production secondary to TGF-β1 seen in this model
(51). However, VEGF had no effect on α5 (IV) collagen. These results suggest that
podocyte-derived VEGF may play an important role in collagen production in diabetic
glomerulopathy and that TGF-β1 induced matrix accumulation may work partly through
this mechanism. In a subsequent study by the same group, pilot results suggest that the
stimulatory effect of TGF-β1 on α3 (IV) collagen is partly dependent on the podocyte’s
endogenous VEGF system, operating in an autocrine loop, possibly involving the receptor,
VEGFR-1 and signaling through the PI3 kinase and PKC pathways (52). AGE products
and angiotensin II, stimuli highly relevant to the diabetic milieu, have also been reported
to induce VEGF secretion in cultured human mesangial cells (25,49,53). Moreover,
VEGF stimulation of endothelial cells caused an increase in nuclear factor-κB and an
increase in ACE further extending the relationship, probably a two way interaction,
between VEGF and the renin-angiotensin system (54,55).

VEGF IN DIABETIC NEPHROPATHY IN HUMANS

In spite of the large amount of experimental evidence implicating VEGF in the
development of experimental diabetic nephropathy, there is a lack of convincing evidence
of a pivotal role for VEGF in human diabetic nephropathy. Of interest is a patient described
by Baba et al. (56). This patient had a syndrome known as POEMS (polyneuropathy,
organomegaly, endocrinopathy, monoclonal gammopathy, and skin changes) and type 2
diabetes for 30 yr, when he died from cardiac failure. Plasma levels of VEGF had been
markedly elevated, yet before death renal function was not severely impaired and at
autopsy there were only slight glomerular changes. Thus, it is possible that rather than
VEGF playing a pathophysiological role in the diabetic kidney, it acts as a survival factor
protecting the kidney from ongoing injury. A recent report has described various VEGF
gene polymorphisms in a large group of diabetic patients with retinopathy and nephropa-
thy (57). The VEGF-460 polymorphism was associated with retinopathy, but neither this
nor the other polymorphism was associated with nephropathy. This would suggest the
importance of this specific VEGF gene polymorphism in retinopathy, but not nephropathy.
However, most of the current evidence is not uniform in its findings with respect to VEGF
and diabetic nephropathy and thus it is virtually impossible to draw definite conclusions at
this stage. It needs to be noted that various methods have been used to examine the role of
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VEGF in diabetic patients and thus it is difficult to compare the results among the various
studies. The studies can be divided essentially into two types of clinical investigation. First,
VEGF has been measured in body fluids including serum, plasma, or urine and then these
levels have been linked to various biochemical markers of diabetic nephropathy. Second,
investigations have assessed the expression of VEGF gene, VEGF protein, and VEGF
receptors in histological specimens.

VEGF Levels in Plasma, Serum, or Urine
In a group of patients with both types of diabetes, serum VEGF concentrations were

found to be increased, especially in those with proliferative retinopathy (Table 1).
Furthermore, levels of VEGF were higher in patients with macroalbuminuria than in
those with lesser degrees of albuminuria (58). Indeed, there was a significant correla-
tion between serum VEGF concentrations and albuminuria. Similar findings have been
reported in a group of type-2 diabetic subjects with serum creatinine concentrations
less than 2 mg/dL (46). However, in a large group of patients with type-1 diabetes,
plasma VEGF concentrations were only increased in males but not females with
nephropathy (micro- or macroalbuminuria) (59). Serum VEGF levels were found to be
increased in preschool, prepubertal diabetic children and to be markedly increased in
adolescents with microvascular complications (60). In a group of type-1 diabetic chil-
dren and adolescents, who were followed for 8 yr, initial VEGF levels were increased
in those subjects who subsequently developed microalbuminuria (61). In another study,
Lenz et al. (62) found serum concentrations of the VEGF isoform, VEGF165 to be
increased in type-1 diabetic patient, who were receiving ACE-I or ARBs. Another group
reported that plasma VEGF concentrations were increased in hypertensive diabetic
individuals and this measurement correlated with urinary excretion of albumin (63). In
a study of type-2 diabetic patients with or without cardiovascular disease, Lim et al.
(64) observed increased serum VEGF concentrations in diabetic subjects, which corre-
lated with serum Ang-2 concentrations. These authors also noted that HbA1c predicted
the levels of VEGF. By contrast, some investigators have not been able to demonstrate
an increase in serum or plasma VEGF in diabetic subjects with or without complica-
tions. Serum VEGF and basic fibroblast growth factor levels were unchanged in a group
of type-1 diabetic children and adolescents without clinical complications when com-
pared with nondiabetic children (65). Furthermore, in a large group of type-1 diabetic
subjects, who participated in the EUCLID study, there was no correlation between
plasma VEGF concentrations at baseline and duration of diabetes or glycemic control
(66). As one would have predicted, there was a tendency for the plasma VEGF level to
increase in those patients with proliferative retinopathy. In another study in type-2 diabetic
patients, plasma VEGF concentrations were not related to the degree of nephropathy
(67). Another group found a nonsignificant increase in serum VEGF concentrations in
type-2 diabetic, hypertensive patients, but there was no correlation between this growth
factor and renal function and metabolic control (68). Finally serum VEGF165 levels
were not different in type-2 diabetic subjects with varying degrees of albuminuria (69).
At this stage, measurement of serum VEGF does not appear to contribute significantly
to the understanding of the involvement of VEGF in the pathogenesis of diabetic
nephropathy and other diabetic complications.

Urinary excretion of VEGF seems to be a better marker of renal involvement in diabetes.
Cha et al. (46) showed in type-2 diabetic patients, that urinary VEGF excretion was
greater in those subjects with macroalbuminuria than in those with microalbuminuria,

192 Boner and Cooper



VEGF and Diabetic Nephropathy 193

Table 1
Circulating and Urinary VEGF Levels in Relation to Diabetic Nephropathy

No
and description 

Ref no./yr of subjects Results

58/1997 20 T1, 56 T2 Serum VEGF increased in diabetics, highest in 
proliferative retinopathy. Significantly higher in
macro than micro.

65/1998 40 T1 No clinical Serum VEGF and basic fibroblast growth factor
complications no different from control.

46/2000 73 T2 SCr <2 Plasma VEGF–macro>micro or normo.
Urine VEGF–macro>micro>normo.

59/2000 199 T1 Plasma VEGF increased in nephropathy
(micro + macro), but only in males.

60/2000 196 T1 Serum VEGF significantly increased in preschool,
prepubertal and pubertal diabetics, and
markedly elevated in adolescents with micro-
vascular complications. Increased VEGF with
poor control and improved with glycemic control.

61/2001 101 T1 Initial plasma VEGF higher in those developing
micro.

8-yr follow-up.
66/2001 299 T1 No correlation between plasma VEGF at baseline

(EUCLID) and duration of diabetes and glycemic control.
Tendency to increase in proliferative retinopathy
No effect of ACEI.

67/2002 71 T2 Plasma VEGF not related to degree of nephropathy.
62/2004 35 T1, 37 T2 Serum VEGF 165 increased in T1 receiving

ACEI/ARB.
Urine VEGF no different in diabetics to healthy

subjects.
Correlation between urine VEGF and albuminuria

in T2.
63/2004 107 T2 Plasma VEGF increased in hypertensive diabetic,

correlated with ACR.
Urine VEGF increased with advancing disease 

and correlated with ACR.
68/2004 50 T2 + Serum VEGF higher in diabetic than normal

hypertension subjects (not significant). No correlation with
renal function and metabolic control.

64/2004 94 T2 ± cardio- VEGF increased in diabetics. VEGF correlated
vascular disease with increased Ang-2 and HbA1c predicted

increased VEGF.
69/2005 107 T2 Serum VEGF 165, no different in varying degrees

of albuminuria.
Urine VEGF and soluble FLT-1 (VEGFR-1)

increased and correlated with degree of 
albuminuria.

Abbreviations: T1, type-1 diabetic patients; T2, type-2 diabetic patients; macro, macroalbuminuria;
micro, microalbuminuria; normo, normalbuminuria; ACE-I, angiotensin converting enzyme inhibitor;
ARB, angiotensin receptor blocker; ACR, urine albumin/creatinine.



with nonalbuminuric patients having the lowest levels of VEGF in their urine. However,
Lenz et al. (62) found that urinary VEGF excretion was similar in diabetic subjects in
comparison with healthy controls. Nevertheless, these authors showed a correlation
between urinaryVEGF levels and albuminuria in type-2 diabetic patients. Two recent
studies have reported increased urinary VEGF excretion in type-2 diabetic patients and
correlated this finding to the degree of albuminuria (63,64). Furthermore, it has been
shown that these changes were associated with increased excretion of the soluble VEGF
receptor Flt-1 (VEGFR-1). Thus, overall there appears to be a correlation between the
magnitude of urinary VEGF excretion and the degree of renal involvement in diabetic
subjects and this has been interpreted as consistent with a local role for VEGF in the
pathogenesis of kidney diseases including diabetic nephropathy. 
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Table 2
Renal Expression of VEGF

Number, type 
of disease Method 

Ref. no./yr and specimen of examination Results

26/1996 5 BX IH, ISH VEGF mRNA—strong in normal glomeruli,
weak to absent in areas of sclerosis.

VEGF protein—similar.
71/2001 12 T2 BX RT/PCR VEGF 121 greater expression than VEGF 165

in glomeruli and tubulo-interstitium (TI).
KDR (VEGFR-2) and Flt-1 (VEGFR-1) in

most specimens.
In mainly TI involvement less VEGF 

and receptors.
72/2004 2 T2 PM MIH, IH Almost 100 genes were upregulated and  

5 T2 BX over 500 genes were downregulated. 
VEGF and nephrin were downregulated.
In the biopsies decreased VEGF mRNA
and VEGF protein.

70/2004 17 T2 BX RT/PCR Glomerular VEGF mRNA inversely related
to albuminuria. Mesangial expansion
inversly related to VEGF 165 mRNA 
and directly related to VEGF 121 mRNA.
VEGF and VEGFR-2 directly related.

73/2005 18 T2 BX IH, ISH VEGF protein in glomeruli and proximal 
tubule. Increased expression of VEGF 
in glomeruli in diabetes. Increased VEGF
mRNA cells in glomeruli in diabetes.
Significant correlation between VEGF
mRNA and glomerular matrix index. No
correlation with clinical parameters and
parameters of glycemic control. 
Glomerular VEGF expressed early in 
disease.

Abbreviations: T1, type-1 diabetic patients; T2, type-2 diabetic patients; PM, autopsy specimens; BX,
biopsy specimens; IH, immunohistochemistry; ISH, in situ hybridization; RT/PCR, reverse
transcription/polymerase chain reaction; MIH, microarray hybridization.



VEGF Expression in Renal Specimens
Shulman et al. (26) demonstrated significant expression of VEGF mRNA and protein

in relatively normal glomeruli but weak to absent expression of this growth factor in
areas of sclerosis (Table 2). Bortoloso et al. (70) examined the changes in VEGF gene
expression in glomeruli of 17 patients with type 2 diabetes. Glomerular VEGF gene
expression was inversely related to urinary albumin excretion. Mesangial expansion
was inversely related to the gene expression of the VEGF isoform, VEGF165 and
directly related to the gene expression of the isoform, VEGF121. The same investigators
also examined the expression of VEGF and its receptors in the tubulo-interstitium in
renal biopsies from 12 patients with type 2 diabetes (71). They demonstrated VEGF
mRNA in all kidney samples, whereas the VEGF receptors, KDR, (VEGFR-2), and Flt-1
(VEGFR-1) were found in most but not all specimens. Furthermore, the expression of
VEGF121 was greater than VEGF165 in glomeruli and interstitium. In the patients
with mainly tubulointerstitial involvement there was a decreased expression of VEGF
and its receptors. The investigators concluded that the VEGF system is crucial in main-
taining the structural and functional integrity of the kidney. Baelde et al. (72) used a
microarray strategy to profile gene expression in kidneys taken at autopsy from two
patients with type 2 diabetes and specifically examined gene and protein expression of
VEGF and the podocyte specific slit pore protein, nephrin in biopsy specimens from
five individuals with type 2 diabetes. More genes were downregulated than were upreg-
ulated in the diabetic kidneys in comparison with the normal kidney. Specifically,
VEGF and nephrin gene expression were downregulated in the microarray experiments.
Furthermore, in the biopsy specimens the gene and protein expression of both nephrin
and VEGF were decreased. Kanesaki et al. (73) have recently examined the expression
of VEGF in open renal biopsies taken from 18 patients with type 2 diabetes. VEGF
protein was demonstrated in the glomeruli and proximal tubule. There was increased
expression of VEGF in glomeruli from the diabetic subjects. The authors also found a
significant correlation between VEGF mRNA levels and glomerular extracellular matrix
accumulation. There was no correlation between VEGF expression and clinical param-
eters of renal injury or markers of glycemic control. These investigators suggested that
glomerular VEGF upregulation occurs early in the disease process consistent with previous
animal findings (21).

CONCLUSIONS

The role of VEGF in renal disease remains to be fully delineated, particularly in
the context of diabetes. Early on in the nephropathic process, there appears to be
upregulation of VEGF and/or some of its receptors and this could explain some of the
features of the diabetic kidney including hyperfiltration and albuminuria. As the renal
disease progresses, the pattern becomes more complex with some investigators
reporting a decrease in renal VEGF expression occurring in association with
increased renal structural damage including podocyte loss. The postulate that the
repair functions of the VEGF became impaired with increasing duration of diabetes
resulting in accelerated renal injury in progressive diabetic nepthropathy remains to
be proven. Preliminary studies using various approaches to inhibit VEGF levels or
action suggest a role for this growth factor in diabetic renal disease but these studies
are still at a very early stage with limited approaches currently available to adequately
examine this issue.
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INTRODUCTION

The pathogenesis of diabetic nephropathy (DN) can be broadly divided into hemo-
dynamic and metabolic causes, but this chapter will focus on the metabolic theories.
Among the numerous metabolic derangements in diabetes, the abnormality that plays
a central role in the pathogenesis of diabetic renal disease is overactivity of the renal
transforming growth factor (TGF)-β system. TGF-β can be thought of as a growth factor
or cytokine that causes cellular hypertrophy and stimulates the production of extra-
cellular matrix (ECM), i.e., proteins such as fibronectin, proteoglycans, and several
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collagen isotypes. These actions are especially relevant to DN, a disease character-
ized by glomerular and tubular hypertrophy and ECM accumulation. The consequences
of matrix buildup manifest as arteriolar hyalinosis, glomerular basement membrane
thickening, mesangial matrix expansion (glomerulosclerosis), and tubulo-interstitial
fibrosis. In turn, these sclerotic lesions are thought to contribute to progressive renal
dysfunction by obliterating the glomerular capillary loops and by displacing or
destroying the tubulo-interstitium, causing loss of nephron mass and progressive kid-
ney dysfunction.

EVIDENCE FOR ROLE OF TGF-β IN DIABETIC NEPHROPATHY

Koch’s postulates have classically been used to determine whether an agent is the cause
of an infectious disease, but the paradigm can be adapted to ascertain the role of TGF-β in
DN (1). If TGF-β is a causative agent, then it should be found in diabetic kidneys in
increased levels. TGF-β has been shown to be elevated intrarenally in human DN (2–5)
and in experimental animal models of diabetic renal disease, at both the mRNA and
protein levels, and in both the glomerular and tubulo-interstitial compartments (6–9).
Increased amounts of TGF-β1 (one of the three mammalian isoforms of TGF-β) are also
excreted in the urine of diabetic patients (10–12). The kidney in diabetes can also be a
source of TGF-β. When the TGF-β1 mass balance was calculated across the renal vascular
bed (in patients undergoing cardiac catheterization), it was estimated that nondiabetic
kidneys were extracting TGF-β1 from the circulation whereas diabetic kidneys were adding
TGF-β1 to the bloodstream (13).

If TGF-β contributes to DN, the increase in renal TGF-β should be attributable to the
diabetic state. High glucose, elevated angiotensin II, amadori-modified proteins, advanced
glycation endproducts, thromboxane, endothelin, platelet-derived growth factor, and
leptin have all been shown to stimulate TGF-β production by cultured renal cells, which
include mesangial, proximal tubular, interstitial fibroblast, and glomerular endothelial
cells (14–22). In humans with type 2 diabetes, the degree of glycemic control correlates
with the increase in glomerular expression of TGF-β1 (2). Even in the absence of dia-
betes, TGF-β can reproduce the deleterious effects of diabetic metabolic features on
kidney cells. For example, high glucose causes mesangial cell (MC) hypertrophy (23,24)
and stimulates collagen I and IV expression (14). In normal glucose media, exoge-
nously added TGF-β1 also promotes MC hypertrophy and ECM production (14,23).
For interstitial fibroblasts in culture, high glucose caused cellular proliferation and
stimulated collagen I synthesis (25). Likewise, exogenous TGF-β1 was mitogenic for
the interstitial fibroblast and TGF-β1 increased type-I collagen expression (25).
Finally, experiments on cultured proximal tubular cells show that high glucose and
TGF-β1 share similar actions (inhibition of proliferation, induction of cellular hyerp-
trophy, and stimulation of ECM production) (15).

Perhaps the most important part of the modified Koch’s postulates is that therapy
targeted against the causative agent should ameliorate or cure the disease. In the case of
DN, blocking the effects of TGF-β should prevent diabetes from causing renal pathology
and dysfunction. Inhibition of the TGF-β system can be achieved with a PAN-selective,
neutralizing anti-TGF-β antibody (26). Treating renal cells with this antibody, effectively
prevented high glucose and other mediators of diabetes from inducing cellular hypertrophy
and increasing matrix protein production, proving that these pathobiological effects are
mediated by the cellular TGF-β system (14,23,27,28). Even more striking, the systemic
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treatment of diabetic animals with injected anti-TGF-β antibody prevented many of the
structural and functional defects of DN, even though hyperglycemia was left untreated
(6,8). In fact, neutralizing the TGF-β system ameliorated renal hypertrophy, normal-
ized the overexpression of collagen IV and fibronectin, prevented the mesangial matrix
expansion, and preserved renal function (8). These findings constitute the strongest evi-
dence that the harmful effects of diabetes on the kidney are largely mediated by height-
ened activity of the intrarenal TGF-β system.

DETAILS ABOUT THE TGF-β SYSTEM

In mammals, the three isoforms of TGF-β, named TGF-β1, -β2, and -β3, share similar
actions in vitro but not in vivo (29,30). This is partly owing to differences in develop-
mental regulation and tissue-specific expression. In the adult kidney, TGF-β1 has been
described in tubular epithelial cells (both proximal and distal), in interstitial cells, and
to a lesser extent in glomerular mesangial, endothelial, and epithelial cells. TGF-β3 follows
a similar pattern of expression but in quantitatively lower amounts. The TGF-β2 protein
is largely restricted to the juxtaglomerular apparatus in which it may play an important
role in renin metabolism (20,31). It should be kept in mind that nonrenal cells like
platelets, macrophages, and vascular smooth muscle cells can also contribute to the
overall TGF-β activity in the kidney. Unless otherwise specified, we will focus on TGF-β1
because it is the most highly expressed isoform in the kidney and has been most closely
linked to the pathophysiology of DN (32).

The active form of TGF-β1 is a homodimer of two cysteine-rich 12.5-kDa polypep-
tide subunits derived from the C-terminal end of the gene product and linked by a single
disulfide bond. This active form can bind to its receptor and propagate a signal (33).
Normally, however, TGF-β is secreted as a latent complex that exists in a soluble form
or an insoluble form bound to extracellular matrix constituents (34,35). The latent complex
is made up of the mature TGF-β dimer linked noncovalently to a latency-associated
peptide (LAP) that is also encoded by the TGF-β gene (36). LAP imparts latency by
blocking TGF-β binding to the signaling receptor. In certain tissues including the
glomerulus, the latent complex exists in covalent association with the product of another
gene, the latent TGF-β binding protein. In the kidney, tubular epithelial cells secrete the
small latent complex (mature TGF-β1 + LAP), whereas glomerular parenchymal and
arteriolar cells secrete the large latent complex (mature TGF-β1 + LAP + latent TGF-β
binding protein) (37). This pattern of tissue expression implies potentially important
differences in activation and functional regulation of the TGF-β system between the
glomerular/vascular compartment and the tubular compartment.

The activation of latent TGF-β in vivo is largely controlled by proteases (e.g., plasmin)
that cleave the LAP from the bioactive TGF-β dimer (38). Plasmin-mediated activation of
TGF-β involves the binding of the latent form to a mannose-6-phosphate receptor on the
cell surface and then the concerted action of transglutaminase and plasmin to remove
LAP. A protease-independent conformational change of the latent complex can also occur
when thrombospondin (TSP), derived from the α-granules of platelets, allows the active
TGF-β moiety to bind to its cell-surface receptor. The TSP system may partly explain
how TGF-β1 can be activated in MCs by high-ambient glucose.

Three different receptor proteins are involved in TGF-β signaling: types I–III (39–41)
The type-III receptor, which does not signal, appears to enhance the delivery of TGF-β
to the receptors that do signal. Signaling commences when the free TGF-β homodimer
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binds to the type-II receptor. This ligand–receptor complex recruits the binding of a
type-I receptor to form a heterotetramer. Within this complex, the type-II receptor, via its
serine/threonine kinase activity, phosphorylates and activates the type-I receptor in a
glycine/serine region (42,43). Via its own serine/threonine kinase, the type-I receptor
phosphorylates the Smad proteins, which carry the TGF-β signal intracellularly.

The Smad proteins are a family of transcription factors that, so far, are the only
TGF-β receptor substrates with a demonstrated ability to propagate signals (44). After
phosphorylation by the type-I receptor, the receptor-regulated Smads (R-Smad),
Smad2 and Smad3, associate with a common partner Smad (Co-Smad), also known as
Smad4. The Smad2–Smad4 or Smad3–Smad4 complexes translocate into the nucleus
in which they can bind to the promoters of multiple genes. Optimal binding is achieved
with the 5-bp DNA sequence CAGAC, also known as the Smad-binding element
(SBE—although technically the Smad-binding element is GTCTAGAC) (45,46). In
conjunction with other transcription factors, coactivators, and corepressors, the Smad
complexes coordinate the expression of target genes (44,47) In this way, the TGF-β
signal is transduced from the cell surface to the nucleus, and the cell responds by
activating certain genes and repressing others.

Ultimately, the predominant effect of TGF-β is to promote matrix accumulation. The
matrix-stimulating effects of TGF-β involve several key systems:

• Stimulation of gene expression of matrix molecules such as fibronectin, proteo-
glycans, and several collagen isotypes.

• Inhibition of matrix degradation via a dual-pronged pathway of suppressing the
expression and activity of serine, thiol, and metalloproteinases (e.g., plasminogen
activator, collagenase, elastase, and stromelysin) as well as stimulating tissue
inhibitors of metalloproteinases and plasminogen activator inhibitor-1 (48); and

• Upregulation of integrins (the cell-surface receptors for ECM), thereby enhancing
the ability of cells to interact with specific matrix proteins.

Additionally, excess TGF-β activity is important in mediating fibroproliferative dis-
orders because of its potent chemotactic properties for macrophages and fibroblasts and
its ability under certain conditions to stimulate proliferation of fibroblasts (including
renal interstitial cells). Finally, TGF-β has the peculiar ability to autoinduce its own
expression (49,50), potentially resulting in a positive feedback loop and amplifying the
fibrotic response in some situations.

INTERCEPTING THE EXPRESSION OF TGF-β

Antisense Oligodeoxynucleotides
Inhibition of TGF-β expression can be achieved by antisense oligodeoxynucleotides

(ODNs), which bind to the complementary sequence of TGF-β mRNA and prevent its
translation (51–55). This antisense strategy was used to inhibit the TGF-β system in the
cultured proximal tubular cell (51). This cell type was chosen because in diabetes the
proximal tubule is exposed to high concentrations of TGF-β coming from the glomerular
filtrate. In addition, the proximal tubule is a site that is amenable to antisense therapy
because circulating antisense ODNs can be filtered and may accumulate in the tubular
lumen. We found in cultured proximal tubular cells that antisense ODN significantly
reduced the high glucose-induced increases in [3H]-leucine incorporation (general
marker of protein synthesis) and in TGF-β1 protein production. Furthermore, antisense
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ODN treatment of streptozotocin (STZ)-diabetic mice partially but significantly
decreased kidney TGF-β1 protein levels and attenuated the increase in kidney weight
and the α1(IV) collagen and fibronectin mRNAs (51). Therefore, therapy with antisense
TGF-β1 ODN decreases TGF-β1 production and attenuates high glucose-induced proximal
tubular cell hypertrophy in vitro and partially prevents the increase in kidney weight
and extracellular matrix expression in diabetic mice. However, it must be stressed that
the effect of antisense therapy was only partial.

An unexpected and perhaps novel way to inhibit TGF-β-induced matrix production
by antisense therapy is to target the cyclin kinase inhibitor (CKI), p21Waf1/Cip1, which is
stimulated by TGF-β and would normally inhibit progression through the cell cycle.
Using this p21Waf1/Cip1 antisense ODN, Weiss et al. (56) showed in cultured vascular
smooth muscle cells that the production and secretion of fibronectin and laminin were
markedly reduced, despite continued stimulation by TGF-β1.

BLOCKING THE ACTIVATION OF TGF-β

Furin
Before TGF-β is secreted as a 25-kDa homodimer attached to one or more peptides

that confer latency, it must first be processed from a larger, biologically inactive
precursor, pre-pro-TGF-β made up of 390 amino acids (57). Cleavage then occurs to
yield pro-TGF-β (amino acids 30–390) (58). Final proteolytic processing to yield
mature TGF-β takes place at a cluster of basic amino acids, R–H–R–R (59), that
immediately precedes the NH2-terminal of the mature TGF-β peptide. Interestingly,
the R–X–K/R–R is the optimal motif for cleavage by furin, a calcium-dependent serine
endoprotease in the family of processing enzymes called SPCs (subtilisin-like proprotein
convertases) or PCs (proprotein convertases) for short (60,61). The TGF-β1 precursor
was shown to be effectively cleaved both in vitro and in vivo by human furin, releasing
the mature TGF-β1 moiety (62). By Western blotting, pro-TGF-β was cleaved from its
55-kDa form down to the 44- and 12.5-kDa peptides that corresponded to the proregion
and the active monomer of TGF-β (62). However, other convertases in the same class
as furin could conceivably cleave pro-TGF-β. Therefore, the ability to process
pro-TGF-β was tested in the LoVo colon carcinoma cell line, which expresses all of
the proprotein convertases except for furin because of point mutations in both fur
alleles (which encode furin). In these cells, less than 5% of the TGF-β precursor was
converted into active TGF-β. Furthermore, genetic complementation with wild-type
furin significantly raised production of bioactivatable TGF-β1 (58). In a similar furin
inhibition experiment, a bioengineered serpin, α1-antitrypsin Portland (α1-PDX), was
used because it mimics the consensus sequence R–X–X–R and therefore inhibits furin
with a Ki of 0.6 nmol/L (63–66). The introduction of α1-PDX into furin-positive BSC-40
cells with a vaccinia vector diminished the release of active TGF-β1 into the culture
media by an average of 78% (58). Not only does furin cleave pro-TGF-β, but through
a mechanism involving cross-talk between the p42/p44 MAP kinase (i.e., extracellular
signal-regulated kinase or ERK) and Smad (in particular, Smad2) pathways, active
TGF-β also increases the expression of furin (67–69). This physiological coupling
between TGF-β and furin potentially sets up a system whereby TGF-β augments its
own bioavailability. All of these data strongly support the contention that furin is the
predominant convertase that is responsible for the processing of intracellular pro-TGF-β
into active TGF-β.
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Interestingly, there are no studies yet on the role of furin in renal disease. Perhaps
this is related to the widespread importance of furin in the processing of many precursor
proteins besides TGF-β. Other members of the TGF-β superfamily share the consensus
R–X–X–R motif at the junction of the proregion and the mature polypeptide.
Therefore, blocking furin may indiscriminately inhibit the processing of many TGF-β-
related proteins such as the activin/inhibins, bone morphogenetic proteins, nodal,
lefty-1, and lefty-2, all of which have important functions in growth, differentiation,
and development (70–72). It is not surprising that a loss-of-function mutation in the
fur gene results in embryonic lethality owing to several developmental defects (73).
In addition, furin processes other substrates like von Willebrand factor (74), nerve
growth factor (75), insulin-like growth factor receptor (76), and the hepatocyte growth
factor receptor (77). A more targeted approach to inhibit just the furin-mediated
conversion of TGF-β in the kidney will probably be necessary to investigate the
therapeutic utility of furin in DN.

ROLE OF THROMBOSPONDIN IN ACTIVATING TGF-β
TGF-β1 is produced as a latent complex that requires extracellular activation before

it can bind to its receptor. Although there are many physiological ways of activating
TGF-β, one mechanism involving the extracellular glycoprotein, thrombospondin, may
be particularly important in vivo (78). The TSPs are a small family of secreted, modular
glycoproteins that are similar to structural proteins but mostly function by influencing
cell–matrix interactions (79). For this reason, they have been classified as “matricellular”
proteins (79). TSP was first discovered to complex strongly with TGF-β among the
substances released during platelet degranulation (80), and then TSP was found to
possess the ability to activate latent TGF-β secreted by bovine aortic endothelial cells
in culture (81,82). This activation could occur in the absence of cells and without the
need for proteases that normally activate TGF-β such as plasmin (81). The mechanism
of TSP-mediated activation of TGF-β appears to involve two discrete peptide sequences
within the domain of the three type-1 repeats of TSP-1 (83,84). One sequence in the
first type-1 repeat (GGWSHW—amino acids 418–423, or generically the WXXW
motif) binds latent TGF-β and perhaps orients it properly, whereas the other sequence
between the first and second type-1 repeats (KRFK—amino acids 412–415) induces a
conformational rearrangement of the latency-associated peptide (LAP) at the LSKL
sequence (85), thus freeing active TGF-β (79,84,86,87). Synthetic peptides based on
the type-1 repeat sequences could potentially have therapeutic uses in modulating TGF-β
activation (88). For example, the minimal GGWSHW peptide can bind to TGF-β but
cannot activate it, thereby blocking TGF-β activation by TSP-1 (84). In therapeutic
experiments, one group was able to demonstrate that normal type-1 repeat peptides
(especially the one containing RFK) could activate TGF-β and inhibit melanoma tumor
growth, but that a mutant type-1 repeat peptide could not produce this effect (89). More
relevant to DN, MCs exposed to high glucose showed significantly suppressed levels of
bioactive TGF-β and fibronectin when treated with either the LSKL or GGWSHW
peptide (90). In another study, the synthetic GGWSHW peptide was also able to
decrease the level of biologically active TGF-β1 in the media of cultured MCs exposed
to high glucose (87). This peptide treatment completely suppressed the increases in
fibronectin and plasminogen activator inhibitor-1 expression. The same group confirmed
their finding with antisense ODNs directed against TSP-1, highlighting another potential
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means of inhibiting activation of TGF-β (87). Finally, it should be noted that despite
the evidence presented so far, at least three studies have failed to confirm that TSP
either interacts with or even activates latent TGF-β1 (91–93).

The role of TSP in diabetic nephropathy is being investigated. Type-1 diabetic patients
have elevated plasma levels of TSP-1 as do platelets from patients with diabetes (94,95).
In vitro studies show that high glucose upregulates TSP-1 expression at both the mRNA
and protein levels in MCs (96,97). Also in MC culture, it is well known that high glucose
increases the activity of TGF-β, but the mechanisms are incompletely understood (87).
One possibility is that high glucose increases the production of TSP-1, perhaps through a
protein kinase C- or TGF-β-dependent mechanism (98), and TSP-1 in turn activates latent
TGF-β and increases the synthesis of fibronectin (97) and other matrix molecules. When
cultured MCs in high-glucose media were treated with peptides that antagonize TSP-
activation of TGF-β (but not plasmin-mediated activation of TGF-β), the glucose-dependent
stimulation of fibronectin was inhibited (90). These studies demonstrate that high glucose
increases TGF-β and the resultant matrix production by the autocrine action of TSP to
convert latent TGF-β to its biologically active form.

The extent of chronic tubulo-interstitial fibrosis is another important lesion that con-
tributes to progressive renal failure in diabetic kidney disease. The role of TSP in the
pathogenesis of tubulo-interstitial scarring has not been well studied in diabetes, but
perhaps this can be inferred from studies of TSP in other sclerotic renal diseases. In one
study, the temporal and spatial expression of TSP-1 was correlated with tubulo-intersti-
tial fibrosis in several animal models of glomerulonephritis. They found that TSP-1
expression localized with and always preceded the development of tubulo-interstitial
fibrosis and that the extent of TSP-1 expression correlated quantitatively with the severity
of fibrosis (99). Similar results were found in the rat remnant kidney model in that
TSP-1 expression was frequently localized to the sites of increased TGF-β and preceded
the development of glomerular and tubulo-interstitial fibrosis (100).

ANTAGONIZING EXTRACELLULAR TGF-β

Decorin
Up to this point, we have discussed the gene expression, intracellular processing,

and extracellular activation of TGF-β. Once TGF-β is in its active homodimer form
(25 kDa) and ready to bind to its receptors, other techniques can be used to inhibit TGF-β
at this stage. Decorin is a naturally occurring inhibitor of TGF-β. This is a 92.5-kDa
extracellular proteoglycan with a 40-kDa leucine-rich core and a single chondroitin sulfate
side chain. The decorin core scavenges and neutralizes TGF-β or possibly sequesters
TGF-β in the ECM, thus antagonizing the prosclerotic effect of this cytokine (101). In
experimental glomerulonephritis in the rat, systemic administration of decorin or trans-
fection of decorin cDNA (to deliver decorin into the bloodstream) improved proteinuria,
decreased glomerular TGF-β, and alleviated excess matrix accumulation in the kidney
(102). It has been assumed that acute glomerulonephritis is characterized by a relative
lack of decorin and an excess of TGF-β activity, but the pattern may be different in chronic
renal diseases that do not have a significant inflammatory component. In human biopsy
specimens of various chronic renal diseases, intrarenal decorin was actually enhanced
and was the best predictor of the severity of interstitial fibrosis and renal failure (103).
In experimental hydronephrosis in the rat, renal decorin mRNA and TGF-β activity
were both elevated (104).
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Likewise, the findings in DN show an intricate pattern of TGF-β and decorin expres-
sion. An early study showed that high glucose increased decorin mRNA and protein in
human MCs (105). Our more recent study showed that high glucose increased decorin
mRNA in rat and mouse MCs as well as mouse proximal tubular cells (106). On the
contrary, neither the glomerular endothelial nor the glomerular epithelial cell showed
constitutive expression of decorin or displayed increased expression in response to high
glucose (106). TGF-β also affects the expression of decorin, but unlike high glucose, it
suppresses decorin gene transcription (106). The negative TGF-β-responsive element of
the decorin gene appears to be located in the proximal promoter, between –140- and
–111-bp (107). In the STZ diabetic mouse (C57Bl female), there was an early and sus-
tained 2- to 2.5-fold increase in decorin mRNA in the renal cortex at up to 6 wk of diabetes
(106). Based on the previous in vitro experiments, this probably reflects an upregulation of
decorin expression in the MCs and proximal tubule epithelial cells.

The antagonistic relationship between decorin and TGF-β raises the possibility of using
decorin to treat DN. This approach would be justified if DN were characterized by a defi-
ciency of decorin and an excess of TGF-β, but in fact DN is characterized by surpluses of
both decorin and TGF-β. The increased decorin may represent a protective mechanism by
which renal cells counteract the injury produced by hyperglycemia-stimulated TGF-β
(108). Would supplying exogenous decorin in even higher concentrations benefit diabetic
kidney disease? This remains to be established. If supplementation with decorin were to be
tried, some methods seem promising. One could directly supply the decorin protein. For
example, recombinant decorin has been injected into knee joints (109) and muscle (110).
Unfortunately, there are no reports in the literature regarding the best way to deliver decorin
protein to the kidney. However, the short half-life of exogenous peptides, in general, makes
decorin administration somewhat problematic. An alternative approach that may achieve
long-lasting levels of decorin is gene transfer. Some have successfully used a retroviral
vector (111), whereas others have used an adenoviral vector (112). One group has trans-
fected decorin cDNA (cloned in a eukaryotic expression vector) into human MCs and
shown that TGF-β1, α1(IV) collagen, and fibronectin mRNAs all decreased, supporting
the use of decorin to control the progression of glomerulosclerosis in kidney diseases
(113). Finally, ex vivo transfer of the decorin gene has been achieved by injecting decorin-
transfected rat MCs into the renal artery of Sprague-Dawley rats (114). The glomeruli of
the injected kidney showed high levels of decorin expression, significantly decreasing
TGF-β1 expression and attenuating fibronectin and collagen IV in the rat model of antithy-
mocyte serum glomerulonephritis (114).

THERAPY WITH SOLUBLE TGF-β TYPE-II RECEPTOR

Using soluble TGF-β receptors is another effective way to block the TGF-β system.
These receptors bind to extracellular TGF-β but do not transduce a signal. Investigators
have used soluble forms of each of the three TGF-β receptors, but most have used the
soluble TGF-β type-II receptor (TβRII). This choice probably relates to the fact that the
type II receptor is the primary ligand-binding receptor and that it initiates the first step in
TGF-β signaling. Soluble type-II receptor is commercially available from R&D Systems
(Minneapolis, Minnesota) or can be mass produced by recombinant techniques (115). It
can then be administered exogenously to cultured cells in vitro or systemically/locally in
vivo (116–118). Gene delivery is another feasible way of achieving therapeutic levels of
soluble TβRII systemically. An adenoviral vector that encoded the extracellular domain

208 Chen and Ziyadeh



of TβRII was injected into the muscle of a rodent, resulting in detectable blood levels of
the receptor protein, and this prevented TGF-β-mediated gliosis of the retina (119), corneal
opacification from ECM accumulation (120), and liver fibrosis caused by dimethylni-
trosamine (121). Similarly, transduction with a recombinant retrovirus encoding soluble
TβRII dramatically reduced the tumorigenicity of EL4, a mouse thymoma cell line that
secretes a large amount of TGF-β (122). Related to gene delivery, transgenic expression of
a soluble TβRII:Fc chimera (123) or even a dominant-negative TβRII (124–126) can also
abrogate the effects of TGF-β.

THERAPY WITH SOLUBLE TGF-β TYPE-III RECEPTOR

In addition to TβRII, the type-III receptor (also called betaglycan) binds to the TGF-β
ligand. Betaglycan presents TGF-β directly to the type-II receptor, facilitating TGF-β
signaling (127). It has been shown that the effects of TGF-β are strongly inhibited by a
recombinant, soluble type-III receptor that binds TGF-β but is unable to shepherd the
ligand to the type-II receptor (128–130). Without resorting to the competitive binding
strategy of soluble receptors, one novel way to inhibit TGF-β signaling involves the
glycosaminoglycan (GAG) modifications of betaglycan. When rat betaglycan is artificially
expressed in the LLC-PK1 cell (porcine proximal tubule epithelial cell that does not
normally express β-glycan), high-molecular-weight GAG chains are added to betaglycan
that physically prevent TGF-β type-II–type-I receptor interactions, through a mechanism
not involving ligand sequestration or increased production of soluble betaglycan (131).
Mutations to remove the GAG attachment sites restored the type-II–type-I receptor
association in co-immunoprecipitation assays, proving that the GAG was responsible for
the inhibitory behavior of betaglycan on TGF-β signaling (131).

EFFECT OF SOLUBLE TGF-β TYPE I RECEPTOR

Finally, the soluble form of TGF-β type-I receptor (TβRI) has rarely been used. This
may relate to the fact that TβRI does not bind directly to the TGF-β ligand but rather to
the type-II receptor after it has bound TGF-β. Therefore, a soluble type-I receptor prob-
ably cannot bind and sequester TGF-β. As a matter of fact, soluble TβRI seems to
potentiate the effect of TGF-β, measured by the TGF-β-inducible luciferase reporter
assay, 3TP-Lux (132). The mechanism of action is unknown, but soluble TβRI may act
like a chaperone that stabilizes the ligand-bound type-II receptor, facilitating the recruit-
ment of membrane-anchored TβRI and the formation of a heteromeric signaling com-
plex (132). Not surprisingly then, when soluble TβRI was added to the mink lung
epithelial cell (Mv1Lu), it mimicked TGF-β-induced transcriptional and growth
responses, even in the absence of TGF-β1 (133). Although the soluble TGF-β receptors
have been used to treat many different diseases in a wide variety of disciplines, none of
them have yet been tried in diabetes or specifically in diabetic nephropathy.

THERAPEUTIC APPLICATIONS OF ACTIVIN-LIKE 
KINASE 5 INHIBITION

Perhaps a better way to target the TGF-β type-I receptor is to block its signaling activity.
Recently, a chemical compound was discovered that inhibits the serine/threonine kinase
activity of the type-I receptor (TβRI is also called activin-like kinase [ALK]5). This
ALK5 inhibitor, dubbed SB-431,542, was originally identified from a panel of candidate
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imidazole inhibitors against p38 MAP kinase, but it has negligible activity as a p38
inhibitor (134,135). More importantly, in cell culture applications, SB-431,542 was able
to prevent the phosphorylation of Smad3 by the type-I receptor, at an IC50 of 94 nM
(136). Furthermore, SB-431,542 blocked the TGF-β1-induced mRNA expression of both
fibronectin and α1(I) collagen (136), suggesting that this inhibitor of TGF-β signaling
can attenuate the accumulation of ECM in DN.

A related ALK5 inhibitor, SB-525,334, has a longer half-life than SB-431,542, is
more potent (IC50 = 58.5 nM vs 94 nM), and can be used in vivo (137). In the rat model
of puromycin aminonucleoside (PAN) renal injury, a form of nephritis-induced renal
fibrosis, orally administered doses of SB-525,334 for 11 d significantly reduced the
renal mRNA expression of plasminogen activator inhibitor-1, a protein that would be
strongly induced by TGF-β (138). The compound also produced dose-dependent
decreases in renal procollagen α1(I) and procollagen α1(III) mRNA, which reached
statistical significance at the 10-mg/kg/d dose when compared with the PAN controls.
Furthermore, PAN-induced proteinuria was significantly inhibited at the 10-mg/kg/d
dose level. These results provide further evidence for the involvement of TGF-β1 in the
profibrotic changes that occur in the PAN model and demonstrate the ability of a small-
molecule inhibitor of ALK5 to block several of the markers that are predictive of fibrosis
and renal injury (138). Whether ALK5 inhibition will be therapeutic for DN remains to
be tested.

ANTI-TGF-β ANTIBODY AS AN EFFECTIVE THERAPEUTIC AGENT

One final way to target extracellular TGF-β and interfere with the binding to its
receptors is to use a panselective, neutralizing anti-TGF-β antibody. Studies employing
a neutralizing anti-TGF-β antibody have provided convincing evidence that the pro-
sclerotic and hypertrophic effects of high-ambient glucose on cultured renal cells are
largely mediated by autocrine production and activation of TGF-β. In particular, such
studies have involved glomerular MCs (14,23), glomerular epithelial cells (139), prox-
imal tubular cells (15,140,141), and renal cortical fibroblasts (25). Neutralizing anti-
TGF-β antibodies also reverse the downregulation of collagenase activity in rat MCs
grown in high glucose (142).

In experimental diabetic kidney disease, the central importance of TGF-β has also
been demonstrated with a neutralizing anti-TGF-β antibody. Short-term treatment of
the STZ diabetic mouse with the anti-TGF-β antibody prevented glomerular hyper-
trophy, reduced the increment in kidney weight by 50%, and significantly attenuated
the increase in TGF-β1, α1(IV) collagen, and fibronectin mRNAs without affecting
glycemic control (6). The results of this study suggested a cause-and-effect relation-
ship between the renal TGF-β system and the development of early structural changes
in DN.

To expand on these findings, we conducted a similar study on the db/db mouse to
examine whether long-term anti-TGF-β antibody treatment would ameliorate the late
structural changes and functional consequences of DN (8). We found that systemic anti-
TGF-β therapy for 8 wk prevented the mesangial matrix expansion of diabetic glomeru-
losclerosis and, most important, preserved the creatinine clearance, showing for the first
time that neutralization of TGF-β activity could prevent the progression of renal failure
in diabetes. However, the anti-TGF-β antibody did not reduce albuminuria, which itself
may promote the progression of renal insufficiency (143). The paradox of preserved
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renal function in the face of persistent albuminuria may perhaps be explained by
postulating that the deleterious downstream effects of proteinuria in promoting tubulo-
interstitial injury are themselves mediated by the TGF-β system (144).

Having established that anti-TGF-β antibody prevents DN, the current challenge lies
in adapting the antibody treatment for human use. Certainly, the usual tests should be
performed to establish the route of delivery, measure the pharmacokinetics, determine
the efficacy, and watch for side effects, but one of the bigger hurdles will be to develop
a human or humanized form of the anti-TGF-β antibody. The monoclonal anti-TGF-β
antibody (Genentech, S. San Francisco, CA) that we used in our studies is a mouse antibody
(26,145), and its use in humans might trigger the development of antimouse antibodies
that will greatly shorten the half-life and therefore the usefulness of any nonhuman
anti-TGF-β antibody.

TARGETING THE POSTRECEPTOR SIGNALING CASCADES

Because the TGF-β type-II receptor acts as a primary ligand-binding receptor and
the TGF-β type-I receptor acts as a signaling receptor that uses its kinase activity to
propagate a signal, intracellular proteins that interact with the type-I receptor are likely
to play important roles in TGF-β signaling.

Serine–Threonine Kinase Receptor-Associated Protein
An example of such a protein that interacts with TGF-β type-I receptor was confirmed

by a yeast two-hybrid system, found to contain a novel WD domain, and has been
designated as STRAP (serine–threonine kinase receptor-associated protein) (146).
Overexpression of STRAP inhibited TGF-β-mediated transcriptional activation. It also
showed synergistic inhibition of TGF-β signaling with Smad7 (an inhibitory Smad
detailed next) (146,147). STRAP recruits Smad7 to the activated type-I receptor and
forms a complex, stabilizing the association between Smad7 and the activated receptor
and assisting Smad7 in preventing Smad2 and Smad3 access to the receptor. STRAP
interacts with Smad2 and Smad3 but does not cooperate functionally with these Smads
to transactivate TGF-β-dependent transcription. Thus, STRAP may potentially be a
molecular means to inhibit TGF-β. This has not been tried in DN.

Smad7
Smad7 is an inhibitory Smad (I-Smad) that may have some utility in blocking the

TGF-β signal and hence extracellular matrix buildup. This discussion will focus mostly
on Smad7, because another I-Smad, termed Smad6, inhibits TGF-β signaling less effec-
tively and may be involved in functions independent of TGF-β/Smad signaling
(148,149).

It was first reported in 1997 that Smad7 interacts stably with the activated TGF-β
type-I receptor and thus blocks the phosphorylation of the receptor-regulated Smads
(R-Smads) that are downstream of the TGF-β pathway (150). In the absence of TGF-β,
Smad7 is predominantly localized in the nucleus, but on TGF-β receptor activation,
Smad7 is mobilized into the cytoplasm in which it can associate with the type-I receptor
(151). In addition, Smad7 can export out of the nucleus with an E3 ubiquitin-ligase,
either Smurf1 or Smurf2, that causes degradation of the activated TGF-β type-I receptor
via proteasomal and lysosomal pathways (152–154). One final mechanism of action of
the I-Smads (especially Smad6) may take place in the nucleus rather than the cytoplasm
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and involve the direct repression of gene transcription by Smad6 via the recruitment of
histone deacetylases, which can negatively regulate transcription (155,156).

Interestingly, Smad7 expression is induced by TGF-β itself, perhaps at the transcrip-
tional level by AP-1, Smad2–Smad4, and Smad3–Smad4 (157–163), in what appears to
be a negative feedback loop to control TGF-β responses (164,165). The ability of
Smad7 to extinguish the TGF-β signal has made it an attractive target for antifibrotic
therapies. Stable or transient transfection or recombinant viral vector techniques to
achieve Smad7 overexpression have been used to limit fibrosis in various models of
kidney disease, but the experience with Smad7 in diabetic nephropathy is limited. From
our work, murine mesangial cells in culture were transiently transfected with a
fibronectin promoter–luciferase construct, pGL2F1900, which contains the –1908-bp
flanking region upstream of the rat fibronectin gene (166,167). Exposure of these trans-
fected cells to either high glucose or exogenous TGF-β1 increased fibronectin promoter
activity, but the combination of high glucose and TGF-β1 resulted in an even greater
increase than either stimulus alone, demonstrating that high glucose can act synergisti-
cally with TGF-β1 and that TGF-β stimulates fibronectin gene transcription. When the
mesangial cells were concurrently transfected with a Smad7 expression vector, pFlag-
Smad7 (164), the increase in fibronectin–luciferase activity owing to TGF-β1 treatment
was totally prevented (168). Smad7 has potential efficacy in attenuating the extracellular
matrix production by the mesangium in DN.

However, it must be remembered that the inhibitory Smads are not specific for the
TGF-β pathway. They block the activation of other R-Smads that are regulated by
other members of the TGF-β superfamily such as the bone morphogenetic proteins
and the activins (169–171). As a result of this somewhat indiscriminate inhibition of
pathways, the use of Smad7 as a therapy may have unintended consequences.
Furthermore, Smad7 does not appear to have an effect on TGF-β-induced growth inhi-
bition (172), meaning that overexpression of Smad7 may not prevent the renal hyper-
trophy characteristic of DN. Finally, there is some evidence that Smad7 may mediate
the apoptotic effects of TGF-β; so purposeful expression of Smad7 may exacerbate
the tendency toward cellular apoptosis (173–175). This last point, however, is contro-
versial as some studies have found that Smad7 inhibits TGF-β-mediated apoptosis
(176,177). Perhaps the potential dangers of Smad7 overexpression are best illustrated
by the Smad7 transgenic mouse. The K5.Smad7 mice exhibited pathological changes
in multiple epithelial tissues (open eyelids, corneal defects, aberrant hair follicle
morphogenesis, epidermal hyperproliferation, and thymic atrophy) and died within 10 d
after birth (178).

Yes-Associated Protein 65
A recently discovered protein that interacts with Smad7 was found by a yeast two-

hybrid screen and has been named Yes-Associated Protein (YAP) 65 (179). This Smad7
partner, YAP65, appears to augment the inhibitory activity of Smad7 against the TGF-β-
induced, Smad3/Smad4-dependent gene activation by strengthening the association
of Smad7 with the activated TGF-β type-I receptor. Thus, YAP65 may one day be
another treatment to block the deleterious effects of TGF-β in DN.

SMADS 2 AND 3

Besides the inhibitory Smads, the receptor-regulated Smads (R-Smads) that can
transduce a TGF-β signal are Smad2 and Smad3. In particular, Smad3 may be involved
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in the stimulatory effect of high glucose on ECM expression. In mouse MCs, high glu-
cose stimulates the transcription of fibronectin and potentiates the transcriptional acti-
vation of fibronectin by TGF-β1 (168). This effect of TGF-β1 appears to be mediated
by Smad3, because overexpression of Smad3 was able to induce fibronectin promoter
activity by itself. Smad3 overexpression also increased fibronectin synergistically in
conjunction with exogenous TGF-β1, as if the extra Smad3 had increased the efficiency
of TGF-β signaling. More importantly, transfection of a Smad3-dominant-negative
construct was able to inhibit TGF-β1 from stimulating the promoter activity of
fibronectin (168). However, part of the TGF-β1-induced fibronectin expression may
also be mediated in parallel by the p38 mitogen-activated protein kinase (MAPK)
pathway (136). Finally, there is evidence to suggest that Smad3 predominantly medi-
ates the effect of TGF-β1 to increase the mRNA expression of α1(I) collagen (136).

Little information is available, however, regarding Smad2 as a therapeutic target in
DN. However, Smad2 has been shown to be increased in protein expression and to be
activated in the kidney of the Otsuka Long-Evans Tokushima Fatty rat, a model of
spontaneous type-2 diabetes (180). In the model of type 1 diabetes induced by STZ,
Smad2 signaling was also activated in the glomerular cells, evidenced by immunostain-
ing for phosphorylated Smad2 (181).

In contrast, blockade of Smad3 as a therapeutic tool in diabetic kidney disease is
becoming feasible in vivo. In one study, Smad3-null mice, created on a CL57/Bl6J
strain background, were made diabetic by STZ (182). After 4 wk of diabetes, glome-
rular expression of TGF-β1, as assessed by RTPCR, was not enhanced in Smad3-null
mice vs wild-type, indicating that the absence of Smad3 did not result in a compen-
satory increase of the TGF-β message. Matrix expression was inhibited, however, in
the kidneys of the Smad3-null mice; mRNA levels of fibronectin and the α3 chain of
type IV collagen were increased in the diabetic wild-type mice (compared with the
nondiabetic controls), but not in the diabetic Smad3-null mice (182). Along with the
increase in α3(IV) collagen in diabetes, glomerular basement membrane thickening
had occurred in the wild-type mice but was significantly prevented in the diabetic
Smad3-null mice. Thus, Smad3 seems to function in the diabetes-induced upregulation
of fibronectin and α3(IV) collagen, and thereby may play a critical role in the early
phase of diabetic glomerulopathy (182).

CONCLUSIONS

TGF-β clearly plays an important role in the pathogenesis of DN, and investigative
research has come a long way in elucidating the inner workings and key players of
the TGF-β signaling system. By stepping through the TGF-β pathway from the gene
expression to protein processing to receptor binding to the effectors of signaling,
one can envision ample opportunities to design a rational and novel intervention to
treat DN.
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INTRODUCTION

Chronic renal disease (CRD) has been considered to be irreversible (1). Renal fibrosis,
a histological diagnosis of end-stage CRD, is characterized by a loss of renal parenchymal
cells that are replaced by extracellular matrix (ECM) proteins, a common final pathway
leading to renal dysfunction (1,2). The number of patients affected with CRD is on
the increase, and dialysis market estimates indicate that more than 1 million patients
worldwide have undergone maintenance dialysis. Thus, many nations are burdened with
social and financial problems associated with funding health services for the dialysis of
CRD patients (3). Diabetes is now the leading cause of end-stage renal disease (ESRD)
in many developed countries, and diabetic nephropathy (DN) has emerged as a silent
epidemic worldwide (2,3). This is certainly the case in Japan, in which diabetic kidney
disease accounted for 35% of all new patients undergoing dialysis in 2003. To maintain
replacement therapy, it now costs nearly $10 million per year in Japan for public finan-
cial support. Likewise, in the United States, DN accounted for 35% of all new cases of
ESRD in 1997. The physical and monetary costs of diabetic kidney disease to both the
patient and society are now enormous.

Histopathologically, DN is characterized by glomerular hypertrophy, followed by scle-
rotic lesions, in which ECM protein is overaccumulated in the mesangial interstitium (3).
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This sclerogenic event is associated with glomerular hyperfiltration and hypertension,
and such a local hemodynamic change is followed by the onset of glomerular injury and
albuminuria (1–3). Induction of tubular inflammation by albuminuria accelerates pro-
gression of renal fibrosis and dysfunction under diabetic conditions. Especially in the
progressive stage of DN, “resolution” of glomerular and peritubular fibrosis may be a
promising target for reducing the renal disease. Of importance, these pathological
changes are the final pathway not only in DN but also in other CRD, regardless of the
initial cause (1,3). Thus, many investigators have studied the common mechanisms
whereby DN occurs, focusing on fibrogenic events in the different nephron components.
Nevertheless, to this date, it is still difficult to arrest the onset and progression of dia-
betic kidney diseases.

Hepatocyte growth factor (HGF) was discovered and molecularly cloned as a long-
thought hepatotropic factor (4,5). In contrast to its name, HGF is now known to be a multi-
functional cytokine with mitogenic, motogenic, and morphogenic activities in almost all
organs and tissues. Regarding the kidney, HGF acts as a renotrophic, renoprotective, and
angiogenic factor during embryonic and disease processes. Thus, HGF-mediated bio-
logical effects results in morphological as well as functional renal repair in the presence
of acute injury (6–8). We have accumulated evidence indicating that suppression of HGF
production allows the rapid progression of renal fibrosis and dysfunction in CRD, whereas
supplementing HGF reverses the progression of renal fibrosis, especially via regenerating
tubular components (9–11). Recently, we found that HGF targets glomerular cells and
reduces mesangial fibrosis, a final common pathway of chronic glomerular injury. More
recently, using a mouse model of diabetes we have obtained evidence that both glomerular
and tubulo-interstitial fibrogenic events are attenuated by HGF and associated with
improvements in albuminuria and renal dysfunction (12).

In this chapter, we summarize recent outcomes, focusing on therapeutic mechanisms
of HGF in DN as well as other CRD, with emphasis on the role of HGF for interrupting
the common pathway leading to renal fibrosis. Based on recent results, we wish to pos-
tulate that DN progresses in part via impairment of endogenous HGF production,
whereas supplementing HGF (or its gene) seems to be a new therapeutic strategy to
improve hyperglycemia-induced renal disease, even in advanced stages of CRD.

HGF AND ITS UNIQUE BIOACTIVITY

Physiologically, HGF has an organotrophic role in the regeneration and protection of
various organs, including the liver, lung, stomach, pancreas, heart, neurons, and kidney
(13–16). HGF levels increase in tissues and blood in response to various parenchymal
injuries and diseases (10,17), whereas inhibition of HGF activity by anti-HGF
immunoglobulin (Ig)G or its receptor deletion leads to impaired tissue repair (18–21).
For a better understanding of the intrinsic repair system, we will describe the role of
HGF and its receptor, c-Met, as well as the c-Met intracellular signaling events.

HGF and Its Receptor, c-Met
HGF was partially isolated in 1984 as a mitogen for fully differentiated hepatocytes,

on the basis of DNA synthesis in a primary culture system (4). Thereafter, HGF was
completely purified from rat platelets and its biological properties were well characterized
(22). Based on purified HGF protein, cDNA encoding human HGF was successfully
cloned in 1989 (5). As a result, its molecular structure was demonstrated to be unique
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as a heterodimer composed of a 69 kDa α-chain and a 34 kDa β-chain (5,23). The 
α-chain contains the N-terminal hairpin domain and the subsequent four kringle
domains, and the β-chain contains a serine protease-like domain (Fig. 1, top). The kringle

Preventive Roles of HGF in Diabetic Nephropathy 227

Fig. 1. Interstitium to ephithelium hemostatic and regenerative system through a HGF/Met signaling.
HGF is produced by interstitial cells, such as fibroblasts, endothelial cells, and possibly infiltrated
macrophages. Met/HGF receptor is expressed in kidney mainly on renal tubular epithelial cells,
glomerular podocytes, mesangial cells, and endothelial cells. Binding of HGF to Met leads to phos-
phorylation of tyrosine kinase in intracellular domains of Met, followed by onset of multiple bio-
activities, such as mitogenesis, migration, morphogenesis, and angiogenesis. HGF has anti-apoptotic
and hyperfunctional activities (such as enhancing tubular Na+-K+-ATPase). Each activity is produced
via combinations of intracellular signaling molecules, recruited by phosphorylated tyrosine kinase.



domain was initially found in serine proteases involved in blood coagulation or throm-
bolysis, and HGF has a 38% amino acid sequence homology to plasminogen. 

On the other hand, c-Met, a protooncogene product, was identified as a receptor spe-
cific for HGF (24). The c-Met/HGF-receptor is composed of a 50 kDa α-chain and a
145 kDa β-chain (24). The α-chain is exposed extracellularly, whereas the β-chain is a
transmembrane subunit containing an intracellular tyrosine kinase domain. Binding of
HGF to c-Met induces activation of tyrosine kinase, which results in biological actions
in a wide variety of cells, including mitogenic, motogenic, morphogenic, and anti-
apoptotic activities, via subsequent phosphorylation of C-terminally clustered tyrosine
residues (25–27) (Fig. 1). Phosphorylation of these tyrosine residues recruits intracellular
signaling molecules containing the src homology domain, including Gab-1, phospholipase
C-γ, Ras-GTPase-activating protein, phosphatidylinositol 4,5-bisphosphate 3-kinase,
c-Src, Shp-2, Crk-2, and Grb-2. Although the intracellular signaling pathways driven
by HGF that lead to the specific or preferential activation of biological responses (i.e.,
mitogenic, motogenic, morphogenic, or anti-apoptotic) have yet to be fully defined, the
unique activation of signaling molecules responsible for specific cellular responses is
evident. For example, phosphotyrosine-dependent recruitment of the Grb-2/SOS complex
activates Ras and phosphorylation events, including extracellular signal-regulated
kinase (ERK). Activation of the Ras-ERK pathway is required for cell proliferation
(27). On the other hand, the association and tyrosine phosphorylation of Gab-1, a docking
protein that couples c-Met with multiple signaling proteins such as PI-3 kinase, PLC,
Shp-2, and Crk-2, plays a definite role in HGF-induced morphogenesis and cellular
motion (26,27). These specific actions on the activity of diverse intracellular pathways
explain the multi-functional effects of HGF.

Role of HGF During Organ Repair and Development
HGF is produced and secreted from nonparenchymal cells (such as resident fibroblasts,

infiltrated macrophages as well as endothelial cells), whereas c-Met is mainly expressed
on the side of parenchymal areas (9,10,17) (Fig. 1). The c-Met level is upregulated in
response to injurious stresses and activated specifically in diseased tissues (10,28). This
mesenchyme-to-parenchyme humoral signal(s) is essential for organ tissue repair,
development as well as organ protection.

TISSUE REPAIR

In injured sites of parenchymal organs, HGF elicits mitogenic and motogenic activities
in order to restore the integrity of the parenchymal components (9,10,17) (Fig. 1, bottom).
HGF has a morphogenic function toward replicated cells to create tubular duct formation
via controlling cell arrangement and polarity (9,10,27). Furthermore, HGF controls
metabolic events in parenchymal epithelial cells, for example HGF stimulates production
and secretion of albumin in hepatocytes (29) and of insulin in pancreatic β-cells (30),
hence there is a role of HGF for inducing and sustaining homeostasis within physiological
limits. In repair processes, vascular endothelial cell proliferation is a prerequisite for
delivery of oxygen and nutrition to injured sites. Because HGF is a potent mitogen for
vascular endothelium (31,32), its activity contributes to maintain aerobic conditions in
injured sites.

ORGAN DEVELOPMENT

The multiple functions mediated by HGF/c-Met coupling are critical also for organo-
genesis in an embryonic stage. We prepared c-Met-deficient zenopus embryo, using a
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c-Met dominant negative mutant, and showed that HGF signal is required for development
of the kidney, liver, and intestines (33). During lung development, branching tubulogenesis
becomes evident in parenchymal areas at E13.5 d of the mouse embryo, and is associated
with increased HGF expression in meschenchymal areas (34). When this HGF activity
is neutralized by an antibody specific to HGF, branching tubulogenesis is diminished,
hence HGF plays a key role for lung development (34). Furthermore, studies with the
c-Met-deficient mouse strain delineated an essential role of HGF/c-Met signaling in
placental, hepatic, and muscular development (35–37). Given that meschenchymal
stromal cells (such as fibroblasts) are a major source of HGF, HGF/c-Met axis confers
a mesenchyme-to-parenchyme system for organ development. 

ORGAN PROTECTION

In addition to such morphogenic bioactivities, HGF has a protective function in a
variety of organs (10,17,38). In fact, HGF is anti-apoptotic and completely blocks the
onset of fulminant hepatitis (39), myocardial infarction (40), and ischemic neuron cell
death in rodents (41). Inducing anti-apoptotic signals (such as Bcl-xL/Bcl-2 and Bag-1)
(39–43) as well as sequestration of Fas by activated c-Met (44) is involved in this anti-
apoptotic process. Such protective effects are now widely demonstrated in numerous
organs during parenchymal injury (45–47). Overall, HGF is identified as a key ligand
not only to induce regenerative responses but also to reduce parenchymal damage.

RENOTROPHIC ROLE OF HGF

HGF plays multiple roles in various organs (10,17), as determined in the following
studies. Initially, we found in 1991 that HGF is a potent mitogen for renal tubular
epithelial cells, using a primary culture system (48) (Fig. 2A-I). In the same year,
Montesano’s and our group identified a soluble factor capable of inducing renal tubulo-
genesis in fibroblast-conditioned medium as HGF (49) (Fig. 2A-II). Furthermore, HGF
targets renal tubular cells and upregulates expression of Na+-K+ATPase (50), a key
enzyme for regulating a balance of plasma and urinary Na+/K+ levels. Thus, HGF is
important for maturation of renal tubules. In addition to the tubular epithelium, HGF
may be also critically involved in repair and protection of glomerular cells, based on
the following:

1. HGF is an anti-apoptotic factor toward mesangial cells (MCs) and podocytes (51,52).
2. HGF is a mitogen for glomerular endothelial cells in vivo (53), and
3. HGF is a negative regulator of glomerular hyperfiltration (54), a pathogenic event

accelerating glomerular injury.

These potential renotrophic effects of HGF on the diverse renal cellular components
are summarized in Table 1.

Physiological Effects of HGF in Renal Growth and Repair
In the adult kidney, the number of nephrons remains constant and demonstrate little

proliferative activity under physiological conditions. However, the kidney shows great
potential for regeneration in order to restore normal size or function once renal mass,
morphology, or function are impaired (55). For example, renal regeneration is induced
by nephrectomy or cell death caused by toxins. A humoral factor(s) is involved in renal
enlargement after unilateral nephrectomy (55), named “renotropine.” Although the
existence of such renotrophic factor(s) seems well documented, their identity and initial
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Fig. 2. Renotrophic roles of HGF in vitro and in vivo. (A) In vitro activity of HGF toward renal
tubular epithelium. (I) Mitogenic action of HGF (closed circle) and of epidermal growth factor
(open circle) on cultured rabbit renal epithelial cells. DNA synthesis of renal tubular cells cul-
tured with or without HGF or epidermal growth factor was measured. (II) Induction of branching
tubulogenesis by HGF in Mardin-Darby Canine Kidney renal tubular cells grown in a collagen
gel. (B) Renotrophic roles of HGF in compensatory renal growth in rodents undergone unilateral
nephrectomy (left). Changes of HGF mRNA, HGF protein activity, and tubular proliferation, as
evidenced by BrdU intake (right). Tubular proliferation, as evaluated by BrdU intake, at 48 h after
the left nephrectomy is markedly increased in mice by rh-HGF administration. (C) Preventive
effect of rh-HGF on onsets of acute renal failure in mice, caused by a single injection of renal toxins
such as cisplatin and HgCl2.



origins have remained unclear. In rats with unilateral nephrectomy, HGF mRNA and
protein levels rapidly increases in the remaining kidney as well as in distant organs. In
the kidney, this change is followed by compensatory growth of tubular cells (56) (Fig. 2B,
left). When recombinant human HGF (rh-HGF) is administrated into mice immediately
after unilateral nephrectomy or HgCl2 exposure, tubular epithelial proliferation, evi-
denced by the uptake of bromodeoxyuridine (BrdU), is significantly enhanced (6,7)
(Fig. 2B, right), hence demonstrating HGF to be a renotrophic factor. Furthermore,
HGF is required for renal development at the embryogenic stage when tubules develop
from the metanephron via branching tubulogenesis with mesenchyme-to-epithelial dif-
ferentiation. Treatment with anti-HGF IgG blocks tubular formation and epithelization
in an embryonic renal organ culture (57), indicating an essential role of HGF for renal
tubular development. Together with the in vitro findings that HGF is a mitogenic and
morphogenic factor (6,11,48,49), the rapid production of HGF after renal damage indicates
the presence of an intrinsic renotrophic switch that drives nephron repair.

Therapeutic Effects of HGF in Acute Renal Failure
Based on the renotrophic actions of HGF, the potential application of HGF for the

treatment of renal diseases has been tested in various experimental models. In a clinical
setting, acute renal failure is often caused by nephrotoxic drug administration (e.g., cis-
platin, cyclosporine A, tacrolimus, and antibiotics) and renal ischemia. Administration
of cisplatin caused acute renal failure in mice, whereas HGF administration prevented
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Table 1
Renotropic Roles of HGF in Nephron Component Cells

Targets Bioactivity Respected outcomes References

1. Glomeruli
Mesangial cells Anti-prolifcration, Inhibition of glomerulonephritis 51, 86

suppressed ECM inhibition of truft sclerosis 10, 12, 101
deposition

Podocytes Anti-apoptosis, Protection of proteinuria 11, 12, 52
enhanced outgrowth inhibition of tuft sclerosis

Endothelium Proliferation Inhibition of tuft sclerosis 53

2. Tubules
Proliferation, Tubular repair 6–8, 11

anti-apoptosis, 61, 78
migration and Tubular repair 10
scattering, tubular repair and 49, 71
morphoenesis, development
induction of functional improvement 50

Na+-K+ ATP-ase
supressed anti-fibrosis 72, 73

transdifferentiation

3. Interstitium
Endothelium Anti-inflammation Inhibition of leucocyte attack 61, 93

induction of immune tolerance 78
(Myo) fibroblasts ECM degradation, Resolution of fibrosis 103, 115,

myofibroblast death 118

HGF, hepatocyte growth factor; ECM, extracellular matrix.



histological damage of renal tubules and suppressed renal dysfunction (6) (Fig. 2C).
Similarly, HGF prevented the renal histological damage and acute renal dysfunction
caused by HgCl2 administration, while enhancing regeneration of tubular epithelial cells
(7). The protective effects of HGF in acute tubular injury and renalfailure were also seen
in cases of immunosuppressant toxicity (58,59) and in the crush syndrome (60).
Likewise, as compared with controls, rodents administered HGF postischemia had bet-
ter renal function, reduced mortality, and a lesser degree of histological damage after
renal ischemia was induced by renal artery occlusion (8,61). All of these results suggest
that HGF is promising as a drug for a cure-oriented therapy in acute renal injury (62).

Anti-Fibrotic Function of HGF in Chronic Renal Diseases
Tubular and tubulo-interstitial damage is the key determinant for outcome of renal

dysfunction in CRD (63). It is now widely accepted that HGF is a potent regenerative
and renoprotective factor, especially toward renal tubular cells (10,64,65). HGF is anti-
fibrotic in liver and lung (66,67), and the molecular pathogenesis of these conditions is
similar to that of renal fibrosis (68). This led us to determine if the renotrophic action
of HGF could improve the loss of renal function in CRD through the regeneration of
tubular epithelial cells. 

NEPHROTIC SYNDROME

The fact that HGF is anti-fibrotic in CRD is first demonstrated in a murine model of
nephrotic syndrome (11,18). The ICGN mouse is a unique model of progressive albu-
minuria, owing to congenital alteration of the glomerular barrier (69). In this model,
tubulo-interstitial fibrosis, rather than glomerular injury, is the cause of a renal dysfunc-
tion that is characteristically associated with decreased renal HGF content (18). We
hypothesized that renal function could be preserved if tubular growth (compensatory
renal growth) is elicited, using a renotrophic factor, HGF. To test this hypothesis, we
administered rh-HGF to 14-wk-old ICGN mice, in which renal function was impaired
with loss of tubular regeneration (69). As a result, rh-HGF increased BrdU-positive
tubular cells and this was associated with recovery from renal dysfunction, as evaluated
by blood urea nitrogen (BUN) and creatinine (Cr) levels (11) (Fig. 3A). In addition,
fibrotic events, such as myofibroblast hyperplasia and ECM overaccumulation, were
strongly inhibited in the ICGN mice by rh-HGF administration. Furthermore, this was
associated with a significant decrease in the renal content of transforming growth fac-
tor (TGF)-β1 (11), a key fibrogenic cytokine. Conversely, administration of anti-HGF
IgG accelerated renal dysfunction and fibrosis, and this was associated with increased
renal TGF-β1 (18). These findings indicate that deficient HGF production favors renal
fibrosis and dysfunction, whereas replacement of endogenous HGF by rh-HGF admin-
istration prevents TGF-β1-driven fibrogenic events in CRD.

OBSTRUCTIVE NEPHROPATHY

Obstructive nephropathy occurs as a result of urinary retention, caused by obstructive
causes (such as congenital hypoplasia, and urinary calculi) (70). Ureteral obstruction
and tubulo-interstitial fibrosis is one of the most frequent causes of end-stage CRD in
children (70). Unilateral ureter-ligation obstruction (UUO) in rodents mimics human
obstructive nephropathy. Using this UUO model, we found that HGF supplementation
suppressed renal TGF-β1 expression, associated with repressed infiltration of
macrophages, a source of TGF-β1 (71). This was followed by inhibition of interstitial
fibrosis (i.e., myofibroblast hyperplasia and ECM overdeposition). In this process, HGF
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maintained tubular morphology and function via inducing tubular cell proliferation and
inhibiting apoptotic cell death (71). Using the same model, Liu et al. (72,73) also demon-
strated that HGF suppresses TGF-β-mediated differentiation of tubular cells to myofibrob-
lasts and identified this growth factor as an important anti-fibrosis mechanism in the kidney.

OTHER CRD
Such a reciprocal balance between HGF and TGF-β1 is noted in various CRDs, inde-

pendently of the primary underlying disorder (18,71,74). In 5/6-nephrectomized
rodents, evident renal fibrosis is associated with increased renal TGF-β1 levels, whereas
endogenous and exogenous HGF sustained nephronal integrity and inhibited interstitial
fibrogenesis (75,76). Likewise, renal HGF cDNA transfection led to prevention of
chronic allograft nephropathy, associated with reduced TGF-β1 levels and diminished
renal fibrosis (77). It is noteworthy that in a rat model of chronic allograft nephropathy
administration of rh-HGF for the first 4 wk inhibited immunological damage, renal
dysfunction, and proteinuria (78) (Fig. 3B). In this process, renal TGF-β1 levels in the
recipient rats were strongly suppressed by HGF, resulting in long-term maintenance of
allograft function (78).

HGF AS A PHYSIOLOGICAL LIGAND IN DIABETIC NEPHROPATHY

There is now ample evidence that TGF-β plays a fibrotic role during a progression
of CRD, including diabetic nephropathy (68,79,80). Overexpression of TGF-β induces
fibrogenic lesions in normal kidneys (81), whereas inhibiting TGF-β production or its
function by anti-TGF-β IgG suppresses fibrosis in renal tissues under diabetic condi-
tions (68,79). However, the role of HGF in diabetic disease has remained undefined.
Morishita et al. (82) described that elevated levels of glucose induce reduction of the
renal production of HGF by increasing TGF-β1. Liu et al. (83) showed in vitro and 
in vivo that hyperglycemia alters the renal expression of HGF and c-Met, suggesting
that HGF could play a protective role. In clinical reports, variable levels of endogenous
HGF have been reported in patients with diabetes (84,85). These different findings may
be a reflection of a changing HGF expression, perhaps owing to the stage of the disease.
In fact, in murine models of other forms of CRD we reported that renal HGF levels
increase at an early stage, decreasing below basal levels at late periods, in inverse cor-
relation with both TGF-β1 and ECM expression (18,71). To demonstrate the role of
HGF in diabetic nephropathy, we studied a mouse model of diabetes to examine
whether HGF is involved in the protection of high glucose-induced renal injury.

Streptozotocin (STZ) is toxic specifically to pancreatic β-cells and causes insulin-
dependent diabetes in mice. In mice given STZ injections, blood glucose levels increased
within 7 d, to a threefold level over the control, associated with polyuria and glycosuria
(not shown). Renal morphometry demonstrated that glomerular hypertrophy and sclero-
sis, as evidenced by increases in tuft size and collagen deposition, became evident
between 6 and 10 wk after STZ administration. In addition, this was associated with
increased renal TGF-β content (12) (Fig. 4A-I and III). In this process, renal HGF levels
transiently increased at 2 wk, followed by a significant decrease at 10 wk after induction
of the disease (Fig. 4A-II). The degree of glomerular HGF expression negatively corre-
lated with the glomerular collagen IV score or with glomerular tuft size during progres-
sion of DN (12). To elucidate the significance of glomerular HGF we injected during 2
wk anti-rodent HGF IgG in 4-wk diabetic mice. As compared with a control group,
HGF-neutralized mice demonstrated evident glomerular sclerosis (i.e., type IV collagen
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deposition and tuft size expansion) (Fig. 4B). The glomerular type IV collagen score was
1.8-fold higher in HGF-neutralized mice than in control mice (12). Likewise, glomerular
fibronectin and type I collagen deposition in diabetic mice was enhanced by anti-HGF
IgG, as compared with treatment with irrelevant IgG (not shown). Furthermore, the size
of the glomerular area was significantly increased after anti-HGF IgG treatment. These
findings suggest the following:

1. Glomerular HGF is anti-fibrotic as well as antihypertrophic.
2. Failure to sustain endogenous HGF levels seems responsible for the development of

diabetic glomerulophaty (10,12,18).

Because we have demonstrated that HGF is a critical determinant of DN, it is impor-
tant to discuss how HGF expression levels are controlled under diabetic conditions. At
the initial stages of diabetes, plasma and renal HGF increase, especially at 2 wk after
STZ injection (12). In the early stages of diabetes, renal HGF is mainly localized in
intra-glomerular cells and in only partially in peri-tubular interstitial cells. With regard
to this, glomerular hyperfiltration and hypertension may elicit HGF production in
mesangial and endothelial cells, as we have previously reported (86,87). We will next
discuss the mechanisms by which glomerular HGF declines in association with pro-
gressive glomerular hypertrophy and sclerosis. It is well documented that HGF and
TGF-β1 inhibit the synthesis of each other (10,12,18,88). Mesangial (and in part
endothelial) cells are the source of glomerular HGF formation (10,86). In cultured MCs
it has been shown that angiotensin-II (Ang-II) inhibits HGF production via induction of
TGF-β1 (89). Furthermore, high glucose downregulates HGF expression in the vascular
endothelium also via increasing TGF-β1 levels (82). Taken together, inhibition of HGF
production by upregulated Ang-II and/or TGF-β1 may be a fundamental mechanism
whereby DN occurs and progresses in hyperglycemic conditions.

THERAPEUTIC POTENTIAL OF HGF IN DIABETIC NEPHROPATHY

Given that a loss in endogenous HGF production by hyperglycemia may be causative
for the histological and clinical manifestations of diabetic renal disease, administration
of exogenous HGF (or its gene) would inhibit or reverse the progression of diabetic
renal injury. Using a model of DN, we obtained evidence that HGF may be a therapeu-
tic factor for inhibiting TGF-β upregulation and renal fibrosis. We will discuss herein
the relationship among molecular, histological, and clinical changes to understand the
therapeutic effect of HGF in DN.

Glomerular Injury
Glomerular alterations, characterized by tuft hypertrophy and sclerosis, are the initial

events in the diabetic kidney constituting the diabetic glomerulopathy (3). As men-
tioned earlier, STZ-treated mice show glomerular lesions (i.e., expansion of glomerular
tuft and overdeposition of ECM), which are similar to events in human diabetic
glomeruropathy. Using this experimental model, we first focused on the effect of 
rh-HGF treatment during the progression of glomerulopathy. In the STZ-injected mice,
glomerular hypertrophy became evident between 6 and 10 wk after the induction of
diabetes. Of note, administration of rh-HGF (800 μg/kg/d, sc) significantly ameliorated
the expansion of the tuft area that was evident in saline-injected diabetic controls (12)
(Fig. 5A). TGF-β1 is a key factor in the pathogenesis of DN. Ziyadeh et al. (79) reported
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that TGF-β1 expression becomes evident in diabetic glomeruli, whereas anti-TGF-β1
IgG administration inhibits these pathological events. Of importance, administration of
rh-HGF to diabetic mice diminished TGF-β1 production in MCs and partially in peri-
tubular cells (12) (Fig. 5B). This seemed to be a direct effect, because in cultured MCs
rh-HGF dose-dependently suppressed the induction of TGF-β1 by high glucose (12).
Concomitantly with the decrease in mesangial TGF-β1 expression in vivo, glomerular
sclerotic events, such as myofibroblast formation and ECM accumulation, were repressed
by HGF supplementation therapy (Fig. 5B). These findings indicate that the inhibitory
effects of HGF on hyperglycemia-mediated TGF-β1 overexpression may be the major
mechanism whereby HGF therapy effectively inhibits diabetic glomerulopathy.

Tubular and Interstitial Injury
Tubulo-interstitial fibrosis is the most important predictor of renal insufficiency in

CRD of diverse etiology (63). In DN, the degree of tubular and tubulo-interstitial change
(rather than glomerulopathy) accurately reflect the progression of renal dysfunction
(90). Thus, our attention was directed to effects of rh-HGF treatment on tubular and
interstitial lesions. Monocyte chemoattractant factor (MCP)-1  is a key cytokine needed
for recruiting inflammatory cells such as macrophages, which are a major source of
TGF-β1 and linked to subsequent fibrogenesis (91,92). Shimizu et al. (92) reported that
inhibition of the MCP-1 gene repressed renal inflammation and fibrosis in a rat model of
CRD. However, whether MCP-1 expression is modulated by HGF under diabetic condi-
tions was unclear. In our diabetic mice, MCP-1 was mainly detected on proximal tubu-
lar cells, followed by interstitial macrophage infiltration. The administration of HGF
suppressed the interstitial macrophage infiltration in association with a significant
decrease of renal MCP-1 levels (Fig. 6). In contrast to treated animals, control diabetic
mice demonstrated significant macrophage infiltration, accumulation of myofibroblasts
(identified as the α-SMA marker) that was followed by interstitial fibrosis. Treatment
with rh-HGF decreased the number of TGF-β-positive macrophages, lowered renal TGF-
β1 levels, and attenuated fibrogenesis. Given that HGF is directly capable of suppressing
tubular inflammation in vivo (61,93), these anti-inflammatory effects (i.e., inhibition of
chemokine expression and macrophage influx) of HGF will contribute to the reduction
in TGF-β1 levels and TGF-β-mediated fibrogenesis.

Clinical Outcomes
We have shown that glomerular injury and interstitial fibrosis are preventable by

exogenous HGF. The former lesion is linked to proteinuria and the later to renal dys-
function (1,90). Here, we discuss the relationship between histological and clinical
changes, focusing on the cytokine network(s) and its/their modulation by HGF.

Fig. 6. (See opposite page) Suppression of tubular and peri-tubular fibrotic lesions by HGF in diabetic
mice. (A) Immunohistochemical evidence that HGF reduces tubular MCP-1 expression level, leading
to suppressions of macrophage infiltration (i.e., Mac-1 staining), myofibroblast accumulation (i.e.,
α-SMA staining), and fibrosis (i.e., collagen staining). (B) Quantification of fibrogenic events in diabetic
nephropathy and its modification by rh-HGF. Renal TGF-β1 levels increased by diabetes, whereas
rh-HGF suppressed such TGF-β1 upregulation (left). As a result, α-SMA and type IV collagen scores
were significantly lower in the HGF treated mice than in saline-treated mice (middle and right).
Statistical analysis is same as in Fig. 5.



ALBUMINURIA

Proteinuria is widely recognized as a risk factor for renal fibrosis and dysfunction in
various CRDs, including DN (1,3). In DN, albuminuria is a sensitive marker to predict
prognosis (1–3). Regarding this, it is noteworthy that albuminuria upregulates
chemokines such MCP-1 with the onset and progression of tubular inflammation and
fibrosis (91–93). HGF treatment reduces urinary albumin levels in diabetic mice through-
out the entire period of its administration (Fig. 7A, left), without changing blood glucose
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Fig. 7. Improvement of clinical findings by rh-HGF in diabetic mice and its therapeutic principal. 
(A) Amelioration of albuminuria and renal dysfunction by HGF in STZ-induced diabetic mice. The albu-
min and BUN and levels were determined in saline-injected mice and rh-HGF-treated mice (mean ±
S.D., n = 6). Statistical analysis: n.s.; not significant, *; p < 0.05 and **; p < 0.01 vs same time-point
of the saline group. (B) A hypothetical model for pathogenesis and therapy of diabetic nephropathy
by HGF. A reciprocal balance between HGF and TGF-β1 is involved in determining the fates of diabetic
nephropathy. To reverse the fibrosis-progressed balance, supplement with HGF (or its gene) could be
considered to attenuate fibrosis, a common pathway leading to end-stage CRD.



levels (12). Therefore, this effect may explain the reduction of renal MCP-1 levels in
HGF-treated mice.

Proteinuria occurs in part owing to persistent glomerular hyperfiltration and hyper-
tension, caused by hyperglycemia (1). Regarding this, HGF reduces systemic blood
pressure, whereas attenuation of hypertension restores the HGF production (94,95).
Furthermore, HGF attenuates glomerular hyperfiltration (11,54). An additional mecha-
nism explaining the beneficial action of HGF is its effects on podocytes. Podocyte injury
occurs in DN being manifested as albuminuria (96). In our animal study (12), podocyte
injury, which was progressive up to 10 wk after induction of diabetes, was suppressed
with rh-HGF therapy (unpublished data). In fact, HGF protects podocytes from apopto-
sis in vitro (52). HGF is capable of promoting foot process extension (i.e., outgrowth) in
podocytes in tissue culture (Dr. N. Kobayashi, personal communication). Together, anti-
hypertension, podocyte protection, and possibly process outgrowth may be mechanisms
responsible for the reduction in albuminuria in diabetic mice during rh-HGF therapy.

RENAL DYSFUNCTION

As described earlier, tubulo-interstitial fibrosis is the most reliable finding to predict
renal dysfunction in diabetes (63,90). Consistent with the histological findings that
HGF prevents tissue fibrosis, renal function was improved by rh-HGF treatment (Fig. 7A,
right). These findings indicate that tubular protection is a “practical” target of HGF to
minimize the clinical manifestations of diabetic nephropathy, although prevention of
glomerular damage (including albuminuria) by HGF may also contribute as an 
upstream mechanism.

Another possible mechanism is a direct effect of HGF on the tubular epithelium, as
reported for other CRDs (11,18,72,75). rh-HGF administration enhances tubular epithe-
lial cell regeneration in STZ-injected diabetic mice (12). It is known that tubular Na+

-K+-ATPase activity is critical to maintain normal renal function by regulating glomeru-
lar filtration rate. Tubular Na+-K+-ATPase expression is increased in diabetes (97),
probably as a compensatory response to maintain Na+/K+ balance. HGF is a positive reg-
ulator for Na+-K+-ATPase expression (50) and more importantly, HGF therapy promotes
the expression of tubular Na+-K+-ATPase in our STZ model (unpublished data). Thus,
we predict that enhancement of Na+-K+-ATPase by HGF may lead to improved renal
function in DN.

Molecular Basis
There are sequential pathological steps during the establishment of DN (1,3). In

these, multifunctional activities driven via HGF/c-Met coupling are needed to induce
protective, regenerative and antifibrotic functions. A possible main sequence of events
is as follows:

1. HGF initially targets glomerular cells and reduces hyperfiltration;
2. albuminuria is then attenuated, possibly associated with podocyte protection;
3. suppression of albuminuria leads to inhibiting MCP-1 expression and reduction in the

number of macrophages (a major source of TGF-β1); and
4. as a result, renal TGF-β levels decline then interstitial myofibroblastosis and fibrosis

are inhibited.

TGF-β and HGF are counteracting in many multipotent biological actions. TGF-β
induces growth arrest and/or apoptosis in epithelial and endothelial cells, and HGF

Preventive Roles of HGF in Diabetic Nephropathy 241



exhibits mitogenic and anti-apoptotic activities in these same cell types (98–100). HGF-
induced regenerative responses are inhibited by TGF-β, and vice versa in cases of TGF-
β-mediated fibrogenic events (72,98–101). HGF stimulates or induces proteases
involved in the breakdown of ECMs in several types of cells, including MT1-matrix
metalloproteases (MMPs), uPA, and MMPs (75,102–104). In contrast, TGF-β stimu-
lates the synthesis of ECM and the production of inhibitors of proteases involved in
ECM breakdown (68). Consistently, HGF increases the expression of MMP-9, whereas
HGF decreases the expression of tissue inhibitors of matrix metalloproteinase (TIMP)-1
and TIMP-2 in proximal tubular cells (75,104). Together, we predict that such a
balance between HGF vs TGF-β regulates a threshold to inhibit or foster renal tissue
fibrosis (Fig. 7B). Thus, administration of HGF is a pathogenesis-based therapy for DN
and other CRDs.

It is noteworthy that administration of exogenous HGF leads to restoration of
endogenous HGF production (18,71), associated with suppressed TGF-β1 levels. In
fact, exogenous HGF is capable of enhancing HGF production in an auto-inductive
manner (82,89,105). Considering that endogenous HGF is essential to minimize renal
fibrogenesis in CRDs (18,71,75), restoration of HGF production by exogenous HGF
also participates in the attenuation of renal fibrosis. For example, blockade of Ang-II
action with an Ang-II receptor antagonist delays progression of renal fibrosis, and this
is associated with the increase in HGF production (106). More importantly, HGF and
Ang-II receptor antagonist synergistically improved renal fibrosis in a model of UUO
(107). These findings mean that restoration of the pathologically suppressed HGF 
production or its exogenous administration can be a sound strategy for treating CRDs.

ANTI-FIBROTIC MECHANISMS COMMON 
TO PARENCHYMAL ORGANS

Thus far, we have discussed how HGF prevents or improves renal fibrosis in DN and
other CRDs. We have also accumulated evidence that HGF is anti-fibrotic in other
chronic nonrenal diseases, such as liver cirrhosis (66,105), pulmonary fibrosis (67,103),
cardiomyopathy (108), and scleroderma (109), thus suggesting common mechanisms of
fibrosis and its counteraction. Hyperplasia of interstitial myofibroblasts is the common
denominator in multiple tissues, and the degree of myofibroblast hyperplasia reflects the
severity and course of fibrosis in diseases including the kidney (110), liver (111), and
lung (112). To understand the extensive actions of HGF, we will further discuss the role
of HGF in myofibroblastosis, the common pathology in multiple disease states.

Induction of Myofibroblast Cell Death by HGF
Overdeposition of ECM by myofibroblasts is a compensatory response following the

loss of parenchymal cells (110–112). This extensive ECM deposition limits epithelial
cell regeneration, resulting in progressive tissue damage. Under chronic conditions,
progression of fibrosis is regulated via a balance between myofibroblast survival vs
apoptosis (111,112). Myofibroblast apoptosis is evident during matrix removal (i.e.,
“resolution” of fibrosis) in renal and hepatic fibrosis (113,114), suggesting a key role
for myofibroblast reduction to reverse the fibrotic process. Thus, how myofibroblast
death occurs will be addressed below.

Recently, we demonstrated that myofibroblasts acquire the c-Met/HGF receptor dur-
ing the HGF-induced apoptosis. This is associated with resolution of disease in animal
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models of liver and pulmonary fibrosis (103,115). Contrary to its actions in a variety of
cells (18,39–41,61), HGF induces apoptosis in lung and liver myofibroblasts in vitro
and in vivo. This effect is contingent on the HGF activation of MMPs. We have shown
that MMP-9 induced in myofibroblasts by HGF leads to degradation of RGD-containing
fibronectin and dephosphorylation of focal adhesion kinase (103). Because fibronectin
and focal adhesion kinase activation are essential for fibroblast survival (116), HGF
may induce anoikis-like cell death following the loss of ECM-cell attachment.
Therefore, HGF is critical for reducing interstitial fibrosis by its concomitant action on
myofibroblast cell death and ECM degradation during regression of tissue fibrosis, as
noted elsewhere (113,114).

Inhibition of Myofibroblast Differentiation and Hyperplasia by HGF
Another important role of HGF toward myofibroblasts is inhibition of the cellular

proliferation and differentiation that is induced by fibrogenic cytokines (11,72,86,115).
Platelet-derived growth factor (PDGF) is a major mitogen for myofibroblasts. Over-
expression of PDGF in the normal kidney leads to lesions mimicking mesangial prolif-
erative glomerulonephritis (MPGN) (81), whereas anti-PDGF antibody treatment
suppresses myofibroblast overgrowth in an experimental model of MPGN (117). Of
interest, PDGF-mediated proliferation of MCs in culture is inhibited by HGF via inac-
tivation of ERK-42/44 (86). Similarly, HGF inhibited the PDGF-mediated prolifera-
tion of mesangium-derived myofibroblasts in association with early de-phosphorylation
of ERK in a rat model of Thy-1 nephritis (i.e., MPGN). As a result, glomerular fibrosis
was attenuated in HGF-treated rats (86). This effect was also reproduced in the case of
experimental hepatic cirrhosis (115) and in the atherosclerosis of pulmonary hyperten-
sion (118) in which myofibroblast hyperplasia is prominent.

Liu et al. (119) reported that the transdifferentiation of resident fibroblasts to myofibro-
blasts induced via TGF-β signaling was suppressed by HGF through inhibition of smad-
2/3 nuclear translocation. HGF also inhibits the production of connective tissue growth
factor (CTGF), another key ligand for fibrosis (68), contributing to the prevention of
CRDs, including DN (76,120). The synthesis of decorin, a proteoglycan that suppresses
TGF-β activity and fibrosis (68), has been shown to be upregulated by HGF in myofi-
broblasts (121). Overall, TGF-β, PDGF, and CTGF are all critical for tissue fibrosis
and scar formation, whereas HGF has counteractive effects against the production
and/or function of these fibrogenic ligands. Such inhibitory effects of HGF may be an
event common to multiple disease conditions (Fig. 8).

Deletion of myofibroblasts and matix breakdown via HGF/c-Met activation would
provide a mechanism to restore tissue integrity, even when parenchymal areas had been
replaced by myofibroblasts. This is supported by the observation that parenchymal cell
proliferation is enhanced by HGF in animal models of CRDs (11,71), liver cirrhosis
(66), and lung fibrosis (103) in association with resolution of fibrosis. Together, our
studies provide a molecular basis explaining how regression vs progression of tissue
fibrosis is regulated and how it may be reversed in chronic conditions.

Specificity of HGF’s Effects to Diseased Tissues
As mentioned earlier, HGF has a broad potential to produce regenerative and anti-

fibrogenic outcomes in chronically diseased tissues. The systemic or local therapeutic
administration of HGF will depend more on the degree and anatomical location of the
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disease process rather than on the potential limitation from side effects (10,17). The sys-
temic administration of HGF in dosages resulting in physiological plasma levels (3–5
ng/ml) is not associated with significant side effects in any animal model or in humans
(61,122). This lack of side effects may be explained by the specific and limited HGF acti-
vation of c-Met to diseased tissues (123). In this context, we have recently obtained evi-
dence that a serine residue at position 985 (Ser-985) in the juxtamembrane of c-Met acts
as a “negative regulator” to limit HGF/c-Met signaling (124). Ser-985-phosphorylation
prevents the HGF-induced mitogenesis and migration of lung carcinoma cells, whereas
Ser-985 de-phosphorylation by protein phosphatases restores HGF activity. These find-
ings were confirmed in a mouse model of acute hepatic injury (our unpublished data).
Together, we predict that the reciprocal balance between Ser-985 and tyrosine phosphory-
lation may be a key event to regulate HGF/Met signaling. In healthy tissues, Ser-985 is
always phosphorylated for preventing c-Met tyrosine phosphorylation even in the pres-
ence of ligand HGF. However, during tissue damage Ser-985 is de-phosphorylated owing
to increased phosphatase activity. Concomitant with this change, c-Met tyrosine is phos-
phorylated in the presence of HGF to trigger biological activity, including mitogenesis,
migration and antifibrosis effects (Fig. 9). This regulatory system explains the lack of
untoward effects of HGF after its systemic or local administration (12,77,120,125).
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Fig. 9. A hypothetical model for injury-specific HGF/c-Met intracellular signaling. (A) In non-
injurious (i.e., normal) organ tissues, a serine residue site at position 985 (Ser-985) in the 
juxtamembrane of c-Met/HGF receptor is constitutively phosphorylated and functions as a negative
regulator to inhibit HGF/Met signaling (i.e., switch OFF). (B) Once organ tissues undergo
injuries, Ser-985 site is “de”phosphorylated, probably via recruitment of intracellular protein
phosphatases. As a result, c-Met tyrosine sites are phosphorylated, then pleiotropic activities are
delivered (i.e., switch ON).
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PERSPECTIVE

The pathology of DN involves a complex interplay between glomerular hemodynam-
ics, albuminuria, tubular inflammatory, and fibrogenic processes. Using such a complex
renal disease as model, we demonstrated that HGF mediates epithelial–stromal and
endothelial–mesangial interactions for the recovery and maintenance of renal function
even under consistent diabetic conditions, strengthening the renotrophic roles of HGF.
The dominant expression of TGF-β over HGF is associated with progression of dia-
betic nephropathy, whereas HGF replacement by exogenous administration has preven-
tive and therapeutic effects by enhancing the reorganization of renal tissue following
regression of fibrosis. More importantly, fibroblasts are a major source of HGF, whereas
myofibroblasts (i.e., smooth muscle cell-like fibroblasts) lose the ability to produce
HGF (88,103). Thus, chronic organ failure may be defined as a HGF-deficient dis-
ease, wherein the parenchymal area is replaced with numerous myofibroblasts.

To overcome the loss or insufficient levels of endogenous HGF, recombinant HGF
protein as well as HGF gene delivery are now available, and the therapeutic modality to
be used may depend on the clinical situation. For example, ischemia reperfusion injury
occurs within a few hours and thus intravenous injection of rh-HGF seems suitable
according to the acuity of the condition (40,61). However, HGF gene delivery may be
useful to sustain effective HGF levels for a long-term, without repeated injections. In
particular, a single intra-renal injection of a naked HGF cDNA-containing plasmid may
be a promising method to inhibit renal fibrogenesis in specific circumstances, i.e., after
renal transplantation (77). Furthermore, restoration of endogenous HGF with an anti-
TGF-β antibody or after Ang-II blockade would be synergistic with the HGF supple-
mentation therapy. Potential uses of HGF in CRDs are summarized in Table 2 that
includes anticipated outcomes.

In addition to DN, HGF has potential to improve the primary cause of diabetes (i.e.,
pancreatic β-cell protection and repair) (46,126) and prevent diabetic complications
(16,122,127). Thus, clinical trials of rh-HGF or HGF gene therapy for treating patients
with diabetes can be designed if a careful evaluation of side effects is established. The
first clinical trials of HGF gene therapy for patients with arteriosclerosis obliterans is
now ongoing in Japan (122), and data on safety and effectiveness of HGF in humans
are now accumulating. Based on the clinical and experimental data (77,78,122), a study
to suppress tissue fibrosis by HGF administration in renal allografts is now in the plan-
ning stage. Future basic and clinical studies will provide a better understanding of the
renal effects of HGF and provide a paradigm concerning tissue regeneration in biolog-
ical defense systems.

CONCLUSIONS

Diabetes is now the leading cause of ESRD in many developed countries, and DN has
emerged as a silent epidemic worldwide. The pathology of DN involves a complex inter-
play between glomerular hemodynamics, albuminuria, tubular inflammatory, and fibro-
genic processes. Using such a multipathological renal disease in mice, we demonstrated
that HGF mediates epithelial–stromal and endothelial–mesangial interactions for recov-
ery and maintenance of renal function under consistent diabetic injuries. In the diabetic
mice, endogenous HGF had an essential role in minimizing clinical and histological
manifestations of DN, whereas loss in HGF production results in rapid progression of
renal fibrosis and renal dysfunction, associated with the increased levels of TGF-β.
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More importantly, supplement therapy with HGF led to the decrease in renal TGF-β lev-
els, followed by the arrest of glomerular and peritubular fibrotic lesions during diabetes.
Overall, HGF supplement therapy inhibited the onset of renal dysfunction in the diabetic
mice. The reciprocal balance between TGF-β and HGF levels is noted not only in DN
but also in other chronic renal diseases. Taken together, restoration of endogenous HGF
production levels as well as the supplementation of exogenous HGF could be a common
target to arrest or reverse renal fibrosis and dysfunction, caused by chronic renal disease.
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INTRODUCTION

Diabetic nephropathy (DN) remains the major complication of diabetes and the
leading cause of end-stage renal disease (ESRD) despite adequate treatment with current
available drugs. Better understanding of its pathogenesis and pathophysiology as well
as earlier diagnosis is crucial to achieve better therapeutic outcome and to prevent this
diabetic complication. Microalbuminuria is the best available noninvasive predictor
for the risk of DN (1). However, some patients with microalbuminuria have advanced
renal histopathological changes (2–4). Additionally, the conventional assay to detect
microalbuminuria measures only immunoreactive form of albumin, whereas the
immuno-unreactive albumin is not detectable (5). Therefore, the more sensitive
biomarker(s) and/or other laboratory test(s) that can detect all of the albumin isoforms
are crucially required.

The pathogenic mechanisms of diabetic renal injury are most likely the effects of
multiple pathways. Metabolic mechanisms interplay with hemodynamic processes via
common intermediate pathways. The final results are glomerular injury, tubulo-interstitial
damage, proteinuria, and ultimately renal failure. Molecular genetics and genomics
have been applied in an attempt to identify genes that may involve in the development
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of DN. There are several evidences that support the hypothesis of genetic susceptibility
in both type 1 (6,7) and type 2 DN (8–11). However, the information obtained from
genetic or genomic study provides rather the static information than the dynamic image
of the disease pathophysiology. Indeed, proteins, not genes, directly govern cellular
function. One gene can be modified to be several different translation products
(proteins) by the process called posttranslational modifications (PTMs), which are very
important to determine differential functions of proteins derived from the same gene
(12). The correlation of altered expression of genes and transcripts and change in
protein expression levels has been evaluated, but the results remain inconclusive. Some
studies have shown that mRNA levels correlated well with the protein levels (13,14),
whereas the others have demonstrated a poor correlation or even the opposite direction
of changes (15,16). Therefore, the data obtained from protein analysis are complementary
to those obtained from analyses of genes and transcripts, and a combination of different
analytical approaches (i.e., genomics, transcriptomics, proteomics, and others) is likely
to fulfill the dynamic image of the pathogenesis and pathophysiology of diabetic renal
complication. This chapter focuses on proteomics in the investigation of DN and
provides some perspectives of integrating all of the “omics” sciences to complete such
investigation. 

PROTEOMICS: AN EMERGING DISCIPLINE IN THE POSTGENOMIC
BIOMEDICAL RESEARCH 

Conventional analysis of proteins in biological samples has been conducted mainly
with immunological methods (i.e., Western blotting, ELISA, and radioimmunoassay).
These methods, however, have some limitations. For example, a relatively small number
of proteins can be examined in a single experiment. It may take several months to years
to study a large number of proteins using these methods. Additionally, specific antibodies
for the proteins to be examined must be existing and available. Moreover, the proteins of
interest are based on a priori assumption. To better understand the pathogenesis and
pathophysiology of medical diseases, an effective method for global analysis of proteins
is required. This ideal technique should have the capability of simultaneous exploring
both known (previously determined) and unknown (previously undetermined) compo-
nents of the “protein universe” in the cell, tissue, organ, or biofluid (17). There had been
no satisfactory tool available for simultaneous analysis of multiple proteins until 1975,
when O’Farrell (18) and Klose (19) first introduced two-dimensional polyacrylamide gel
electrophoresis (2D PAGE) to separate a large complement of proteins. This technique
permits separation of proteins in a complex mixture into hundreds to thousands of
components (or spots) in a single 2D gel. Even with the success in protein separation
science, the global analysis of proteins during the late 1970s through the 1980s was handi-
capped because of limitations in the high-throughput protein identification and quantitative
analysis of separated proteins at that time. 

In the postgenomic era, especially when the Human Genome Project is complete and
genome projects for other species are on-going, there is a flood of genomic information
leading to the development of several biotechnologies, which utilize the invaluable genome
data to explain the complexity of biology, physiology, and pathophysiology. Mass spec-
trometry (MS) has become an important tool to identify proteins on the genomic scale
(20). This technological development makes the high-throughput, global analysis of
proteins more feasible. Because of the usefulness and success of MS in biomedical
research, John B. Fenn, who developed electrospray ionization (ESI) and Koichi Tanaka,
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who developed matrix-assisted laser desorption/ionization (MALDI) shared the 2002
Nobel Prize in Chemistry for their great contributions in the development of MS (21).

With the strengths of protein separation science and mass spectrometric protein
identification, Marc Wilkins first coined the term “proteome” (set of proteins
encoded by the genome) during the Siena electrophoresis conference in 1994 (22).
The field of science to study the proteome is called “proteomics,” which has been
defined as “the systematic analysis of proteins for their identity, quantity, and function”
(23). Protein identification in proteomics is based primarily on mass analysis of
proteolytic peptide fragments and does not rely on a priori assumption and the availability
of the specific antibody. Both expected (previously determined) and unexpected
(previously undetermined) proteins can be examined simultaneously. Therefore,
proteomic analysis is a suitable tool for the high-throughput, large-scale, postgenomic
study of proteins.

Proteomics should be distinguished from protein chemistry, which is another field of
protein science. Protein chemistry is to examine protein structure and physical and
chemical properties of each protein in details, whereas proteomics is to examine the
overall expression profile of proteins (or the entire proteome), protein–protein interactions,
their complexes, and PTMs in a complex mixture of biological samples (24). Both of
them are aimed to better understand the cellular biology and physiology, and to determine
functional significance of proteins in normal and disease states. Therefore, these two
fields are different but complementary. Proteomics can be divided into two broad
categories: expression and functional proteomics. Expression proteomics is directed to
define normal proteome profile and differential protein expression among different sets
of biological samples, and to determine alterations in protein expression caused by
experimental interventions, physiological stimuli, or pathogenic conditions. Functional
proteomics is aimed to define functional significance of the protein of interest; for
example, its complexes, protein–protein interactions, and PTMs (25). Figure 1

Proteomics 257

Fig. 1. Expression and functional proteomics. Proteins are extracted from cell, tissue, organ, or
biofluid and subjected to either gel-based or gel-free proteomic analysis. Quantitative analysis is then
performed to define differential protein expression between samples. Bioinformatics is utilized to
obtain additional protein information for further functional study.



demonstrates the relationship between expression and functional proteomics. Commonly,
expression proteomics is applied at the initial step to identify the set of candidate pro-
teins for further functional study. Bioinformatics serves as a link between expression
and functional proteomics. 

ANALYTICAL APPROACHES FOR PROTEOMIC ANALYSIS

Classical vs Alternative Approach
Based on the study purposes, analytical approaches for proteomic analysis can be

classified into two main types (Fig. 2). The “classical approach” extensively and
systematically examines protein expression and function to better understand the
pathophysiology of medical diseases (26). The analytical procedures in this approach
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Fig. 2. Classical vs alternative proteomics approach. The classical approach is to extensively and
systematically examine protein expression and function to better understand the pathophysiology of
medical diseases. Although biomarker discovery can be attained via this approach, most clinical
proteomics studies aiming to diagnostics employ the alternative one, which bypasses complicated
analytical procedures in the classical proteomics. The alternative approach is to examine “profiles” or
“patterns” of protein expression in various samples to differentiate types or groups of different samples
(i.e., normal vs diseases) without any detailed characterization of proteins (identity, PTMs, interac-
tions, etc.). The latter is suitable for multifactorial diseases for which multiple proteins may serve as
the biomarkers and examining them all together may offer more precise information than looking
only for a single marker. (Copyright © 2005 Future Drugs Ltd., London, UK; modified with permis-
sion from ref. 26.)



involve expression proteomics, bioinformatics, quantitative analysis, and functional
proteomics as described in details in Fig. 1. The “alternative approach” examines the
proteome profiles or patterns of protein expression in biological samples to differentiate
types or groups of samples (i.e., normal vs diseases; a specific disease vs others), rather
than focusing on a specific protein (26). Common analytical methods used in the latter
approach are microarrays (27), surface-enhanced laser desorption/ionization (28), and
capillary electrophoresis (CE) coupled to MS (29). The advantage of this approach is
that detailed characterizations (identity, PTMs, interactions, etc.) of a specific protein
are unnecessary. This approach is, therefore, suitable for clinical diagnostics and bio-
marker discovery, especially in cases of multifactorial diseases for which one marker may
not be sufficient for effective detection or diagnosis. In addition, information about
dynamic changes of the proteome profile during or after treatment may be useful to predict
therapeutic outcome and/or prognosis of the disease. The alternative approach also offers
an opportunity of its use as a complementary diagnostic tool for some medical diseases in
which clinical diagnosis relies only on invasive procedures that may be limited in some
occasions. For example, renal biopsy, which remains the gold standard for the diagnosis of
glomerular diseases, may not be possible in patients whose indications for this invasive
procedure are not fulfilled and those with bleeding tendency or flank skin infection, thereby
delayed diagnosis. In these cases, urinary and serum/plasma proteomics via the alternative
approach may potentially be useful in the clinical diagnostics.

Global Analysis vs Highly Focused Study
Analysis of the entire proteome of any cell, tissue, organ, or biofluid can be done at

either macro (global analysis) or micro (highly focused study) level (Fig. 3). Proteomic
analysis of the kidney is a model used herein for the discussion. Analysis of the entire renal
proteome is suitable for screening for “global changes” of renal proteins affected by an
experimental condition or disease state. The global analysis, however, does not provide
precise information of each identified protein, especially its locale(s), although bioinfor-
matics can be applied to predict the localization. Additionally, low abundant proteins may
be obscured by major abundant components making the analysis more difficult. In these
cases, the highly focused study is required. “Subproteome analysis” is a concept of exam-
ining the selected compartment of cell or organ, based on microstructures (plasma mem-
branes, cytosol, or individual intrarenal microstructures such as glomeruli, mesangial cells,
podocytes, afferent/efferent arterioles, tubules, etc.)  (30,31). Another type of the highly
focused proteomic analysis is “targeted proteomics” study. This type of the highly focused
proteomic analysis refers to “the highly focused study, targeting on an interesting set of
proteins” (26). In some instances, this term may be confused with the subproteome analysis
and used interchangeably. Although the strategy of subproteome analysis is to selectively
examine a particular microstructure of cell or organ (30,31), selection strategy of targeted
proteomics has a wider spectrum: for example, selection of protein abundance (i.e.,
removal of albumin and other high-abundant plasma proteins prior to proteomic analysis)
(32); hydropathicity (hydrophilic vs hydrophobic proteins) (33–35); peptides with specific
amino acid (Cys, His, Met, etc.) (36–38); N- or C-terminal peptides (39,40); posttransla-
tionally modified proteins (glycosylation, phosphorylation, oxidation, nitration, etc.) (12);
and affinity-purified proteins (lectin affinity, coimmunoprecipitation, tandem affinity
purification, etc.) (41). In addition to these selection strategies, targeted proteomics study
in the nephrology field can be referred to as the study of a particular set of renal salt and
water transport proteins using immunoblotting (42–45).
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Gel-Based vs Gel-Free Proteomic Analysis
GEL-BASED PROTEOMIC ANALYSIS

Gel-based analysis is the most commonly used method in current proteomic studies.
Proteins are first extracted from cell, tissue, organ, or biofluid and then separated by 2D
PAGE. The first dimensional separation resolves proteins on the basis of differential pH
or charges, using immobilized pH-gradient strips or mobiline ampholytes tube gels
(46). During the electrophoresis, acidic proteins (anions) migrate toward the anode,
whereas basic proteins (cations) migrate toward the cathode. At a point where the
dynamic net charge is zero, a protein will stop migration. This point of pH value is
called “isoelectric point” and this process is called “isoelectric focusing” (47). After
completion of the isoelectric focusing, proteins are subjected to further separation in
the vertical axis (2D) by sodium dodecyl sulfate-PAGE that resolves proteins on the
basis of differential molecular sizes (Mr). Separated proteins in the 2D gel can be visualized
by various types of staining (Coomassie blue, silver, fluorescence, etc.). The visualized
spots are then excised, in-gel digested with proteolytic enzymes (trypsin, chymotrypsin,
Arg-C, Asp-N, Lys-C, PepsinA, V8-E, V8-DE, etc.), and identified by MALDI-MS fol-
lowed by peptide mass fingerprinting (Fig. 4).

MALDI-MS provides a high-throughput manner of protein identification; hundreds
of proteins can be identified within a day (48). In MALDI analysis, proteins, or tryptic
peptide fragments are mixed with chemical matrix, which has the property of facili-
tating ion activation by laser beam. The most commonly used matrix in MALDI is 
α-cyano-4-hydroxycinnamic acid for peptide analysis and trans-3,5-dimethoxy-4-
hydroxycinnamic acid (sinapinic acid) for protein analysis (49). The mixture of analytes
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Fig. 3. Global analysis vs highly focused study. Both classical and alternative proteomics studies can
be conducted at two different levels. The global analysis is to screen for overall changes of the entire
proteome, whereas the highly focused study is to examine a particular set of proteins using the concepts
of “subproteome analysis” and “targeted proteomics.” (Copyright © 2005 Future Drugs Ltd., London,
UK; modified with permission from ref. 26.)



and matrix is spotted onto the target plate and allowed to air-dry. Thereafter, crystals of
matrix are formed together with the analytes. The target plate is then placed into the
MS instrumentation, which is equipped with a laser-beam generator. After laser firing, the
matrix adsorbs the energy from laser and then undergoes rapid solid-to-gas phase transition
or the exciting state. The analytes embedded in the matrix crystals are then ionized by the
excited matrix with a poorly understood process. Most of ions formed in the activated
analytes are single-charged ions (50). These ions are then ejected from the target plate to
the mass analyzer. The most common type of mass analyzer employed in MALDI analysis
is time-of-flight (TOF). With a fixed distance of ion passage, the time to the target of the
activated ions is different because of variations in mass per charge (m/z) values of the
ionized peptides. Various peptide fragments can then be distinguished and identified by
peptide mass fingerprinting, based on differential m/z values (51) (Fig. 4).

GEL-FREE PROTEOMIC ANALYSIS

The major limitation in gel-based proteomic analysis is the difficulty in identi-
fying low abundant, transmembrane, and highly hydrophobic proteins. Reverse-phase
high-performance liquid chromatography coupled to ESI-tandem MS (ESI-MS/MS)
has gained a wide acceptance for gel-free proteomic analysis and become a method
of choice for analysis of membrane and low-abundant proteins (52–54). ESI is the
process of ionization from electrospray source, whereas tandem MS refers to the
strategy of multistep mass analyses. The analyte solution is pumped through the
high-voltage capillary and electrostatic force of this high-voltage field exceeds surface
tension of the solution, leading to the spray of highly charged droplets from the capillary
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Fig. 4. Gel-based proteomic analysis: the most commonly used method in proteomic studies. Proteins
derived from cell, tissue, organ, or biofluid are resolved by 2D PAGE, which separates proteins on
the basis of differential isoelectric point (x-axis) and Mr (y-axis). Separated protein spots are visualized
by various types of staining. After spot matching and quantitative intensity analysis, the interesting
spots are excised, in-gel digested with proteolytic enzymes (mostly trypsin), and then identified by
MALDI-MS followed by peptide mass fingerprinting.



tip. Desolvation process of these droplets can be accomplished by either passing
through a heated capillary or passing across a stream of heated gas. The peptide ions
then enter into the mass analyzer. There are several types of mass analyzers (e.g.,
quadrupole, ion trap, and TOF) that can be used in tandem MS in various combi-
nations (55). Although these combinations operate differently, all of them have similar
strategy to analyze peptide masses in the tandem manner (multisteps of mass analysis)
to produce more accurate data than the analysis with only a single path of mass
analyzer. Recent advance in gel-free proteomic analysis is an approach namely multi-
dimensional protein identification technology or “shotgun proteomics” (56). Multidi-
mensional protein identification technology takes advantage of the high resolution
capacity of protein separation using 2D liquid chromatography (which resolves proteins
on the basis of electrostatic charge and hydrophobicity) and the powerful peptide
characterization of tandem MS to analyze proteins in a complex mixture (57). It provides
higher sensitivity and shorter analytical time when compared with gel-based proteomic
analysis, but requires a more complicated instrumentation. Other types of gel-free
proteomic technologies include microarrays (27), surface-enhanced laser desorption/
ionization (28), and CE-MS (29) that are commonly used in the alternative 
proteomics approach.

DIABETES RESEARCH IN THE ERA OF PROTEOMICS

During the past few years, proteomics has been extensively applied to diabetes
research. The main objectives of proteomic applications to diabetes are not only to better
understand the pathophysiology of this metabolic disease and its complications, but
also to define novel biomarkers and new therapeutic targets. Recent proteomic studies
applied to diabetes research are summarized in Table 1.

Construction of 2D reference maps and proteome databases of pancreas (58,59)
and mitochondria (60–64) will be useful for future diabetes research. Because proteins
have already been identified in these maps, MS analysis may not be further required
in the next study that examines the same organ/organelle using the exactly same
protocols of sample preparation and separation. There are several additional 2D 
reference maps and proteome databases for other specific organs and organelles that
have not been included in Table 1 but may potentially be useful in diabetes research
and can be found at the WORLD-2D PAGE (http://www.expasy.org/ch2d/
2d-index.html). Differential proteomics has been applied to diabetes research to
determine differentially expressed proteins in different sets of biological samples
and to define alterations in protein expression or proteome profiles during experi-
mental intervention and disease state. Among these applications, differential 
proteomic analysis of pancreatic islets and β-cells has been mostly applied (65–71).
These studies have investigated the altered protein expression of differentiating 
β-cells, islets exposed to cytokine (IL-1β) and drug (rosiglitazone), dietary-manipulated
islets, and transplanted islets. Finally, examination of PTMs related to diabetes 
provides significant functional information of the identified proteins although only
few PTMs, to date, have been explored in the proteomic investigation of diabetes.
With the strength of proteomic technologies and the availability of genomic information,
proteomics will be more widely applied in diabetes research in the coming years
and will lead to lots more information to unravel the pathophysiology of diabetes
and its complications.
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PROTEOMICS IN THE INVESTIGATION 
OF DIABETIC NEPHROPATHY

Even with the extensive applications of proteomics to diabetes research during the
past few years, proteomics in the investigation of DN is in its infancy phase and the
number of such studies is relatively small. These studies can be summarized as follows.

Classical Proteomics Approach to Define Alterations in Renal Protein
Expression in Diabetic Nephropathy Using Animal Models 

of Type 1 and Type 2 Diabetes
The author and colleagues (73–75,95) have performed the classical, gel-based

proteomic analysis (using 2D PAGE, SYPRO Ruby staining, quantitative intensity
analysis, and MALDI–TOF MS) of DN in the OVE26 transgenic mouse model for type 1
diabetes (96–98) and the db/db mouse model for type 2 diabetes (99). Differential pro-
teomics has been performed using these two mouse models compared with their respective
background strains. A total of 41 (30 identified and 11 unidentified) and 39 (20 identified
and 19 unidentified) proteins are differentially expressed proteins observed in diabetic
kidneys of type 1 and 2, respectively (73,74,95). The altered proteins include proteases,
protease inhibitors, apoptosis-associated proteins, regulators for oxidative tolerance,
Ca2+-binding proteins, transport regulators, cell-signaling proteins, and smooth muscle
contractile elements. Some of the altered proteins have been previously shown to be
regulated during diabetes; whereas roles for the other altered proteins have not previously
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Table 1
Summary of Recent Proteomic Studies in the Investigation of Diabetes

Type of study Reference(s)

Two-dimensional reference maps and proteome databases
Human pancreas 58
Mouse pancreatic islets, adipose tissue, liver, and muscle 59
Human, rat, and mouse mitochondria 60–62
Metabolic network in human mitochondria 63,64

Differential proteomics
Pancreatic islets and β-cells 65–71
Heart 72
Kidney 73–77
Liver 78–80
Muscle 79
Adipose tissue 79
Red blood cell membranes 81
Serum 82,83
Urine 84,85
Vitreous fluid 86

Proteomic analysis of posttranslational modifications
Glycation 87–91
Oxidation 92
Nitration 93
Phosphorylation 94



been established, suggesting that they may be involved in the novel mechanisms of DN.
These data may provide a new roadmap for diabetes research.

Among the altered proteins that have been identified, changes in the renal
elastin–elastase pathway (73,95) and increased calbindin-D28k expression (75) are
consistent among the two types of diabetes. In the renal elastin–elastase system, expression
of elastase inhibitor is increased, whereas elastase expression is decreased (Fig. 5A).
These coordinated changes suggest the hypothesis that elastin, a protein degraded by
elastase, should be accumulated in the diabetic kidney. The hypothesis has been
addressed by an immunohistochemical study of elastin on mouse kidney sections and
human renal biopsy specimens. The elastin expression is markedly increased in renal
tubular epithelial cells (early stage) and in the interstitium (advanced stage) of diabetic
kidneys (Fig. 5B). Elastin is an extracellular matrix (ECM) protein, which plays an
important role in maintaining vascular elasticity and glomerular integrity. The increase
in elastin expression, however, is localized in renal tubular epithelial cells, not the vessels
nor the glomeruli. This change occurs in parallel with an increase of vimentin, a marker
of cells derived from mesenchymal tissues (100). These data are consistent with those
reported in a previous study (101), indicating that renal tubular epithelial cells can produce
ECM proteins and directly intervene in the fibrotic process via a mechanism namely
“epithelial–mesenchymal transdifferentiation.” Additionally, expression of a myofi-
broblast protein (fibroblast tropomyosin) and proteins associated with proliferation,
modulation and differentiation of myofibroblasts, and fibrogenesis (calmodulin and
cellular retinol-binding protein) (102,103) are also upregulated in diabetic kidneys.
Taken together, these data suggest that elastin may play an important role in tubular
disorders and interstitial fibrosis of DN.

The other consistent finding in the kidney of both types of diabetes is the increase in
renal Calbindin-D28k expression (Fig. 6A) (75). Calbindin-D28k is generally known
as a vitamin-D-dependent Ca2+-binding protein that plays an important role in renal
tubular Ca2+ reabsorption (104). In the normal kidney, calbindin-D28k distributes along
distal convoluted tubules (DCT), connecting tubules and collecting ducts (CD)
(105,106), and colocalizes with epithelial Ca2+ channel, plasma membrane Ca2+-
ATPase, and Na+/Ca2+ exchanger along 1,25(OH)2D3-responsive nephron segments
(107). These proteins regulate tubular Ca2+ reabsorption via an active transcellular Ca2+

transport process in the distal nephron (108). The results from a previous study (109)
indicate that renal calbindin-D28k expression is probably the best marker for the
1,25(OH)2D3 activity. Renal calbindin-D28k appears to enhance tubular Ca2+ reabsorption,
and reduction of renal calbindin-D28k is associated with hypercalciuria (110–114).
Findings from a recent in vivo study using a gene-knockout model confirm the critical
role of calbindin-D28k in maintaining renal Ca2+ homeostasis (115).

Hypercalciuria is commonly associated with diabetes (116–121). However, there
are a limited number of studies to address the pathophysiology of the altered Ca2+

homeostasis during diabetes (119–122). The results from these studies clearly indi-
cate that diabetic animals have hypercalciuria, decreased circulating 1,25(OH)2D3,
and reduced bone mass. Although hypercalciuria occurs, plasma levels of ionized
and total Ca2+ can be maintained at the normal levels in several study models
(119,121,122). These data implicate that a compensatory mechanism for diabetes-
induced renal Ca2+ loss exists. The increased calbindin-D28k expression is prominent
at DCT and CD of the OVE26 diabetic mice (Fig. 6B) (75). Both DCT and CD are
the 1,25(OH)2D3-responsive nephron segments. Considered together, these data
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Fig. 5. Alterations in the renal elastin–elastase system in diabetic nephropathy identified by pro-
teomic analysis. (A) Classical proteomics approach (using 2D PAGE, SYPRO Ruby staining,
quantitative intensity analysis, and MALDI–TOF MS) has been applied to screen for average
changes of proteins in diabetic mouse kidney. Among several altered proteins, elastase inhibitor is
upregulated, whereas elastase is downregulated in diabetic kidney. These coordinated changes
have led to the hypothesis that elastin, a protein degraded by elastase, should be accumulated in
diabetic kidney. The hypothesis has been addressed by immunohistochemical study on human
renal biopsies. (B) Elastin is markedly increased in renal tubular epithelial cells (early stage; right
upper panel) and the interstitium (late stage; right lower panel) of diabetic kidney. These findings
have led to the new hypothesis that elastin may play role in a process namely “tubular epithelial–
mesenchymal transdifferentiation” in the fibrogenesis pathway of diabetic nephropathy.
Magnification power in (B) is ×100 for the right lower panel and ×400 for the others. (Modified
from ref. 73 with permission.)
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Fig. 6. Proteomic identification and immunolocalization of increased calbindin-D28k in diabetic
kidney. (A) Classical proteomics approach (using 2D PAGE, SYPRO Ruby staining, quantitative
intensity analysis, and MALDI–TOF MS) has been applied to screen for average changes of pro-
teins in diabetic mouse kidney. Among several altered proteins, renal calbindin-D28k expression is
markedly increased in animal models of type 1 and 2 diabetes. (B) Immunohistochemistry has
confirmed the proteomic data and demonstrated the increase of renal calbindin-D28k at DCT, CD,
and proximal convoluted tubules . Magnification power in (B) is ×200. (Modified from ref. 75 with
permission.)



suggest the hypothesis that the increase in renal calbindin-D28k in diabetic kidney
may be one of the compensatory mechanisms responsive to diabetes-induced abnormal
Ca2+ homeostasis (116–121).

Interestingly, the increase in renal calbindin-D28k expression in diabetic kidney
appears not only in the distal nephron, in which calbindin-D28k facilitates active Ca2+

reabsorption, but also in proximal convoluted tubules, in which a role for calbindin-D28k
is not clear (Fig. 6B) (75). There is an evidence demonstrating that transfection of
calbindin-D28k gene into murine proximal tubular epithelial cells provides protective
effects against chemical hypoxic injury (123). Several other lines of inquiry indicate
that calbindin-D28k has a cytoprotective role in preventing various cell types from cellular
degeneration and apoptosis via a Ca2+-buffer mechanism (124–127). Therefore, it is
speculated that calbindin-D28k may have another potential role in preventing apoptotic
tubular cell death induced by diabetes. 

Alternative Proteomics Approach to Define Alterations in Urinary Proteome
Profile in Patients With Diabetic Nephropathy

In addition to the classical proteomics approach described above, the alternative
proteomics approach has also been applied to DN using CE-TOF MS to differentiate
urinary proteome profile of patients with type 2 diabetes from that of the healthy
controls (84). The urinary polypeptide pattern of patients with diabetes significantly
differs from the normal. Moreover, there is a specific polypeptide pattern of “diabetic
renal damage” in patients with high-grade albuminuria (urine albumin >100 mg/L).
The urinary polypeptide profiles in diabetic patients can be classified into four types.
Type A pattern is typically found in the diabetic state and the occurrence in healthy
subjects is low. Type B pattern represents polypeptide profile observed mainly in
healthy subjects and the frequency in patients with diabetes is low. Types C and D are
the typical patterns of markers for diabetic renal damage of which the frequency in
diabetes is increased and decreased, respectively (84). These data underscore the use-
fulness of the alternative proteomics approach in clinical diagnostics and 
biomarker discovery. 

Targeted Proteomics Approach to Define Alterations in Renal Salt 
and Water Transport Proteins in Diabetic Nephropathy

Only few studies have applied targeted proteomics using immunoblotting to define
alterations in renal salt and water transport proteins during diabetes. The evaluation of
type 1 diabetes has been performed in streptozotocin (STZ)-induced diabetic rats (77).
STZ administration results in increased expression of type 3 Na+/H+ exchanger, thi-
azide-sensitive Na+-Cl– cotransporter, epithelial Na+ channel subunits α, β, and γ, aqua-
porin (AQP)-2, and AQP-3 (77). For the evaluation of type 2 diabetes, lean and obese
Zucker rats have been employed (76). Obese rats are significantly heavier and have
larger kidneys with increased plasma creatinine, abnormal high glucose levels, and ele-
vated blood pressure. Furthermore, they have a marked decrease in abundance of several
renal transport proteins; i.e., Na+-P– cotransporter-2, type-3 Na+/H+ exchanger,
bumetanide-sensitive Na+-K+-2Cl– contransporter, AQP2, AQP3, AQP4, and apical urea
transporter (76). These findings may reflect the pathophysiology of renal salt and water
retention and hypertension associated with DN.
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PROTEIN BIOINFORMATICS IN THE INVESTIGATION 
OF DIABETIC NEPHROPATHY

Bioinformatics can be applied to obtain additional protein information including:

1. protein identities using MS or MS/MS data; 
2. protein characterization and structure prediction;
3. homology and sequence alignment;
4. motifs and domains;
5. protein interactions and networks;
6. potential PTMs;
7. predicted transmembrane regions;
8. subcellular localization; and
9. miscellaneous (51).

There are numerous on-line analytical tools that are freely accessible in the websites
for bioinformatic analysis (http://www.expasy.org/tools/). The data obtained from
bioinformatic analysis are very helpful to predict the correlation between “protein
expression” and “protein function” and make functional studies more focused.

An obvious example of the usefulness of bioinformatics in the investigation of
DN has been demonstrated in a recent proteomic study, which has identified an
unnamed protein product (gi|12841975; BAB25424) as a highly regulated protein in
the kidney of the OVE26 diabetic mice (51,73,74). The MS-based protein identifi-
cation frequently provides the identities that are designated as “unknown protein,”
“unnamed protein,” “putative protein,” “hypothetical protein,” “unnamed gene product,”
and so on. All of these terms refer to the proteins that have been submitted to the
database without detailed characterizations or those, whose sequences have been
predicted from DNA sequences but their other information is limited or unknown.
When this occurs, the investigators frequently ignore the proteins and the data may
be of limited usefulness.

Bioinformatic analysis is of substantial assistance in characterizing hypothetical
proteins identified by mass spectrometric analysis. It can “unmask” those unknown
proteins, which may turn out to be common or well-known proteins. Using data mining,
the unnamed protein (gi|12841975; BAB25424) that is upregulated in diabetic mouse
kidney has been finally unmasked (51). The data indicate that this unknown protein is,
indeed, phosphatidylethanolamine-binding protein. Additionally, motif scanning shows
that this unknown protein contains several kinase motifs, especially protein kinase C that
plays an important role in the pathogenesis of diabetic nephropathy. Therefore, this
protein phosphatidylethanolamine-binding protein should have a potential functional role
in protein kinase C-dependent pathogenic mechanisms of diabetic nephropathy.

The same group of the investigators, who have applied the classical proteomics
approach to DN (51,73–75,95), have also performed bioinformatic analysis of the
altered proteins identified from the OVE26 diabetic mice, integrating with literature
search to make a correlation between the altered proteins and the pathogenesis and
pathophysiology of DN. A model of renal protein trafficking that occurs in DN has
been proposed (Fig. 7). The pathogenic mechanisms that are involved in this model are
apoptosis, vasculopathy, glomerulopathy, and fibrogenesis. However, it should be noted
that this model represents only the phenomena occur in an animal model of type 1 dia-
betes and has not yet been examined in humans. Moreover, the data do not cover all of
the known proteins that have previously been shown to be regulated during diabetes.
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This model will be more valuable when a systematic functional study is designed to
address all of these multiplexed mechanisms globally, not just a particular pathway.

CONCLUSIONS

Proteomic analysis has become an important tool for the investigation of DN. With
more extensive applications in the coming years, proteomics will add up lots more
information and knowledge to better understand the pathogenesis and pathophysio-
logy of diabetic renal complication. In addition, proteomics will make also biomarker
discovery and identification of novel therapeutic targets for DN more feasible. The
ultimate goal of improved therapeutic outcome and successful prevention of the disease
can then be achieved. 

CURRENT PERSPECTIVES AND FUTURE DIRECTIONS

Diabetes Research: From Individual Omics to Integrative Omics 
and Systems Biology

The suffix—omics—has been used frequently for the nomenclature of several fields
in biomedical research (i.e., genomics, transcriptomics, proteomics, lipomics, metabo-
lomics, interactomics, and several others). Current diabetes research applies each 
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Fig. 7. The model of renal protein trafficking in type 1 diabetic nephropathy. This model has been
created by extensive bioinformatic analysis and literature search of the data obtained from a pro-
teomic analysis of the kidney in the OVE26 model of type 1 diabetes (73). All of the altered proteins
that have been identified in this model play important roles in apoptosis, vasculopathy, glomerulopathy,
and fibrogenesis. Abbreviations used: +, activation or stimulation; –, inhibition; TM, tropomyosin;
RBP, retinol-binding protein; C1qBP, Complement 1q-binding protein. (Modified from ref. 131 with
permission.)



of these omics sciences, separately, for individual study project. It is unlikely that the
complexity of diabetes will be completely understood by a single omics study.
Integrating all of these omics fields is required in future diabetes research. With the
strength of bioinformatics, each omics field is complementary to the others and serves
as an individual piece of the jigsaw to fulfill the dynamic image of the pathogenesis
and pathophysiology of diabetes and its complications. Recently, the concept of “systems
biology” has been emerging for the global evaluation of biological systems and has
included integrative omics as one of analytical procedures (128,129). Systems biology
has been defined by Weston and Hood (130) as “the analysis of the relationships among
the elements in a system in response to genetic or environmental perturbations, with the
goal of understanding the system or the emergent properties of the system.” A system
may be a few protein molecules carrying out a particular task such as galactose meta-
bolism (termed a biomodule), a complex set of proteins and other molecules working
together as a molecular machine such as the ribosome, a network of proteins operating
together to carry out an important cellular function such as giving the cell shape (protein
network), or a cell or group of cells carrying out particular phenotypic functions. Thus,
a biological system may encompass molecules, cells, organs, individuals, or even
ecosystems (130).

The major keys that make systems biology being the ideal approach for future
biomedical research are as follow:

1. The successfulness of the genome projects and the availability of databases. 
2. The emergence of cross-disciplinary biology that allows biologists, chemists, physiolo-

gists, computer scientists, engineers, mathematicians, statisticians, physicians, and
health care professionals to work closely together.

3. The availability of bioinformatics that serves as a link for a cross-talk among different
fields.

4. Advances in the high-throughput platforms of biotechnologies that permit simultaneous
study of a large complement of genes, transcripts, proteins, lipids, or other elements.

Systems biology is therefore the ideal approach for future diabetes research and
should result in the following:

1. Better understanding of the pathogenesis and pathophysiology of diabetes and its
complications.

2. Identification of new therapeutic targets. 
3. Discovery of novel drugs and biomarkers.
4. Better therapeutic outcomes.
5. Prevention of the disease and its complications. 
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INTRODUCTION

Diabetic nephropathy (DN) develops in about one-third of patients with diabetes, with
genetic and environmental factors both contributing to the development of the disease.
Clinical studies have established that hypertension, poor glycemic and lipid control, and
smoking (1) increase the risk of the development of the disease. It is clear however, that
environmental factors alone are not sufficient for the development of this complication (2).
In contrast, the prevalence of diabetic retinopathy continues to rise with the duration of
diabetes in most populations. Family studies among type 1 diabetics have shown that if one
sibling develops nephropathy, the other sibling has a fourfold increased risk of developing
it (3). These observations have clearly established the importance of genetic risk factors in
the development of DN. It is likely that the genetic response to hyperglycemia varies
among individuals and patients who develop a pattern of excessive regulation of nephro-
pathy-related genes will be the ones at greatest risk of developing DN.

Current clinical practice lacks powerful diagnostic and predictive molecular
approaches for accurate assessment of the risk for DN in individuals diagnosed with
diabetes. Because both environmental and genetic factors play an important role in the
disease, nonbiased approaches such as gene expression profiling may be particularly
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useful to develop a gene expression profile of nephropathy-related genes and to identify
new markers for progressive DN.

Apart from accurate diagnostic assessments, there is a paucity of directed therapies
to arrest DN. The available therapies are able to slow the rate of progression, but do
not arrest or reverse the disease. For example, the Diabetes Control and Complications
trial and the UK Prospective Diabetes study showed the importance of strict glucose
and blood pressure control in delaying diabetic complications (2,4). Recently completed
large studies showed that inhibition of the renin–angiotensin system by either
angiotensin-converting enzyme inhibitors or angiotensin receptor blockers slows
the progression of DN (5). With gene expression profiling, novel and specific
molecular drug targets may be developed with the potential to arrest the progres-
sion of DN altogether.

FUNCTIONAL GENOMICS

Functional genomics is the study of gene function through parallel expression meas-
urements of a genome. The most common tools used to carry out these measurements
include DNA microarrays, consisting of either oligonucleotide microarrays or serial
analysis of gene expression (SAGE). Microarrays are artificially constructed grids of
DNA, such that each element of the grid probes for a specific RNA sequence (i.e.,
each holds a DNA sequence that is a reverse complement to the target RNA sequence).
The basic concept behind all microarrays is the precise positioning of DNA fragments
(probes) at high density on a solid support so that they can act as molecular detectors. In
practice, microarrays vary according to the solid support used (such as glass or filters),
the surface modifications with various substrates, the type of DNA fragments on the
array (such as cDNA, oligonucleotides, or genomic fragments), whether the gene frag-
ments are presynthesized and deposited or synthesized in situ, and the machinery used
to place the fragments on the array (such as ink-jet printing, spotting, mask, or micromirror-
based in situ synthesis). Currently, combinations of these variables are used to generate
three main types of microarray: filter arrays, spotted glass slide arrays, and in situ-
synthesized oligonucleotide arrays. Both filter and spotted arrays are produced readily
in academic facilities; they can also be purchased from commercial vendors. By contrast,
arrays of oligonucleotides that are synthesized in situ, such as the Affymetrix GeneChip,
require complex equipment and are only produced in commercial settings.

In gene expression microarrays, either synthetic oligonucleotides or cDNA frag-
ments are used as probes. For most researchers, the ideal microarray for expression
profiling would be a complex array of sequence-validated probes, in which each
sequence is unique, shows minimal cross-hybridization to related sequences, and pro-
vides, collectively, a comprehensive representation of the expressed fraction of the
genome including splice variants. In a similar way, a nonredundant set of fragments
that provide a comprehensive representation of a genome would be ideal for carrying
out comparative genomic hybridization. The sources of probe fragments used for arrays
have been bacterial cDNA and bacterial artificial chromosome (BAC) clone sets, along
with sets of long oligonucleotides. Considerable progress has been made in the past
few years in improving the complexity and reliability of the cDNA and BAC clone sets.
Frequently, these libraries contain a certain amount of redundancy, misannotation, and
contamination. The production of complex, spotted oligonucleotide microarrays has
become progressively more accessible as the cost of oligonucleotide synthesis has
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fallen and the yield of full-length long oligonucleotides or “longmers” has improved.
Because oligonucleotide sets, unlike cDNA sets, are not limited by the availability of
physical clones, in principle, sets could be generated in-house from sequence informa-
tion. But the design of oligonucleotides is a complicated procedure and in practice,
most investigators use commercially available oligonucleotide sets that encompass
large numbers of genes ascertained from the latest draft of the relevant genomic
sequence. The situation regarding purchase of arrays has changed markedly in the past
few years as the price of commercial arrays has tumbled. Affymetrix GeneChip arrays
have increased in complexity and in the number of species represented, and the unit
cost per probe has decreased several-fold; thus, GeneChip arrays are now within the
reach of academic users. Affymetrix has also introduced new arrays for single-
nucleotide polymorphism analysis.

Although there are many protocols and types of systems available, the basic tech-
nique involves extraction of RNA from biological samples in either normal or interven-
tional states. The RNA (or in some protocols isolated messenger RNA) is then copied,
while incorporating either fluorescent nucleotides or a tag that is later stained with
fluorescence. The labeled RNA is then hybridized to a microarray for a period of time,
after which the excess is washed off and the microarray is scanned under laser light.
With oligonucleotide microarrays, for which all probes have been designed to be theo-
retically similar regarding hybridization temperature and binding affinity, each micro-
array measures a single sample and provides an absolute measurement level for each
RNA molecule. However, this absolute measurement may not correlate exactly with
concentration in terms of micrograms per unit volume. With cDNA microarrays, for
which each probe has its own hybridization characteristic, each microarray measures
two samples, and provides a relative measurement level for each RNA molecule.
Regardless of the technique, the end result is 4000–50,000 measurements of gene
expression per biological sample. 

Similar to microarrays, SAGE is a high-throughput expression profiling technique well
suited to gene discovery. It provides a quantifiable inventory of all transcripts in a cell or
tissue at one point in time, requiring no a priori assumptions about gene expression. 

As the cost of microarrays continues to drop, it is clear that microarrays are becoming
more integral to the drug discovery process. In addition to the obvious use of functional
genomics in basic research and target discovery, there are many other specific uses in
this domain. These include biomarker determination, to find genes that correlate with
and presage disease progression, but are easier to measure and follow in clinical trials;
pharmacology, to determine differences in gene expression in tissues exposed to various
doses of compounds; toxicogenomics, to find gene expression patterns in a model tissue
or organism exposed to a compound and their use as early predictors of adverse events
in humans; prognostic tests, to find a set of genes that accurately distinguishes one disease
from another; and disease subclass determination, to find multiple subcategories of a
disease process within a single clinical diagnosis.

Methodological Issues in Gene Profiling With Kidney Tissue
To date, the feasibility of finding diagnostic and outcome predictor “biomarker

genes” of human diseases based on gene expression profiling have been demonstrated
for various malignancies, including acute leukemia (6), breast cancer (6), and lung
cancer (7). In comparison with studies on tumor material, the application of micro-
array studies to human DN poses different challenges (8). Highly sensitive and
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reproducible methods are needed to assess gene expression profiles in limited amount
of available tissue.

The standard normal vs diseased tissue type of comparison, which is currently the basic
design principle of profiling studies, carries the limitation that gene expression profile in
“normal” tissue is still not well characterized. Garonne et al. (9) performed pioneering
work on gene expression analysis along the human nephron. The transcriptome of isolated
glomeruli and seven different nephron segments via microdissection from fresh tissue
specimens was characterized using the SAGE method. More than 400,000 mRNA SAGE
tags were sequenced, making it possible to detect transcripts present at 18 copies per cell
with a 95% confidence level. Expression of genes responsible for ion transport and perme-
ability was evidenced, as were transcripts for 119 solute carriers, 84 channels, 43 ion-
transport ATPases, and 12 claudins. Searching for differences between the transcriptomes,
998 transcripts were found to greatly vary in abundance from one nephron segment to
another. Clustering analysis of these transcripts demonstrated different extents of similarity
between the nephron portions. Approximately 75% of the differentially distributed tran-
scripts corresponded to cDNAs of known or unknown function that are accurately mapped
in the human genome. This systematic large-scale analysis of individual structures of a
complex human tissue reveals sets of genes underlying the function of well-defined
nephron portions. It also provides quantitative expression data for a variety of genes
mutated in hereditary diseases and helps in sorting candidate genes for renal diseases that
affect specific portions of the human nephron. However, gene expression in normal tissue
is likely to be dependent on several factors, including the patient’s sex, age, and genetic
background. Therefore, larger studies will be necessary to describe gene expression profiles
in the range of “normal/healthy” gene expression levels. 

Hsiao et al. created a compendium of gene expression in normal human tissues,
including the kidney, suitable as a reference for defining basic organ systems biology
(10). Using oligonucleotide microarrays, they analyzed 59 samples representing 19 dis-
tinct tissue types. Their compendium reveals similarities and differences among organs
and tissues and also provides a publicly available resource (Human Gene Expression
Index, the HuGE Index, http://www.hugeindex.org). A recent study by Higgins et al.
(11) characterized gene expression in discrete human nephron compartments. Using a
custom cDNA microarray, cluster of genes expressed in glomerulus, tubules, medulla,
papilla, and pelvis were tabulated. The identification of the specific gene expression
profiles in each compartment will be invaluable for future comparisons and for identi-
fying novel functional roles of each compartment in physiology and pathophysiology.

A major limitation for studies of human diabetic renal disease at a molecular level is
that current clinical practice usually does not require tissue analysis to establish the
diagnosis of DN. In cases in which kidney biopsy material is available, interpretation
may be confounded by tissue heterogeneity. The proportion of glomeruli and different
tubular segments present in the biopsy material can vary significantly; therefore different
cell types can be present in different proportion among different samples. Pioneering
studies by Kretzler et al. (8) have established that manual microdissection of fresh renal
biopsy cores is an effective approach that allows efficient separation of glomeruli and
tubuli in experienced hands. Laser capture microdissection (LCM) technology (12,13)
is a powerful alternative to manual microdissection. LCM allows accurate identifica-
tion and procurement of glomerular or tubular cells from tissue samples under direct
microscopic visualization. Archived samples can also be analyzed with LCM, however,
a major drawback of this technique is the low amount and often inadequate quality of
mRNA that is extracted from fixed or frozen tissue. Thus, adequate quality control for
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RNA integrity is paramount for each sample obtained by LCM. Because renal biopsies
represent a minute fraction of the diseased organ, considerable sample bias is also
inevitable. A representative number of glomeruli are required to obtain adequate pro-
files. Detailed histopathological examination of the biopsy material, including light and
electron microscopic analysis, can help to overcome these difficulties. 

Technical challenges pose significant additional problems. A major issue is the stability
of the mRNA. Several promising technical innovations have been developed to overcome
this problem. A new class of RNAse inhibitors provided in commercial reagents (i.e.,
RNALater from AmbionTM) allows good preservation of RNA. New column-based RNA
extraction methods provide high-quality RNA quickly with minimal loss during extrac-
tion. RNA quantification and quality measurements are critical steps for gene expres-
sion studies. A new technology (Lab-on-Chip) (14), which is based on capillary gel
electrophoresis, has revolutionized this field and as little as picogram quantities of RNA
can now be accurately analyzed. 

Another major limitation for DNA array-based technologies was that earlier assays
required a large amount (20–100 μg) of high-quality total RNA as a starting material.
Recently, new technologies with improved RNA amplification and labeling have become
available (15,16). A major concern is the linearity of the amplification across different
mRNA species. With highly effective amplification, even small differences in amplifica-
tion efficiencies can result in significantly distorted representation of individual transcripts.
It is now generally recommended that microarray analysis also employ a “universal stan-
dard” that is the same among the different array studies. This allows for a more reliable
comparison of data and decreases technical variations from experiment to experiment.

Microarrays deliver massive amounts of data on 10s of 1000s of genes. The result is
an immense quantity of biological information that needs to be analyzed, presented,
and archived in a meaningful way. Therefore, functional genomic studies should be
combined with advanced computational and biostatistical approaches. The gene expres-
sion data have to be analyzed in conjunction with patient and sample variables.
Additionally, potential gene candidates must be assessed for relevance to disease using
parallel technologies, methods at the RNA and protein level, and more importantly in
functional studies. Many such programs now exist for meaningful analysis of microarray
data, and the comparison of these are beyond the scope of the current manuscript.
GenespringTM, GeneTraffic, and BioConductor are some of the most frequently used
ones. Standard approaches include cluster analysis, hierarchical clustering, K nearest
neighborhood analysis, and predictive modeling.

A key issue is the adequate prospective design of a microarray-based study. Adequate
samples should be analyzed initially based on the likely number of genes that will be
deregulated and the range of expression. Subsequent to the discovery mode, and after
data analysis, predictive gene expression profiles should be evaluated in a separate
cohort of samples. However, most of the published studies using microarray-based
expression analysis have included only a limited numbers of replicates. In fact, many
studies conduct the experiment only once. Considering the potential sources of assay
variation, the need for sufficiently replicated studies is underscored. 

On statistically identifying a list of relevant genes, a validation step is necessary.
Typically, real-time polymerase chain reaction analysis is performed on the genes of
interest in the same pool of RNA that was subjected to microarray analysis. After
validation, it is optimal to then use statistical modeling to use the key classifier genes
to predict disease phenotype in a separate cohort of samples. Various approaches can be
employed to fulfill these pathways.
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GENE EXPRESSION PROFILING 
IN HUMAN DIABETIC NEPHROPATHY

Bruijn and colleagues (17) were able to overcome some of the limitations and had
published gene expression analysis of kidneys from healthy patients and those with DN.
They determined gene expression levels in two morphologically normal kidneys and in
two kidneys from patients with DN. Glomerular RNA was hybridized in duplicate on
Human Genome U95Av2 Arrays (Affymetrix, Santa Clara, CA). They found that 96
genes were upregulated in diabetic glomeruli, whereas 519 genes were downregulated.
The list of overexpressed genes in DN included aquaporin 1, calpain 3, hyaluronoglu-
cosidase, and platelet/endothelial cell adhesion molecule. The list of downregulated
genes included bone morphogenetic protein 2, vascular endothelial growth factor,
fibroblast growth factor 1, insulin-like growth factor binding protein 2, and nephrin. A
decrease in vascular endothelial growth factor and nephrin was validated at the protein
level and also at the RNA level in renal biopsy specimens from five additional patients
with diabetes. One of the limitations of their study was that it was performed in kidneys
from a total of four patients, therefore analysis of gene expression heterogeneity in
“healthy” and “diseased” tissue was not possible. In addition, because the study was
performed on cadaveric kidneys it raised concern whether it added unnecessary bias to
the results. 

FUNCTIONAL GENOMIC STUDIES OF KIDNEYS 
IN EXISTING RODENT MODELS OF DIABETES

Because of the difficulties that researchers encountered with gene expression studies
on human diabetic kidney biopsy materials, a number of investigators have performed
gene expression studies in animal models of DN. One of the earliest studies was from
Wada et al. (18). This group analyzed gene expression in the kidneys of streptozotocin
(STZ)-induced diabetic mice using high-density DNA filter arrays. They had four
experimental groups: controls (CD-1 mice), unilaterally nephrectomized mice, STZ-
induced diabetic (STZ) mice, and STZ mice with unilateral renal ablation. Pathological
changes were examined at 24 wk after the induction of diabetes. The gene expression
profile was compared between the control and STZ-treated mice by a cDNA arrays.
The uninephrectomized mouse kidney showed prominent glomerular hypertrophy with
minimal mesangial matrix accumulation. Both the STZ-treated and the uninephrec-
tomized STZ-treated mice had significant glomerular hypertrophy and glomeruloscle-
rosis, and the lesions were not enhanced by renal ablation. The comparison between
control and STZ mice identified 16 clones with increased in expression with the induc-
tion of diabetes and 65 clones that decreased in diabetic kidneys were identified. The 37
known genes were related to glucose and lipid metabolism, ion transport, transcription
factors, signaling molecules, and extracellular matrix (ECM)-related molecules. The
genes known to be involved in cell differentiation and organogenesis in various tissues
(i.e., Unc-18 homolog, POU domain transcription factor 2, lunatic fringe gene homolog,
fibrous sheath component 1, Sox-17, fibulin 2, and MRJ) were found to be differen-
tially expressed in the early phase of diabetic kidneys.

Simonson et al. (19) published gene expression profiling of whole kidneys of newly
diabetic and long-standing diabetic db/db mice on BKLS background. They had found
significant mesangial expansion in this model by 16 wk of age. By using Affymetrix
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expression arrays they had found 639 RNA transcripts differentially regulated in control
vs 16-wk-old diabetic animals. Interestingly, diabetic kidneys specifically expressed
several genes normally found in adipocytes, including adipocyte differentiation-regulated
protein (ADRP; or adipophilin in humans). ADRP mRNA was specifically upregulated
5.4-fold in 16-wk db/db kidneys. This finding was confirmed at the protein level by
Western blotting, and immunohistochemistry localized ADRP diffusely to tubular
epithelium throughout the cortex. ADRP is a perilipin family protein that forms lipid
storage vesicles and controls triglyceride utilization; they showed that accumulation of
lipid storage droplets correlated with the magnitude and localization of ADRP in db/db
kidneys. Other genes involved in lipid transport, oxidation, and storage were differentially
regulated in db/db kidneys, and peroxisome proliferator-activated receptor (PPAR)α
has been shown to regulate their expression in adipocytes. PPARα mRNA was elevated
in db/db diabetic kidneys, and PPARα protein was upregulated in glomeruli, cortical
tubules, and renal arterial vessels of db/db mice.

Wilson et al. (20) performed gene expression profiling of cDNA arrays (containing
5760 clones) in the kidneys of three groups of non-obese diabetic (NOD) mice: non-
diabetic, new-onset, and long-term diabetic. A total of 27 genes had lower expression
and 1 gene (Gpx3) had higher expression in the new-onset diabetic mice compared with
nondiabetic control NOD mice (p < 0.001). Similarly, 19 of the above 27 genes and 7
additional genes had higher expression and the Gpx3 gene had lower expression in long-
term diabetic mice compared with controls (p < 0.001). Interestingly, only three genes
were different between new-onset and long-term diabetic mice (p < 0.0004). These genes
are from diverse functional groups, including oxidative phosphorylation, free radical
neutralization, channels, pumps, lipid processing, transcription, and translation machinery,
protein trafficking, constitutive protein processing, and immune function. The majority
of these genes fall into four signaling pathways: insulin, transforming growth factor-β,
tumor necrosis factor-α, and peroxisome proliferator-activated receptor. The most
significant expression change was found for the stearoyl-coenzyme A desaturase 1  gene
(p < 10–7). The lower expression levels of the stearoyl-coenzyme A desaturase 1 gene in
both diabetic groups compared with controls were further confirmed by Northern blot
analysis and immunohistochemistry.

An interesting study by Feng et al. (21) aimed to combine gene expression profiling
and quantitative trait loci (QTL) analysis to identify susceptibility genes for DN. They
used the Affymetrix GeneChip® Expression Analysis system to survey the gene expression
profile of diabetic KK/Ta mouse kidneys. Profiling was performed in kidneys from
three KK/Ta and two BALB/c mice at 20 wk of age. The gene expression profile was
compared between KK/Ta and BALB/c mice using GeneChip expression analysis software.
Out of 12,490 probe pairs present on GeneChip, 98 known genes and 31 expressed
sequence tags (ESTs) were found to be differentially expressed between KK/Ta and
BALB/c kidneys. Twenty-one known genes and 7 ESTs that increased in expression
and 77 known genes and 24 ESTs that decreased in KK/Ta kidneys were identified. The
differentially expressed genes are related to renal function, ECM expansion and degra-
dation, signal transduction, transcription regulation, ion transport, glucose and lipid
metabolism, and protein synthesis and degradation. In the vicinity of UA-1 (QTL for
the development of albuminuria in KK/Ta mice), candidate genes that showed differential
expression were identified, including the Sdc4 gene for syndecan-4, Ahcy gene for 
S-adenosylhomocysteine hydrolase, Sstr4 gene for somatostatin receptor 4, and MafB
gene for Kreisler leucine zipper protein.
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One of the major limitations of these studies was that a single animal model was
compared with control nondiabetic mice and in some studies small number of microarrays
was used. As there are multiple phenotypic differences that can be observed in the various
diabetic animal models (i.e., presence or absence of obesity, presence or absence of
STZ, high or low insulin levels, presence or absence of albuminuria, mesangial expansion,
and so on), it is difficult to select gene sets from microarray datasets that are associated
with a single phenotypic outcome (i.e., albuminuria or development of diabetic
glomerulosclerosis). In addition, most investigators use inbred mice to avoid genetic
and phenotypic heterogeneity, which allows the investigator to use fewer numbers of
chips, but the lack of the spectrum of the disease makes it difficult to associate single
phenotypic outcome with gene expression profile changes.

Gene Expression Profiling in Diabetic Nephropathy 
With Structure–Function Correlation

To screen for genes that show correlation with different phenotypic outcome in diabetic
mouse models, we used a cross-sectional design and performed microarray analysis on
24-wk-old STZ-treated C57B6J and 129svJ mice and db/db mice with established renal
pathology (22). In parallel with functional genomics characterization, each individual
mouse underwent a detailed renal phenotype analysis. Mice treated with low-dose STZ
(50 mg/kg ipx5 doses) developed diabetes and moderately severe albuminuria (twice the
control). In mice with C57B6/J background, the mesangial changes were mild or absent.
Mice with 129SvJ genetic background, developed significant glomerular changes.
However, these were not significantly different from the age-matched controls. The
db/db mice are insulin resistant and developed type 2 diabetes at 8 wk of age.
Albuminuria was detected as early as 3–4 wk after the development of hyperglycemia.
The glomerular histology was characterized by severe diffuse mesangial expansion, as
previously reported (23,24).

This experimental design allowed for grouping of animals based on the phenotypic
outcome rather than on their underlying genotype. To identify genes with correlation to
certain phenotypes, statistical analysis of microarray data was performed (25). We used
supervised data-mining algorithms to find genes with high discriminative value for a
certain phenotypic outcome (hyperglycemia and mesangial pathology). This method is
based on the K nearest-neighborhood algorithm. The nearest-neighborhood supervised
method first constructs hypothetical gene expression profile that best fit the desired pattern
(e.g., a gene with high expression in hyperglycemic animals and low expression in animals
with normal glucose values, or vice versa). The technique then identifies individual
genes that are most similar to the hypothetical gene expression profile. Other supervised
methods are based on support vector machines and artificial neuronal networks
(6,26–28). Unsupervised methods can also be used to answer different questions. The
main advantage of these methods is that they could uncover new unexpected subclasses
within the same diseased group. However, in general they are less intuitive. From these
methods, we used hierarchical clustering in the initial phase of the analysis. It sorted all
genes (or samples), such that similar genes appear near each other. The number and
size of expression patterns within a data set can be estimated quickly, although the division
of the tree into actual clusters is often performed visually.

Functional genomic analysis on different diabetic mouse models provided a global
view into the pathomechanisms of DN. We identified hydroxysteroid dehydrogenase-3β
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isotype 4, and osteopontin as lead classifier genes in relation to the mesangial matrix
expansion phenotype. We used the expression levels of these genes in the kidney to
classify a separate group of animals for the absence or presence of diabetic glomeru-
lopathy with a high degree of precision. Immunohistochemical analysis of murine and
human diabetic kidney samples showed that both markers were expressed in podocytes
in the glomeruli and followed regulation similar to that observed in the microarray.
A similar type of analysis led to the identification of CD36 as a lead classifier in relation
to hyperglycemia and albuminuria. CD36 was recently found to be increased in proximal
tubular cells in human DN and mediate tubular cell apoptosis advanced glycosylation
endproducts and free fatty acids (29). Thus, the application of phenotype-based statisti-
cal modeling approaches with microarray may lead to the identification of new mark-
ers for the development of diabetic kidney disease.

CONCLUSIONS

Functional genomic approaches combined with advanced phenotypic characterization
and computational algorithms are new powerful methods. Application of these methods
for DN shows great promise but also poses challenges for investigators. Microarrays
make it possible to investigate differential gene expression in normal vs diseased tissue,
in treated vs nontreated tissue, and in different stages during the natural course of a disease,
all on a genomic scale. Gene expression profiles may help to unlock the molecular basis
of phenotype, response to treatment, and heterogeneity of disease. They may also help to
define patterns of expression that will aid in diagnosis as well as define susceptibility
loci that may lead to the identification of individuals at risk. Finally, as specific genes are
identified and their functional roles in the development and course of disease are charac-
terized, new targets for therapy should emerge. The overall goal is to obtain complementary
information that allows a stringent prediction concerning the diagnosis, prognosis and
differential therapy of DN.
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INTRODUCTION

Peroxisome proliferator-activated receptors (PPARs), originally cloned in an attempt
to identify the molecular mediators of peroxisome proliferation in the liver of rodents,
are ligand-activated transcription factors belonging to the nuclear hormone receptor
superfamily (1,2). To date, three isoforms (PPAR-α, -β/δ, and -γ) have been cloned and
characterized by their unique expression patterns, different ligand-binding specificity,
and distinct metabolic functions (3). On ligand binding, PPARs form heterodimers with
retinoid X receptor (RXR) proteins and bind to PPAR response elements within the
promoter regions of target genes. A variety of natural and synthetic ligands for PPARs
have been identified. As natural ligands for PPAR-α, some polyunsaturated fatty acids
(FAs), oxidized phospholipids, and lipoprotein can activate PPAR-α (4). 15-Deoxy-δ-12,
14-prostaglandin J2 (15dPGJ2) derived from prostaglandin D2 can activate PPAR-γ as a
natural ligand (5). Among synthetic ligands, the hypolipidemic fibrate drugs such as
fenofibrate and gemfibrozil bind to PPAR-α (6,7). Thiazolidinediones (TZDs) such as
troglitazone, pioglitazone, and rosiglitazone, are well-known synthetic ligands for
PPAR-γ (8). PPARs have been reported to regulate diverse cell functions, including FA
metabolism, adipocyte differentiation, inflammation, atherosclerosis, and cell cycle
(9–12). PPAR-α has an important role in lipid metabolism, especially in the liver (7). It
is suggested that PPAR-β/δ carries out the effects in cell survival and carcinogenesis in
the colon (13). PPAR-γ plays a pivotal role in adipogenesis and its activation by TZDs
improves insulin sensitivity through adipocyte differentiation (14). TZDs have been
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widely used as oral antidiabetic agents for treatment of type 2 diabetes (14,15).
Therefore, many basic investigators and clinical researches are engaged in clarifying
the role of PPARs the physiology and pathophysiology of multiple diseases such as
diabetes, obesity, hypertension, atherosclerosis, and cancer.

In this chapter, evidence regarding the role of PPARs and their ligands, especially
PPAR-γ ligands and diabetic nephropathy, will be briefly reviewed.

STRUCTURE OF PPARS

Since the first identification of PPAR from mouse cDNA library in 1990 (2), three
isoforms of PPAR have been cloned: PPAR-α, -β/δ, and -γ (Fig. 1) (3). Although there
are no splicing variants of PPAR-α and PPAR-β/δ mRNA, PPAR-γ mRNA has 
three splicing forms derived from a single gene in human (16). As result of the translation
of each of three PPAR-γ mRNA, two PPAR-γ protein isoforms exist; PPAR-γ1 and -γ2
(17). PPAR-γ1 and PPAR-γ3 mRNA give rise to the same protein, PPAR-γ1. PPAR-γ2
protein is bigger than PPAR-γ1 with 30 additional amino acids in N-terminal. Because
of different promoters, each PPAR-γ isoform has a different expression pattern (18).

All three isoforms of PPARs possess four domain structures similar to other nuclear
hormone receptors (1,19); the NH2-terminal ligand-independent transactivation domain
(activation function-1) which regulates PPAR activity (20,21) (A/B domain), the DNA-
binding domain, which consists of 70 amino acids (two zinc fingers) (DNA-binding
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Fig. 1. Structure and action of PPARs. (A) Domain structure of human PPARs. (B) Molecular mechanism
of PPAR activation. After ligand binding, PPARs undergo conformational changes with association
of RXR and cofactors.



domain, C domain), the docking domain for cofactors (D domain), and the COOH-
terminal region, which contains the ligand-binding domain (LBD) and activation
function-2 domain (E/F domain). DNA-binding domain and LBD will share about 70%
homology among three PPAR isoforms.

LIGANDS FOR PPARS

PPARs are ligand-activated transcriptional factors similar to other members of the
nuclear hormone receptor superfamily. The modulation of the target gene transcription
depends on the binding of ligands to the receptor. PPARs form heterodimers with the 
9-cis retinoic acid receptor, RXR-α. Activation of heterodimers, PPAR: RXR-α by
PPAR ligands and/or RXR ligands triggers the conformational change of these receptors,
resulting in binding of the heterodimers to PPAR response elements with the sequence
AGGTCANAGGTCA in the promoter region of the target genes and modulate gene
transcription (Fig. 1).

Ligands have been identified for each PPAR isoform in both functional (cell-based
transactivation efficiency) and in vitro interaction assay (11,22). The different amino
acid sequences in LBD of each PPAR isoform provide the molecular basis for ligand
specificity. Each PPAR can accommodate several structurally diverse compounds as
ligands because PPARs have the large ligand-binding pocket (23). Many compounds
including the natural or synthetic agents are identified as ligands for each PPAR. PPAR-α
binds unsaturated FAs with the highest affinity of the three isoforms (24–27); saturated
FAs have lower affinity for PPAR-α. Among natural ligands for PPAR-γ, several unsat-
urated FAs including oleate, linoleate, eicosapentaenoic and arachidonic acids, and
15dPGJ2, can bind PPAR-γ (11,24,28,29). TZD compounds such as troglitazone (the
first agent of this class on the market, withdrawn because of liver toxicity), ciglitazone,
pioglitazone, and rosiglitazone act as synthetic PPAR-γ ligands (Fig. 2) and promote
adipocyte differentiation through of PPAR-γ activation (22,30–34). Interestingly, TZD
compounds were developed without knowing that they were ligands for PPAR-γ. TZDs
are specific PPAR-γ ligands with high-affinity KD in the 100 nmol/l range (8,22,35).
FAs also act as PPAR-α ligands or -β/δ ligands with low-affinity KD in the micromolar
range (35,36). Rosiglitazone has greater selectivity for PPAR-γ than those of troglita-
zone in several cell types (37). The effects of each TZD on diverse cell functions depend
on its binding selectivity for PPAR-γ. However, the relationship between the level of
PPAR-γ activity and insulin-sensitizing properties is complex and not completely clari-
fied. TZDs super physiologically activate PPAR-γ and reduce insulin resistance and
hyperglycemia in type 2 diabetes, and cause weight gain through the promotion of
adipocyte differentiation. Unexpectedly, a moderate reduction of PPAR-γ activity,
obtained in heterozygous PPAR-γ-deficient mice, or a Pro12Ala polymorphism in
human PPAR-γ prevent insulin resistance and the obesity induced by a high-fat diet
(38–40). Moderate reduction of PPAR-γ with PPAR-γ antagonist or RXR antagonist
ameliorates specific abnormalities such as obesity and insulin resistance that are related
to type 2 diabetes (41). Paradoxically, inducing a severe reduction of PPAR-γ in the
heterozygous PPAR-γ-deficient mouse by treatment with PPAR-γ antagonists results in
depletion of white adipose tissue and the re-emergence of insulin resistance (41)
Appropriate functional antagonism of PPAR-γ may be a logical approach to protect
against obesity and related diseases such as type 2 diabetes. Recently, telmisartan, one
of angiotensin II type-1 receptor blockers (ARB), was demonstrated to bind to PPAR-γ
and reduce the level of blood glucose (42,43).
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DISTRIBUTION OF PPARS IN THE KIDNEY

Expression of the three PPAR isoforms has been examined in many species, including
Xenopus, rat, mouse, rabbit, and human. PPAR-α is mainly expressed in tissues exhibiting
high catabolic rates of FAs such as adipose tissue, liver, heart, and skeletal muscle
(44,45) PPAR-β/δ is ubiquitously expressed isoform. PPAR-γ is highly expressed in
white and brown adipose tissues that store large amounts of FAs as well as in other
tissues such as heart, liver, immune cells (monocytes and macrophages), placenta, and
colon at low levels (46–48).

In kidney, all three PPAR isoforms are expressed (44,47–50). Renal expression of
PPAR-γ mRNA has been reported in medullary collecting ducts and pelvic urothelium
(51). In isolated glomeruli and cultured mesangial cells (MCs), mRNA expression of
PPAR-γ was also identified (52,53). Especially, the protein expression of PPAR-α and -γ1
(not γ2) was demonstrated in the kidney by immunoblot analysis using specific anti-
PPARs antibodies. Using immunohistochemical analysis, PPAR-α and -γ1 proteins were
shown to be expressed in the nuclei of mesangial and epithelial cells in glomeruli, proxi-
mal and distal tubules, the loop of Henle, medullary collecting ducts and in the
intima/media of renal vessels (54). In contrast to PPAR-α, PPAR-γ is highly expressed
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Fig. 2. Synthetic and natural PPAR-γ ligands. Synthetic ligands; thiazolidinedione compounds.
Pioglitazone and rosiglitazone have been used as oral antidiabetic agents in clinical practice. Natural
ligands; 15dPGJ2.



in the distal nephron, predominantly collecting ducts. These findings suggest that the
PPAR-γ isoform may contribute to water and sodium retention (55,56).

INVOLVEMENT OF PPAR-γ IN DIABETIC NEPHROPATHY

The TZD class of PPAR-γ ligands, including troglitazone, pioglitazone, and rosigli-
tazone have been extensively used as antidiabetic agents in clinical practice for type 2
diabetes. Accumulating evidence has also suggested a therapeutic benefit of PPAR-γ
ligands in diabetic nephropathy (DN). However, the molecular mechanisms by
which PPAR-γ ligands may ameliorate the abnormalities of DN appear to be multiple
and complex.

The Effect of PPAR-γ Ligands on the Enhancement 
of Insulin-Sensitizing Action

VIA IMPROVING HYPERGLYCEMIA

The Diabetes Control and Complications Trial and the United Kingdom Prospective
Diabetes Study reported that the strict maintenance of euglycemia by intensive insulin
treatment can delay the onset and slow the progression of DN in patients with type 1
and type 2 diabetes mellitus (57,58). These studies suggested that the adverse effects of
hyperglycemia are the main cause for the development of long-term complications in
diabetes such as kidney disease.

TZDs as PPAR-γ ligands are a new class of oral antidiabetic agents that are used
widely and improve insulin resistance, hyperinsulinemia, and hyperglycemia in patients
with type 2 diabetes (59–62). Because amelioration of hyperglycemia can prevent the
development and progression of DN, TZDs could be renoprotective in patients with type 2
diabetes and in the corresponding animal models of the disease by their insulin sensi-
tizing ability (63). In fa/fa rats, one of type 2 diabetic models, treatment with TZDs
reduced albuminuria, improved glomerular hyperfiltration, and inhibited the histological
alterations of nephropathy such as mesangial expansion and glomerulosclerosis
(56,64,65). In MCs cultured in high-glucose conditions, troglitazone and 15dPGJ2
suppress the expression of α-smooth muscle actin, i.e., preventing the de-differentiation
of MCs from a quiescent phenotype to a proliferative myofibroblast-like phenotype (52).
Furthermore, TZDs inhibited proliferation of MCs in a dose-dependent manner (52). Taken
together, these observations indicate that PPAR-γ activators significantly lower blood
glucose concentration and protect the kidney against hyperglycemic damage in type 2
diabetic patients and animal models.

VIA LOWERING BLOOD PRESSURE WITH OR WITHOUT IMPROVEMENT

OF INSULIN RESISTANCE

Blood pressure control is important in the treatment of chronic kidney diseases
including DN (66). Hypertension is commonly linked to obesity and insulin resistance
(67). This syndrome, in which insulin resistance, hypertension, obesity, dyslipidemia,
and microalbuminuria are associated has been termed “the metabolic syndrome”
(68,69). TZDs have the ability to lower blood pressure as well as to enhance of insulin
sensitivity both in type 2 diabetic patients and animal models (70–74). Therefore, TZDs
could also be effective agents in the treatment of the metabolic syndrome (75). It has
been suggested that the antihypertensive effect of TZDs is a result of improved insulin
resistance because insulin sensitivity has been found to be related to blood pressure
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levels both in diabetic animals and humans (56,71–74). On the other hand, PPAR-γ lig-
ands may also have direct effects on vascular function because PPAR-γ is expressed in
endothelial cells and vascular smooth muscle cells (VSMCs) (76–78). Indeed, pioglita-
zone lowers blood pressure in 5/6 nephrectomized hypertensive rats, without an associ-
ated change in insulin resistance (79,80) The antihypertensive effects of TZDs could
involve release of vasodilators such as nitric oxide and prostaglandins (81), decrease in
FAs levels, and alterations in vasoactive peptides synthesis such as endothelin-1 (82).
Recently PPAR-γ was shown to downregulate the expression of angiotensin II type-1
receptor and decrease VSMC tone, thereby reducing vascular contractility (83).

In contrast, it has been suggested that PPAR-γ could contribute to water and sodium
retention as this isoform is predominantly expressed in collecting ducts (48). In clinical
practice, caution must be paid when TZD agents are prescribed in patients with edema
or congestive heart failure. Although the precise mechanisms still remain unclear,
PPAR-γ expression participates in blood pressure regulation via multiple mechanisms.

Effects of PPAR-γ Ligands Independent of Changes 
in Blood Glucose Levels

TZD treatment could ameliorate renal abnormalities in streptozotocin (STZ)-induced
diabetic rats, a type 1 model of diabetes, without changing blood glucose levels (84,85).
This finding suggests that the beneficial effects of PPAR-γ ligands in preventing
diabetes-induced renal dysfunction are independent of their insulin-sensitizing properties.
Multiple biochemical mechanisms have been proposed to explain the adverse effects of
hyperglycemia including activation of the diacylglycerol (DAG)–protein kinase C (PKC)
pathway (86,87), enhancement of the polyol pathway related with myoinositol depletion
(88), alteration of redox state (89), overproduction of advanced glycation endproducts
(90), increased oxidative stress (91), and augmented growth factor and cytokine
production (92). The effect of PPAR-γ ligands on individual biochemical alteration
induced by hyperglycemia will be discussed later.

VIA AMELIORATION OF THE ACTIVATION OF DAG KINASE–DAG–PKC PATHWAY

DAG–PKC–extracellular signal-regulated kinase (ERK) pathway is enhanced in
MCs cultured with high glucose conditions and in glomeruli isolated from STZ-induced
diabetic rats (93–96). D-α-Tocopherol (vitamin E), a well-known antioxidant agent, has
been reported to reverse diabetic-induced renal dysfunction by modulating the activity
of PKC signal transduction pathway and preventing the increased glomerular filtration
and albumin excretion associated with diabetes (93). This effect was also thought to be
owing to its antioxidant action in addition to the modulation of DAG kinase (DGK)
activity (93,97).

Because troglitazone has the α-tocopherol moiety, the chromane ring, in its struc-
ture, the effects of troglitazone and α-tocopherol have been compared in STZ-induced
diabetic rats. Troglitazone also ameliorated the increase in glomerular filtration rate,
urinary albumin excretion, and mRNA expression of extracellular matrix proteins
(fibronectin and type IV collagen) and transforming growth factor (TGF)-β associated
with diabetes without changing the blood glucose levels (Fig. 3A) (85). These findings
demonstrate for the first time that PPAR-γ ligands can protect glomerular function
independently of their insulin-sensitizing action. In MCs cultured in high-glucose condi-
tions and in isolated glomeruli from diabetic rats, it was also confirmed that the mechanism
of TZDs action is via activation of DGK, that metabolizes DAG to phosphatidic acid
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and therefore prevents the accumulation of DAG and the subsequent activation of the
PKC–ERK pathway. Furthermore, another TZD, pioglitazone, which does not have the
α-tocopherol moiety, also could prevent the enhancement of DAG–PKC–ERK pathway
in MCs exposed to high glucose (Fig. 3A) (85). Recently, TZDs and 15dPGJ2 have
been reported to be able to increase the protein expression of DGK-α and prevent
DAG–PKC pathway activation in endothelial cells (Fig. 3A) (98).

VIA ATTENUATING OXIDATIVE STRESS

Increase in oxidative stress is observed in renal glomeruli and a variety of the vascular
and nonvascular tissues exposed to hyperglycemia (99–101). Emerging evidence sug-
gests that oxidative stress may contribute to the development of diabetic complications,
possibly through activating DAG–PKC pathways. As stated before, D-α-tocopherol can
inhibit the diabetes-induced activation of DAG–PKC pathway in addition of its antiox-
idant properties (102). Troglitazone, which has D-α-tocopherol moiety, has potent
antioxidant effects in suppression of phosphoenolpyruvate gene expression in vitro and
in scavenging reactive oxygen species in vivo (103). It also normalizes the decrease of
plasma lipid hydroperoxide concentration and increase of superoxide dismutase activity
in Otsuka Long-Evans Tokushima Fatty rats, a type 2 diabetes animal model, and
improves decreased skin blood flow in STZ-induced diabetic rats (81,104,105).
Pioglitazone also can reduce renal oxidative stress in alloxan-induced diabetic rabbits
although this compound does not share the D-α-tocopherol moiety (106,107). In addition,
pioglitazone reduces renal oxidative stress such as renal lipid peroxides, urinary isoprostane
excretion, and expression of p47phox and gp91phox in high-fat diet-induced 
obesity rats (108).
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Fig. 3. Effects of PPAR-γ ligands. (A) under conditions of high-glucose concentration and diabetes (85),
(B) on IL-1β stimulation (125) and (C) on TGF-β stimulation (139).



VIA SUPPRESSING INFLAMMATION

Hyperglycemia and the diabetic state induce the production of cytokines (92) and
the glomerular and interstitial infiltration with macrophages (109,110). It is, therefore,
relevant that both PPAR-γ and -α have potent anti-inflammatory effects in macrophages
(111,112).

IL-1β is one of proinflammatory cytokines produced in response to diverse extra-
cellular stimuli (113). IL-1β, formed by both infiltrating macrophages and activated
MCs, is able to stimulate the production of prostaglandins and nitric oxide in MCs
(114,115). In addition, cyclooxygenase-2 (COX-2), a key enzyme in the synthesis of
prostaglandins, is induced in MCs in response to IL-1β (116,117). A potent endoge-
nous PPAR-γ ligand, 15dPGJ2, is a natural metabolite derived from prostaglandin D2,
which is the most abundant prostaglandin in normal tissues, and has the highest bind-
ing affinity to PPAR-γ in the J-series prostaglandins (118). Several studies have shown
that the anti-inflammatory effect of 15dPGJ2 or TZDs appears to be regulated through
transcriptional inhibition by not only a PPAR-γ-dependent (111,112,119) but also via
PPAR-γ-independent mechanisms (120–122). Nuclear factor-κB, a well-known
inflammatory transcription factor, is repressed by 15dPGJ2 in a PPAR-γ-independent
manner (123,124). It has been previously reported that 15dPGJ2 inhibits IL-1β-induced
COX-2 expression and PGE2 production, independent of PPAR-γ activation, by sup-
pression of ERK and c-Jun NH2-terminal kinase pathways and activator protein (AP)-1
activation in MCs (Fig. 3B) (125). Ciglitazone, an additional TZD compound, pre-
vents platelet-derived growth factor-induced MC proliferation, without altering ERK
activation, by directly inhibiting the activation of serum response element (126). In
the renal ischemia and reperfusion model, PPAR-γ expression increases in MCs and
endothelial cells (127) and PPAR-γ agonists ameliorate renal dysfunction (128) and
neutrophil accumulation (129).

VIA MODIFYING ATHEROSCLEROTIC CHANGE

Atherosclerotic changes such as renovascular stenosis and atheroembolism are common
in elderly diabetic patients and contribute to acceleration of renal insufficiency
(130,131). PPAR-γ activation also may modify the progression of atherosclerosis through
multiple mechanisms including those related to foam cell differentiation, inflammatory
reaction, and cell proliferation (132). The infiltrating monocytes take up oxidized low-
density lipoprotein (OxLDL) via scavenger receptors, resulting in accumulation of intra-
cellular lipids and generation of foam cells (132). OxLDL scavenger receptor, CD36, is
under direct control of PPAR-γ (28,29). OxLDL contains natural PPAR-γ agonists, such
as 9-hydroxyoctadecadienoic acids and 13-hydroxyoctadecadienoic. Furthermore,
OxLDL induces the expression of PPAR-γ (112), which demonstrates anti-inflammatory
properties by reducing the monocyte production of cytokines (111). The decrease in
cytokine production is mediated by inhibition of the activity of proinflammatory tran-
scription factors such as nuclear factor-κB, AP-1, and signal transducer and activator of
transcription (STAT) (112). Furthermore, PPAR-γ has additional effects in atherosclerosis
including induction of monocyte apoptosis (133), inhibition of VSMCs proliferation
(77,134), and suppression of matrix metalloproteinase-9 expression (135).

The Effect of PPAR-γ Ligands in Tubular Tissue
Nephrotic syndrome is a common occurrence in patients with DN. In nephrotic

syndrome, large quantities of albumin enter the tubule carrying a heavy load of FAs.
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Albumin-bound FAs can activate PPAR-γ and induce apoptosis in proximal tubular cells.
Activation of PPAR-γ by specific agonists is associated with inhibition of tubular cell
proliferation, whereas activation by albumin-bound FAs is accompanied by increased
proliferation (136). However, the net result of these opposing effects is the decrease in
the number of cells. Interestingly, whereas pioglitazone increases the tubular cell albu-
min uptake it reverses the expression of inflammatory and profibrotic markers, mono-
cyte chemoattractant protein-1 and TGF-β (137).

The Effect of PPAR-γ Ligands in Nondiabetic Renal Disease
In nondiabetic models of glomerulosclerosis, PPAR-γ ligands are also effective in

preventing renal dysfunction. In the 5/6 nephrectomized rat, treatment with troglitazone
significantly reduced proteinuria, serum creatinine level, and glomerulosclerosis through
the inhibition of glomerular cell proliferation and reduction of glomerular and tubular
TGF-β expression (138). In cultured mouse MCs, pioglitazone inhibits TGF-β-induced
fibronectin expression by inhibiting the PPAR-γ dependent activation of AP-1, whereas
15dPGJ2 also inhibits TGF-β-induced fibronectin expression through a dual mechanism
that is both dependent on and independent of PPAR-γ activation (Fig. 3C) (139).

INVOLVEMENT OF PPAR-α AND -�/� IN DIABETIC NEPHROPATHY

PPAR-α is highly expressed in renal proximal tubules in which it influences meta-
bolic activity (140). PPAR-α plays a role in lipid metabolism in renal cortex because its
activation by clofibrates induces expression of β-oxidation enzymes (141). Clinical
evidence also suggests a beneficial effect of PPAR-α ligands on DN (142,143). In type
2 diabetic patients, treatment of dyslipidemia with gemfibrozil, one of antidyslipidemic
agents and PPAR-α activators, stabilizes the increase in urinary albumin excretion
(143). In db/db type 2 diabetic mice, treatment with fenofibrate, another of PPAR-α
activator, improves urinary albumin excretion rate and glomerular mesangial expansion
(144). One possible mechanism of PPAR-α action on the mesangial matrix production
may be related to TGF-β signaling (145). Clofibrate directly inhibits oxidant stress-
induced TGF-β expression in MCs (145). In addition, fenofibrate also downregulates
TGF-β and TGF-β receptor type-2 expression decreasing type-IV collagen accumula-
tion in diabetic glomeruli (144).

PPAR-β/δ is equally expressed in renal cortex and medulla as well as other tissues (48).
However, the role of PPAR-β/δ in the kidney remains poorly understood. Overexpression
of this isoform protects cultured medullary interstitial cells from hypertonicity-induced
cell death, suggesting that PPAR-β/δ is an important survival factor for these cells exposed
to the hypertonic environment of the renal medulla (146). Further studies are necessary to
clarify the effect of PPAR-β/δ in kidney.

CONCLUSIONS

PPARs are ligand-activated transcription factors belonging to the nuclear hormone
receptor superfamily. Three PPAR isoforms (α, β/δ, and γ) identified and detected in
several tissues and cells including kidney have a pivotal role in the glucose and lipid
metabolism, cell differentiation, inflammation, and cell cycle control. PPAR-γ is a key
player in adipogenesis and insulin sensitivity mainly and its specific synthetic ligands,
TZDs are used as oral antidiabetic agents in clinical practice all over the world. In
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addition to its insulin-sensitizing action, TZD compounds are protective against dia-
betic nephropathy through multiple pathways such as antihypertensive agents, PKC
inhibitors via DGK activation, antioxidant and anti-inflammatory agents, and antiather-
osclerogenic compounds without altering blood glucose levels. A natural PPAR-γ lig-
and, 15dPGJ2 also play a beneficial role in diabetic nephropathy dependently or
independently of PPAR-γ. Accumulating evidence regarding the role of PPAR-γ in DN
indicates the therapeutic potential of PPAR-γ ligands and the possibilities of developing
newer agents for treatment of DN.
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EFFECTS OF SULFONYLUREAS ON CULTURED MESANGIAL CELLS 

The sulfonylureas (SULF) have long been utilized as oral agents in the treatment of
type 2 diabetes mellitus (1). The primary effect of SULF is the stimulation of insulin
secretion following binding to specific SULF receptors (SUR) on pancreatic β-cells.
However, SUR have extensive representation in a multitude of extrapancreatic tissues.
Therefore, it is not unanticipated that SULF may induce metabolic changes aside from
that of insulin secretion. These drugs have been shown to increase glucose uptake and
glucose transporter (GLUT) expression in myocytes, adipocytes, and skeletal muscle
cells (2–5). Moreover, we have documented significant SULF-induced metabolic
effects in cultured rat mesangial cells (MCs), including alterations in mesangial matrix
metabolism and MC contractility, independent of their effect on the ambient level of
glycemia. The latter effect mimicked that provided by other known MC effectors of
contractility, for example, atrial natriuretic peptide and angiotensin II.

In short-term (acute) experiments of rat MC, the exposure to a first-generation SULF,
tolazamide (1.5 mM), augmented mesangial glucose uptake. This effect was attributed
to an elevated rate of cytosol-to-membrane translocation of GLUT1. This direct effect
subsequently stimulated MC extracellular matrix (ECM) synthesis, driven by transforming
growth factor (TGF)-β1, which was demonstrated to accumulate in the conditioned
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media (6). By contrast, chronic exposure of MC to glibenclamide (10 nM), a more
potent, second-generation SULF, did not enhance MC glucose uptake, yet produced an
intense inhibition of high glucose concentration-induced ECM accumulation (7). Taken
collectively, SULF, in addition to their action as insulin secretagogues, exert important
metabolic changes through affecting MC matrix metabolism to the extent that the devel-
opment and evolution of diabetic glomerulosclerosis may be altered by them.
Furthermore, it is highly probable that the aforementioned effects are mediated via
membrane-bound and/or intracellular SUR.

SULFONYLUREA AGENTS REGULATE MESANGIAL 
ATP-SENSITIVE K CHANNELS

Several SUR have been identified and cloned from diverse species and tissues
(8–10). SUR provide the regulatory subunits of adenosine triphosphate (ATP)-sensitive
K channels (K

ATP
). Classical K

ATP
consist of two subunits, a potassium ion pore and a

SUR. These structurally unrelated subunits complex as four heterodimers to comprise a
single functional K

ATP
. The ion pore belongs to the Kir6.x subfamily of weak inwardly

rectifying K+ channels and is represented as either Kir6.1 or Kir6.2. SUR are members
of the cystic fibrosis transmembrane regulator/multidrug resistance protein subfamily of
the ATP-binding cassette protein (ABC) superfamily (11,12). The pancreatic β-cell
SUR is a high-affinity receptor and is designated SUR1. This SUR is encoded by the gene
ABCC8, whereas SUR2, the lower affinity receptor, is encoded by the gene ABCC9.

The heterogeneous properties and functional diversity of K
ATP

are based on differing
complexations of Kir6.x and SUR isoforms and cellular distribution. Nearly 90% of K

ATP

are not localized to the plasmalemma, but to endoplasmic reticulum, mitochondria, and
secretory granules (13–16). Consequently, nearly 70% of all SULF binding is cytosolic
(17), and this intracellular site of action for K

ATP
represents an important determinant of

SULF action. For example, in β-cells, chronic glibenclamide exposure induces translo-
cation of membranous SUR to the cytoplasm, thereby reducing insulin secretion (18).
Consistent with the above, the SULF binding site of the β-cell K

ATP
is on its cytosolic

aspect (19). These observations reconcile the greater potency of the more highly lipophilic
SULF compounds: they more easily permeate the plasma membrane and have greater
affinity for SUR (20,21). Overall, regardless of their location, all SUR ligands act intra-
cellularly, consequently, candidate endogenous SUR ligands would be anticipated to
exert their effects intracellularly as well.

Although K
ATP

were first described in cardiac myocytes, the membrane-bound pancreatic
β-cell K

ATP
, a tetradimer of SUR1/Kir6.2, represents the most extensively studied of these

channels, and it is regarded as the “classical” K
ATP

(22,23). In the functional channel, Kir6.2
confers K

ATP
inhibition by ATP, whereas SUR increases pore sensitivity to ATP and

regulates channel activation by magnesium-bound adenosine diphosphate (MgADP) and
closure by SULF (24,25). Finally, SUR respond variably to K

ATP
channel openers (KCO),

for example, diazoxide, cromakalim, or pinacidil.
The prevailing axiom defines K

ATP
as molecular switches that link the cell’s metabolic

state to calcium-dependent signaling (26). In the β-cell, SULF and/or elevations of the
cytosolic ATP/adenosine diphosphate (ADP) ratio inhibit K

ATP
leading to a chain of

events: channel closure, membrane depolarization, Ca2+ influx, and insulin secretion
(25). The opposite series of events are observed with declines in the cytosolic ATP/ADP
ratio or after exposure to KCO. Currently, the roles of K

ATP
are broadening with recent
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evidence reinforcing the diversity of K
ATP

and the void of knowledge regarding their
functions (9,10,27).

SUR2 is the more ubiquitous extrapancreatic K
ATP

subunit, and it is found as two major
low-affinity splice variants, SUR2A and SUR2B. These isoforms respectively reconstitute
the cardiac-type K

ATP
(SUR2A/Kir6.2), predominantly found in heart and skeletal muscle,

and the more ubiquitous vascular smooth muscle-type K
ATP

(SUR2B/Kir6.1 or Kir6.2)
found in brain, heart, liver, kidney, intestine, bladder, vascular smooth muscle, and uterus
(9,10,28–30). K

ATP
, in these tissues regulate a myriad functions, including cell survival,

differentiation, and responses to ischemic injury, neurotransmitter release, and vascular
smooth muscle cell contraction. The latter has been extensively studied in coronary
vessels where K

ATP
control arteriolar tone (31,32). Not unexpectedly, pharmacological

evaluations have also documented the diversity of K
ATP

among various tissues, with respect
to their SULF affinities and sensitivity to KCO (33).

Finally, an intact system of actin filaments is critical to extrapancreatic K
ATP

activity
(34–37). Disruption of filamentous actin reduces the sensitivity of cardiac and smooth
muscle K

ATP
for ATP, SULF, and presumably, for any endogenous SUR ligand(s). In the

context of diabetic kidney disease, the dependence of K
ATP

on normal actin assembly
becomes highly relevant because high-glucose concentrations induce MC actin fiber
disassembly (38). Finally, the discrete localization and control of protein kinase A (PKA)
requires actin cytoskeleton targeting by specific proteins, for example, gravin and Wiskott-
Aldrich syndrome protein (WAVE), that dually anchor actin and PKA (39).

KIDNEY SUR

The SUR2B splice variant is widely expressed in the kidney, including the distal
nephron where it presumably mediates, in part, potassium transport (40). However, in
the proximal tubule, the combination of Kir6.1 with SUR2A and/or SUR2B forms a
taurine-sensitive K

ATP
(41). SUR2B may also couple to murine ROMK2, a Kir that

resides in the cortical ascending limb and cortical collecting duct of the distal nephron
(42). We hypothesized that the observed MC effects of SULF agents were mediated by
specific MC K

ATP
channels. Subsequently, using membrane preparations from rat MC,

we demonstrated specific [3H]glibenclamide binding to low-affinity SUR (8). A func-
tional K

ATP
was subsequently demonstrated in MC. Cultured cells, following a single

exposure to glibenclamide (5 μM), initiated prolonged cycles of oscillatory cytoplas-
mic Ca2+ transients that were coupled to the enhancement of MC contractility (8).
These observations were in alignment with results of other investigators who demon-
strated similar Ca2+ oscillations in MC exposed to angiotensin II.

We subsequently cloned two SUR2 cDNAs from rat MC, a 6.7 kbp smooth muscle-
type rSUR2B that had been previously described and a unique 4.8 kbp serum-regulatable
MC-specific splice variant, mcSUR2B. This variant was homologous, in large part,
with the larger splice variant, rSUR2B. Our findings additionally revealed expression
of Kir 6.1 but not of Kir6.2 in MC (43). These studies suggest that the K

ATP
of MC and

also of isolated glomeruli are comprised of (rSUR2B/Kir6.1)4 and possibly,
(mcSUR2B/Kir6.1)4 (8,43).

In this context, the marked inhibition of established high-glucose concentration-
fostered ECM accumulation by glibenclamide at 10 nM is a highly relevant observation
because the experimental concentrations are within the clinically relevant range for this
compound (peak plasma concentration: 50–60 nM after a 5-mg dose) (44). In addition,
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the K
D

of 6 nM for glibenclamide, as determined by complexation of SUR2B to Kir6.1
in intact cells, is consonant with this hypothesis (45). Finally, immunoreactivity for
rSUR2B and mcSUR2 in primary and cloned MC (16KC2) lines as delineated by a spe-
cific antibody directed against the common C-terminal epitope of SUR2A and SUR2B
further substantiates this argument (43). Thus, it is plausible that the metabolic actions
of low-concentration glibenclamide on MC are mediated through K

ATP
comprised of

SUR2B/Kir6.1.

ENDOGENOUS K
ATP

LIGANDS

The central role that pancreatic β-cell K
ATP

(SUR1/Kir6.2)4 plays in regulating
insulin secretion and the ubiquitous nature of the SUR2-based K

ATP
led to a search for

endogenous ligand(s) of these channels. Subsequently, a putative endogenous polypep-
tide ligand of K

ATP
, α-endosulfine was isolated from ovine and porcine brain. Purified

α-endosulfine displaced prebound glibenclamide from these K
ATP

-rich substrates.
Because of this initial characterization, human α-endosulfine (ARPP-19e) has been
cloned and proposed as an endogenous ligand for pancreatic K

ATP
(46). Consonant

with this hypothesis are electrophysiological observations that demonstrate K
ATP

inhi-
bition by recombinant α-endosulfine in Syrian hamster insulinoma tumor cells and the
induction of insulin secretion from MIN6 and RINm5F pancreatic β-cells via a Ca2+-
dependent mechanism.

α-Endosulfine and its splice variant β-endosulfine reveal similarity to a group of
mammalian neuronal phosphoproteins, which are phosphorylated by PKA. Of these
cyclic AMP-regulated phosphoproteins (ARPPs), two closely related isoforms have
been characterized by apparent molecular mass, ARPP-16 and ARPP-19. The former is
only detected in brain, with enrichment in the neostriatum, whereas the latter is ubiqui-
tously expressed in neurons and non-neuronal tissues, including fibroblasts and renal
tubular epithelial cells (47). In vertebrates, the ARPP protein family is characterized by
a core of 82 identical amino acids that encompasses an absolutely conserved serine
residue, which is phosphorylated, by the catalytic subunit of PKA (47). The conserva-
tion of this amino acid contends that ARPP regulation via PKA-dependent phosphory-
lation represents a fundamental biological process. Although ARPP are without known
enzymatic activity, they possess characteristics common to intracellular regulatory pro-
teins that alter the activities of enzymes involved in signal transduction, for example,
calmodulin and the PKA inhibitor (Walsh inhibitor, PKI) (47). Presently, little is known
regarding the physiological roles of ARPP 16/19, but ARPP-19 mediates nerve growth
factor signaling through posttranscriptional control of gene expression via binding to
and stabilizing GAP-43 mRNA, which results in amplified protein expression (48).

The human gene encoding α-endosulfine, ENSA, had initially been reported on chro-
mosome 14 and colocalized with a known insulin-dependent diabetes mellitus (IDDM)
susceptibility locus (49). Subsequently, based on the results derived from the human
genome project, ENSA was remapped to locus 1q23.1, relegating the previously reported
locus to the status of a pseudogene. In functional experiments, recombinant α-endo-
sulfine at micromolar concentrations competitively inhibits [3H]glibenclamide binding
to SUR. Moreover, there is also diminution of K

ATP
conductance in oocytes transduced to

express the recombinant channel. The inhibition of current is most evident when α-
endosulfine is delivered intracellularly where it can rapidly appose itself to its cytoplasmic
locus of action (50).
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Although α-endosulfine is expressed in a large number of tissues, including heart,
lung, spleen, skeletal muscle, pancreatic somatostatin δ-cells, liver, and kidney (51), its
various tissue-specific roles remain at present undetermined. However, it has been
recently shown that brain α-endosulfine from Alzheimer’s disease patients was greatly
reduced (52). Recently, it was posited that α-endosulfine did not mediate its actions in
an autocrine or paracrine manner (51). This assumption appears likely given that treatment
of pancreatic α cells with somatostatin secretagogues fails to induce α-endosulfine
release, K

ATP
inhibition only occurs in high extracellular α-endosulfine concentrations,

plasma α-endosulfine levels are in the picomolar range, and because α-endosulfine is a
cytosolic protein that associates with the particulate fraction. In the aggregate, these
data favor α-endosulfine as an intracellular regulator (51).

α-ENDOSULFINE REGULATION OF K
ATP

As α-endosulfine represents a putative ligand of K
ATP

and K
ATP

are present in MC, we
postulated that α-endosulfine was expressed in the rat kidney in vivo and in cultured rat
MC in vitro. We determined that ENSA was expressed abundantly in rat kidney by in
situ hybridization. Further observations, utilizing Northern blotting and RT-PCR, estab-
lished α-endosulfine message in cultured MC in vitro and in whole rat kidney in vivo,
with expression predominantly localized to the glomeruli. Further studies of α-endosulfine
expression by immunoblotting and confocal microscopy confirmed its presence in vitro
and in vivo. 

ENSA gene and protein expression in MC is altered in response to a hyperglycemic
milieu. Cultured cells increased ENSA gene expression by twofold following exposure
to 30 mM glucose within 24–48 h, and this effect persisted for at least 10 d, even after
withdrawal of the inciting stimulus (53). Thus, MC expression of SUR2B, Kir 6.1 and
α-endosulfine lays the foundation for the existence of a regulatable intracellular
K

ATP
/endosulfine receptor/ligand system, which could influence MC contractility and

matrix metabolism (54).

GLOMERULAR EFFECTS OF SULF IN INSULIN-DEFICIENT 
DIABETES MELLITUS 

SULF have been extensively used in the treatment of type 2 diabetes. However, the
renal effects of SULF in diabetes have not been determined. A study of complications
in patients with type 2 diabetes investigated the effects of intensive glycemic control
with insulin or SULF (UK Prospective Diabetes Study) (55). These results revealed a
reduction in proteinuria and renal failure, in association with improved glycemic control.
However, owing to either the relatively few number of patients who developed renal
disease or the confounding effects of combinations of sequential therapies in individual
patients, no conclusive differences were detected between insulin- and SULF-treated
groups. Since this trial, other studies have proven inconclusive (56,57). Therefore, the
current status of clinical knowledge does not render definitive conclusions regarding
any beneficial or deleterious renal effects by exogenous SULF or an endogenous SULF-
like ligand.

In an attempt to extend prior observations of altered matrix metabolism and increased
cellular contractility in MCs after SULF exposure, the effect of chronic administration of
various SULF on the progression of diabetic nephropathy was evaluated in animal models
of types 1 and 2 diabetes mellitus. Our observations revealed an attenuation of proteinuria
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and morphological glomerular alterations after glibenclamide or tolazamide administration
to streptozotocin-treated rats (58). Notably, these salutary effects proceeded in the
absence of changes in glycemia or (as studied in the case of glibenclamide) in glomerular
filtration rate or renal hypertrophy. In separate experiments with insulin-resistant db/db
mice, SULF treatment did not impact the course of glomerulosclerosis in functional or
morphological assays. In toto, these observations imply that the direct glomerular effects
of SULF at low concentrations (and by extrapolation, of their endogenous counterpart,
α-endosulfine) may suppress or retard the TGF-β1-mediated accrual of glomerular extra-
cellular matrix (ECM), the hallmark of diabetic glomerulosclerosis and may signifi-
cantly alter the course of insulin-deficient diabetic kidney disease.

α-ENDOSULFINE EXPRESSION ALTERS MATRIX METABOLISM

To more fully understand the role of ENSA expression in MCs with regard to ECM
formation, a stably overexpressing α-endosulfine cell line was produced by retroviral
transduction. The resulting cell line reliably upregulated ENSA by eightfold. In cells,
exposed to a high-glucose environment (25 mM) for 2 wk, there was increased accu-
mulation of collagen type I in the conditioned medium, compared with control cells
transduced by a nonvirus-containing empty vector. A similar finding was noted for
type-4 collagen. Contrastingly, ENSA downregulation by RNA interference during tran-
sient transfection experiments with three different siRNAs led to decrements of types I
and IV collagen accumulation in the conditioned media of cells incubated for 2 wk in 5
mM glucose. We conclude that, although modifications of ECM gene expression via
ENSA may not be translated directly to changes in ECM protein expression, these
results imply that α-endosulfine enhances ECM accumulation, an effect that is particu-
larly invoked by a high-glucose environment. In addition, in other preliminary data,
these effects occur downstream of the perinuclear and nuclear translocation of α-endo-
sulfine in MCs following their cAMP-mediated PKA phosphorylation.
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Fig. 1. Mesangial K
ATP

are formed as tetradimers of Kir6.1 and SUR2B. K
ATP

mediate changes in extra-
cellular matrix (ECM) metabolism following binding of either sulfonylurea (SULF) or α-endosulfine.
Low-concentration SULF inhibits α-endosulfine action at the K

ATP
site and limits ECM formation.

However, high concentrations of SULF increase ECM accumulation as a consequence of the
increased expression of GLUT1 and enhanced GLUT1-mediated intracellular glucose transport with
the consequent upregulation of TGF-β1. This growth factor, in turn upregulates membrane-associated
GLUT1 expression. Heightened mesangial contractility represents a Ca2+-mediated event in response
to exposure to SULF and possibly to α-endosulfine.



CONCLUSIONS

Heterodimeric expression of SUR2B and Kir6.1 produces functional mesangial K
ATP

(see Fig. 1.). The documentation of a functional α-endosulfine expression system in
MC promotes the notion of a regulatable intracellular K

ATP
/endosulfine receptor/ligand

system. Subsequent genomic changes of ENSA, particularly in a high-glucose environ-
ment, likely regulate ECM protein metabolism via PKA-mediated phosphorylation
events. The effects of SULF on mesangial contractility and matrix metabolism in vitro
and their partial abrogation of proteinuria and glomerulosclerosis in a rodent model of
insulin-deficient diabetes in vivo, may argue for a unique therapeutic role of these
agents, in possible opposition to α-endosulfine.
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INTRODUCTION

We are in the midst of a worldwide epidemic of diabetes and hypertension. In the
United States, the overall incidence of end-stage kidney disease (ESKD) is increasing at
an alarming rate due to this epidemic. Recently, the incidence of ESKD was estimated at
336 per million per year (1), such that the number of patients with ESKD may approach
2.24 million by 2030. Moreover, approx 11% of the population is estimated to have
chronic kidney disease (CKD), with nearly half the patients with a glomerular filtration
rate (GFR) less than 60 mL/min/1.73 m2 (2). Similar estimates for other countries have
been described in Europe (3), Japan (4), and Australia (5). The most common form of
CKD in all of these countries is diabetic nephropathy (DN), accounting for approx 40%
of the new cases of ESKD in developed countries.

Despite significant advances in the understanding of the mechanistic pathways
mediating the progression of DN to ESKD, options for effective therapy are limited
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to treating conventional risk factors including hypertension control, particularly with
angiotensin-converting enzyme inhibitors or angiotensin receptor blockers (6–9),
tight control of glucose in diabetics (10,11), control of proteinuria (12,13), control of
dyslipidemia, and cessation of tobacco use. The prospect of new therapies for CKD
and DN are therefore extremely important. Although the primary pathology leading
to most forms of CKD differs significantly, all progressive renal diseases, including
glomerulonephritis, chronic interstitial nephritis, and DN, exhibit interstitial fibrosis
(14,15). Despite the strong correlation between tubulo-interstitial fibrosis and the loss
of renal function, the molecular mechanisms underlying fibrosis have remained elusive.
However, evidence pointing to the transforming growth factor (TGF)-β superfamily
of proteins as primary regulators of fibrosis is accumulating. Indeed, TGF-β1 may be
the major stimulator of fibrosis in the kidney, whereas bone morphogenetic protein
(BMP)-7 is thought to counteract the profibrotic activity of TGF-β1. Despite recent
therapeutic trials in murine and rodent models of acute and chronic renal failure
demonstrating the efficacy of BMP-7 in preventing the progression of glomerular
injury and renal fibrosis and in some cases reversing glomerulosclerosis and renal
fibrosis, questions regarding the molecular mechanisms and clinical relevance of
TGF-β and BMP-7 remain.

TGF-β SUPERFAMILY AND SIGNAL TRANSDUCTION

The TGF-β family encodes several secreted factors that regulate a wide variety of cellu-
lar processes. The members include TGF-β 1–3, activins, inhibins, BMPs, and growth and
differentiation factors (GDFs) (16,17). These secreted proteins bind to type-I and type-II
receptors expressed on the cell surface (Fig. 1). There are seven type I, also termed activin
receptor-like kinases (Alk), and five type-II receptors, with specific ligand-binding speci-
ficity (16). The receptors contain intracellular serine-threonine kinase domains. On
binding of ligand, the constitutively active type-II receptor activates the type-I receptor by
phosphorylation. This activated receptor then phosphorylates downstream signaling
effectors, called Smad proteins (Fig. 1). BMP-mediated signaling activates receptor Smads
1, 5, and 8, whereas activin and TGF-β activate Smads 2 and 3. These activated Smads
interact with the common Smad 4, and this complex translocates to the nucleus to regulate
target gene transcription. Two inhibitory Smad proteins, Smads 6 and 7, negatively
regulate BMP and TGF-β-mediated signaling, respectively. Smad-mediated signaling can
be terminated by ubiquitin-mediated degradation. Smurf 1 targets Smads 1 and 5 for
destruction (18), Smurf 2 targets Smad 2 (19), and the SCF/Roc1 complex mediates
degradation of Smad 3 (20). Moreover, interaction of these ubiquitin-regulatory factors
with inhibitory Smads is involved in degradation of the type-I receptor. Interaction of
Smurf 1 with Smad 7 targets the TGF-β type-I receptor for degradation (21) and Smurf 1
and Smad 6 target the BMP type-I receptor for degradation (22).

The steps leading to receptor activation are regulated at multiple levels. Outside of
the cell, the access of TGF-β superfamily ligands to their receptors is controlled by
proteins that function to sequester ligands from their respective receptors. Processing
of the TGF-β proprotein in the Golgi results in the formation of a latent complex
(23,24). The latency-associated protein LAP1, which is the cleaved amino terminus of
the TGF-β proprotein, together with latent TGF-β-binding protein 1 and the active
TGF-β homodimer, constitute the large latent complex, which associates with the extra-
cellular matrix and can be released and activated by proteolytic cleavage. 
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Extracellular inhibitors of BMP signaling include vertebrate chordin, which binds
directly to BMPs through the cysteine-rich (CR) domains containing CXXCXC and
CCXXC motifs (25), and CR transmembrane (CRIM1), which can regulate secretion and
receptor binding of BMPs (26). Signaling by the activin family of ligands is inhibited by
follistatins. BMPs can also be bound by Noggin, DAN/Cerebrus, Gremlin, and Ectodin to
suppress signaling (27–29). Resolution of the crystal structure of the BMP-7/Noggin
complex reveals that Noggin inhibits BMP-7 by blocking surfaces that are required to
interact with both type-I and type-II BMP receptors (30). Whereas chordin blocks
BMP/receptor interactions, the CR domain protein KCP/CRIM2 enhances BMP/receptor
interactions to increase the efficacy of signaling (31). Similarly, the CR domain protein
CTGF enhances TGF-β-mediated signaling, whereas suppressing the BMP-dependent
pathway (32). Endoglin, a type-III TGF-β receptor, associates with TGF-β and the type-I
and type-II receptor complex increasing TGF-β signaling. Interestingly, BMP-2, but not
BMP-7, also binds with endoglin and enhances TGF-β signaling (33).

BMP-7 SIGNALING IN KIDNEY DEVELOPMENT

Multiple BMPs have been identified in the developing kidney (34), of which BMP-7
and BMP-4 are the most abundant. BMP-7 is expressed in the ureteric duct at embryonic
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Fig. 1. Schematic BMP and TGF-β signaling (see text for details). Ligands bind to type-I and
type-II transmembrane receptors. Access of ligands is enhanced or suppressed by extracellular
interacting proteins. Type-I receptors phosphorylated by type-II receptors phosphorylate regu-
latory Smad proteins at serine residues to promote interactions with the ubiquitous co-Smad 4 or
with inhibitory Smads 6 and 7. The activated Smad–co-Smad complex translocates to the nucleus
to regulate gene expression. Unique ubiquitin ligases, Smurfs, regulate Smad degradation. PAI-1,
plasminogen activator inhibitor-1; ILK, integrin-linked kinase stimulated in the medullary collecting
duct by BMP-7 (71).



day 11 postcoitum, and is maintained throughout development in the collecting tubule
derivatives of the ureteric duct. BMP-7 is also expressed transiently in the induced
mesenchyme, but not the uninduced mesenchyme, and its derivatives. BMP-7 is
essential for kidney development as homozygous-null mice have arrested kidney
development, possess dysplastic kidneys, and die soon after birth (35,36). Kidney
development is normal in the BMP-7-null mice until embryonic day 14.5. Then
branching of the ureteric duct, condensation of the metanephric mesenchyme around
the ureteric duct, and differentiation of epithelial structures all cease and uninduced
mutant mesenchymal cells suffer apoptosis. BMP-7 appears to act as a survival factor
for undifferentiated mesenchyme, opposing apoptotic signals. Thus, with additional
factors, such as basic fibroblast growth factor 2, BMP-7 expands the stromal progen-
itor cell population adjacent to the nephrogenic mesenchyme and ensures that the
cells are competent to respond to inductive signals (37). The BMP type-I receptors
Alk3 and Alk6 are also expressed in the tips and body of the branching ureter, mes-
enchymal condensates, developing vesicles and comma-shaped bodies (38). All seven
Smad proteins are expressed during murine kidney development (39). Expression
begins at embryonic day 12 and continues until the end of nephrogenesis at postnatal
day 15. The BMP-responsive Smads are mainly expressed in the nephrogenic zone,
whereas the TGF-β-responsive Smads are noted in the medullary interstitium.
Inhibitory Smad 6 and Smad 7 expression is also evident in mesenchymal cells and
in the interstitium.

Extracellular BMP-binding proteins also function in kidney development. The
secreted BMP antagonist protein gremlin binds to BMP-2, BMP-4, and BMP-7 in the
extracellular compartment and prevents binding to the cognate receptor (40,41).
Gremlin-mediated BMP antagonism is essential to induce metanephric kidney develop-
ment as initiation of ureter growth and branching are disrupted in gremlin-null embryos
(42), and the null mice are essentially anephric. Given the potential for BMP-4 to sup-
press ureteric bud outgrowth (43), it is likely that gremlin suppresses BMP-4 along the
posterior nephric duct. The recently identified BMP agonist, KCP protein (also known
as CRIM2), is expressed in tubular epithelial cells during development. However, kid-
ney development in KCP-null mice is normal (31).

BMP-7 SIGNALING IN THE ADULT KIDNEY

The role of BMP-7 in the adult kidney is still unresolved. Expression remains high
in the collecting tubule, podocytes, glomerular parietal epithelial cells, and renal-artery
adventitial cells (44,45). By analyzing the expression pattern of a BMP-7 promoter
driving β-galactosidase in transgenic mice, Gould et al. (46) demonstrated reporter
gene expression in the thick ascending limb, distal convoluted tubule, collecting duct,
and podocytes. In proximal tubular cells, BMP-7 expression appears to be weak, though
this remains controversial (47). BMP-7 type-II receptors have been described within
glomeruli, proximal convoluted tubules, and medullary collecting tubules (48). There is
limited information regarding tissue distribution and binding characteristics of the type-I
receptor, although Alk 2, 3, and 6 appear to be expressed in the adult kidney.
Preliminary studies of Smad 1, Smad 5, and Smad 8 expression in the adult kidney
suggest that both Smad 1 and Smad 5 are important mediators of BMP-7 signaling in
the adult kidney (31,49,50).
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BMP-7 FUNCTION IN ANIMAL MODELS OF ACUTE 
AND CHRONIC RENAL INJURY

The role of BMP-7 has been evaluated in several models of renal injury, including
acute renal failure, chronic renal failure, DN, genetic models of renal disease, and
glomerulonephritis. In a mouse model of ischemic acute renal failure (44,45), BMP-7
mRNA is significantly reduced 6 h after injury and remains reduced for up to 4 d after
the initial insult, most significantly in the outer medulla and cortex. Administration of
recombinant human (rh) BMP-7 protected rats from acute injury, in which tubular
necrosis and apoptosis are reduced, and proinflammatory adhesion molecules are
reduced. The functional recovery of ischemic kidneys was enhanced. The decrease in
BMP-7 expression was reciprocal to TGF-β expression. In the unilateral urinary
obstruction (UUO) model, renal BMP-7 expression declines markedly in the obstructed
kidney (51). Administration of rhBMP-7 at the time of UUO and every other day there-
after preserved renal function and enhanced recovery of renal function when the UUO
was released at day 5. Interstitial inflammation, fibrogenesis, apoptosis, and tubular
atrophy was reduced (51). Urine flow and return of GFR to 50% of normal by day 10
was observed with BMP-7 treatment. The effects of BMP-7 on restoration of urine flow
and GFR were not seen with enalapril treatment in this model. In a similar study, BMP-
7 accelerated the de novo recovery of renal function when UUO was removed after 3 d
to a GFR of 75% normal at day 10, whereas enalapril restored urine flow but only to a
GFR of 25% normal (52).

In a model of glomerulonephritis induced by nephrotoxic serum administration,
interstitial fibrosis and epithelial-to-mesenchymal transition is associated with
increased TGF-β signaling, resulting in phosphorylation and translocation of Smad 2
and Smad 3 into nuclei (53). The E-cadherin expression is attenuated in tubular epithe-
lial cells, suggesting the conversion of tubular epithelial cells to mesenchymal cells;
rhBMP-7 administration improved renal function, prevented tubulo-interstitial fibrosis,
and prevented the loss of epithelial E-cadherin expression in a Smad 1-dependent manner.
Overall mortality was reduced in the group of animals treated with BMP-7. Mice defi-
cient in the α3 chain of type-IV collagen and RL/MpJlpr/lpr lupus mice are genetic
models of chronic renal injury and fibrosis. Decreased tubular expression of BMP-7
was seen during the progression of renal disease in both models. Treatment with
rhBMP-7 lead to improved renal function and prevented interstitial fibrosis and tubular
atrophy. Decreased type-I collagen and fibronectin expression and increased matrix
metalloproteinase (MMP)2 expression were noted in the treated groups (54). Thus,
administration of BMP-7 in various models of acute and chronic renal injury appears to
attenuate tubulo-interstitial fibrosis and preserve renal function. This also applies to
models of DN.

BMP-7 FUNCTION IN ANIMAL MODELS OF DIABETIC NEPHROPATHY

A long-term model of streptozotocin-induced DN was developed in order to study
the influence of the BMP family on TGF-β and hyperglycemia-mediated injury (Fig. 2)
(55). In Sprague-Dawley rats receiving a single injection of streptozotocin, blood sugars
were maintained in the 400–500 mL/dL range with long-acting insulin. In this model,
there is a progressive renal hypertrophy that is near maximally established at 16 wk
associated with marked increased in GFR and the development of proteinuria (Fig. 2).
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By 16 wk, microalbuminuria has progressed to the stage of frank proteinuria (Fig. 3).
The proteinuria is thereafter progressive, reaching nephrotic grade levels between 16
and 32 wk in some animals. The GFRs decreased from the hypertrophic levels toward
normal between 16 and 32 wk associated with the onset of focal segmental glomeru-
losclerosis (55) (Fig. 2).

In this model of type 1 DN, BMP-7 levels in the glomerulus and the medulla are
reduced by 50–70% at 15–16 wk after injection and continued to decline further to
less than 10% of normal by 30–32 wk (47,55). Institution of rhBMP-7 therapy at 16 wk
dose-dependently ameliorated proteinuria (Fig. 3) inhibited the development of focal
segmental glomerulosclerosis and tubulo-interstitial fibrosis (55). In addition, renal
hypertrophy was partially reversed and GFR was preserved compared to diabetic animals
receiving vehicle (55).

In another model of DN, the db/db mouse, preliminary studies suggest that BMP-7
was not protective. Dunn et al. suggest there was a high dose-dependent increase in the
proteinuria of the db/db mouse (56). Additionally, in protein-overload nephropathy,
BMP-7 was not shown to be renoprotective. Therefore, there is more to be learned of
the efficacy and mechanism of action of BMP-7 in renal disease.
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Fig. 2. The long-term streptozotocin (STZ) rodent model of diabetic nephorpathy. A single intra-
venous dose of STZ is followed by hyperglycemia controlled in the 400–500 mg/dL range by long-
acting insulin. At 16 wk, renal hypertrophy and increased GFR is established. From 16 to 32 wk,
GFR declines toward normal and glomerulosclerosis develops. Proteinuria is established past the
microalbuminuric stage at 16 wk and progresses to the nephrotic range in some rats at 32 wk.



MECHANISMS OF BMP-7 ACTION IN CKD 

The Role of TGF-β in Renal Disease
Although the primary etiology of renal disease is quite varied, the underlying pathol-

ogy remains common. One of the most prominent features is the deposition of extracel-
lular matrix (ECM) in the glomerulus, mesangium, and interstitium, as a result of
several factors, increased matrix synthesis by accumulating fibroblasts and decreased
degradation of this matrix. The role of TGF-β has been studied extensively in models
of progressive renal injury. Upregulated expression of TGF-β is a feature of virtually
all human and experimental models of renal fibrosis (57). Direct evidence comes from
the observation that transgenic mice over expressing TGF-β develop glomerular and
interstitial fibrosis (58), as do mice treated with recombinant TGF-β2 (59). Treatment
of rats with replication-defective adenoviral vectors that express soluble TGF-β type-II
receptor, a suppressor of signaling, significantly attenuates interstitial collagen deposi-
tion in experimental models of kidney injury. Similarly, inhibition of TGF-β by neutral-
izing antibodies appears to ameliorate injury in the db/db mouse model of DN (60). In
addition, TGF-β-mediated epithelial-to-mesenchymal transdifferentiation (EMT) is
thought to be a potential source for the large numbers of fibroblasts and myofibroblasts
in the fibrotic kidney (53,61). The intracellular signaling molecule Smad 3 mediates
TGF-β-stimulated ECM deposition in several cultured systems. In response to TGF-β,
Smad 3 stimulates collagen-I promoter expression in cultured human mesangial cells
(62). In this system, the TGF-β pathway also stimulated the PI3-kinase-Akt pathway to
phosphorylate Smad 3 and enhanced transcriptional activation, leading to increased
collagen-I expression (63). The importance of Smad 3 is clear in models of chronic
renal disease using Smad 3 knockout mice (64).

In a model for type 1 diabetes mellitus, loss of Smad 3 attenuated the markers of
DN. Thickening of the glomerular basement membrane, albuminuria, and upregulation
of fibronectin and collagen-IV α3 expression were attenuated, suggesting that local
inhibition of Smad 3 may be beneficial in the prevention or treatment of DN (64). Smad 3

BMP-7 in Diabetic Nephropathy 321

Fig. 3. Proteinuria in our rodent STZ DN model. Frank proteinuria is established at 16 wk and pro-
gresses to the nephrotic range in some rats. BMP-7, 10 (▲), 30 (�), and 100 (■) μg/kg injected intra-
venously twice-weekly dose-dependently reversed proteinuria. ***p < 0.001, vehicle treated (�) vs
normal (●); **p < 0.01, vehicle treated vs BMP-7 100 μg; *p < 0.05, vehicle treated vs 30-μg BMP-7
and 20-mg/kg enalapril (�) daily.



is also involved in renal interstitial fibrosis induced by UUO. Following UUO, Smad 3-
null mice were protected from tubulo-interstitial fibrosis as manifested by decreased mono-
cyte infiltration and collagen deposition (65).

In Vitro Models of BMP-7 Function
Several studies suggest that BMP-7 may have anti-inflammatory and cytoprotective

effects on renal tubular epithelial cells. Gould et al. (46) employed a commercial cDNA
array to identify genes regulated by exposure of cultured human proximal tubular
epithelial cells to BMP-7, tumor necrosis factor (TNF)-α, or the combination of both
cytokines. In the same studies, the authors used real-time RT-PCR to confirm that BMP-7
suppresses several TNF-α-stimulated proinflammatory cytokines: interleukins (IL)-6
and -8, chemokines, and monocyte chemoattractant protein-1. BMP-7 also reduced
proximal tubular expression of endothelin-2 and the adenosine A1 receptor, but
increased endothelin-1. The net effect of these transcriptional changes may be increased
blood flow in peritubular capillaries. Neutralization of endogenous BMP-7 in proximal
tubular epithelial cells induces the expression of ECM molecules (fibronectin and
collagen-III) and the extracellular BMP-binding protein gremlin (47). These studies
suggest that loss of endogenous BMP-7 is associated with profibrotic effects. 

However, there is also evidence that a broad range of effects of BMP-7 in other cell
types reduce TGF-β-mediated fibrosis programs. In vitro, BMP-7 reduces the increased
expression of several ECM proteins and matrix accumulation—promoting regulatory
molecules that are induced by TGF-β via Smad 2/3 pathways in cultured mesangial
cells (66,67). Whereas TGF-β increased collagen type IV, fibronectin, thrombospondin,
and CTGF, BMP-7 reduced the expression of these ECM molecules and CTGF. BMP-7
reduced TGF-β-induced ECM protein accumulation primarily by maintaining levels
and activity of MMP2, the major metalloproteinase secreted by mesangial cells.
Mechanistically, BMP-7 antagonizes TGF-β-dependent upregulation of plasminogen-
activated inhibitor-1, an inhibitor of MMP2. In addition, BMP-7 reduces the nuclear
accumulation of Smad 3 via a Smad 5-mediated process. BMP-7 signaling via Smad 5
upregulates Smad 6, which blocks the nuclear translocation of phosphorylated Smad
2/3 and therefore counteracts TGF-β-stimulated, plasminogen activator inhibitor-1
expression in mesangial cells (49). The opposing interactions of BMP-7-dependent
Smads (1/5) to the TGF-β-induced Smads (2/3) may thus block TGF-β-induced epithe-
lial–mesenchymal transformation (53). Thus, BMP-7 and TGF-β may be taken as
opposing forces that can alter the state of the renal epithelia. In recent experimental
studies, Zhang et al. (68) provide in vitro evidence to support a model of competition
between two avenues of direct cell–cell interactions between tubular cells and
macrophages, one resulting in profibrogenic activation of tubular cells and another
geared toward preventing this profibrogenic cell–cell contact (69,70). In this model,
engagement of leukocyte function antigen-1 on the surface of macrophages with tubu-
lar cell intercellular adhesion molecule-1 leads to TGF-β mediated activation of a fibro-
genic program in tubular cells, whereas binding of macrophage CD44 to tubular cell
membrane hyaluronic acid extensions (“cables”) prevents this physical association via
ICAM-1 and suppresses profibrogenic tubular cell activation. Moreover, these authors
described that the hyaluronic acid cables on tubular cell surfaces are regulated by
BMP-7 (68). Increased hyaluronic acid cables reduce engagement of ICAM-1 by
macrophages perhaps by sterically preventing close contacts between macrophages and
the basolateral membrane of tubular cells. These findings elucidate a novel mechanism
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by which macrophage infiltrates may directly engage tubular cells and, in addition,
describe a novel mechanism of antifibrogenic action of BMP-7.

EXTRACELLULAR MODULATION OF BMP-7 FUNCTION

Lin et al. (31) recently identified the KCP protein as the first extracellular protein
described to enhance BMP function. KCP functions in a paracrine manner and enhances
BMP-7 binding to its type-I receptor to increase intracellular concentrations of phos-
phorylated Smad 1, enhancing Smad 1-mediated transcription. The authors generated
KCP-null mice, which were viable, fertile, and had no observable renal pathology (31).
In two different models of renal injury, UUO and acute renal failure after folic acid
administration, KCP-null mice showed increased susceptibility to developing renal
interstitial fibrosis. Surprisingly, the null mice showed signs of interstitial fibrosis in
the contralateral “normal” kidney as well. This suggests a possible role of circulating
BMP-7 which was lost from the UUO kidney. In the acute renal failure model, 23%
mortality was noted within 2 d of administration of folic acid to null mice. Of the sur-
viving mice, increased deposition of ECM was noted, beginning as early as 7 d after
injury compared with wild-type mice. KCP expression is not detected in adult kidneys,
but is upregulated by renal injury. The time-course of upregulation correlates with the
decline in levels of BMP-7 in the UUO and ischemic injury models’ renal injury. KCP
may augment BMP-7 signaling by increasing association with the BMP type-I receptor. 

CONCLUSIONS

BMP-7 is a renal morphogen necessary for normal kidney development. BMP-7 in
the adult kidney stimulates differentiation and resists injury to epithelial cells. It pre-
vents myofibroblast transition. In cell-based models and in vivo models of renal injury,
BMP-7 antagonizes the fibrogenic actions of TGF-β and serves a cytoprotective role.
In several rodent models of renal injury, administration of rhBMP-7 has ameliorated
injury and attenuated or reversed tubulo-interstitial fibrosis. These data suggest that
BMP-7, its agonists, its receptors, and its effectors may be clinically important targets
for developing novel therapies. 
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INTRODUCTION

Diabetic nephropathy (DN) contributes significantly to morbidity and premature
mortality in diabetes mellitus (1,2). Whereas the identification of specific environmen-
tal factors involved in the development of proteinuria and progressively declining kid-
ney function have led to clinical measures that modify the natural history of the disease
(3,4), available interventions (primarily blood glucose control and treatment with reno-
protective and antihypertensive drugs) fall short of the ultimate goal of eradicating this
complication. The severity of this deficiency is highlighted best by the fact that an epi-
demic of end-stage renal disease (ESRD) has developed over the past 20 yr, particu-
larly in patients with type 2 diabetes mellitus (T2DM) in the United States, without any
signs of leveling off (5). With T2DM becoming more common among young adults and
in pediatric populations (6), one may infer that the burden of ESRD in the US popula-
tion will increase even further unless more effective clinical measures are found.

Potentially, such measures may result from investigations into the genetic basis
underlying susceptibility to the development of DN (7). Knowledge of which genes
predispose to DN, and specifically (1) the development of proteinuria and (2) declining
kidney function leading to ESRD, will give us a better understanding of the pathogenesis
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of this complication. In a clinical setting, this knowledge may permit us to identify those
patients at high risk for DN. Also, new targets for drug development may emerge, espe-
cially if the genes found are novel and have not been previously implicated in the patho-
genesis of DN.

In this chapter, we review current knowledge of the genetic basis of DN in T2DM.
The focus on T2DM is motivated by two reasons

1. T2DM is the major contributor to the ESRD in all populations around the world.
2. In families with T2DM it is possible to dissect the genetic factors contributing to the

development of abnormalities in urinary albumin excretion and genetic factors con-
tributing to declining kidney function.

Such a two-disease model for the etiology of DN is assumed in this chapter. This
model postulates that a disease process in the glomerulus underlies the development of
proteinuria, whereas a separate disease process most likely in the tubules and intersti-
tium underlies declining kidney function. In support of this model in this review, we
provide evidence that different genes determine the development of proteinuria and
declining kidney function/ESRD.

FAMILIAL AGGREGATION OF PHENOTYPES 
OF DIABETIC NEPHROPATHY

Proteinuria and kidney function impairment are two phenotypes that are the major
hallmarks of DN. Several studies demonstrated that both aggregate in families of dia-
betic as well as nondiabetic individuals as heritable traits. Before we discuss these
results, a few comments are necessary about the ways the studies were designed.

Two different but complementary study designs are used to examine familial aggre-
gation of complex diseases such as DN. Usually, conventional epidemiological designs
and methods are used to explore first whether the disease in question clusters in fami-
lies (8). More formally, the notion of familial clustering or aggregation implies a higher
prevalence of disease in family members of cases (index cases) than in the general pop-
ulation or in family members of unaffected individuals (index controls). It should be
noted that a disease having no genetic etiology may aggregate or cluster in families
owing to a shared environment, such as an infectious agent or a culturally transmitted
risk factor such as smoking or dietary preferences.

The relative contributions of heredity and shared environment to the familial aggre-
gation of a disease have been tested historically by comparing the occurrence of the
disease in monozygotic and dizygotic twin pairs (9), an impractical approach in T2DM
patients with nephropathy. Alternatively, the hereditary and environmental components
of familial aggregation can be partitioned on the basis of the pattern of covariance
between pairs of relatives within families. Recent developments in statistical genetic
analysis now enable the assessment of heritability (h2) (the proportion of total pheno-
typic variance owing to additive genetic effects) and the genetic correlation between
traits in extended families, taking into account the presence of environmental covari-
ates (10). The proportion of total phenotypic variance owing to additive genetic effects
may vary between h2 = 0, i.e., no genetic effect and h2 = 1, i.e., all variance is as a
result of genetic effect. This approach has been employed to assess the genetic contri-
butions to variation in urinary albumin excretion (UAE) and glomerular filtration rate
(GFR) and has been extended to the mapping of genes for these traits.
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Familial Aggregation of Proteinuria and Heritability of Variation in UAE
Familial aggregation of DN was demonstrated first in sibling pairs with type 1 dia-

betes mellitus (T1DM) (11–14) and subsequently in sibling pairs with T2DM. Studies
by Faronatto et al. (15), and Canani et al. (16) demonstrated that diabetic siblings of
diabetic index cases with proteinuria or ESRD had a risk of elevated UAE several times
higher than diabetic siblings of diabetic index controls with normoalbuminuria.

The finding of familial aggregation of DN, a discrete outcome, was corroborated in
studies of the heritability of UAE, a quantitative trait, in nuclear and extended families
(17–21). For example, in a study from our laboratory, Fogarty et al. (18,19) examined
familial aggregation and estimated the heritability of UAE, measured as the urinary
albumin to creatinine ratio (ACR), in 96 extended Caucasian families ascertained for
T2DM. An example of a typical family included in the Joslin collection is shown in
Fig. 1. In total in these families there were 630 individuals with T2DM and 639 individ-
uals without diabetes, all of whom had measurements of their urinary ACR. The distribu-
tion of log-transformed ACR values (logACR) in diabetic and nondiabetic relatives is
shown in Fig. 2A. In relatives without diabetes, the distribution of logACR was uni-
modal (median 6 μg/mg) with a small proportion, about 9%, having abnormal ACR val-
ues in the range of microalbuminuria or proteinuria (logACR > 1.5, i.e., ACR > 30 μg
of albumin/mg of urinary creatinine). In those with diabetes, the logACR distribution
was significantly different. In individuals with diabetes, only 28% had logACR values
below the median for relatives without diabetes, another 33% had values between the
median and the upper limit of normal, and 39% had values in the range of microalbu-
minuria or proteinuria. In thinking about the diabetic individuals with an abnormal
ACR, one wondered in which the ACR values of their nondiabetic relatives fell in the
ACR distribution for nondiabetic individuals. Might they also be in the upper part of
that distribution, that is, in the upper range of normoalbuminuria or in the microalbu-
minuria range?

To test this hypothesis, Fogarty et al. (19) examined the relationship between the
ACR values in nondiabetic and diabetic individuals in the same family. Median values
of logACR were determined separately for the diabetic and nondiabetic members
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Fig. 1. Example of an extended family from the Joslin Collection of Families with T2DM. Circles
indicate women and squares indicate men. Empty symbols indicate the absence of diabetes and filled
ones indicate diabetes. Values in italics are the urinary albumin to creatinine ratio (ACR). Underlined
values are the GFR estimated from serum cystatin C concentration. (Adapted from ref. 18.)



of each family, and the families plotted in Fig. 2B according to the two medians. For
the nondiabetic members of the families, the distribution was quite symmetric and none
was above the normoalbuminuria range (logACR < 1.5). However, the distribution for
the diabetic members was strikingly different, depending on whether their nondiabetic
relatives were in the lower or upper half of the range for normoalbuminuria. If the
median for the nondiabetic members was in the lower range of normoalbuminuria, very
few families had an elevated median value for their diabetic members. This can be
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Fig. 2. Distributions of urinary albumin excretion measured as the urinary albumin to creatinine ratio
(ACR) in diabetic and nondiabetic members of extended families with type 2 diabetes. (Reproduced
with permission from ref. 19.) (A) Comparison of distribution of logACR (ACR transformed to the
logarithm base 10) in diabetic (n = 630) and nondiabetic (n = 639) members of the examined fami-
lies. (B) Plot of median logACR in diabetic vs nondiabetic relatives in each of the 96 extended fam-
ilies with type 2 diabetes.



interpreted as evidence that these families lack susceptibility to DN. In contrast, if the
median for the nondiabetic family members was in the upper range of normoalbumin-
uria, the median for their diabetic relatives was frequently elevated in the range of
microalbuminuria or proteinuria. This can be interpreted as evidence that these families
were susceptible to DN. Thus, although the median UAE in diabetic relatives was of an
order of magnitude higher than that in their nondiabetic relatives, the medians were sig-
nificantly correlated (Spearman correlation = 0.34, p < 0.001). When these data were
reanalyzed using variance components analysis and taking into account relevant covari-
ates, a very strong genetic correlation between logACR levels in diabetic and nondia-
betic relatives was found (22). This finding strongly supports a hypothesis that the
same genes control variation of UAE in diabetic as well as in nondiabetic individuals.

To study further the familial aggregation of UAE variation, a variance components
approach was utilized to estimate the heritability for urinary ACR after adjustment for
relevant covariates. In the total collection of 6481 pairs of relatives, heritability for UAE
(h2 = 0.27, p < 0.001) was similar to that for systolic blood pressure (SBP) (h2 = 0.24,
p < 0.001) (18). Among diabetic family members, the heritability was slightly higher for
ACR (h2 = 0.31, p < 0.001) and SBP (h2 = 0.33, p < 0.001). This finding provided very
strong evidence that UAE, as measured by ACR, is a heritable trait in Caucasians with and
without diabetes (18,19). Recently, Langefeld et al. (21) reported a somewhat higher heri-
tability (h2 = 0.44, p < 0.001) of UAE in a large collection of nuclear families with T2DM.
Similarly, Freedman et al. (20) found higher heritability (h2 = 0.49, p < 0.001) of UAE in
nuclear families of nondiabetic individuals with hypertension. Summary of the familial
aggregation of UAE is shown in Table 1.
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Table 1
Summary of Studies on Familial Clustering of Proteinuria and Heritability of Variation in UAE

Authors Population Results of the study

Faronatto et al., 1997 (15) Caucasians, Diabetic siblings of index cases with proteinuria
Italy had a risk of proteinuria 3.9 times that 

of diabetic siblings of index cases with 
normoalbuminuria.

Canani et al., 1999 (16) Caucasians, Diabetic siblings of index cases with proteinuria 
Southern Brazil had a risk of proteinuria 3.3 times that of 

diabetic siblings of index cases with
normoalbuminuria.

Forsblom et al., 1999 (17) Caucasians, In nuclear families ascertained for type 2 
Finland diabetes, heritiability of UAE was significant 

(h2 = 0.30).
Fogarty et al., 2000 (18) Caucasians, In extended families ascertained for type 2 

New England diabetes, heritability of UAE was
significant in relatives with diabetes 
(h2 = 0.31) and those without (h2 = 0.20).

Freedman et al., 2003 (20) Caucasians, In nondiabetic families consisting of sibling
USA pairs concordant for hypertension, heritability

of UAE was significant (h2 = 0.49).
Langefeld et al., 2004 (21) Caucasians, In nuclear families consisting of at least two 

North Carolina siblings with type 2 diabetes, heritability of
UAE was significant (h2 = 0.44).



To examine the finding of heritability of ACR further, Fogarty et al. (19) performed
a complex segregation analysis on the members of the 96 families. Likelihood ratio
tests were performed to test hypotheses related to genetic transmission. The Mendelian
model with multifactorial inheritance was supported more strongly than Mendelian
inheritance alone. These analyses suggested that the best model for variation of ACR
was multifactorial, with evidence for a common major gene. When the analyses were
repeated for diabetic subjects only, the evidence for Mendelian inheritance was
improved, and the model with a single major locus with additional multifactorial effects
was more strongly supported. The results of this study suggest that variation in ACR is
determined by a mixture of genes with large and small effects, as well as other meas-
ured covariates such as diabetes and its duration. These findings are consistent with the
results of studies of DN in Pima Indians (19).

In summary, the earlier findings have important implications for the design of stud-
ies to search for the genes controlling susceptibility to DN. Because UAE can be meas-
ured in individuals regardless of diabetes status, it is well suited for analysis as a
quantitative trait, with elevated levels being considered a surrogate for nephropathy.
The search for nephropathy genes linked to UAE will be more effective because the
power of the available pedigrees will be greater for a heritable quantitative trait (UAE)
than for a discrete outcome, the presence or absence of proteinuria.

Familial Aggregation of ESRD and Heritability of Variation in GFR
Familial aggregation of ESRD and the heritability of a variation in GFR have been

examined in the same fashion as proteinuria and a variation in UAE; the summary of
the studies is shown in Table 2.

The first study was by Pettitt et al. (23) who described the familial aggregation of
impaired kidney function among diabetic parents and their diabetic offspring in Pima
Indians with T2DM. Subsequently, Freedman et al. (24) reported that in families
selected through an index case with ESRD caused by DN, there was an excess of rela-
tives with ESRD in comparison with the risk of ESRD in the general population.

The heritability of GFR was examined in four studies conducted in families ascer-
tained through an individual without diabetes. One analysis was performed in 539
monozygotic and 1208 dizygotic sets of female twins, all of them nondiabetics. The h2

of serum creatinine was 0.37 and the calculated creatinine clearance using the Cockcroft-
Gault formula was 0.63 (9). The heritability of kidney function was computed in multi-
generational families in Utah, enriched for the presence of premature cardiovascular
disease (25). The examinations were performed three times during a 10-yr follow-up
study. The h2 for serum creatinine varied between 0.25 and 0.31. For GFR estimated
using the Modification of Diet in Renal Disease (MDRD) formula, the h2 ranged from
0.37 to 0.42. Recently, similar data were reported from the Framingham Heart Study,
which included 1200 individuals from 330 nuclear families. In this study, the h2 for var-
ious estimates of GFR varied between 0.29 and 0.46 (26). In a more recent report,
Langefeld et al. (21) examined the h2 of GFR estimated by the modified MDRD formula
in 662 Caucasian individuals with T2DM from 310 families. The h2 of GFR was 0.75,
the highest value in the literature. 

In a recent study, we demonstrated that the concentration of serum cystatin C is an
accurate estimate of renal function in individuals with T2DM (27). This method pro-
vides a more accurate estimate of GFR than other methods (including the MDRD equa-
tion), particularly in individuals with normal or elevated values of GFR. By measuring
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families, 63 families out of 104 were included with typical T2DM diagnosed after age
35 yr. The example of the typical family with values of GFR estimated from serum cys-
tatin C is shown in Fig. 1.

To study familial aggregation of variation in renal function, a variance components
analysis was used to estimate the heritability for estimated GFR after adjustment for
covariates such as sex and age. In our multigenerational families, the heritability (h2)
of GFR estimated by serum cystatin C levels was 0.45 in diabetic relatives and 0.35 in
nondiabetic relatives (28). Interestingly, when ACR was included in the variance com-
ponents analysis as a covariate (in addition to sex and age), the heritability estimates
in diabetics and nondiabetics increased slightly to 0.47 and 0.39, respectively. These
findings provide very strong evidence that variation in renal function, as measured by
estimated GFR, is controlled by genetic factors in individuals with and without dia-
betes, and they suggest that genes controlling variation in GFR are different from
genes controlling ACR.
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Table 2
Summary of Studies on Familial Clustering of ESRD and Heritability of Variation of GFR

Authors Population Results of the study

Pettit et al., 1990 (23) Pima Indians, Diabetic siblings and offspring of diabetic index 
Arizona, cases with impaired kidney function had

elevated serum creatinine.
Freedman et al., 1995 (24) African- Relatives of index cases with type 2 diabetes 

Americans, and ESRD had a risk of ESRD 8.1 times that
Southern US of relatives of index cases with type 2

diabetes and without DN.
Hunter et al., 2002 (9) Caucasians, In a twin study of adult women, heritabilities 

UK of serum creatinine (h2 = 0.37), and
calculated creatinine clearance (h2 = 0.63) 
were both significant.

Hunt et al., 2004 (25) Caucasians, In extended nondiabetic families ascertained 
Utah for early cardiovascular disease, heritabilities 

of serum creatinine (h2 from 0.25 to 0.31) 
and estimated GFRa (h2 from 0.37 to 0.42) 
were significant.

Fox et al., 2004 (26) Caucasians, In mainly nondiabetic families in the 
Framingham, Framingham Heart Study, heritabilities of
MA serum creatinine (h2 = 0.29), estimated GFRa

(h2 = 0.31) and calculated creatinine clearance 
(h2 = 0.56) were all significant.

Langefeld et al., 2004 (21) Caucasians, In nuclear families consisting of at least two 
North Carolina siblings with type 2 diabetes, heritability 

of GFRa (h2 = 0.75) was significant.
Placha et al., 2005 (28) Caucasians, In extended families ascertained for type 2 

New England diabetes, heritability of GFRb was significant 
in relatives with diabetes (h2 = 0.45) and in 
those without (h2 = 0.35).

aGFR was estimated using serum creatinine levels and the MDRD formula.
bGFR was estimated as the reciprocal of serum cystatin C concentration × 100.



To study further the nature of the relationship between variation in GFR and vari-
ation in ACR, we estimated genetic and environmental correlations between these
two traits, separately in diabetic and nondiabetic relatives. The results are shown in
Table 3. Variation in GFR was not genetically correlated with variation in ACR in
diabetic or nondiabetic relatives (28). However, the environmental correlation
between these two traits in diabetic and nondiabetic relatives was highly significant
statistically, confirming that exposure to elevated levels of ACR is a risk factor for
renal function impairment, a conclusion drawn previously from clinical trials on
effectiveness of ACE inhibition.

In summary, this pattern of correlations supports further our hypothesis that the
genetic factors determining variation in GFR do not overlap with the genetic factors
determining variation in ACR. Therefore, our findings provide strong evidence that
the search for loci determining variation in GFR must be carried out independently
of the search for loci determining variation in ACR.

GENOME SCANS FOR GENES FOR DIABETIC NEPHROPATHY

A promising strategy for identifying genes with major or moderate effects on the devel-
opment of DN is genotyping suitable families for a large number of genetic markers evenly
spread throughout the entire human genome (specifically the 22 autosomes) at 7–15 cM
intervals, a strategy referred to as a genome scan. With parametric or non-parametric
analytical approaches, one can identify chromosomal regions that harbor genes with major
or moderate effects. The evidence for linkage is mapped across the genome in terms of
the logarithm of the odds (LOD) favoring linkage vs no linkage at each locus, and the
strength of the evidence is assessed as follows. An LOD > 1.15 (p < 0.01) indicates poten-
tial evidence; an LOD > 1.9 (p < 0.001) indicates suggestive evidence; and an LOD > 3.0
(p < 0.0001) indicates strong evidence of linkage. With recent improvements in technol-
ogy, the task of performing a genome scan is well within the capacity of present-day
molecular genetics laboratories. The main impediment to the use of this approach is the
shortage of DNA from families suitable for genetic studies of DN. Two types of families
can be used. One consists of nuclear families with at least two diabetic siblings, at least
one of whom is also affected with DN. The other type consists of multigenerational,
extended families that include multiple members with T2DM, some of whom are affected
with DN and others not. Nondiabetic members may or may not be included. An example
of the latter type of families is shown in Fig. 1.

Genome Scans for Genes for Proteinuria or Variation in UAE
A summary of genome scan linkage studies for DN measured as abnormalities in

UAE is presented in Table 4.
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Table 3
Genetic and Environmental Correlations Between ACR and GFR in Diabetic and Nondiabetic

Relatives in the Joslin Collection of Families With T2DM

Genetic correlation (rG) Environmental correlation (rE)

Diabetic relatives –0.08 (n.s.) –0.47 (p < 0.001)
Nondiabetic relatives –0.04 (n.s) –0.31 (p < 0.005)

Unpublished data from ref. 28.



A full genome scan for the genes for DN has been carried out in Pima Indian families
with T2DM (29). The authors genotyped 98 sibling pairs concordant for T2DM and DN
with a 6.4 cM scan. Nephropathy was defined as the presence of overt proteinuria (protein-
to-creatinine ratio ≥500 mg/g or a urinary ACR ≥300 mg/g). Three chromosomal regions
were identified with at least potential evidence of linkage with nephropathy. However,
suggestive evidence for linkage was obtained only on chromosome 7q (multipoint
LOD = 2). The other genetic regions potentially linked to nephropathy were on chromo-
some 3q (multipoint LOD = 1.5), and on chromosome 20p (multipoint LOD = 1.8).
Because this study was based on sibling pairs concordant for both T2DM and DN, the
positive signals may have been for linkage with either nephropathy or T2DM. However,
none of these three regions showed any evidence of linkage with T2DM in a subsequent
genome-wide scan for T2DM in Pima Indian families (30).

A partial genome scan for linkage with overt proteinuria was performed in 18
extended Turkish families with 115 members with T2DM (31). Among diabetic family
members, there were 61 individuals with normoalbuminuria, 26 with microalbuminuria,
and 28 with overt proteinuria. Using parametric linkage analysis, strong evidence of
linkage with an elevated UAE (proteinuria only or proteinuria together with microalbu-
minuria) was found on chromosome 18q. If a dominant mode of inheritance was
assumed, the multipoint LOD was 6.6, and if a recessive mode of inheritance was
assumed, the multipoint LOD was only 2.2. A reanalysis of the Pima Indian data found
weak evidence for linkage with this genetic region (multipoint LOD = 0.7).

We performed a full genome scan for chromosomal regions harboring genes for vari-
ation in ACR in 63 extended Caucasian families (22), a subset of the Joslin collection
of families with T2DM previously described by Fogarty et al. and Klupa et al.
(18,19,32). We measured ACR as a quantitative trait in 426 individuals with and 431
individuals without diabetes. All were genotyped for 381 microsatellite markers spaced
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Table 4
Summary of Results of Genome Scans for Linkage With Proteinuria or Variation 

in UAE in Families With Type 2 Diabetes

Authors Population Results of multipoint linkage analysis

Imperatore et al., 1998 (29) Pima Indians, In a full genome scan of 98 sibling pairs
Arizona concordant for type 2 diabetes and proteinuria,

evidence for linkage with proteinuria was
found on chromosomes 3q (LOD = 1.5), 7q 
(LOD = 2), and 20p (LOD = 1.8).

Vardarli et al., 2002 (31) Caucasians, In a partial genome scan of 18 extended families 
Turkey ascertained for early-onset type 2 diabetes 

(115 relatives with diabetes), evidence for 
linkage with proteinuria was found on 
chromosome 18q (LOD = 6.1).

Krolewski et al., 2005 (22) Caucasians, In a full genome scan of 63 extended families 
New England ascertained for type 2 diabetes (comprising 

5656 relative pairs), evidence for linkage 
with variation of UAE was found on 
chromosomes 5q (LOD = 3.4), 7q 
(LOD = 3.1), and 22q (LOD = 3.7).



9 cM apart on the 22 autosomes and the results were analyzed using pedigree-based
variance-components analysis as implemented in SOLAR (22).

Because the main focus of the study was to identify genes controlling variation in
ACR in individuals with diabetes, multipoint variance component linkage analyses
were conducted first in the 1332 pairs of relatives with diabetes, and then in all 5656
pairs of all relatives (including diabetic, nondiabetic, and discordant relative pairs).
Comparisons of support for linkage from these two analyses at chromosomal regions of
interest are measures of the specificity of the effect of that region on variation in ACR.
Three possibilities were considered:
1. The effect may be specific to relatives with diabetes if linkage is supported in diabetic

pairs and decreases or remains constant in all pairs.
2. The effect may be independent of diabetes status if linkage support is present in pairs

of relatives with diabetes and increases significantly in the total sample.
3. The effect may be specific to nondiabetic relatives if there is no linkage support in dia-

betic pairs but it is present in all pairs of relatives.

In our study we found four chromosomal regions that showed significant or strong
support for linkage with ACR. The summary of the findings is shown in Fig. 3. The
locations of the linkage peaks are very similar in diabetic as well as in all relative pairs.
The support for linkage in genetic regions in all relatives on 22q (multipoint LOD = 3.7),
5q (multipoint LOD = 3.4), and 7q (multipoint LOD = 3.1) was much stronger in all
relative pairs than in the subset that included only diabetic relative pairs. The findings
are consistent with a hypothesis that these regions harbor genes that determine varia-
tion in ACR, in diabetic as well as in nondiabetic relatives (22). In contrast, the linkage
support for ACR with chromosome 21p in diabetic relatives only (multipoint LOD = 2.5)
is weaker in the group of all relatives (multipoint LOD = 2.1), despite the larger 
number of relative pairs included in the analysis, a finding consistent with a hypothesis
that this genetic region harbors a gene that controls variation of ACR in the presence of
diabetes only.

Figure 3 shows also the LOD-1 support intervals for the four chromosomal regions.
These intervals vary between 4.7 and 14 million base pairs (Mb) on physical maps and
they approximate the locations of the putative susceptibility genes. It is estimated that
in each region there are 50–80 genes located, which can be considered as positional
candidate genes (22).

The results of our study support a hypothesis that genetic predisposition to diabetic
kidney disease may be reflected in the level of urinary albumin excretion, which is
controlled by (at least) four genes. In the absence of diabetes, three of these loci may
determine the low and the high-normal levels of UAE. With exposure to diabetes, indi-
viduals with low levels of UAE remain free of diabetic kidney disease, whereas those
with the high-normal levels of UAE may be at risk of worsening to microalbuminuria
and overt proteinuria. The risk of the latter may be influenced also by other loci spe-
cific for diabetes exposure, for example on chromosome 21p. The nature of the abnor-
malities in the kidney that determines the level of UAE and is impacted by the genes
is unknown. 

Genome Scans for Genes for ESRD or Variation in GFR
The summary of the results of the genome-wide scan linkage studies carried out to

identify chromosomal regions harboring genes for ESRD or variation in GFR is shown
in Table 5.
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A targeted genome scan of a region on human chromosome 10 that is syntenic with
the region of the rodent kidney failure-1 gene (Rf1) was conducted in two different
studies. In the first, 356 African-American sibling pairs affected with ESRD were geno-
typed for 30 polymorphic markers spaced about 6.6 cM apart on chromosome 10 (33).
Strong evidence was found for linkage to a genetic region centromeric from the Rf1
locus (multipoint LOD = 3.4). The evidence for linkage was similar in the sibling pairs
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Fig. 3. LOD score plots for ACR on chromosome 22, 5, 7, and 21 for diabetic relative pairs only
(broken line) and for all relative pairs (solid line). Empirical p values and LOD-1 unit support inter-
vals are shown. Chromosomal positions correspond to the Marshfield map. (Reproduced with
permission from ref. 22.)



with ESRD owing to diabetes (n = 157) as well as in those with ESRD owing to non-
diabetic etiologies (n = 199). The other study, consisting of only 106 diabetic sibling
pairs affected with various combinations of proteinuria and ESRD, obtained suggestive evi-
dence of linkage to genetic regions on both the short and long arms of chromosome 10
(34). Neither region, however, overlapped with the region identified in the first study.

A full genome scan for genes controlling the risk for ESRD has been performed in
African-American families with T2DM (35). From a collection of 166 nuclear families,
206 sibling pairs affected with both T2DM and ESRD were formed and genotyped for
392 markers with an average spacing of 8.9 cM. In the initial nonparametric linkage
analysis, there was evidence for potential linkage on three chromosomes: 3q (multi-
point LOD = 1.3), 7p (multipoint LOD = 1.5), and 18q (multipoint LOD = 1.6).
However, in the ordered subsets analyses, evidence for linkage for ESRD increased sig-
nificantly: on 3q to LOD = 4.6 in the optimal subset (estimated to be 29% of the families);
on 7p to LOD = 3.6 in the optimal subset (estimated to be 37% of the families); and on
18q to LOD = 3.7 in the optimal subset (estimated to be 64% of the families). Because
all sibling pairs also had T2DM, the linkage reported in this study may have been with
either ESRD or T2DM. However, the authors preferred the first interpretation for the
regions on 3q and 18q because evidence of linkage with proteinuria had been found
previously by us on the 3q region in sibling pairs with T1DM discordant for DN (36)
and on the 18q region in the extended Turkish families with T2DM (31). The authors
attributed the evidence of linkage on the 7p region to a T2DM susceptibility locus.

We carried out a full genome scan linkage analysis for chromosomal regions harboring
genes for the variation in GFR using the same 63 extended Caucasian families with
T2DM as described earlier for the genome scan for variation in ACR (22,28). We esti-
mated GFR by measuring serum levels of cystatin C in 426 individuals with diabetes
and 431 individuals without diabetes (see also Fig. 1). Relatives in these families formed
5656 relative pairs and were analyzed using pedigree-based variance-component analysis
as implemented in SOLAR. After adjustment for covariates such as age, sex, diabetes,
diabetes duration, ACR, and mean arterial pressure (MAP), we found evidence for
a linkage with the variation in GFR on chromosome 6q (multipoint LOD = 2.3), and

340 Placha and Krolewski

Table 5
Summary of Results of Genome Scans for Linkage With ESRD or Variation 

in GFR in Families With Type 2 Diabetes

Authors Population Results of multipoint linkage analysis

Bowden et al., 2004 (35) African In a full genome scan of 206 affected 
Americans, sibling pairs with type 2 diabetes and ESRD,
southern US evidence for linkage with ESRD was found 

on chromosomes 3q (LOD = 1.3), 7p 
(LOD = 1.4), and 18q (LOD = 1.3). The 
evidence increased for all these regions 
in ordered subsets analysis.

Placha et al., 2005 (27) Caucasians, In a full genome scan of 63 extended families 
New England ascertained for type 2 diabetes (comprising 

5656 relative pairs), evidence for linkage with 
variation in GFR was found on chromosomes 
6q (LOD = 2.3) and 7p (LOD = 4.1).



on chromosome 7p (multipoint LOD = 4.1). Evidence for linkage was found in both
diabetic and nondiabetic relatives. These findings, taken together with the observation
that the variation in UAE did not have any genetic correlation with the variation in
GFR, suggest that these two chromosomal regions harbor genes specifically controlling
variation in GFR and impaired kidney function regardless of diabetes status.
Interestingly, the evidence for linkage with variation in GFR on 7p in our study over-
laps with the linkage results for ESRD on 7p in the African-American families with
T2DM (35). The agreement between these two studies allows us to infer that the evi-
dence obtained in the latter study supports linkage with ESRD rather than with T2DM.
This also implies that the genetic region on chromosome 7p harbors genes controlling
the risk of declining kidney function in Caucasians as well as in African Americans.

Genome Scans for Genes for Variation in Blood Pressure
Hypertension is a risk factor for elevated ACR as well as diminished GFR, so we car-

ried out multipoint linkage analysis in our 63 families to detect genes that contribute to
variation in blood pressure (SBP, diastolic BP [DBP], MAP, or hypertension) in diabetic
relative pairs or in all pairs. The goal was to determine whether genes controlling blood
pressure would overlap with genes controlling ACR or GFR. In the analyses, after
accounting for the effects of significant covariates (such as age, sex, and diabetes status),
we found only one chromosomal region with potential evidence (LOD > 1.2) supporting
linkage for variation in SBP, DBP, and MAP (Krolewski et al., unpublished data). This
region was on chromosome 14p. In diabetic relative pairs, there was potential evidence
for linkage with SBP (multipoint LOD = 1.6) and DBP (multipoint LOD = 1.7), and
strong evidence for linkage with MAP (multipoint LOD = 3). In all relatives, the LOD
scores were similar or smaller then those among diabetic relative pairs (SBP, LOD = 2;
DBP, LOD = 1.6; MAP, LOD = 2.6) but at a position 5-11 cM closer to 14pter. These
analyses suggest that the region on 14p contains a locus determining variation of blood
pressure specifically in diabetic relatives.

There was no evidence supporting linkage for any of the blood pressure measure-
ments on chromosomal regions found to be linked with variation in ACR (shown in
Fig. 3) or with variation in GFR. These results provide the first empirical evidence that
the frequently observed association between hypertension and elevated ACR and
reduced GFR is not the result of pleiotropic effects of a common underlying gene, but
is most likely the result of hypertension being a risk factor for both of these nephropathy-
related phenotypes.

Positional Cloning of Gene(s) Controlling Risk of Proteinuria and ESRD
Although there is promising evidence of linkage between the variation in UAE and

GFR and several chromosomal regions in families with T2DM, the findings need to be
replicated in different family collections. However, some investigators have already
begun developing physical and transcript maps of these regions to narrow them further,
and to identify relevant genes in those smaller critical intervals. Examples of such critical
regions are indicated in Fig. 3. This map/location-based approach relies on a comparison
of the frequencies of DNA sequence differences (DNA polymorphisms) between
properly selected group of cases (either with proteinuria or ESRD) and controls (usually
with normoalbuminuric and long duration of diabetes). A large number of polymor-
phisms in the critical region, in the range of 3000–5000/10,000,000 bp (10 Mb) of the
critical region, is required to narrow that region further to less than 1 Mb. Accurate

Genetic Determinants of Diabetic Nephropathy 341



physical and transcript maps of such smaller intervals help to advance the search for a
specific susceptibility gene located there that is making individuals susceptible to the
development of abnormal urinary excretion or declining renal function. 

EXAMINATION OF CANDIDATE GENES 
FOR DIABETIC NEPHROPATHY

Besides linkage studies for chromosomal regions harboring susceptibility genes for
DN and subsequent positional cloning of the putative genes in those regions, an alterna-
tive strategy currently employed by many investigators is the “candidate gene” approach
(7,37). Unlike genome scans that do not require prior knowledge of the biology of the
susceptibility gene, this approach is hypothesis-driven because it focuses on proteins
suspected of involvement in the pathogenesis of DN. A gene encoding for one of these
proteins is screened for the presence of DNA polymorphisms (single-nucleotide poly-
morphisms [SNPs], insertion/deletions, or microsatellite markers). Then the distribu-
tions of alleles and genotypes of these polymorphisms are examined in unrelated
diabetic patients with nephropathy (cases) and unrelated diabetic patients who have
remained free of DN despite a long duration of diabetes (controls) to determine whether
there are differences. If the groups of cases and controls are inadvertently drawn from
populations having different admixtures of subpopulations (population stratification),
the case–control study design will return false positive results. Therefore, to confirm
positive results from case–control observations, some investigators have turned to the
family-based study design, the so-called transmission disequilibrium testing (TDT),
which is free of biases owing to the population stratification (38). The selection of
“candidate genes” for examination is based on the current understanding of the path-
ways whereby the hyperglycemia of diabetes is translated into the manifestation of DN.
Although the mechanisms have not been fully elucidated, several interrelated pathways
can be hypothesized to control the risk of proteinuria and ESRD in patients with dia-
betes (39–41). In Table 6, four pathways are described, together with a selective list of
genes encoding proteins important to each. Sequence differences in any of those genes
that result in an abnormal structure or expression of these proteins may contribute to
the development of proteinuria and ESRD. Candidate genes located in genetic regions
for which there is evidence for linkage with proteinuria (Table 4 and Fig. 3) or ESRD
(Table 5) are, for obvious reasons, the primary candidates for examination.

So far, almost 100 different genes have been postulated as candidate genes for DN.
These genes were examined mainly in case–control studies. Unfortunately, owing to var-
ious methodological deficiencies the results of these studies are difficult to reproduce. In
the following sections we describe the results of the examinations of two candidate genes
that showed some consistent findings to illustrate the nature of candidate gene studies.

Examination of the Gene Encoding for Apolipoprotein E
Lipid abnormalities have an impact on the progression of DN (42,43). Gene

Encoding for apolipoprotein E (apoE) is a 299 amino acid glycoprotein that plays an
important role in lipid metabolism. It has three common isoforms (E2, E3, and E4),
encoded by three alleles (ε2, ε3, and ε4) in exon 4 of the gene encoding apoE (apoE)
that impact lipid profiles and other cellular functions (44). apoE is located on the long
arm of chromosome 19, a genetic region for which there is no evidence of linkage with
proteinuria or ESRD.
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Several case–control studies found association between apoE polymorphisms and DN
in T1 and T2DM, but others did not (45–52). To clarify these controversial findings,
Araki et al. (53) in our laboratory conducted a large case–control study in T1DM that
yielded positive findings. These results were examined further in a TDT family study.

The ε2 allele of apoE was significantly more frequent in cases with DN than in dia-
betic controls with normoalbuminuria despite 15 yr or more duration of T1DM. The
frequency of carriers of the ε2 allele is shown in Fig. 4 according to study group, with
cases divided into those with proteinuria only and those with ESRD. In comparison
with the frequency of ε2 allele carriers in controls (6.6%), the frequencies in cases with
proteinuria (16%) and in cases with ESRD (22%) were significantly higher. In compar-
ison with noncarriers, carriers of the ε2 allele had a 2.7-fold higher odds of proteinuria
and a 3.9-fold higher odds of having ESRD. Because the odds ratios for proteinuria and
ESRD were not significantly different, one may hypothesize that the ε2 allele increases
primarily the risk of proteinuria but not ESRD.
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Fig. 4. The frequency of carriers of the ε2 allele according to study groups. (Adapted from ref. 53.)

Table 6
Candidate Genesa for Susceptibility to the Development of Proteinuria or Declining 
Kidney Function According to the Presumed Pathway Involved in the Development 

of DN (39–41)

A. Intracellular hyperglycemia: increased level of glucose in endothelial and mesangial cells
causes cellular dysfunction. Candidate genes encoding for glucose transporters,a aldose
reductase,a diacylglycerol (DAG) kinase, PKC,a nitric oxide synthetasesa

B. Nonenzymatic glycation: advanced glycation endproducts alter protein function inside as
well as outside cells. Candidate genes encoding for glyoxalase I, RAGEa

C. Renin–angiotensin system: diabetic milieu causes abnormal kidney hemodynamics.
Candidate genes encoding for renin,a angiotensinogen,a ACE,a angiotensin II type 1
receptora

D. Epithelial mesenchymal transdifferentiation: leakage of serum proteins, growth factors,
and cytokines into the urinary space initiates and promotes a disease process in tubular
cells and interstitium leading to kidney fibrosis. Candidate genes encoding for TGF-β1,a

TGF-β1 receptor, CTGF, CCR2,a CCR5a

aThe gene has been examined and reported in the literature.



To exclude the possibility that the association of DN with the ε2 allele of apoE in the
case–control study was a spurious finding owing to unrecognized population stratifica-
tion, the association was examined further in a TDT study. Transmission frequencies
from parents heterozygous for the ε2 allele to offspring with or without nephropathy are
shown in Table 7. As expected for a risk allele, the ε2 allele was preferentially transmit-
ted (in 64%) to offspring with DN and transmitted less than expected (in 35%) to off-
spring without DN (significance for different patterns of transmission p = 0.02). This
symmetrically distorted pattern of transmission from the expected 50% strongly sup-
ports the association of the ε2 allele of apoE with an increased risk of DN.

To exclude the possibility that the association with the ε2 allele might be caused by
linkage disequilibrium with another DNA sequence difference in the same region, Araki
et al. (53) examined the distribution of four additional SNPs flanking apoE. He found
that the allele frequencies of these SNPs were similar in cases and controls, and the
alleles were equally transmitted and not transmitted from heterozygous parents to off-
spring with and without DN. This negative finding provides support for the conclusion
of the study that the APOE E2 isoform, which is encoded by the ε2 allele, is causally
related to the risk of DN (53).

Recently Araki et al. (54) published results of a 4.4 yr follow-up of 429 Japanese
subjects with T2DM. Carriers of the ε2 allele had a 2.7 times higher risk of the develop-
ment of microalbuminuria than noncarriers. Also among patients with microalbumin-
uria at baseline, carriers of the ε2 allele had a 3.2 times higher risk of progressing to
proteinuria than noncarriers. Interestingly, in a multiple logistic regression analysis, the
risk of the development of microalbuminuria or progression from microalbuminuria to
proteinuria was not changed by adjustment for the levels of total serum cholesterol and
triglycerides. This finding indicates that the effect of the apoE ε2 isoform on the risk of
DN is not mediated through abnormalities in serum lipids levels.

In conclusion, case–control, family-based studies, and follow-up studies provide
strong evidence that the ε2 isoform of apoE, itself, increases risk of DN in T1 and
T2DM, but the impact is primarily on the development of elevated UAE (microalbu-
minuria and proteinuria) and to lesser degree on ESRD. Furthermore, although the
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Table 7
Transmission Frequencies of the ε2 Allele of the apoE Polymorphism

From Heterozygous Parents to Offspring According 
to the Phenotype of the Offspring

DN Status Parental Heterozygous ε2 transmitted
in offspring genotype parents Yes No pa

With DN
ε2/ε3 51 32 19 –
ε2/ε4 8 6 2 –
Total 59 38 (64) 21 (36) 0.03

Without DN
ε2/ε3 15 5 10 –
ε2/ε4 5 2 3 –
Total 20 7 (35) 13 (65) 0.18

aDetermined by McNemar’s test.
Data are n or n(%). Heterogeneity test: χ2 = 5.3, p = 0.02. (Reproduced with permission from ref. 53.)



evidence for the role of the ε2 isoform of apoE in the development of DN is becom-
ing clearer, this isoform accounts for only a small proportion of cases with DN and
the mechanisms through which this apoE variant causes DN remain to be established
(53).

Examination of Gene Encoding for Endothelial Nitric Oxide Synthase
Endothelial dysfunction may be a contributory factor to the variation in UAE and

possibly the development of ESRD. This abnormality is prevalent in patients with dia-
betes and this defect may be owing to decreased availability of nitric oxide (NO)
(55–58). This is probably related to the inactivation of NO by a reactive oxygen species
generated during nonenzymatic glycation as a consequence of poor glycemic control
(59). In addition, the endothelial dysfunction owing to limited availability of NO can be
modulated further by the variable production of NO by endothelial nitric oxide syn-
thase (eNOS). In turn, this seems to be associated with polymorphisms in the gene
encoding for endothelial nitric oxide synthase (NOS3) (60,61).

NOS3 is a large gene located on the long arm of chromosome 7q35–36. Its organiza-
tion, including the most frequently examined polymorphisms, is shown in Fig. 5 (62). In
early studies, polymorphisms in NOS3 were associated with an increased risk of myocar-
dial infarction and an elevated risk of ESRD (63,64). To extend the initial observation of
an increased risk of ESRD associated with certain polymorphisms in NOS3, Zanchi et al.
(65) in our laboratory carried out a large case–control study in patients with T1DM to
examine the risk of proteinuria and ESRD according to the polymorphism shown in Fig. 5.
Whereas, an amino acid change in exon 7 and a (CA)n repeat were not associated with
DN, the nucleotide change, T-786C, in the promoter of NOS3 and an insertion/deletion
in intron 4 were associated with it. The C allele and a-deletion allele were more frequent
in cases suffering from ESRD than in cases with proteinuria or control subjects free of
DN. Homozygotes for the C allele of T-786C (OR = 2.8, 95% CI: 1.4–5.6) and carriers
of the a-deletion (OR = 2.3, 95% CI: 1.4–4.0) had twice the risk of developing ESRD
relative to their comparison groups. In a family-based TDT analysis, the haplotypes defined
by these two polymorphisms were determined, and transmission of haplotypes from
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Fig. 5. Organization of eNOS and location of the examined polymorphisms. eNOS is located on
chromosome 7q35–36 and is comprised of 26 exons (dark rectangles) and introns (sequences between
exons). The protein has 1203 amino acids. The examined polymorphisms are indicated by arrows. Kb
is kilobase and bp is base pair. (Reproduced with permission from ref. 65.)



heterozygous parents to three different groups of offspring was examined. Transmission
of the risk haplotype (C/a-deletion) was significantly increased to offspring with ESRD
(74%, p = 0.004); was insignificantly different from the expected 50% to offspring with
proteinuria; and significantly deficient to offspring with normoalbuminuria (35%, p = 0.04).
Overall, in both case–control and family studies, carriers of the C/a-deletion haplotype
had significantly higher risk of ESRD than noncarriers. However, this haplotype did not
increase the risk of developing proteinuria.

Several authors reported findings in T2DM, as well as in nondiabetics, that are con-
sistent with the results described earlier (66–68). However, some authors who did not
distinguish between cases with proteinuria and cases with ESRD could not replicate
our findings (69). Further research is required to examine the molecular as well as
physiological mechanisms through which polymorphisms in NOS3 cause increased risk
of ESRD. One must also account for very obvious discrepancies between the associa-
tion studies summarized earlier and the linkage results summarized in Tables 4 and 5
and Fig. 3. Whereas the association studies point to a role for NOS3 in the development
of ESRD, the evidence for linkage to the genetic region in which NOS3 is located is
with a variation in UAE, not with a variation in GFR.

Considerations Regarding Examination of Other Candidate Genes
We have selectively reviewed recent findings regarding two candidate genes for DN.

It is fair to state that the findings for many other candidate genes are far less consistent
in most cases and are even conflicting in some. Although the cause of these discrepan-
cies has not been precisely determined, certain explanations should be mentioned to
help in the interpretation of these results as well to guide future studies. These explana-
tions relate to the possibility that the “candidate genes” have only a minor impact on
DN. Conceivably, the “detectability” of the contributions of these genes may depend on
many additional factors such as study designs, the ethnicity of the study population, or
the modulating effect of various environmental conditions (e.g., tobacco smoking,
glycemic control, or hypertension control).

If an association is found in case–control studies, and is supported by family studies, it
may be inferred that the DNA polymorphism is a marker of genetic susceptibility to DN.
However, the biological interpretation of the association is not always clear. It may be
owing to the polymorphism itself, including a disease-causing allele that directly affects
the expression or function of a gene or gene product (e.g., by an amino acid change,
frameshift mutation, or premature termination), or the association may result from link-
age disequilibrium between the marker polymorphism and a causative polymorphism.
This phenomenon is owing to the fact that particular alleles of polymorphisms lying in
close genetic proximity to each other have a tendency to segregate together over succes-
sive generations (70). Therefore, whereas association between a polymorphism and DN
may be demonstrated, confirmation that the polymorphism is actually the cause of genetic
susceptibility can only be obtained from functional in vitro and in vivo studies that eval-
uate the impact of the polymorphism on the pathogenesis of DN.

CONCLUSIONS

Proteinuria and impaired renal function are two clinical phenotypes of DN that
aggregate (are heritable) in families with T2DM. Although both are heritable, they are
not genetically correlated. These findings support the hypothesis that the development
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of DN consists of two distinct disease processes, i.e., increasing UAE (proteinuria) and
declining renal function. They also strongly justify searches for the putative genes that
separately determine variation in these disease processes. These searches have used
both genome-wide linkage studies, to map the location of the susceptibility genes for
each disease process, and candidate gene investigations, to identify specific genes/pro-
teins involved in these processes.

Using genome scan linkage studies, several research groups have identified genetic
regions on chromosomes 5q, 7q, 18q, and 22q that may harbor genes determining either
variation in UAE or susceptibility to proteinuria. Although it needs to be investigated
further, the linkage data provide strong evidence that the same genes control variation in
UAE in individuals with T2DM as in those without. Two genome linkage studies per-
formed in families with T2DM identified genetic regions on chromosome 3q, 6q, 7p,
and 18q that harbor susceptibility genes determining variation in GFR or susceptibility
to the development of ESRD. Optimism is growing that a positional cloning approach
applied to these putative genetic regions will lead to the identification of the susceptibil-
ity genes that contribute to abnormalities in UAE as well as declining renal function.

Using the candidate gene approach, several groups are searching for the susceptibil-
ity genes for DN. Unfortunately, positive findings can account only for minor genetic
effects, pointing out that the major susceptibility genes for each of the two phenotypes
are unknown genes, or known genes but their involvement in DN has not been impli-
cated by the current etiological hypotheses.
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INTRODUCTION

Risks for diabetic kidney disease have traditionally focused on those associated
with loss of renal function, particularly glomerular filtration rate (GFR). The ultimate
consequence of GFR loss, end-stage renal disease (ESRD), has long been the primary
domain for many nephrologists. However, loss of renal function also encompasses many
aspects other than GFR. A number of comorbidities result from, or are exacerbated by,
damage to the kidney: hypertension, anemia, disordered bone and mineral metabolism,
dyslipidemia, and inflammation, among others. Many of these disturbances are more
prevalent, occur earlier, and are more severe in diabetes than in other forms of chronic
kidney disease (CKD) (1–4). Furthermore, they may contribute to further kidney dam-
age, as well as to cardiovascular disease (CVD). The latter issue is of particular concern
because most people with diabetes who develop CKD will die of CVD rather than reach
ESRD (5). Therefore, kidney damage and associated comorbidities can be viewed as
fundamental participants in a self-perpetuating, positive feedback cycle that produces
widespread injury to the circulation with multiple target organ consequences. Because
diabetes and CKD pose such a high risk of mortality and major adverse events, the pur-
pose of this chapter is to review major risks indicators. Identification of risks allows for
development of improved strategies for detection, intervention, and novel therapeutic
approaches.

PREDICTORS OF KIDNEY DISEASE IN EARLY DIABETES

Renal Hemodynamics
Genetic predisposition undoubtedly contributes to the development of kidney disease

in diabetes, as discussed in the chapter by Placha and Krolewski. In addition, early renal
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functional changes have also been associated with subsequent kidney disease. Glomerular
hyperfiltration, a higher than normal GFR, has long been recognized in recent-onset
type-1 or -2 diabetes (6–11). In observational studies of persons with type-1 diabetes,
those with higher GFR levels have been described as being more likely to develop
micro- or macroalbuminuria many years later (12,13). However, these studies are lim-
ited by lack of very long-term follow-up (>30 yr) necessary to potentially associate
early glomerular hyperfiltration with late loss of kidney function.

Animal models have provided a great deal of insight into the early renal hemo-
dynamic disturbances in diabetes. In classic physiologic studies, diabetic rats studied
with micropuncture techniques were found to have high GFR owing to increased
glomerular perfusion and pressure (14). Intraglomerular hypertension was shown to
play a key role in hyperfiltration and subsequent renal injury in diabetes or with high-
protein diets in other experimental models (14,15). Furthermore, feeding diabetic rats a
high-protein diet greatly exacerbated renal injury and loss of function (16). Conversely,
a low-protein diet protected the kidney even in the setting of continued hyperglycemia
(16). Another important observation from this study was that the diabetic rats exhibited
greater sensitivity to the renal hemodynamic effects of dietary protein than the normal
rats (16). These data suggested that interactions between the defining feature of diabetes,
hyperglycemia, and dietary protein produce an augmented glomerular hyperfiltration
response and, consequently, kidney damage.

In human physiologic studies, we aimed to further investigate how hyperglycemia and
dietary protein interact in diabetes. Persons with diabetes were studied after an overnight
fast with the plasma glucose level clamped at an ambient level of approx 200 mg/dL
(17,18). In studies of both type-1 and -2 diabetes, GFR and renal plasma flow were
normal in the fasting state. However, when a mixed amino acid (AA) solution designed
to resemble a protein meal was infused intravenously, the renal hemodynamic responses
diverged sharply between the diabetic participants and normal controls. Those with
either type-1 or -2 diabetes had an augmented glomerular hyperfiltration response that
was greatly increased beyond that of nondiabetic individuals. Filtration fraction, an
indirect indicator of glomerular hypertension, was also increased in diabetes. Acute (36 h)
control of hyperglycemia did not correct this augmented response, but after 3 wk of strict
glycemic control, renal hemodynamics were normal in both the fasting and AA-stimulated
states. These data suggested that hyperglycemia was necessary but not sufficient to
produce glomerular hyperfiltration in diabetes. Moreover, sensitivity to the AA stimulus
to raise GFR was enhanced by chronic hyperglycemia. Thus, human studies were
consistent with the animal models in demonstrating greater sensitivity to renal hemo-
dynamic effects of dietary protein, acting through increased AA levels, in diabetes.

Hormonal responses to protein feeding or an AA infusion could be responsible for
increasing renal perfusion and GFR. Glucagon levels are increased after a protein meal,
and infusion of glucagon has been reported to cause glomerular hyperfiltration in
diabetic and normal subjects (19–22). Renal vasodilatory prostaglandins have also
been implicated in producing glomerular hyperfiltration induced by diabetes and/or
AAs (23–26). Therefore, we studied a group of individuals with type-1 diabetes by
blocking either glucagon secretion (octreotide) or prostaglandin production (indomethacin)
during AA infusion (27). Neither of these inhibitors prevented the augmented glomerular
hyperfiltration response to AAs in the diabetic participants. We also evaluated the renal
hemodynamic response to a glucagon infusion in the same participants. Those with
diabetes also had an augmented response to the glucagon stimulus, suggesting that the
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enhanced renal hemodynamic sensitivity was not specific for AAs. The increases in
GFR and renal plasma flow during glucagon infusion were blocked by indomethacin,
indicating that prostaglandins were responsible for this response. In summary, individuals
with diabetes have enhanced sensitivity to AAs as well as to glucagon, another stimulus
that raises GFR. Although glucagon and prostaglandins do not appear to be primary
causes of AA-induced renal hemodynamic changes in diabetes, they could produce
glomerular hyperfiltration under other conditions, such as more severe hyperglycemia.

Cellular Mechanisms
More recently, we have explored the kidney’s response to AAs at the cellular level.

We hypothesized that AAs could directly injure cells and participate in processes
induced by high levels of glucose. In other words, interactions between AAs and
glucose that exacerbate kidney damage could occur at the cellular level. The mesangial
cell culture model was chosen because it is a key cell involved in regulation of renal
hemodynamics, as well as the profibrotic and proliferative response to injury in diabetes.
The model utilizes four main experimental conditions: increased AA, high glucose
(30.5 mM; HG), the combination of both AA and HG (AA/HG), and control (28). The
mixture of AAs used in the cell culture studies is derived from the same solution
(Travasol 10%, Baxter, Deerfield, IL, USA) that was infused in the human studies
previously described (17,18,27). This mixture is designed to resemble a protein meal,
and the levels are increased 1.5–sixfold above control, depending on the AA. We first
demonstrated that increased AAs, alone or in combination with a high glucose level,
induced mesangial cell proliferation and fibrosis (28). In addition, the profibrotic
response was mediated by increased expression and activation of transforming growth
factor-β. The matrix protein, thrombospondin-1, was responsible for increased trans-
forming growth factor-β activation under these circumstances. These responses to the
AA and AA/HG conditions were remarkably similar to those of the HG condition. For
the mesangial cell proliferation response, the combination condition of AA/HG produced
an even greater response than either HG or AA alone.

Because of the remarkable similarities between effects of glucose and AAs on
mesangial cells, we hypothesized that a common metabolic pathway could be responsible.
Advanced glycation end products (AGEs) are formed by nonenzymatic glycation of
free amino groups, followed by a complex series of sequential glycation and oxidation
reactions. Although previous research has focused on hyperglycemia as the main causal
factor, increased availability of free amino groups could also initiate these reactions. If
so, then cell signaling pathways associated with AGEs should also be activated and
participate in the injury responses. In a series of experiments, we found that AGE
formation was increased by the AA condition, and that the combination condition of
AA/HG appeared to produce an even greater amount of AGEs (29). Preventing AGE
formation with aminoguanidine blocked the profibrotic mesangial cell response. We
also found that cell signaling pathways associated with AGEs, oxidative stress, and
activation of protein kinase C and mitogen-activated protein kinases extracellular signal-
related kinases 1,2, were increased by the AA, HG, and AA/HG conditions. Their causal
roles in the profibrotic response were confirmed by specific inhibition of these
processes. To our knowledge, this was the first demonstration that AAs induce AGE
formation in mesangial cells, and that they appear to enhance such an effect of glucose.
These observations provide insight into cellular mechanisms of injury induced by AAs
and a potential explanation for increased sensitivity of the diabetic kidney to damage
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resulting from high dietary protein. Furthermore, AGEs are associated with widespread
vascular damage and consumption of foods with increased amounts of AGE-modified
proteins increase circulating AGEs and inflammatory markers in diabetic subjects (30).
We speculate that AA-induced injury could be produced at sites other than the kidney,
and that the arterial circulation may be particularly vulnerable. In support of this notion,
a recent study of persons with type-1 diabetes and early CKD (on average stage 2)
showed that a modest reduction of dietary protein decreased the combined end point of
death and ESRD (31). Deaths were predominantly owing to CVD and were decreased
as much, or more, than cases of ESRD. Thus, limiting exposure to dietary protein and,
consequently, increased levels of AAs, may protect against CVD as well as CKD. Our
data provide insight into a potential underlying mechanism.

KIDNEY DISEASE AS A WINDOW TO THE CIRCULATION

Development of kidney disease in diabetes reflects processes operative at distant
sites that have a major impact on risks of adverse outcomes. In the chapters by Sowers
et al. and Stehouwer et al., hypertension, CVD, and endothelial dysfunction in diabetes
are reviewed in depth. This section will address how early and late indicators of CKD pro-
vide insight into global circulatory dysfunction. Albuminuria is the earliest clinical
indicator of CKD in diabetes. However, albuminuria also increases risk of CVD events
and death independent of traditional risk factors (32,33). Although this relationship is
particularly apparent in diabetes, albuminuria also appears to increase CVD risk in
other groups, including those with essential hypertension and the general population
(34,35). In a study of persons undergoing elective coronary angiography, we found a
direct correlation between albuminuria levels and severity of coronary artery disease (36).
This relationship was most pronounced in the subset of individuals with type-2 dia-
betes. Importantly, the levels of albuminuria that correlated with coronary artery disease
were largely below the traditional threshold for defining microalbuminuria (albumin-
to-creatinine ratio <30 mg/g). This concept is also supported by data from the Heart
Outcomes Prevention Evaluation (HOPE) study that showed that risk of major CVD
events in high-risk patients, with and without diabetes, increases at levels of albumin-
uria far below the traditional threshold for microalbuminuria (37). Therefore, elevated
levels of albuminuria defined by predicting progression of kidney disease may be
higher than those that predict clinically important CVD.

As for most CVD risk factors, the relationship to CKD appears to be continuous.
Risk of major CVD events increases even further as albuminuria progresses to clinical
albuminuria (albumin-to-creatinine ratio > 300 mg/g) or overt proteinuria (dipstick-
positive, protein-to-creatinine ratio >500 mg/g). Risks for strokes and coronary events
are amplified as proteinuria increases (38). Once GFR begins to fall, the risk of CVD
continues to escalate (39). In fact, most people with CKD will die of CVD and not
reach ESRD (5). People with both diabetes and decreased GFR are at especially high
risk of cardiac death (5,40).

The strong influence of kidney disease on CVD is likely to be multifactorial. There
are several possible explanations: vascular disease expressed at the level of the kidney
reflects greater severity; persons with CKD have a greater burden of traditional risk
factors including diabetes; CKD produces nontraditional risk factors (41). It is important
to recognize that these possibilities are not mutually exclusive. Endothelial injury, a key
component of the atherosclerotic process, occurs in the glomerular microcirculation and
in the circulation at large. Albuminuria is believed to be an excellent marker of this
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process. In persons with known coronary heart disease, defined by a previous myocardial
infarction, albuminuria correlated directly with the transvascular escape rate of albumin
(42). Even in apparently healthy persons, increased levels of albuminuria are associated
with endothelial dysfunction, as determined by impaired flow-associated dilation of the
brachial artery (43). Thus, albuminuria can be considered an indicator of endothelial
injury in the kidney as well as at distant sites in the circulation. 

Persons with type-2 diabetes and albuminuria have a particularly high risk of CVD
(32,33). Albuminuria is highly prevalent in this group, approx 40% overall, with a range
of 10–80%, depending on the population studied (44). A seminal question is whether or
not reduction of albuminuria predicts improved risk status. In secondary analyses of the
Reduction in Endpoints in Noninsulin-dependent diabetes mellitus with the Angiotensin II
Antagonist Losartan (RENAAL) trial, lowering albuminuria was associated with reduced
risk of renal and cardiovascular events (45,46). This has been interpreted to mean that
albuminuria should be a therapeutic target in type 2 diabetes. However, a limitation of
this interpretation is that those who were responsive to treatment with the angiotensin
receptor blocker may have had less severe disease. Nevertheless, the hypothesis that
albuminuria should be a therapeutic target is an important one worthy of prospective
testing. Other important questions are embedded in this hypothesis: Do albuminuria-
reducing treatments other than angiotensin receptor blockers improve outcomes? Do
treatments without an effect on albuminuria improve outcomes?

In summary, indicators of CKD in diabetes, albuminuria, and decreased GFR, reflect
damage to the kidney that predicts a broad spectrum of adverse outcomes in multiple
vascular target organs.

CONCLUSIONS

Risks for diabetic kidney disease have traditionally focused on those associated with
loss of renal function, particularly GFR. Loss of renal function also encompasses many
aspects other than GFR: hypertension, anemia, disordered bone, and mineral metabo-
lism, dyslipidemia, and inflammation, among others. Many of these disturbances are
more prevalent, occur earlier, and are more severe in diabetes than in other forms of
CKD. Furthermore, they may contribute to further kidney damage, as well as to CVD.
The latter issue is of particular concern because most people with diabetes who develop
CKD will die of CVD rather than reach ESRD. Predictors of early kidney disease,
focusing on renal hemodynamic disturbances produced by diabetes and nutritional
influences (excess dietary protein), were discussed. Evidence for a direct effect of
dietary protein, acting through increased AAs, to induce mesangial cell injury was also
presented. Finally, the concept that indicators of CKD, albuminuria, and decreased
GFR, reflect widespread circulatory disease was reviewed.

Development of kidney disease in diabetes heralds a number of adverse outcomes.
An understanding of major risks indicators should facilitate future research designed to
elucidate basic mechanisms of disease at one end of the spectrum, whereas improving
design of clinical trials on the other. Indeed, identification of major risks indicators is a
critical component of translational research, the bench-to-bedside paradigm.
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INTRODUCTION

This chapter outlines the histopathology of human diabetic nephropathy (DN). The
classical structural changes of DN have been well described and demonstrated in general
renal and renal pathology textbooks. The emphasis here is on current and evolving
studies and concepts in this field. As renal lesions in type 1 diabetes are believed to be
more unique to DN and more uniform and as lesions in type 2 diabetes are more het-
erogeneous and, perhaps, more frequently complicated by renal diseases other than
diabetes, this chapter primarily focuses on the structural changes in type 1 diabetes.
We will, however, discuss nephropathy of type 2 diabetes and its differences from type 1
diabetes at the end of this chapter. 

EVOLUTION OF THE STRUCTURAL CHANGES 
OF DIABETIC NEPHROPATHY

The sequence of structural changes in DN can be considered along either chrono-
logical or functional time scales. The functional alterations are expressed as the evolu-
tion of events related to clinical findings such as progression from normoalbuminuria to
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microalbuminuria and to proteinuria or from hyperfiltration to progressive glomerular
filtration rate (GFR) decline and end-stage renal disease (ESRD). The functional
sequence is not always progressive and studies show that patients can regress from
microalbuminuria to normoalbuminuria (1). Thus, the consideration of structural
changes could be more meaningful if evaluated along with functional alterations. The
first structural change that can be quantified by stereological methods is thickening of
glomerular basement membrane (GBM) (2). Tubular basement membrane (TBM)
thickening develops in parallel to GBM thickening (see below) (3,4). Exudative lesions
of DN include arteriolar hyalinosis, glomerular capillary subendothelial hyaline accu-
mulation (hyaline caps), and capsular drops (hyaline material between the parietal
epithelium and Bowman’s capsule). Arteriolar hyalinosis can be seen within 3–5 yr
after onset of diabetes or following transplantation of a normal kidney into the diabetic
patient (5). Experimental and human studies suggest these lesions may trigger inflam-
matory cascades through complement fixation (6). Increases in the fractional volume of
mesangium per glomerulus [Vv(Mes/glom)] can be documented 4–5 yr after the onset
of type 1 diabetes (2). Increased fractional volume of mesangial matrix per glomerulus
[Vv(MM/glom)] precedes increased Vv(Mes/glom) and represents the main component
of glomerular mesangial expansion in diabetic glomerulopathy (7). The relative contri-
bution of cell number vs cell size to the expansion of the cellular component of the
mesangium is currently unknown. Late finding of increased Vv(Mes/glom) compared
with GBM thickening can be the result of more interglomerular variability of this param-
eter among normal subjects (8) or nonlinearity of the relationship of mesangial expan-
sion to diabetes duration, with more rapid development after 15 yr of diabetes (9). The
fractional volume of interstitium per renal cortex [Vv(Int/cortex)] initially decreases
(10). This, perhaps, is owing to hypertrophy of tubules, which make up to 85% or more
of the renal cortex and are the main contributor to kidney enlargement in early diabetes,
reducing the relative volume of interstitium to the volume of the renal cortex. Initial
expansion of cortical interstitium is primarily owing to an increase in its cellular component
(11), whereas increased fractional volume of interstitium occupied by extracellular
matrix (ECM) fibrillar collagen is measurable only in later stages when GFR has already
declined (11). Diffuse diabetic glomerulosclerosis is defined as widespread mesangial
expansion within and among glomeruli, whereas nodular glomerulosclerosis
(Kimmelstiel-Wilson [K-W] nodules) represents marked segmental expansion of
mesangium appearing as round fibrillar nodules, with palisading of mesangial nuclei
around the periphery often surrounded by compressed appearing capillary loops.
Glomerular capillary wall detachment from mesangial anchoring points (mesangiolysis),
leading to microaneurysm formation (12,13) (see also glomerulotubular junction abnor-
malities) has been proposed as underlying mechanism of these lesions. Generally, K-W
nodules are primarily restricted to proteinuric patients with established diabetic
glomerulopathy. However, occasional findings of nodular lesions in some patients with
little or no diffuse mesangial expansion or albuminuria suggests that these two forms of
diabetic mesangial expansion may, at least in part, have different pathogenesis.

The accumulation of different ECM components of mesangium, GBM, and TBM in
DN does not occur proportionally. For instance, densities of α3 and α4 chains of type-IV
collagen increase in the GBM, whereas those of α1 and α2 chains decrease in the
mesangium and the subendothelial space of patients with DN (14,15). Quantitative
immunogold electron microscopic studies have shown that densities of types-IV (15)
and -VI collagen (16) were decreased in the mesangial matrix of patients with advanced
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mesangial expansion. However, given the marked increased amount of Vv(MM/glom),
the absolute amount of these components per glomerulus was increased. Progression of
DN toward renal insufficiency is accompanied by progressive global glomerulosclerosis.
Expression of scar collagen can be found in globally sclerosed glomeruli or in advanced
nodular glomerulosclerosis (14,17). Globally sclerosed glomeruli are more often than
by chance oriented in the plane vertical to the renal capsule in diabetic patients, sug-
gesting a vaso-occlusive pathophysiology (18). Moreover, more severe arteriolar hyali-
nosis is associated with increased number of globally sclerosed glomeruli (19).
Mesangial expansion and global glomerular sclerosis are correlated in type 1 diabetic
patients (19,20), whereas heterogeneity of renal lesions in type 2 diabetes may disturb
this correlation. 

PODOCYTE CHANGES IN DIABETIC NEPHROPATHY

Podocyte injury is putatively the main culprit in many progressive glomerulopathies
(21) including DN. Using conventional methods, perhaps, the first recognizable podocyte
alteration in DN is foot process effacement.

It is known that foot process effacement is accompanied by excess filtration of protein
in ultrafiltrate. However, this may not be detectable in the terminal urine until the capacity
of tubular protein reabsorption is surpassed. Foot processes are interconnected by slit
diaphragm complexes, creating a zipper-like structure, which is thought to act as a
sieve restricting the loss of large molecules into the urinary space. Nephrinuria can be
detected in 30% of normoalbuminuric type 1 diabetic patients, suggesting early damage
to the slit diaphragm (22). Foot process effacement is equivalent to reduced length
density of slit diaphragms per GBM surface [Lv(SD/GBM)]. Consequently, reduced
density of profiles of slit diaphragms would be seen on two-dimensional images of
transmission electron microscope along the cross-section of GBM whenever foot
process width is increased. This observation by many investigators has been expressed
as reduced number of slits per GBM length, ignoring the fact that GBM is a complex
three-dimensional structure, which is better characterized as a surface than a length.
More disconcerting, a reduction in slit diaphragm length has been interpreted as reduced
expression of components within the slit diaphragm rather than a decrease in the avail-
ability of the structure where these components reside. This critique is particularly
applicable to reduced immunostainings for these molecules unless their quantitation is
expressed in relationship to the available slit diaphragm structure.

Podocyte Number vs Number Density
Podocyte damage, if severe enough, leads to podocyte loss. Increased urinary excre-

tion of podocytes has been detected in microalbuminuric and proteinuric type 2 diabetic
patients (23). There has been a debate concerning whether reduction in podocyte num-
ber or reduction in podocyte number density is a better correlate or predictor of renal
dysfunction in DN (24–27). Studies of Pima Indian patients with type 2 diabetes showed
marked reduction in both the number [N(PC/glom)] and the number density of podocytes
per glomerulus [Nv(PC/glom)] in patients with clinical proteinuria compared with nor-
mal controls and subjects with early diabetes (24). These studies used the Weibel-Gomez
method for enumerating podocytes (28), which necessarily makes assumptions regard-
ing podocyte nuclear shape, size and distribution, rendering the method vulnerable to
bias. Steffes et al. (29), using the same method, obtained comparable results in type 1
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diabetic patients. Dalla Vestra et al. (27) (same method) showed both N(PC/glom) and
Nv(PC/glom) decreased in type 2 diabetic patients with microalbuminuria or proteinuria
(27). However, only Nv(PC/glom) correlated with albumin excretion rate (AER), sug-
gesting that this parameter was of greater functional importance. White et al. (30)
obtained comparable results in type 2 diabetic patients using the disector/fractionator
method, which is an unbiased method with no size or shape assumptions (30). Both
N(PC/glom) and Nv(PC/glom) correlated with proteinuria in their study. On the other
hand, the same group found no difference in N(PC/glom) in type 1 diabetic patients with
clinical proteinuria compared with normal controls and in N(PC/glom) in baseline com-
pared with 3-yr follow-up biopsies (26). However, Nv(PC/glom) was less in diabetic
patients (secondary to increased glomerular volume) compared with control subjects
and negatively correlated with AER in proteinuric patients. No difference was found in
GBM surface area between proteinuric diabetic patients and normal subjects, implying
that decreased Nv(PC/glom) was not accompanied by increased surface to be covered
by podocytes. Uncovering changes in N(PC/glom) and Nv(PC/glom) in diabetes in lon-
gitudinal studies is presumably more difficult than comparison of normal subjects with
diabetic patients. In the former, the differences among the groups may not be large
enough to be demonstrated by any reasonably practical methodology. In other words,
more precise and standardized methods may be required to obtain reproducible results.
In this regard, we prefer the disector/fractionator method. However, another potentially
confounding variable is that precise cell identification by location becomes increasingly
difficult as diabetic glomerulopathy advances, especially when examined by light
microscopy. Electron microscopy or immunohistochemistry may be needed in those sit-
uations. Obviously, more studies are required to illuminate numerical podocyte changes
during the natural history of diabetic nephropathy.

Podocyte Detachment From GBM
Detachment of podocytes has been reported in glomerulopathies with severe podocyte

damage. We have documented obvious and substantial podocyte foot process detachment
from GBM in proteinuric type 1 diabetic patients (31). We also found that a small but
measurable fraction of GBM is denuded of podocyte foot processes in normoalbuminuric
and microalbuminuric longstanding type 1 diabetic patients. Podocyte foot process
detachment correlates inversely with GFR and directly with AER. Podocyte detachment
is known to be associated with tuft to Bowman’s capsule adhesions (TBCA) (32), a find-
ing that is frequent in proteinuric type 1 diabetic patients (33). Also, denuded areas of
GBM may explain nonselective (shunt) permeability defects in proteinuric diabetic
patients (34). However, this detachment process was not seen in a small cohort of patients
with steroid resistant nephrotic syndrome who later developed focal segmental glomerulo-
sclerosis (Lee HS et al., unpublished observations), thus ruling out proteinuria per se as a
sufficient cause of this phenomenon.

GLOMERULAR ARTERIOLES AND THE JUXTAGLOMERULAR 
APPARATUS

Hyalinosis of both afferent and efferent arterioles, defined by the replacement of the
smooth muscle cells of arteriolar walls by homogeneous, transluscent appearing periodic
acid-Shiff positive material consisting of immunoglobins, complement, fibrinogen,
albumin, and other plasma proteins (35,36) is fairly specific for DN. Exceptions include
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cyanotic congenital heart disease and cystic fibrosis (CF), conditions not readily confused
with diabetes, except for CF patients with both conditions. This finding must be differen-
tiated from hypertensive arteriolosclerosis, in which hyalinosis only affects the afferent
arteriole. Arteriolar hyalinosis secondary to calcineurin inhibitors may also be indistin-
guishable from diabetic changes (37). Østerby et al. (38) showed that matrix volume
fraction is increased in afferent and efferent arterioles of microalbuminuric type 1 dia-
betic patients and this increase correlates with the extent of glomerulopathy, suggesting
a common pathophysiology. Østerby also demonstrated enlargement of the glomerular
vascular pole area and the presence of more than one efferent arteriole also were shown
in type 1 diabetic patients (39). The pathophysiology and significance of these findings
are unclear.

Paulsen et al. found that the juxtaglomerular apparatus (JGA) may manifest different
abnormalities such as hypertrophy or sclerosis independent of the severity of glomeru-
lopathy in type 1 diabetic patients (40). The same study reported the frequent finding of
T-lymphocytes in JGA of diabetic patients, suggestive of a process representing the
polyendocrinopathy often seen in type 1 diabetic patients. The latter finding was con-
firmed in our laboratory and was shown to occur primarily in the earlier years of type 1
diabetes and was associated with larger glomeruli and greater filtration surface, this
perhaps supporting Paulsen’s hypothesis that autoimmune JGA injury could be protec-
tive of DN (41).

STRUCTURAL–FUNCTIONAL RELATIONSHIPS 
IN DIABETIC NEPHROPATHY

Mesangial expansion is the major hallmark of nephropathy in type 1 diabetic patients
(42) and is, more or less, related to all other renal structural or functional alterations of
the disease. Increased Vv(Mes/glom) closely correlates with a decrease in peripheral
GBM filtration surface density [Sv(PGBM/glom)]. On the other hand, total filtration
surface per glomerulus [S(PGBM/glom)] is highly correlated with GFR across the
spectrum from hyperfiltration to renal insufficiency in type 1 diabetes (42–45).
Vv(Mes/glom) is also related to the AER (42,46) and high blood pressure (20,42).
Similarly, but less strongly than for Vv(Mes/glom), GBM width is directly correlated
with blood pressure and AER and inversely correlated with GFR (42,46). In fact, the
rate of development of mesangial expansion and GBM thickening varies among patients
(42,46). For example, relatively marked GBM thickening can be seen without remark-
able mesangial expansion and vice versa, preventing a precise correlation between
these parameters (42,47). Considering both Vv(Mes/glom) and GBM width as predictor
variables, and using multiple regression analyses these structural variables explain 59%
of the variability in AER in type 1 diabetic patients, with AER ranging from normo-
albuminuria to proteinuria (46).

Percent global glomerulosclerosis (19) and interstitial expansion (48) along with
glomerular structural changes are correlated with deterioration of renal function in type 1
diabetic patients with a wide spectrum of AER and GFR. However, sequential renal
biopsies of normoalbuminuric and microalbuminuric patients showed that the increase
in AER correlated with the increase in Vv(Mes/glom), whereas the Vv(Int/cortex) did not
change during the 5-yr interval of the study (49). This suggests that the correlation of
Vv(Int/cortex) with renal function may be in great part driven by the more advanced
cases. In general, it appears that during most of the natural history of DN glomerular
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structural parameters are more important determinants of renal dysfunction, whereas
Vv(Int/cortex) is a stronger determinant of the rate of progression from moderate to
severe renal insufficiency (50).

The average GBM width and Vv(Mes/glom) is increased in normoalbuminuric
patients with long-standing (20 yr) type 1 diabetes (46,51). However, individual val-
ues of these parameter within this group vary from the normal range to increased val-
ues that overlap those of patients with microalbuminuria and proteinuria (46,51).
Although GBM width and Vv(Mes/glom) in patients with microalbuminuria are rarely
in the normal range, overlap with values observed in normoalbuminuric (and protein-
uric) patients exists (46,51). Studies of identical twin pairs discordant for type 1 dia-
betes showed, in every pair studied, that the diabetic twin had higher values for GBM
and TBM width and Vv(Mes/glom) than the nondiabetic sibling, even if values for
GBM width and Vv(Mes/glom) of the diabetic twin were within the normal range
(3).These studies suggested that the metabolic abnormalities of diabetes are necessary
for the development of glomerular abnormalities and that all type 1 diabetic patients
develop diabetic glomerulopathy changes, albeit, some so slowly that their structural
measures remain in the normal range despite many years of diabetes. Unpublished
analyses of data from these same studies showed that glomerular structural parameters
of the nondiabetic twins did not predict the rate of development of diabetic glomeru-
lopathy lesions in the diabetic twins, indicating that genetic or environmental determi-
nants of variability in these structural parameters before the onset of diabetes do not
represent risk factors for DN.

Volume and number of glomeruli are shown to be related to nephropathy risk. Mean
glomerular volumes were higher in type 1 diabetic patients developing DN after 25 yr
of diabetes compared with a group that developed nephropathy after only 15 yr (52). This
study suggested that glomerular size or the capacity for glomerular expansion may deter-
mine the rate of progressive deterioration of renal function in patients who develop DN.
The number of glomeruli per kidney varies widely among normal individuals (53). The
number of glomeruli were reportedly not different among type 1 and 2 diabetic patients
with proteinuria but without advanced renal insufficiency and nondiabetic patients (54).
This study showed that a subgroup of type 1 diabetic patients with severe renal dysfunction
had less glomeruli compared with patients with mild or no glomerulopathy. This could be
owing either to resorption of sclerotic glomeruli (54) or to greater susceptibility to
glomerulopathy in patients with fewer glomeruli. However, the proteinuric type 1 dia-
betic patients in this study without advanced renal insufficiency had glomerular number
no different from normal. This is concordant with the former hypothesis. Moreover, the
rate of development of diabetic glomerulopathy lesions in type 1 diabetic patients with a
single transplanted kidney is not different from native (two) kidneys of type 1 diabetic
patients with duration of diabetes matched with the time after transplantation in the one
kidney patients (Chang S, personal communication). These studies imply that reduced
number of glomeruli does not accelerate the early lesions of diabetic glomerulopathy.
Reduced number of glomeruli, however, could speed the rate of progression to ESRD in
established DN.

TUFT TO BOWMAN’S CAPSULE ADHESIONS

TBCA are rare findings in normoalbuminuric and microalbuminuric type 1 diabetic
patients (55). TBCA are frequent in proteinuric patients, and show marked predilection
for the area of the glomerulotubular junction (56), (equivalent to tip lesions). These
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lesions are composed of TBCA and dilated capillary loops, frequently filled with foam
cells and, often, tuft collapse. Advanced lesions are associated with segmental sclerosis
and the dilated capillary loops may be replaced by K-W nodules. The association of
both microaneurysms and K-W nodules with tip lesions in type 1 diabetic patients is in
accordance with the hypothesis that mesangiolysis is a precursor lesion of K-W nodules
(16). However, the absence of K-W nodules in nondiabetic renal diseases with either tip
lesions or microaneurysms suggests that additional specifically diabetic pathogenetic
variables are necessary for K-W nodules to develop. Glomerular tuft prolapse into the
very proximal segment of the proximal tubule was suggested as a precursor of tip lesions
(57). However, this phenomenon is rarely, if ever, present in DN. Moreover, most adhe-
sions in type 1 diabetic patients were shown to be localized in a zone comprising the
one-sixth of the Bowman’s capsule inner surface that is adjacent to (rather than at) the
glomerulotubular junction, or prolapsing into the proximal tubular lumen (56). Our
observations show that tip lesions in DN are associated with proximal tubular atrophy
and contribute to renal function impairment in proteinuric patients. Hence, the sugges-
tion of a less dire prognosis in patients with tip lesions and focal segmental glomeru-
losclerosis may not be applicable to DN. Diffuse podocyte damage, perhaps as a
prerequisite for TBCA is present in established DN (see “Podocyte Changes in Diabetic
Nephropathy” section). Once TBCA develops, the aberrant filtration through Bowman’s
capsule (paraglomerular filtration) is thought to advance around the Bowman’s capsule,
toward the proximal portion of the proximal tubule leading to progressive nephrocentric
tubular atrophy and nephron loss (Fig. 1) (58). TBCA in DN is, in fact, frequently
accompanied by Bowman’s capsule thickening and/or reduplication at the adhesion site.
The space formed between the two layers of Bowman’s capsule basement membrane
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Fig. 1. Three glomeruli with tuft to Bowman’s capsule adhesions (bold arrows) and glomerulotubu-
lar junction abnormalities (the middle and right glomeruli) from a proteinuric type 1 diabetic patient.
Presumed paraglomerular filtration (thin arrows) resulting in reduplicated Bowman’s capsule and
tubular basement membranes. An atrophic tubule with flat epithelial cells is connected to the middle
glomerulus. Atrophic tubular profiles with thick, wrinkled basement membranes (arrowhead) sur-
rounding this glomerulus may be cross-sections of the same atrophic tubule, thus representing
nephrocentric tubular atrophy.



extends toward and beyond the glomerulotubular junction, mimicking a progressive dis-
secting process with a sharp cut-off point. The normal proximal tubular epithelial cells
of the segment proximal to this cut-off point are invariably associated with flat epithelial
cells. There is usually a sharp transition from flat cells to normal appearing proximal
tubular epithelial cells with brush borders (distal to the cut-off point). However, some
glomeruli with tip lesions are attached to long atrophic tubules covered with cuboidal
cells with no discernible brush borders and thickened but not reduplicated TBMs. The
surface of glomerular capillary loops of tip lesions is frequently populated with flat cells
with dark nuclei and small cytoplasm with no resemblance to podocytes. These cells are
continuous with the flat cells covering Bowman’s capsule basement membrane and the
atrophic segment of the proximal tubule. To our knowledge, there is no study revealing
the origin of these cells. Howie et al. (59) showed that the flat cells covering the atrophic
segment of the proximal tubules are epithelial membrane antigen (EMA)-positive, sug-
gestive of a possible origin from the EMA-positive cells normally present as a necklace
at the glomerulotubular junction. The frequent finding of Bowman’s capsule reduplica-
tion and TBCA at the opposite side of the vascular pole of atubular glomeruli in protein-
uric type 1 diabetic patients is in accordance with the hypothesis that TBCA, and
specially tip lesions, can lead to progressive tubular atrophy and atubular glomeruli. Our
studies show that only 32% of glomeruli in proteinuric type 1 diabetic patients have nor-
mal glomerulotubular junctions and 17% of these glomeruli are atubular (33). We
hypothesize that appearance of TBCA with the advent of proteinuria in type 1 diabetic
patients reflects the beginning of a new phase in the natural history of DN, characterized
by accentuation of glomerulosclerosis, tubular atrophy, interstitial expansion leading,
ultimately, to progressive renal function loss and chronic renal failure. This association
with overt proteinuria could explain why proteinuria typically ushers in a phase of pro-
gressive GFR loss in diabetes and why therapies that reduce proteinuria could slow this
decline toward ESRD.

TUBULES

TBM thickening is an early abnormality in type 1 diabetes that parallels GBM thicken-
ing and can be detected in normoalbuminuric patients using stereological methods (4).
TBM width correlates with GBM width and Vv(Mes/glom) and more specifically with
Vv(MM/glom), consistent with the idea that the TBM changes are part of a broad accu-
mulation of basement membrane ECM material in the diabetic kidney (8) and arguing
against the hypothesis that glomerular hemodynamic abnormalities are causally related to
the development of the early lesions of diabetic glomerulopathy (60). This accumulation
of ECM material can be owing to increased matrix production, decreased matrix removal
(suggested by increased expression of Plasminogen active inhibitor-1 [PAI-1] in glomeruli
of diabetic patients [61] or both). Both nephrocenteric and diffuse tubular atrophy can be
seen in DN. Nephrocentric tubular atrophy usually precedes appearance of diffuse tubu-
lar atrophy. As mentioned above, nephrocentric tubular atrophy is initiated by TBCA,
mostly involves proximal tubules and manifests as focal profiles of atrophic tubules
around segmentally or globally sclerosed glomeruli (Fig. 1). Interstitial expansion is
accentuated around these atrophic tubules and is often accompanied by lymphocytic infil-
tration. Our observations, based on serial sectioning studies of atrophic tubules attached
to glomeruli with glomerulotubular junction abnormalities, indicates that the atrophic
segment of these tubules is covered by flat cells, overlying a basement membrane that is
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detached from an outer TBM. The space between these two layers of TBM is filled with
an amorphous material, which proximally is continuous with the space between the lay-
ers of reduplicated Bowman’s capsule associated with TBCA (33). Transition of this
atrophic segment to a normal-appearing tubule is usually abrupt and happens at the point
where the two layers of reduplicated TBM fuse together. We hypothesize that para-
glomerular filtration originating from TBCA infiltrates into the Bowman’s capsule and
TBM and dissects them into two layers or results in the production of a second layer. This
process, if it progresses distally, could lead to progressive nephrocentric tubular atrophy
and/or detachment of the atrophic tubule from glomerulotubular junction and develop-
ment of atubular glomeruli, and thus contributes to GFR loss in proteinuric patients.

COMPARISON OF TYPE 1 AND 2 DIABETES

Although more than 80% of diabetic ESRD patients have type 2 diabetes, renal pathol-
ogy and structural–functional relationships have been less well studied in type 2 diabetic
patients. Although, several reports indicate a high incidence of nondiabetic renal lesions
in type 2 diabetic patients, this may represent selection bias toward biopsy of atypical
cases, as the frequency of finding other diseases, in substantial measure, reflects local
institutional biopsy policies and criteria (62). In fact, when biopsies in type 2 diabetic
patients are done only for research purposes, the frequency of changes diagnostic of other
conditions is low (Fioretto P, personal communication). Moreover, an autopsy study of
type 2 diabetic patients did not confirm a high incidence of nondiabetic glomerulopathies
in proteinuric cases, arguing against the findings of aforementioned studies (63). Most
studies of type 2 diabetic patients show that renal lesions are more heterogeneous in com-
parison with those in type 1 diabetes (64). A study of microalbuminuric type 2 diabetic
patients showed that only one-third of patients had changes typical of DN in type 1 dia-
betes, including glomerular hypertrophy, mesangial expansion, and arteriolar hyalinosis.
Despite persistent microalbuminuria, 30% of patients had normal or near normal renal
structures and the remaining 40% showed atypical patterns of renal injury with absent or
mild diabetic glomerulopathy, associated with severe tubulo-interstitial lesions and/or
arteriolar hyalinosis and global glomerulosclerosis, whereas nonsclerosed glomeruli
showed only mild diabetic changes (65). Østerby et al. (66) found that in Caucasian type 2
diabetic patients with proteinuria, all the glomerular structural parameters were on aver-
age abnormal, although some patients had glomerular structure within the normal range.
In contrast, these parameters were always severely altered in type 1 diabetic patients with
overt nephropathy. In general, it appears that in type 1 diabetes the most dominant struc-
tural changes are those of diabetic glomerulopathy, whereas a substantial proportion of
type 2 diabetic patients have global glomerulosclerosis, and tubulo-interstitial and vascu-
lar injury out of proportion to diabetic glomerulopathy.

PREVENTION AND REVERSAL OF DIABETIC 
NEPHROPATHY LESIONS

Although prevention of DN lesions in animal models with insulin treatment or rever-
sal of lesions with islet transplantation was known from earlier studies (67–69),
reversibility of lesions in human had been more challenging to document. Diabetic
patients who have received renal allografts develop DN lesions at rates similar to those
in diabetic patients with native kidneys (58,70). On the other hand, intensive treatment
of hyperglycemia not only reduces incidence of microalbuminuria in type 1 diabetic
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patients (71), but also reduces GBM thickening (72), and, in patients who have renal allo-
grafts, results in less accumulation of mesangial matrix (73). Pancreas transplantation
2–4 yr after renal transplantation is associated 4–6 yr later with less mesangial expan-
sion than after kidney transplantation alone (74). Simultaneous kidney/pancreas trans-
plantation prevents DN lesions (75). We documented that although DN lesions do not
change 5 yr after pancreas transplantation (76), significant improvement or preventing
diabetic glomerulopathy lesions including reduction in the thickness of GBM and TBM
and mesangial matrix, disappearance of K-W nodular lesions representing substantial
remodeling of the glomerular architecture, was seen 10 yr after pancreas transplanta-
tion alone (77). Possible explanations for this delayed healing could be relative insuscep-
tibility of heavily glycosylated and cross-linked ECM molecules to degradation (78) or
phenotypical alterations in renal cells that persists despite the return of normoglycemia
(cellular memory) (79). The rate of development of DN in transplanted kidneys is
highly variable and is only partially explained by differences in glycemic control in the
postransplant period. This argues for the importance of genetic variability in tissue
responses on exposure to hyperglycemia (70). Our preliminary observations that the in
vitro behavior of skin fibroblasts of kidney transplant donors is predictive of the rate of
development of GBM thickening in type 1 diabetic kidney transplant recipients is in
accordance with this hypothesis (unpublished data).

KIDNEY BIOPSY AND NEW DIRECTIONS OF TECHNOLOGY

Animal models have expanded our understanding of DN. However, undeniable dif-
ferences between the natural history and characteristics of human and animal DN make
it difficult to simply extrapolate this knowledge to humans. On the other hand, a major
limitation for studying human diabetic renal disease is that current clinical practice usu-
ally does not require biopsy for diagnosis or as a guide for management except for
atypical situations, in which DN is often complicated by another condition and there-
fore, the sample would not be representative of the disease. Thanks to advancing tech-
nologies the yield of information obtainable from a kidney biopsy can be far beyond
the traditional routine examinations. Immunohistochemical stainings either on paraffin
embedded or frozen tissues, immunogold electron microscopy and in situ hibridization
techniques have provided valuable information about expression and trafficking of
molecules. Unbiased stereological methods, using reproducible nonsubjective methods,
have been answering questions on structural alterations from GBM width changes to
number of podocytes and glomeruli. Availability of high throughput molecular diag-
nostics, such as DNA, protein and tissue microarrays on specimens obtained by kidney
biopsy could allow monitoring of thousands of genes or proteins in a single experiment
(80). However, interpretation of these tests may be difficult owing to pathology related
tissue heterogeneity in the cellular makeup of biopsy materials. Thus, established DN
is often associated with altered cellular composition of the renal cortex. For example,
increased number of lymphocytes in interstitium or fibroblasts populating sclerosed
glomeruli, are common findings. Interpretation of gene–protein expressions without
considering these compositional changes could be rather misleading. Laser capture
microdissection may provide more precise sampling of structural components, and is
applicable to archived materials. Yet, exact isolation of components of complex structures
such as gloemruli is currently not possible. Moreover, the quality and quantity of mRNA
obtained in fixed tissues might be less than adequate. Viable cells obtained from renal
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biopsies can be cultured and used for in vitro studies. One advantage of these in vitro
studies is that activities of cells with different genomic contents can be evaluated in a
well-controlled in vitro environment. On the other hand, living in a different environ-
ment (high glucose concentration in diabetic patients) for a long time may impose
long-lasting effects on cells even if they are cultured through several in vitro passages
(memory phenomenon). Analysis of cell turnover, cell–ECM interactions, cellular
metabolism, and signal transduction pathways in diabetic milieu, cell–cell interaction
and cellular response to mechanical forces are other possibilities of in vitro studies.
Having said all this, and despite the inherent challenges of every method, there is enor-
mous potential for studies that can be generated by using the material obtained through
kidney biopsies. Moreover, as we have argued above, the processes of DN genesis and
progression may be markedly different. Studying the kidney at the early preclinical
stages necessitates research biopsies. Efforts to correlate these early structural findings
with potential predictive biomarkers of pathobiological significances are clearly impor-
tant. Studies of serum, plasma, renal and other cells, urine, DNA, and so on, together
with careful renal structural measures at various stages in the evolution of nephropathy
in type 1 and 2 diabetes will undoubtedly yield clinical and basic research advances.
Finally, the goal of studies of primary prevention of diabetic renal disease, given the
extremely long time from normoalbuminuria to currently accepted hard renal disease
end points, could be met by using renal structural progression as important study end
point. Otherwise primary prevention trial would be of impractical length, or forced to
use end points, which may be imprecise surrogates of serious risk. It is not unreason-
able to assume that therapies that substantially slow the earliest lesions of DN will
delay or prevent the ultimate clinical expression of the disease, making renal structure,
alone or combined with early functional changes, a useful marker of progression. Renal
biopsy clinical trials, coupled with the application of the new tools for tissue studies
outlined above, could facilitate progress in this field.

CONCLUSIONS

Accumulation of extracellular basement membrane matrix material is the hallmark
of structural changes in DN. Glomerular and TBM thickenings, increased glomerular
mesangium, decreased glomerular filtration surface density, glomerular and arteriolar
exudative lesions, and K-W nodules are classical structural findings of DN. Podocyte
damage and loss may also contribute to renal functional impairment. TBCAs, glomeru-
lotubular junction abnormalities and atubular glomeruli are frequent findings in pro-
teinuric type 1 diabetic patients and are rare or absent in normoalbuminuric and
microalbuminuric patients. Progression of human diabetic nephropathy lesions is, at
least partially, preventable with strict control of glycemia and reversible with long-term
normoglycemia induced by pancreas transplantation. Structural changes of nephropathy
in type 2 diabetic patients are more heterogeneous and arteriolosclerosis, global
glomerulosclerosis, interstitial fibrosis, and tubular atrophy may be found in the absence
of significant diabetic glomerulopathy.
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INTRODUCTION

The International Diabetes Federation estimates that the number of people with dia-
betes worldwide is 171 million and projects that number will increase to 334 million by
the year 2030 (1). Most of the increase will be the result of type 2 diabetes (T2DM) and
disadvantaged people and those from transitional populations—people undergoing
rapid change in their economies, lifestyles, and health—will be affected disproportion-
ately (Fig. 1). Transitional and disadvantaged populations may include people of any
race or ethnicity, but those most at risk for T2DM are Asians, Pacific Islanders,
Australian Aborigines, African Americans, Hispanics, and Native Americans. These
particular populations are also at higher risk for developing diabetic nephropathy (DN).
Factors contributing to the high rate of DN in these transitional and disadvantaged pop-
ulations may include differences in access to health care, genetic susceptibility, and
environmental exposures.
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The pace of transition from agricultural to industrial economies has accelerated
throughout the world in recent years. As developing countries undergo economic
expansion, farmers switch from planting diverse crops for home consumption to cultivating
high-yield crops to be sold at market. With the increased efficiency of mechanized
agriculture, fewer people are required to grow the crops, prompting many to move from
rural communities to seek economic opportunity in cities (2). In 1900, just 10% of the
world’s population inhabited cities. Today, that figure is nearly 50% (3).

The profound changes in economy, physical activity, and diet (4), associated with
the transition to an urban lifestyle, lead to changing patterns of disease, with increased
frequencies of obesity, hypertension, the metabolic syndrome, and T2DM. This review
will focus on the epidemic of DN in transitional and disadvantaged populations. Our
goal is to describe the frequency of DN in these vulnerable populations, to identify
risks for DN of particular relevance and importance to these populations, and to
describe efforts to reduce these risks. We will also consider the management of DN in
countries where limited resources influence the standard of care patients receive.

EPIDEMIOLOGICAL OVERVIEW

Diabetic kidney disease progresses from early stages, marked by hyperfiltration and
microalbuminuria (30–300 mg/g albumin:creatinine), to later stages characterized by
macroalbuminuria (>300 mg/g albumin:creatinine), declining glomerular filtration rate
(GFR), and finally, end-stage renal disease (ESRD). Diabetes is the most common cause
of ESRD in the United States (Fig. 2) and other developed nations. Many years are often
required to progress through these stages, providing opportunities for prevention and
early intervention.

The prevalence of early DN (pre-ESRD) depends on a number of factors including
glycemic control, diabetes duration, and blood pressure (5). The effect of race and/or
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Fig. 1. Estimated number of adults with diabetes by age-group, year, and countries for the developed
and developing categories and for the world. (© 2004, American Diabetes Association.) Reprinted
with permission from the American Diabetes Association (1).

Fig. 2. Adjusted end-stage renal disease (ESRD) incident rates, by primary diagnosis, and diabetes in
the general population. Incident ESRD patients; rates adjusted for age, gender, and race. Data on the
prevalence of diabetes in the general population obtained from the CDC’s behavioral risk factor sur-
veillance system. The data reported here have been supplied by the US Renal Data System. The inter-
pretation and reporting of these data are the responsibility of the author(s) and in no way should be
seen as an official policy or interpretation of the US government (8).



ethnicity on the prevalence of early DN may be confounded by these factors. For example,
no ethnic differences in the prevalence of microalbuminuria were found among newly
diagnosed diabetic participants in the UK Prospective Diabetes Study (UKPDS), which
included Afro-Caribbean and Asian patients as well as whites (6). Similarly, a US study
of patients with variable duration of T2DM found a similar prevalence of microalbu-
minuria among various ethnic and racial groups (7). However, that same study found
the odds of microalbuminuria to be greater among hypertensive Hispanics than among
hypertensive whites. Furthermore, among patients without hypertension, the odds of
microalbuminuria was highest among Asians.

Transitional and disadvantaged populations are disproportionately represented
among patients with diabetic ESRD. In the United States, the US Renal Data System
(USRDS) reports that the incidence rate of diabetic ESRD among transitional and dis-
advantaged populations is much greater than the rate in the majority white population
(Fig. 3) (8). In Europe, several centers have reported disproportionate representation of
transitional and minority populations among patients with ESRD (9–11).

In 2004, the USRDS began collecting information, on a voluntary basis, from nations
other than the United States (8). Many European countries participated, but specific
incidence estimates for transitional or disadvantaged dialysis patients within those
countries were not reported. The USRDS also received data from several developing
nations. Of these, Malaysia had the highest proportion of diabetic ESRD (Fig. 4).
Malaysia has undergone rapid economic transition, and the high incidence of ESRD
attributed to DN presumably reflects the growing prevalence of T2DM. In 1984, the
prevalence of diabetes was 4% among the residents of three villages in Kuala Selangor
province (12). By 1996, the national prevalence of diabetes in Malaysia was 7%—
a 75% increase from the estimates in Kuala Selangor province—and an additional 5%
of the population had impaired glucose tolerance (13).

Because many studies that examine the epidemiology of DN in T2DM rely on data
collected at the time of initiation of dialysis, the quality of epidemiological information is
best from developed countries where dialysis is offered. The burden of DN, however,
may be greatest in developing countries, where patients with early DN are likely to be
underdiagnosed and patients with kidney failure from diabetes are unlikely to receive
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Fig. 3. Adjusted incident rates of end-stage renal disease (ESRD) owing to diabetes by race/ethnicity.
Incident ESRD patients; adjusted for age and gender. For Hispanic patients, we present data beginning
in 1996, the first full year after the April 1995 introduction of the revised Medical Evidence form, which
contains more specific questions on race and ethnicity. The data reported here have been supplied by the
US Renal Data System. The interpretation and reporting of these data are the responsibility of the
author(s) and in no way should be seen as an official policy or interpretation of the US government (8).



dialysis. Under these circumstances, accurate data on the frequency of DN in developing
countries are sparse or nonexistent. Nevertheless, data about the frequency of DN and
diabetic ESRD are available from some developing countries and from emigrants to the
developed countries. These data reflect the different methods and definitions of the
authors who report them and different ages of those who were examined. Accordingly,
they are neither exhaustive nor definitive, but they reflect the scope of the problem of DN
in transitional and disadvantaged populations and they are reviewed next.

Asians
A large, recent cross-sectional study of early DN from 103 centers in 10 Asian coun-

tries (Singapore, Hong Kong, Philippines, People’s Republic of China, Taiwan,
Thailand, Malaysia, Indonesia, Pakistan, and South Korea) reported a prevalence of
microalbuminuria among patients with T2DM of 39.8% (14). By contrast, a national
survey of microalbuminuria among diabetic patients in the United States reported a
prevalence of 28.8% (15). The authors speculate that the reason for higher prevalence
of microalbuminuria among the Asian patients is poor blood pressure control, with only
10.6% of patients with microalbuminuria achieving a blood pressure goal of 130/80 mmHg
or below (14).

Asians are also at high risk for diabetic ESRD. In Asian countries where dialysis is
not widely available, the prevalence of diabetic ESRD is uncertain. On the other hand,
Asians living in Australia and the United States are disproportionately represented
among those receiving ESRD care for DN (8,16). In Australia, the incidence rate of
diabetic ESRD among Asian immigrants is up to 10 times that of nonindigenous
Australians (16). In the United States, the incidence rate of diabetic ESRD among
Asians is less than that of whites, but since 1992 Asians have had the greatest increase in
ESRD incidence from DN among the various ethnic groups tracked by the USRDS (8).
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Fig. 4. Percent of incident end-stage renal disease (ESRD) patients with diabetes in 2002. Data pre-
sented only for those countries from which relevant information was available. All rates are unad-
justed. Data from Israel, Japan, Luxembourg, and Taiwan represent dialysis only. The data reported
here have been supplied by the US Renal Data System. The interpretation and reporting of these data
are the responsibility of the author(s) and in no way should be seen as an official policy or interpre-
tation of the US government (8).



Moreover, in Hawaii, the most common cause of ESRD among people of Japanese and
Filipino ancestry is DN (17).

Indo-Asians
The prevalence of microalbuminuria in patients with T2DM from one center in India

was 36.3% (18). Because the prevalence of T2DM is rising throughout India (19), the
frequency of DN is likely to increase further. 

DN is the leading cause of ESRD in Chennai, India (20) (vide infra). Similarly, Indo-
Asians treated at two centers in the United Kingdom have an age-adjusted annual
incidence of ESRD that is three to five times that of whites and most of the ESRD in the
Indo-Asians is attributable to DN (10,21). In the Netherlands, the relative risk for dialysis
among Indo-Asian patients with diabetes is 40 times that of the white population. This
risk is much higher than expected, because the prevalence of T2DM among the
Netherlands Indo-Asian population is only eight times that of the white population (11).

Pacific Islanders
Early diabetic kidney disease is prevalent among Pacific Islanders with T2DM. The

prevalence of microalbuminuria among diabetic subjects in Nauru is 41% (22) and in
one ethnic group in New Guinea is 26% (23). In South Auckland, the prevalence of
microalbuminuria among diabetic Pacific Islanders is 33.3% (24).

In New Zealand, immigrants from the Pacific Islands have the highest rates of ESRD
attributable to T2DM; more than 10 times that of nonindigenous people (16). Likewise,
DN is the overwhelming cause of ESRD among Native Hawaiians—68.6% of ESRD is
caused by DN (17). In Micronesia, 75% of the incidence of ESRD among the indige-
nous populations of Guam (Safa S, personal communication) and the Commonwealth of
the Northern Mariana Islands (25) is attributed to DN.

Indigenous Australians and New Zealanders
The prevalence of microalbuminuria is high among Australian Aborigines, regard-

less of whether or not they have diabetes (26). Indeed, among those with microalbu-
minuria, only 21.5% meet diagnostic criteria for T2DM. In Aboriginal patients with
diagnosed T2DM, the odds of microalbuminuria was 1.8 times that of white Australians
(27). Similarly, in South Auckland, New Zealand, the prevalence of microalbuminuria
among diabetic Maori was 1.2 times that of whites with diabetes (24).

ESRD disproportionately affects the indigenous peoples of Australia and New Zealand.
Aboriginal Australians constitute less than 2% of the Australian population but represent
10% of new patients starting dialysis (28). From 1992 to 2001, the incidence rate of ESRD
attributed to DN among Australian Aboriginals was 50–100 times that of nonindigenous
Australians and the rate among Maoris was 23 times that of nonindigenous people (29).

African Americans and Afro-Caribbeans
One study of African-American patients with newly diagnosed T2DM reported a preva-

lence of microalbuminuria of 23.4% (30). In another small study, African-American
patients with T2DM of longer duration had a prevalence of microalbuminuria of 36%
(31). A large study of US veterans found that after adjustment for age, sex, and economic
status, African-American veterans were 1.3 times more likely to have early DN than
Caucasians (32). In the United Kingdom, elevated urinary albumin excretion was found
in 37% of Africans and Afro-Caribbeans with T2DM (33).
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In the study of US veterans (32), diabetic ESRD was 1.9 times more likely to be
present in African Americans than whites. The USRDS reported that in 1996, DN
surpassed hypertension as the most common cause of ESRD among African Americans
(8). In the United Kingdom, Afro-Caribbeans have a relative risk of diabetic ESRD that
is 1.76 times that of whites of (9,33).

Hispanics and Latin Americans
The term “Hispanic” refers to Spanish-speaking people in the United States and

includes Mexican Americans, Puerto Rican Americans, and Cuban Americans, as well
as other immigrants from Latin America and their descendants. The risk of DN among
Hispanics in the United States varies with the prevalence of T2DM; Mexican Americans
and Puerto Rican Americans have much higher prevalence of T2DM than Cuban
Americans (34). Mexican Americans with T2DM are more likely to have diabetic com-
plications than are diabetic non-Hispanic whites of a similar age (35) and Hispanics are
more likely to have microalbumiuria (but not macroalbuminuria) than African-
Americans or Asians (31). Outside the United States, Latin Americans also have high
rates of DN. Of 304 Mexican patients with T2DM from the Mexico City, 84.4% of men
and 63.8% of women had microalbuminuria (36). Almost nothing is known about the
frequency of early DN in Latin America.

The USRDS began to collect data on Hispanic patients in 1995 and found that
Hispanics are disproportionately represented among patients with diabetic ESRD (8).
However, the USRDS distinguishes only between Mexican-Americans and non-
Mexican Hispanic. Thus, incidence and prevalence of ESRD is known only for
Hispanics as a whole and for Mexican Americans. Nevertheless, the USRDS data suggest
that incidence rates of ESRD for Hispanics are 1.5 times those of non-Hispanic whites
(Fig. 5) (8).

Native Americans
Elevated protein excretion is present in 33% of Native Americans with diabetes, of

whom 10% have microalbuminuria and 23% have overt proteinuria (37). A longitudinal
study of Pima Indians found that the incidence rate of proteinuria is increasing despite
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Fig. 5. Prevalence counts and adjusted rates, by ethnicity. December 31 point-prevalent end-stage renal
disease patients. Rates adjusted for age and gender. For Hispanic patients, we present data beginning in
1996, the first full year after the April 1995 introduction of the revised Medical Evidence form, which
contains more specific questions on race and ethnicity. The data reported here have been supplied by the
US Renal Data System. The interpretation and reporting of these data are the responsibility of the
author(s) and in no way should be seen as an official policy or interpretation of the US government (8).



better control of blood glucose and blood pressure, and that increasing average duration
of diabetes is largely responsible for this finding (38).

Native Americans and Alaskan Natives experience high rates of ESRD attributable to
DN. In 1999, 68% of Native Americans and Alaskan Natives who initiated ESRD treat-
ment in the United States had DN as the underlying cause of kidney failure. By contrast,
only 25% of whites and 42% of African Americans had diabetic ESRD (37). However,
since 1992 the overall trend of diabetic ESRD incidence among Native Americans aged
40–59 yr has declined (8). This may reflect improvements in the medical treatment of
early kidney disease (39).

ENVIRONMENTAL FACTORS

Environmental factors that affect the development of DN may be divided into those
present before birth, for example, maternal malnutrition, diabetes during pregnancy,
and maternal vitamin A deficiency; those present before the development of diabetes
that affect the risk of diabetes and its progression, for example, diet, exercise, access to
medical care, compliance with medicines; and those that add to the risk of progressive
kidney disease in people with established diabetes, for example, infections and environ-
mental toxins. All of these factors are important in transitional and disadvantaged
populations and are deeply intertwined with socioeconomic factors. Diabetes and diabetes
control will be discussed in the section on socioeconomic factors (vide infra). Here we
shall focus on maternal malnutrition and diabetes during prenatal life, infections, and
environmental toxins because these are environmental factors that may disproportionately
affect transitional and disadvantaged populations.

Intrauterine Exposures
Maternal malnutrition often causes intrauterine growth retardation (IUGR) in off-

spring. Low birthweight, a manifestation of IUGR, may then increase the risk of both
T2DM (40–42) and DN (43,44). IUGR affects 25% of live births in developing coun-
tries annually (45) and represents a major potential cause of kidney disease in these
populations. The mechanism for increased susceptibility to kidney disease among indi-
viduals with low birthweight is thought to be impaired nephron development. With
fewer nephrons and a correspondingly reduced filtration surface area, the resulting
hyperfiltration may accelerate damage to the glomeruli initiated by diabetes (46).
Elevated urinary albumin is more prevalent among diabetic Pima Indians with low
birthweight (Fig. 6). Another manifestation of low nephron mass may be hypertension,
which was found more frequently in persons of low birthweight, including indigenous
Australians (47).

Glomerulomegaly has been reported in two transitional populations at high risk for
diabetic kidney disease, Aboriginals (48,49) and Pima Indians (50,51), and it may
reflect an attempt by the kidneys to maintain adequate filtration surface area through
expansion of existing glomeruli in people with reduced nephron mass.

Exposure to maternal diabetes in utero may also greatly increase the risk of DN.
Animal experiments demonstrate that maternal diabetes during pregnancy reduces the
number of nephrons in offspring (52). In Pima-Indians, the odds of elevated urinary
albumin excretion was nearly four times as high in subjects exposed to diabetes in utero
than in those exposed to a normal uterine environment (Fig. 7) (53). Hence, the increasing
frequency of exposure to maternal diabetes in Pima-Indians (54) may, in part, explain
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the secular increase in incidence of proteinuria in this population, as each successive
generation has a higher rate of diabetes and diabetic kidney disease as a result of this
exposure (54). Given that the largest increase in the prevalence of diabetes during the
childbearing years over the next several decades will occur in the developing world,
populations in these countries will be disproportionately affected by the impact of this
exposure (1).

Vitamin A (retinol) and its main derivative, retinoic acid, are involved in nephrogenesis,
and rats exhibit a dose-dependent effect of vitamin A on nephron number (55). Both
retinal and retinoic acid are potent stimulators of nephrogenesis, with a single injection
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Fig. 6. Prevalence of elevated urinary albumin excretion (albumin-to-creatinine ratio >30 mg/g) in
diabetic Pima Indians by birthweight, adjusted for age, sex, duration of diabetes, HbA1C, and mean
arterial pressure. Dashed lines represent twice the pointwise asymptotic standard errors of the estimated
curve, and the vertical tics on the x-axis are a frequency plot of birthweights. Values of the covariates
were set to their sample means. Reprinted with the permission of Oxford University Press (53).

Fig. 7. Predicted prevalence (95% CIs) of elevated UAE (albumin-to-creatinine ratio >30 mg/g), in
diabetic Pima Indians, by maternal diabetes status, adjusted for age, sex, duration of diabetes, HbA1C,
and MAP. Values of the covariates were set to their sample means. © 1998 American Diabetes
Association; reprinted with permission from the American Diabetes Association (1).



of retinoic acid given to a pregnant rat at midgestation inducing supernumerary
nephrons. Although human data on the relationship between vitamin A and nephron
mass are not available, the existing animal data suggest that a mild vitamin A deficiency
during pregnancy could lead to a nephron deficit in the offspring that enhances the risk
of kidney disease. Although vitamin A deficiency is not a major health problem in
developed countries, it is frequently encountered in developing countries, particularly
in pregnant women, in whom intake of vitamin A may be inadequate to meet the
increased demands encountered during pregnancy. Accordingly, fetal vitamin A deficiency
may disproportionately affect minority and disadvantaged populations and contribute
to their increasing incidence rate of kidney disease.

Infections
Once diabetes is established, the risk of DN may be increased by chronic or repeated

infections. Australian researchers have documented a high prevalence of parasitic and
bacterial infections among Aboriginals who later developed DN (56). The highest risk
appears to result from repeated bacterial infections of the eyes, ears, nose, chest, skin,
and gut. Although infections with streptococci are known to cause poststreptococcal
glomerulonephritis (PSGN), a condition that is relatively common among Aboriginals
(57), infections with other organisms may also contribute to progressive kidney disease
in DN through immune activation and mesangial proliferation (58). Close living quar-
ters and poor hygiene are largely responsible for the repeated bacterial and parasitic
infections in the Aboriginal community.

Environmental Toxins
Exposure to environmental toxins may not increase the risk of DN per se, but may

well accelerate its progression by adding to the burden of interstitial kidney disease
(59). Transitional and disadvantaged populations may experience high levels of toxic
exposure at work, because access to types of employment in which such exposures are
less may be limited by language and educational attainment. Those who live and work
in rural environments may be exposed more frequently to nephrotoxins used in indus-
trial agriculture including fertilizers, herbicides, and insecticides containing heavy metals
like arsenic. Urban workers may be exposed to hydrocarbons and heavy metals used in
manufacturing, including cadmium, mercury, and lead.

Toxic exposures may also occur at home. As recent immigrants to cities, members of
transitional and disadvantaged populations may be less likely to own land or have influ-
ence over land use and more likely to live in neighborhoods where they are exposed to
toxic chemicals at unhealthy levels. Cultural practices that arise in response to eco-
nomic forces and social disruption may also lead to toxic exposures that harm the kidney.
Moonshine, for example, is an alcoholic beverage made cheaply by distilling ethanol in
radiators typically lined with lead and using copper pipe soldered with lead. Drinking
moonshine distilled in such containers may result in lead nephropathy, which could
hasten progression of DN as well (60).

Exposure to Tobacco
In patients with T2DM, tobacco is an independent risk factor for onset and progres-

sion of DN (61,62), and smoking also increases the risk of diabetic ESRD (63).
Unfortunately, the prevalence of smoking is often high in developing countries. In Latin
America, for example, the prevalence of smoking is variable, from 24.1% in Paraguay to
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66.3% in the Dominican Republic (64). In African Americans, exposure to cigaret smoke
increases the risk of DN (65), but this finding has not been confirmed in other transi-
tional and disadvantaged populations. Nevertheless, in the United States, members of
transitional and disadvantaged populations are disproportionately inclined to substance
abuse, including tobacco (66). Economic transition appears to increase the prevalence of
cigaret smoking among Australian Aboriginals (67), and migration from rural to urban
areas is associated with increased prevalence of tobacco abuse in China (68). Why eco-
nomic transition is associated with increased prevalence of smoking is unclear. Tobacco
abuse may cause smokers to feel more relaxed and in control (68) or may result from
increased disposable income and increased access to cigarets in urban areas (72).

SOCIOECONOMIC FACTORS

Economic transition can have different effects on socioeconomic status (SES) and
on the risk of developing T2DM. People who successfully undergo economic transi-
tion—those who migrate to cities and take industrial jobs that pay well—experience an
increase in SES and greater access to food. In India, higher SES increases the risk of dia-
betes (69) and in the United States, the risk of T2DM is highest among Hispanics of
highest SES (70). On the other hand, higher SES is generally associated with better
education and with the resources to make healthier food choices. In the United States,
for example, the risk of T2DM among African Americans is lowest in those of higher
SES (71). Different levels of acculturation may, in part, explain the differential effects
of SES on the risk of T2DM in different populations (72).

SES also has an effect on the risk of diabetic complications. Once T2DM is diag-
nosed, diabetes duration, glycemic control, blood pressure, and microalbuminuria all
predict future kidney disease. Control of glycemia is dependent on a host of factors and
poor glycemic control disproportionately affects many members of transitional and dis-
advantaged populations. In the Third National Health and Nutrition Examination
Survey, glycemic control was poorer among Blacks and Mexican Americans than in
non-Hispanic whites (73). In India, urban patients of lower SES were more likely than
those of higher status to develop complications of T2DM (69). Poor glycemic control
may be exacerbated by a number of socioeconomic factors. Economic realities may
make proper diet, diabetes testing equipment, and medicines unaffordable. Furthermore,
transitional and disadvantaged populations may have limited access to education,
including health education. The benefits of medicines prescribed to control blood sugar
and blood pressure may not be as clear to poorly educated patients, and the side effects
of these medicines may discourage compliance. Noncompliance, however, has very real
consequences in DN. Thirty-six percent of Mexican-American subjects 65 yr or older
with self-reported diabetes said that they took their prescribed diabetes medicines incon-
sistently. Those who took their medicines inconsistently increased their odds of kidney
disease by 1.6 compared with those with good consistency over a 7-yr period, after con-
trolling for age, sex, diabetes duration, education, income, marital status, language of
interview, insurance status, medication type, cognitive function, presence of depressive
symptoms, and activities of daily living (74).

SES is correlated with progression of kidney disease in a number of transitional and
disadvantaged populations. Among Native Americans living in Minnesota, family
income and educational attainment are inversely associated with increased urine albumin
excretion (75). African Americans with early decline in kidney function are more likely
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to be of low SES and have suboptimal health behaviors and suboptimal control of glu-
cose and blood pressure (76). Similarly, socioeconomic factors are strongly associated
with the incidence of ESRD among indigenous Australians. Leaving school before the
age of 15 yr, unemployment, low household income, and overcrowding in the home
were all found to correlate with increased risk of ESRD (30).

BARRIERS TO CARE

There are many obstacles to the prevention, timely diagnosis, and treatment of T2DM
and DN in transitional and disadvantaged populations. Most important of these are the
same lifestyle changes that increase the risk of T2DM and DN. Changes in caloric bal-
ance that accompany the transition from a subsistence lifestyle (hunting, gathering, or
intensive agriculture) to an industrial lifestyle are not easily reversed once a diagnosis
of T2DM is made. Hence, a dietary prescription may be difficult to implement and sus-
tain for some members of transitional and disadvantaged populations (77). The poverty
that is associated with obesity and poor diet also limits the funds available to pay
for healthy foods, exercise, access to a health care professional, and medicine once
diabetes develops.

“Functional health literacy” is a measure of a patient’s ability to perform basic reading
and numerical tasks required to function in the health care environment. It is distinct
from educational level or language ability (78). Poor functional health literacy limits
effective communication between the patient and their health care provider, so patients
are often confused about their disease and the process of care required to successfully
manage their disease, and the practitioner is frustrated by their patient’s lack of under-
standing and inability to implement treatment plans (79,80).

Intertwined with impaired functional health literacy are complex patterns of health
beliefs, motivations, and behaviors that also act as barriers to care of people with T2DM.
These include lack of perception of the seriousness of their illness, denial of illness, lack
of trust in the health care provider or system, shame, discomfort with the gender of the
practitioner, faith in God, and bad experiences either on the part of the patient or the
patient’s family and friends (81). Members of transitional and disadvantaged populations
often feel more comfortable using home remedies or seeking the help of a traditional
healer and, as a result, may seek the help of Western medicine only as a last resort. By
the time such a patient comes to the attention of a practitioner of Western medicine, it
is often too late to prevent DN and the only therapy that remains is dialysis (81).

Inadequate transportation may limit access to health care among transitional and
disadvantaged populations. For example, in small villages near Chennai, India, there
are two physicians for every 25,000 people. Although care and medicines are free, the
patient must travel to the health care center without assistance. There are often no roads
and no bus. If there is a bus, the patient must pay the fare. Once on the bus, it may take
half a day to get to the health center and half a day to return. This means the loss of 1 d
wage. As a result, few patients will seek the care of a physician unless they are completely
incapacitated and will not seek care for chronic diseases, such as T2DM, that may have
no symptoms (20).

Other barriers related to transportation include bureaucracy, time, and child care.
Government or private organizations may provide programs with various benefits, but
the process of registering for these programs may be so complicated that benefits are
largely unused. Moreover, patients may be too busy because of long work hours to
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schedule frequent visits or providers may not have enough hours in their schedules to
see all the patients who seek their care. Women especially may not seek medical assis-
tance if they cannot find someone else to care for their families.

Even when barriers to care are removed, the risk of DN may still remain elevated if
standards of care are not met by the providers. Kaiser Permanente of Northern California
maintains a longitudinal registry of patients with diabetes and monitors outcomes in
these patients. All patients have unfettered access to providers and to pharmacy bene-
fits. Among 38,887 diabetic patients who were at high risk for DN because of hyperten-
sion and/or elevated albuminuria, 61% received angiotensin-converting enzyme (ACE)
inhibitors or angiotensin receptor blockers (ARBs). Although there was no statistically
significant difference in overall prescription rate for ACE inhibitors or ARBs among the
racial and ethnic groups in the study, African Americans with albuminuria as a sole
indication for therapy with these agents were less likely to have ACE inhibitors or ARBs
prescribed (Fig. 8) (82). Among the Kaiser patients, Asians, African-Americans, and
Hispanics had higher incidence rates of ESRD than non-Hispanic whites, despite equal
access to care (83). The persistence of ethnic disparities after removal of barriers to care
suggests that other genetic, socioeconomic, and environmental factors may still have
profound effects on outcomes of diabetes (83).

RATE OF PROGRESSION

A subanalysis of the Modification of Diet in Renal Disease study (84), a study that
largely excluded patients with diabetes, suggested that African Americans have a more
rapid progression of kidney disease than whites. This observation was ascribed to diffi-
culty in achieving blood pressure control in African Americans. Similarly, Pima Indians
with DN also experience rapid progression of kidney disease relative to whites (46).
The rate of decline of GFR in Pima Indians was 13.8 mL/min/1.73m2/yr, or roughly
four times the rate of decline in whites from Italy (85) and differences in glycemic and
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Fig. 8. Angiotensin-converting enzyme (ACE)/angiotensin receptor blocker (ARB) use among ethnic
groups with albuminuria. The asterisk indicates a significant (p < 0.05) difference in rates of
ACE/ARB use compared with rates of use in whites with albuminuria in the absence of hypertension.
Reprinted with the permission from Blackwell (88).



blood pressure control may account, at least in part, for these differences. On the other
hand, a small, retrospective study in London found that Indo-Asians with DN had a
significantly higher rate of doubling of serum creatinine than whites or Afro-Caribbeans
despite similarities in blood pressure, glycemic control, smoking behavior, baseline pro-
teinuria, and use of ACE inhibitors (86), again suggesting that other genetic, socio-
economic, and environmental factors must be involved in the more rapid progression of
DN in transitional and disadvantaged populations.

COMORBIDITIES

T2DM and DN often coexist with other medical problems in patients from transi-
tional and disadvantaged populations. These comorbidities are often other health man-
ifestations of the same economic and lifestyle transition that led to T2DM and they
include obesity and its complications (e.g., obstructive sleep apnea, degenerative joint
disease), hyperlipidemia and its complications (stroke, angina, myocardial infarction,
peripheral vascular disease), and hypertension and its complications (vascular disease,
kidney failure). Other diabetic complications, including retinopathy, neuropathy, and
vascular disease, also occur more frequently in people with DN.

A relationship between DN and heart disease has been noted in many studies.
Microalbuminuria confers a risk of myocardial infarction that equals or exceeds that of
hypertension. This is true among members of transitional and disadvantaged populations
as well as in nonminority groups (87–89). The Strong Heart Study, for example, reported
an association of diabetic microalbuminuria with left ventricular hypertrophy and with
serum markers of systemic inflammation suggestive of atherosclerosis among Native
Americans (90).

Several infectious diseases, including HIV, PSGN, and hepatitis C, are associated
with kidney complications. None of these infectious diseases have a direct relationship
with obesity, the metabolic syndrome, or T2DM, but they may confuse the diagnosis of
DN or complicate its course.

The HIV appears to cause kidney disease by direct infection of glomerular endothe-
lial and mesangial cells. In the United States, African Americans are disproportionately
infected with HIV (91) and they have a higher risk of the HIV-associated nephropathy
than whites (92).

PSGN results after a throat or skin infection with specific nephritogenic strains of
group A streptococcus (such as type 12 and type 49) and usually occurs sporadically.
However, PSGN may also occur in epidemic form and is spread among people with close
contact. Skin infections with streptococcal organisms are implicated in the high rates of
ESRD seen in the Aboriginal population in Australia (93,94) and in other transitional and
disadvantaged populations who often live in crowded conditions that favor transmission
of streptococcus or staphylococcus organisms. Perhaps a postinfectious glomerulonephri-
tis following either one of these common skin infections complicates DN and results in
an accelerated decline in kidney function (95). Alternatively, skin infections may hasten
progression of DN by immune activation and mesangial proliferation (94).

Hepatitis C is a blood-borne viral infection that is associated with an increased risk of
T2DM (96–98). Hepatitis C is quite prevalent among certain racial and ethnic minorities
within the United States and is newly emerging as a comorbidity among Afro-Caribbeans
(99) and Native Americans with T2DM (100). The kidney disease associated with hepa-
titis C is immune-mediated and may be found in patients with microalbuminuria and
coexisting DN (101,102).
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PREVENTION OF DN IN TRANSITIONAL 
AND DISADVANTAGED POPULATIONS

Prevention of T2DM
A recent large clinical trial demonstrates that T2DM can be prevented in certain tran-

sitional and disadvantaged populations. The Diabetes Prevention Program included
African Americans, Hispanics, and Native Americans (103) as well as non-Hispanic
whites. By using either a strategy of lifestyle modification to encourage increased exer-
cise and promote weight loss or the drug metformin, diabetes was significantly delayed;
more so in subjects receiving the lifestyle modification than in those receiving metformin.
The effect of intervention was equivalent in all racial and ethnic groups.

Community-based efforts to prevent T2DM, however, have been less successful than
the more intensive clinical trials. A program among elementary school children in the
Mohawk community in Canada that encouraged healthy eating and more physical activ-
ity reported no effect of intervention on body mass index, physical activity, fitness, or
diet. The investigators concluded that although early results showed some successes in
reducing risk factors for T2DM, these benefits were not maintained long-term (104,105).

Although there are no published reports of success in community-based primary
prevention of T2DM, expert opinion suggests that gaining community support is critical
to the success of interventions in transitional and disadvantaged populations (106).
Unless diabetes prevention is seen as a goal by the members and leadership of a
community, success may be difficult or impossible. Moreover, integration of members
of the community into the diabetes prevention team is one way to provide sustainable
leadership (107–109).

A central paradox of T2DM among members of many transitional and disadvantaged
populations is that economic transition often increases the risk of diabetes and the SES
as well. The challenge in diabetes prevention is to find ways to encourage economic
growth although decreasing the risk of T2DM.

Prevention of DN
Early detection of DN may reduce the progression of kidney disease and widespread

screening for T2DM and DN is available at low cost to high-risk transitional and disad-
vantaged populations (110,111). In the United States, for example, the National Kidney
Foundation’s Kidney Early Evaluation Program (KEEP) is a traveling screening pro-
gram that targets high-risk populations and raises awareness of kidney disease in these
groups. KEEP provides free screening and educational information, and the message it
provides is that kidney disease and its complications can be prevented or delayed (112).

Another model program was implemented in the Tiwi Islands for members of an
Australian Aboriginal community that has extraordinarily high rates of T2DM, DN,
and ESRD. Patients are screened systematically for hypertension, diabetes, and elevated
albuminuria. Once identified, they are given aggressive blood pressure management
with the ACE inhibitor perindopril. Additional antihypertensive medicines are added as
needed to control blood pressure. Those receiving the intervention had a marked decline in
blood pressure and a slowing of the progression of albuminuria and the loss of GFR in
comparison with the historical controls. A drop in all-cause mortality was also noted
in the treatment group (113–115).

A third model for the early detection of T2DM and DN in a transitional and disad-
vantaged population is that of Mani and the Kidney Help Trust of Chennai, India. By
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training young women as preventive social health workers and providing them with
bicycles and simple screening tools, population screening was successfully carried out
in this region. Eleven percent of the screened population had T2DM, and DN was the
leading cause of ESRD. Once patients were diagnosed with either diabetes or hyperten-
sion, medicines were dispensed and the patients were followed by a preventive social
health worker as well as by a physician. Metformin was prescribed for patients with
diabetes and reserpine was used to treat blood pressure, because ACE inhibitors and
ARBs were too expensive. Although tight glycemic control was rarely achieved, blood
pressure was reportedly reduced to the target of 140/90 mmHg or below in more than
95% of the subjects. Whether this approach to care in rural, underserved areas will
translate to a reduction in the frequency of kidney failure from diabetic kidney disease,
however, remains to be determined (20).

Slowing Progression, Delaying ESRD,
and Preventing Cardiovascular Mortality 

Once DN is established, therapeutic efforts should focus on slowing the rate of
progression of kidney disease and delaying ESRD. Although early referral to a
nephrologist may be an ideal way to care for patients with established DN (116,117),
economic reality suggests that primary care providers are often the sole providers of
care for members of transitional and disadvantaged populations. Fortunately, therapy
may be simplified so that nurses (125) or even low-skilled workers can implement it
(61,112,113,122).

Among the antihypertensive medications, ARBs have been shown in large clinical tri-
als to slow the progression of established DN in T2DM in a number of racial and ethnic
groups (Fig. 9). The Reduction of Endpoints in NIDDM with the Angiontensin II
Antagonist Losartan (RENAAL) study included 252 Asian patients, 230 African-American
patients, and 176 Hispanic patients, and the Irbesartan in Diabetic Nephropathy (IDNT)
included 85 Asians, 228 African Americans, and 83 Hispanics (119,120). A subgroup
analysis of the Asian patients enrolled in RENAAL found that losartan was effective in
reducing the endpoints of doubling of serum creatinine, ESRD, and all-cause mortality.
Moreover, Asians had the lowest rate of discontinuation of any subgroup in RENAAL,
suggesting that losartan is associated with fewer side effects in Asians than in other pop-
ulations (121).

Another goal of prevention is reduction of mortality from cardiovascular disease in
patients with established DN. Heart disease is common in developing countries and the
frequency of heart disease is likely to worsen as populations undergo economic and
lifestyle transition and the prevalence of diabetes increases (122). Although multifactorial
intervention to prevent cardiovascular mortality in patients with T2DM may be ideal
(130), the cost of such therapy is prohibitive in many parts of the developing world.
Hence, efforts to delay or prevent the onset of diabetes may be the most cost-effective
way to reduce the frequency of diabetic kidney disease.

TREATMENT OF ESRD

No Therapy At All
Once DN progresses to ESRD, options for therapy are limited to dialysis, transplan-

tation, or no therapy at all. Although dialysis is widely available in most developed
countries, the same is not true in the developing world. Indeed, whereas dialysis is
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available to all who need it in Brazil, many of the world’s other transitional and dis-
advantaged populations with DN are more like those in Nigeria, where there is no govern-
ment funding for dialysis or it is reserved for people with acute renal failure (124,125).
In South Africa, dialysis is provided only as a bridge to transplantation when a living
donor is available (126). Technology itself is not the restricting factor, as dialysis is
available in large cities within developing nations and used by wealthy people who can
pay for each treatment (127). Rather, the prohibitive cost of dialysis is the problem, and
most people with irreversible kidney failure secondary to DN cannot afford dialysis
and therefore die.

Dialysis in Remote Locations
The difficulties of providing dialysis to patients who live in remote locations are

considerable (128). The Australian Remote Area Dialysis Program was established in
1989 by the Royal Perth Hospital and oversees many patients on home hemodialysis.
Because nearly half of indigenous patients with ESRD come from regions without dialysis
facilities (129), practitioners have had to develop other novel approaches to dialysis.
“Community hemodialysis” is used in some areas—a dialysis machine is located at a
community center in a small village and shared by two or more patients. Patients use the
dialysis machine with the assistance of a paid caregiver who has undergone basic training
in its set-up and use (130). Continuous ambulatory peritoneal dialysis is another dialysis
modality that can be used in remote locations (131). However, long-term continuous
ambulatory peritoneal dialysis is limited in both indigenous Australians and indigenous
Canadians by high rates of infection (132,133).

DISPARITIES IN DIALYSIS

Within developed nations, members of transitional and disadvantaged populations are
disproportionately represented among dialysis patients (134). Limited access to care in
the early and middle stages of kidney disease may be responsible, in part, for this disparity.
Limited access to expert care may also result in “late” referral to a nephrologist. When
patients start dialysis within 3 or 4 mo of their first visit with a nephrologist, the window
of opportunity to slow the kidney disease has long passed. Data from the USRDS suggest
that African Americans, Hispanics, and Asians are disproportionately represented among
patients with late referral (135,136). Once started on dialysis, ethnic minorities may
receive an inadequate dose of dialysis relative to whites (137). Patients who receive
lower doses of dialysis have higher mortality rates (138).

Nonetheless, members of transitional and disadvantaged populations who receive
dialysis often have lower mortality rates than their white counterparts, both in the
United States (139) and in the United Kingdom (140). Higher cardiovascular mortality
among whites treated with dialysis may be responsible for this finding (141). Among
diabetic dialysis patients, Hispanics have lower mortality than non-Hispanics (142) and
Pima Indians have substantially lower mortality rates than diabetic blacks and whites of
similar age (143). Asian Americans have intermediate outcomes that are superior to
both white and African Americans (144). On the other hand, survival among dialysis
patients was similar for indigenous (Native American) Canadians and white patients
after adjustment for comorbidity (145) and in Australia, overall mortality rates for
patients receiving renal replacement therapy (RRT) were higher among Maori and
Aboriginals (but not Pacific Islanders) than among whites, even when adjusted for
comorbidities (146).
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Kidney Transplantation
Kidney transplantation is considered the most desirable form of RRT, but rates of

kidney transplant are limited worldwide by organ availability. Many studies find that
transitional and disadvantaged populations have less access to kidney transplantation
than the majority population (147,148).

In the United States, African Americans undergo renal transplantation less often than
whites, in part because they are less likely to want a kidney transplant, but also because
African Americans who do want a kidney transplant are less likely to be referred to
transplant centers, even after adjusting for coexisting morbidity (149). Moreover, once
referred, African Americans are less likely than whites to complete the evaluation nec-
essary before being listed for transplant (150,151). Barriers to completion include lim-
ited access to transportation, child-care responsibilities, and lack of available time away
from work; factors that affect transitional and disadvantaged populations disproportion-
ately. After receiving a kidney transplant, African Americans have shorter graft survival
than whites (152).

In Australia and New Zealand, the proportion of indigenous patients, including
Pacific Islanders, who are referred for kidney transplantation is lower than among non-
indigenous patients. Furthermore, once accepted for transplantation, indigenous people
are less likely to receive a graft. This finding is due, in part, to lower rates of living
donation among Aboriginal patients, but among the Maori rates of living donation are
equal to those of non-indigenous donation and Pacific Islanders are actually more likely
to participate in living donation than non-indigenous families. Among those who
received cadaveric grafts, indigenous people receive fewer well-matched grafts (146).

In the United Kingdom, Indo-Asian patients are slightly less likely to be referred for
transplant than whites, their rates of transplantation are lower, and they are more likely
to receive grafts with less human leukocyte antigen matches. Transplant survival is also
lower among Indo-Asians than whites in the United Kingdom (153).

In Pakistan, kidney transplantation offers the best hope for survival for many patients
with kidney failure. Given the absence of governmental funding for dialysis, patients
with ESRD and a paid or otherwise willing donor can receive a kidney transplant at a
fraction of the cost of dialysis. One program in Pakistan funds kidney transplantation
through a community–government partnership. Through this program, more than 100
kidney transplants have been performed each year since 1995 and free immunosuppres-
sive drugs are given to those who receive a transplant (154). Partnerships of this sort
may offer hope to people with kidney failure in many parts of the developing world,
where the costs of dialysis are beyond reach.

RENOPROTECTION AND FINANCIAL CONSIDERATIONS

The bulk of the cost of treating DN is the cost of providing RRT to patients who
develop ESRD. Worldwide, the total population of patients with diabetic ESRD is
expected to double (155) and the worldwide cost is expected to exceed US $1 trillion by
the year 2010 (156). Of the million-plus people in the world who are currently receiving
dialysis, 90% live in the developed world, where the health care budget can accommodate
treatments that may cost US $66,000 per patient per year (157,158). But transitional and
dis-advantaged patients living in the developing world generally do not receive RRT
because the cost is prohibitive. Consequently, treatments directed at preventing DN or
slowing its progression are essential to the management of these patients. If the decline
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in GFR could be slowed by merely 10% in patients with GFR less than 60 mL/min, the
cumulative saving from reduced dialysis costs would be approx $18 billion in the United
States between 2002 and 2010 (159). Because transitional and disadvantaged patients
in developing nations are generally not offered dialysis, the worldwide benefit of early
treatment could best be measured in terms of lives saved rather than in dollars spent.

CONCLUSIONS

In conclusion, diabetic kidney failure is a common and growing problem in many
transitional and disadvantaged populations throughout the world. Poverty and, para-
doxically, the rapid emergence from poverty are, in part, responsible for the growing
epidemic because these factors increase the risk of diabetes. Unfortunately, particularly in
developing countries, the costs associated with management of diabetic kidney failure
already far exceed the available resources. Accordingly, efforts should be directed toward
reducing the number of people who reach kidney failure, through diabetes prevention and
early screening and intervention in those who already have diabetes.
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INTRODUCTION

As has been discussed elsewhere in this text, diabetes mellitus is the leading cause of
end-stage renal disease (ESRD) and the care of patients with diabetes and ESRD con-
tributes significantly to health care costs. Of patients with type 1 diabetes, approx 20–30%
will eventually develop ESRD (1–5), whereas about 10–20% of those with type 2 dia-
betes will do so (2,5–8). In the past couple of decades, there have been notable advances
in our knowledge regarding the early stages of diabetic kidney disease, including the
advent of interventions that can significantly slow or even reverse the course of progres-
sive disease. In this chapter, we will review the definition and detection of early diabetic
kidney disease, its natural history, current proven therapies, and potential future therapies.

DEFINITION AND NATURAL HISTORY

It is known that diabetic nephropathy (DN) can be detected before the onset of
decreased glomerular filtration rate (GFR) in most patients by detecting abnormal
amounts of albumin in the urine. Two stages have been designated: microalbuminuria
(defined as urine albumin between 30 and 300 mg/24 h, 20–200 μg/min on a timed
sample, or spot urine albumin to creatinine ratio 30–300 mg/g) and albuminuria, also
termed clinical albuminuria, macroalbuminuria, and overt nephropathy (>300 mg/24 h,
>200 μg/min on a timed sample, or spot urine albumin to creatinine [ACR] ratio
>300 mg/g). Short-term hyperglycemia, exercise, urinary tract infections, marked
hypertension, heart failure, and acute, febrile illness can cause transient elevations (9);
there is also marked day-to-day variability in albumin excretion, so that at least two of
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three collections done should show elevated levels before a patient is designated as
having microalbuminuria. 

In type 1 diabetes, microalbuminuria is rarely present at diagnosis, but persistent and
untreated microalbuminuria will progress to albuminuria in 30–80% of individuals over
10–15 yr, and of those, 50–78% will progress to ESRD over the next 10–18 yr (1–5,10).
Hypertension usually develops as a complication of nephropathy. In type 2 diabetes,
microalbuminuria and even albuminuria may be present at or soon after diagnosis, in part
due to the fact that diabetes has often already been present for years. Left untreated,
20–40% of such patients will develop overt nephropathy, with only approx 20% of those
patients progressing to ESRD over the next 20 yr (5,7,8,11). In fact, more patients with
albuminuria and type 2 diabetes will die from cardiovascular disease than progress to
ESRD (12,13). Hypertension is frequently already present at the time of diagnosis of dia-
betes, often as part of the metabolic syndrome. Based on the current evidence that early
intervention may slow the progression of diabetic kidney disease, it is now the standard
of care to do annual screening for microalbuminuria, in type 1 diabetes starting at puberty
or 5 yr after diagnosis, and in type 2 diabetes beginning at diagnosis (14).

However, cross-sectional studies have found decreased GFR in the absence of
increased urine albumin excretion (UAE) in a substantial percentage of adults with type 2
diabetes (15). In the Third National Health and Nutrition Examination Survey, which
collected demographic and health information from a nationally representative sample
of the US population, 13% of adults with type 2 diabetes had a GFR <60 mL/min/
1.73 m2. Among these, an absence of increased UAE (defined in this study as a spot
urine ACR ≥17 mg/g in men and ≥25 mg/g in women) was noted in approx 40%, whereas
absence of both increased UAE and diabetic retinopathy was noted in 30% (15).
Decreased GFR in the absence of increased UAE among adults with both type 1 and 2
diabetes have also been reported in other studies (16). In follow-up, the rates of decline
of GFR in those with type 2 diabetes with initial GFR levels <60 mL/min/1.73 m2 were
similar, regardless of the presence or absence of albuminuria (17). Thus, these studies
demonstrate that substantial declines in GFR may be noted in adults with type 1 and 2
diabetes in the absence of increased UAE. Because these studies did not perform kid-
ney biopsies, investigators can only speculate on the etiology of decreased GFR in the
absence of increased UAE. Pathological evidence of DN has been documented in adults
with diabetes even in the absence of increased UAE (18,19). In addition, older patients
with type 2 diabetes may also have vascular and tubulo-interstitial changes owing to
the presence of comorbid conditions, including long-standing hypertension and renal
vascular disease, and potential senescence of glomeruli owing to aging itself (20,21).
Conversely, studies have also reported a range of biopsy findings from normal to typi-
cal diabetic changes and frequently other kidney diseases in adults with type 2 diabetes
and increased UAE (22–24). Therefore, in addition to yearly screening for albuminuria,
the yearly measurement of serum creatinine with estimation of GFR using the adjusted
Modification Diet in Renal Disease (MDRD) (25) or other formulas (26–28) should
also be carried out.

CURRENT TARGETS FOR INTERVENTION

Glycemic Control
Several large prospective randomized trials have demonstrated the efficacy of improved

glycemic control in preventing progression of diabetic kidney disease in persons with
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type 1 diabetes. A number of observational studies have shown that the development
of microalbuminuria is associated with poorer glycemic control (6,29–34). Several small,
prospective, interventional studies from the early 1980s showed that improved glycemic
control caused a decrease in the development and progression of albuminuria but in most
cases, the small sizes of the cohorts precluded statistical significance (35–41). A meta-
analysis of these studies concluded that intensive therapy significantly reduced the risk of
nephropathy progression (OR 0.34, 95% CI 0.20–0.58, p < 0.001) (42). The Diabetes
Control and Complications Trial (DCCT) of 1441 subjects with type 1 diabetes showed
that an intensive glycemic control regimen compared with a conventional control regimen
resulted in a sustained mean hemoglobin (Hb)A1c 2% lower with the intensive regimen
(43). After a mean duration of 9 yr, the intensively treated subjects showed significantly
lower rates of microalbuminuria compared with the conventionally treated subjects, in
both the primary prevention group (risk reduction 34%) and the secondary prevention
group (risk reduction 43%) (43,44). In the similarly designed Stockholm study with 102
patients with type-1 diabetes, intensive insulin therapy resulting in a mean HbA1c of 7.1%
was associated with albuminuria in only 1 out of 48 patients (2.1%), whereas conven-
tional therapy, resulting in a mean HbA1c of 8.5% was associated with albuminuria in
9 of 54 patients (16.6%) (p = 0.01) (45).

In the follow-up Epidemiology of Diabetes Interventions and Complications Study,
1349 of the DCCT subjects were followed. The previous difference in HbA1c between
the original intensive and conventional treatment groups disappeared within 2 yr such
that both groups then maintained mean HbA1c values around 8% for the subsequent 6 yr.
Interestingly, despite closure of the gap in glycemic control, there appeared to be a
sustained protective effect of earlier intensive control, with a 59% risk reduction in the
development of new microalbuminuria (15.8% in the original conventional group vs
6.8% in the original intensive group) and an 84% risk reduction in development of
albuminuria (9.4% in the original conventional group vs 1.4% in the original intensive
group) (46), suggesting the presence of a “metabolic memory” effect and emphasizing
the importance of early intervention.

Several major intervention studies have also been carried out with type 2 diabetes
subjects. Using a similar design as the DCCT, the Kumamoto study separated 110
Japanese subjects with type 2 diabetes into primary prevention and secondary interven-
tion cohorts, randomizing them to intensive (HbA1c 7.1%) or conventional (HbA1c
9.4%) glycemic control with insulin (47). Over 6 yr, intensively treated subjects sus-
tained a significant reduction in both new onset and progression of nephropathy com-
pared with conventionally treated subjects. In the prevention cohort, 7.7% developed
microalbuminuria in the intensive group vs 28% in the conventional group (p = 0.032).
After 8 yr, these percentages were 11.5 and 43.5%. Progression to albuminuria was
also reduced (11.5% of intensive vs 32% of conventional) (48). The UK Prospective
Diabetes Study (UKPDS) randomly assigned newly diagnosed patients with type 2
diabetes to intensive management using a sulfonylurea or insulin, or to conventional
management with diet alone. The average HbA1c for the intensive group was 7% as
compared with 7.9% for the conventional group during the study (49). After 9 yr of
intensive therapy, the risk reduction for the development of microalbuminuria was 24%
(49). The degree of risk reduction was similar whether intensive therapy was achieved
with sulfonylurea or insulin. However, when better glycemic control was achieved with
metformin in the UKPDS, no effect was found on albuminuria (50). In the Veterans
Affairs Cooperative Study on glycemic control and complications in Type 2 Diabetes
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Feasibility Trial, 95 males with a mean duration of diabetes of 7.8 yr and no microalbu-
minuria were randomized to intensive diabetes control (mean HbA1c 7.1% at 2 yr) or
conventional control (mean HbA1c 9.2% at 2 yr). In this Veterans Affairs Study, 17%
of the intensively treated group developed microalbuminuria vs 35% in the convention-
ally treated group, whereas 12% intensively treated subjects developed albuminuria vs
36% of conventionally treated subjects (51).

Based on these and other data showing that improving glycemic control reduces the
rates of not only nephropathy but also retinopathy and neuropathy, the American
Diabetes Association (ADA) recommends for adults with diabetes a goal HbA1c of less
than 7% (14), whereas the American Association of Clinical Endocrinologists and the
European Noninsulin-Dependent Diabetes Mellitus (NIDDM) Working Group recom-
mend a treatment goal of less than 6.5% (52,53). It should be noted that attempts to
attain tighter glycemic control may be complicated by an increased frequency of hypo-
glycemia, especially in patients treated with insulin.

Hypertension/Renin–Angiotensin–Aldosterone System Blockade
Hypertension frequently coexists with diabetes mellitus in adults. The prevalence is

greater than 50% in persons with type 2 diabetes mellitus (54), increasing with age, and
approx 25% in those with type 1 diabetes (55). As mentioned previously, the onset of
hypertension in type 1 diabetes appears to be primarily a complication of DN, whereas
in type 2 the hypertension is frequently present at the time of the diagnosis of diabetes
with both being components of the metabolic syndrome. Despite the possible differ-
ence in pathophysiology of hypertension in the two types of diabetes, it is clear that
uncontrolled hypertension increases the risk for progressive renal damage in patients
with either type.

Treatment of hypertension in diabetes clearly decreases the risk of microvascular
and macrovascular complications, including nephropathy. Large prospective, random-
ized trials (UKPDS and the Appropriate Blood Pressure Control in Diabetes trial) have
shown decreased rates of progression of nephropathy with lowering of blood pressure
(56,57). Based on these and other trials, the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure (JNC), the ADA, and the
National Kidney Foundation have all redefined the goal blood pressure in individuals
with diabetes as <130/80 mmHg (58–60). Although the primary goal is blood pressure
lowering, the possible differential class effects above and beyond direct effects on
blood pressure have been and are continuing to be addressed in large, prospective, and
randomized clinical trials. As has been found in multiple clinical trials, the great major-
ity of subjects with diabetes required at least two, and many, even three or more antihy-
pertensive agents in order to reach target blood pressures (61). Most patients with
diabetes on appropriately aggressive therapy, therefore, will ultimately end up taking
agents from multiple drug classes.

Antihypertensive agents that block the renin–angiotensin–aldosterone system (RAAS)
appear to have beneficial effects on the progression of nephropathy above and beyond
their blood pressure-lowering effects. They appear to do this by decreasing intraglomerular
pressure and by blocking the vasoconstrictive and trophic effects of the RAAS that are
thought to be important factors in the pathogenesis of vascular injury in diabetes (62–64).
Studies have shown angiotensin-converting enzyme (ACE) inhibitors to be of superior
benefit in comparison with other classes of antihypertensive agents in decreasing the
development of microalbuminuria and albuminuria in patients with type 1 diabetes,
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including those without hypertension (65,66). Currently, there are little data regarding
angiotensin receptor blockers (ARBs) in type 1 diabetes and nephropathy, but the efficacy
and superiority of ACE inhibitors have generally been extrapolated to ARBs.

Until recently, there has been little data from large prospective trials regarding the
effectiveness of ACE inhibitors for nephropathy in patients with type 2 diabetes, but
again, there have been a presumed extension of their benefits to such patients. A small
study of 156 normotensive, normoalbuminuric patients with type 2 diabetes treated
with either enalapril or placebo for 6 yr demonstrated a significant risk reduction of
12.5% in the development of microalbuminuria with enalapril as well as a significant
attenuation in decline in GFR (mean decrease of 0.025 mL/s/yr with enalapril vs
0.04 mL/s/yr with placebo, p = 0.040) (67). In the Microalbuminuria, Cardiovascular,
and Renal Outcomes–Heart Outcomes Prevention Evaluation (MICRO-HOPE) study
of 3577 primarily type 2 diabetic subjects, ramipril showed a statistically significant
benefit over placebo in preventing the progression from microalbuminuria to overt
nephropathy (24% risk reduction), and a nonsignificant decrease in development of
new microalbuminuria (68). The more recently published Bergamo Nephrologic
Diabetes Complications Trial (BENEDICT) randomized 1204 subjects with type 2 dia-
betes, hypertension, and no albuminuria to trandolopril, verapamil, both, or placebo.
Over more than 3 yr of the study, the primary endpoint of persistent microalbuminuria
occurred in 5.7% of subjects receiving trandolapril and verapamil, 6% of those on tran-
dolapril only, 11.9% of those on verapamil only, and 10% of those receiving placebo
(69). This study confirmed the efficacy of an ACE inhibitor in type 2 diabetes as well
as its superiority to verapamil.

For ARBs, more evidence of benefit in prevention of progression of nephropathy
exists for type 2 than for type 1 diabetes. The Reduction of Endpoints in NIDDM with
the Angiotensin II Antagonist Losartan (RENAAL) study enrolled 1513 hypertensive
patients with type 2 diabetes who had albuminuria and serum creatinine levels of
1.3–3 mg/dL. Patients were randomized to losartan or placebo and the blood pressure
was controlled (<140/90) with other non-ACE inhibitor and non-ARB medications.
Losartan use resulted in a relative risk reduction of 16% in comparison with placebo in
the composite endpoint of a doubling of the serum creatinine, ESRD, or death (70). In a
study of 1715 diabetic patients with similar baseline characteristics and a similar study
design, the Irbesartan Diabetic Nephropathy Trial (IDNT) found that irbesartan treat-
ment resulted in a 20% risk reduction of the same composite endpoint as was used in
RENAAL, whereas no benefit was found with the dihydropyridine calcium channel
blocker (CCB) amlodipine (71). In a third study of 590 patients with microalbuminuria
and hypertension, irbesartan was found to decrease the rate of progression to albumin-
uria by 24% using a dose of 150 mg/d and by 38% using a dose of 300 mg/d (72). The
Microalbuminuria Reduction with Valsartan Trial of Valsartan vs Amlodipine (MARVAL)
demonstrated that valsartan decreased microalbuminuria and macroalbuminuria associ-
ated with type 2 diabetes more effectively than other antihypertensive classes (73).

Interestingly, subanalyses from the RENAAL study demonstrated that the degree of
albuminuria reduction with losartan in the first 6 mo correlated positively with reduc-
tion in the renal events and ESRD; every 50% reduction in albuminuria was associated
with a 36% risk reduction in renal endpoint and a 45% risk reduction for ESRD during
later follow-up (74). A similar association was found for cardiovascular endpoints (75).
It has thus been suggested that reduction of urinary albumin be a specific therapeutic
goal, with a suggested target of less than 500 mg/d (76).
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Theoretically, the idea of dual blockade of the RAAS with an ACE inhibitor plus an
ARB is attractive, as neither ACE inhibition nor angiotensin subtype-1 (AT1) receptor
blockade alone by pharmacological agents leads to complete RAAS blockade, and
clinical trials of each drug class alone have demonstrated slowing but not arrest of
nephropathy progression. Therefore, ACE inhibitor in addition to ARB therapy, block-
ing the RAAS at different levels and theoretically more completely, would potentially
have additive effects not only on decreasing blood pressure but also vascular complica-
tions. This is supported by animal studies (77), but few human clinical studies have
been published as yet. A number of small studies have provided evidence that combi-
nation therapy may be of more benefit than monotherapy in slowing progression of
DN with respect to albuminuria levels (78–81). In the largest, the Candesartan and
Lisinopril Microalbuminuria (CALM) study of 199 diabetic subjects, candesartan
plus lisinopril therapy for 6 mo led to greater blood pressure reduction than either
agent alone, as well as greater reduction in microalbuminuria; however, it was not
clear whether the latter effect was owing to the greater blood pressure change or to
more complete RAAS blockade (82).

The addition of a nondihydropyridine CCB to an ACE inhibitor has been shown in a
small study to decrease proteinuria in patients with DN by a greater degree than either
agent alone (83). There are also a couple of small studies suggesting that addition of an
aldosterone antagonist to an ACE inhibitor may lead to a greater decrease in proteinuria
than either alone (84,85).

A more detailed discussion of the data regarding the relative efficacy of the different
antihypertensive classes in slowing the progression of DN is beyond the scope of this
review. Here we provide some basic guidelines regarding the therapy of hypertension in
early diabetic kidney disease: blockade of the RAAS is clearly paramount, and thus far
data support the likely interchangeability of ARBs and ACE inhibitors as first-line agents.
Thiazide diuretics are a valuable second-line agent particularly as many patients have a
component of volume overload; CCBs and β-blockers are safe and effective in diabetic
patients and represent, in most cases, useful third-line add-on therapy. α-Agonists and
peripheral vasodilators are best considered as fourth- or fifth-line antihypertensive agents.
A full review of contraindications and other considerations regarding the different classes
of agents are not discussed here, but may be found elsewhere (e.g., Chuang and Molitch
[86]). Escalation of dosage and stepwise addition of different pharmacological agents
should be done in as timely a manner as possible (barring serious or intolerable side
effects) so as to reach goal blood pressure as rapidly as possible. The reduction of urinary
albumin to less than 500 mg/d may also be beneficial in slowing progression of nephropa-
thy, and dual ACE inhibitor/ARB therapy or the addition of a nondihydropyridine CCB
or aldosterone antagonist to RAAS blockade may assist in attaining this target.

Although management of hypertension in diabetes will often require pharmacological
agents, it is important not to neglect lifestyle changes. Weight loss has been shown to
decrease blood pressure (87–89). Diet composition appears to affect blood pressure as
well. The Dietary Approaches to Stop Hypertension (DASH) trial found that a diet high
in fruits, vegetables, and low-fat dairy products; low in red meat, sweets, and saturated
fats led to blood pressure reductions, particularly in hypertensive patients (systolic blood
pressure [SBP] reduction 11.4, diastolic blood pressure [DBP] reduction 5.5 mmHg)
(90). The so-called DASH diet also appeared to enhance blood pressure response to the
ARB losartan in a study of 55 hypertensive patients (91). In hypertensive subjects in the
DASH-Sodium study, the DASH diet plus a “low” sodium intake (500–1000 mg/d) was
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found to lead to a further decrease in SBP of 11.5 mm Hg compared with that seen on
the DASH diet and a “high” sodium intake (approx 3600 mg/d) (92). Again, reducing
sodium intake appeared to potentiate the blood pressure effects of losartan in a small study
of type 2 diabetic patients (93). The JNC VII guidelines recommend daily intake of sodium
less than 2.4 g (58). Increasing physical activity also lowers blood pressure (94,95).

It should also be remembered that tobacco and alcohol consumption can increase
blood pressure (96–98). It is important to counsel patients about the risks of either habit
above and beyond causing hypertension, and about strategies for cessation or reduc-
tion. For alcohol consumption, the JNC VII guidelines recommend no more than two
drinks a day for men (total of 1 oz [30 mL] ethanol, for example, 24 oz [720 mL] of
beer, 10 oz [300 mL] of wine, or 2 oz [60 mL] of 100-proof whiskey), one drink a day
for women (58). Reduction in alcohol consumption can lead to a 2–3 mmHg drop in
both SBP and DBP (98). Based on the described studies and others, the JNC VII guide-
lines have published the approximate potential reduction in SBP resulting from each
lifestyle change. These approximations are included in Table 1.

Protein Restriction
A rat model of DN has shown that restriction of dietary protein intake also reduces

hyperfiltration and intraglomerular pressure and retards the progression of renal disease
(99). A 4-yr prospective, blinded, and controlled study of 82 subjects with type 1 dia-
betes and decreasing GFR showed that a low-protein diet (mean 0.89 g/kg/d) compared
with usual-protein diet (1.02 g/kg/d) led to a relative risk reduction in ESRD or death
of 23% after adjustment for baseline cardiovascular disease (p = 0.01) (100). Several
small studies in humans with DN have shown that a protein-restricted diet of 0.6 g/kg/d
retards the rate of fall of GFR by approx 25% (101). Although the MDRD, in which
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Table 1
Recommendations for Lifestyle Modifications in Patients With Diabetes and Hypertension

Modification type Recommendations Potential decrease in BP

Weight loss Decrease weight by diet and/or 5–20 mm Hg reduction in SBP
exercise, ideally to BMI per 10 kg of weight lost
<25 kg/m2

Dietary Dietary Approaches to Stop 8–14 mm Hg reduction in SBP,
Hypertension (DASH) diet (high 5.5 mm reduction in DBP (90)
in fruits, vegetables, low-fat dairy 
products; low in red meat, sweets,
saturated fats)

Sodium reduction Dietary sodium <2.4 g/d 2–8 mm Hg reduction in SBP
Exercise Aerobic exercise for at least 30 min 4–9 mm Hg reduction in SBP,

most days of the week 4–8 mm reduction in DBP94

Alcohol use Men: ≤2 drinksa per day 2–3 mm Hg reduction in both 
SBP and DBP (98)

Women: ≤1 drink per day
Tobacco use Complete cessation Up to 7 mm Hg reduction in 

SBP, 4 mm in DBP (97)

BMI, body massindex; SBP, systolic blood pressure; DBP, diastolic blood pressure.
aOne drink, 1 oz (30 mL) ethanol: 24 oz beer, 10 oz wine, or 2 oz 100-proof whiskey.
Data in part from JNC VII guidelines (58), except where indicated.



only 3% of the patients had non-insulin dependent diabetes mellitus (NIDDM) and none
had insulin-dependent diabetes mellitus (IDDM), failed to show a clear benefit of pro-
tein restriction in retarding the progression of renal disease (102), a meta-analysis sug-
gested that a low-protein diet of about 0.6 g/kg/d in patients with DN results in a
significantly reduced rate of decline of the GFR (relative risk 0.56) (103).

At this point in time, the general consensus is to prescribe a protein intake of approx-
imately the adult recommended dietary allowance of 0.8 g/kg/d (approx 10% of daily
calories) in the patient with nephropathy. However, it has been suggested that once the
GFR begins to fall, further restriction to 0.6 g/kg/d may prove useful in slowing the
decline of GFR in selected patients (103). It is also recommended that patients with
diabetes and nephropathy be counseled against utilizing a high-protein diet such as the
Atkins diet to attain weight loss or glycemic control.

Lipid-Lowering Agents
More aggressive lipid-lowering in patients with diabetes has recently become the

standard of care, with the National Cholesterol Education Program (NCEP) designating
persons with diabetes as having a coronary heart disease equivalent and recommending
a low-density lipoprotein (LDL) target of less than 100 mg/dL (104). Because of their
very high risk for coronary artery disease (12,13) it may well be that the recently rec-
ommended lower goal of less than 70 mg/dL for LDL cholesterol (105) may be more
appropriate for patients with established nephropathy. Thus, many patients with dia-
betes, particularly those with type 2, will require lipid-lowering therapy, frequently
with a statin, regardless of their renal status. However, it is interesting to note that
animal studies have shown that high-cholesterol diets worsen renal injury, whereas
lowering blood lipids by medications ameliorates the renal injury (106–109). A relation-
ship between hyperlipidemia and DN has also been suggested by epidemiological studies
(29). A meta-analysis of 12 small, controlled studies in humans concluded that treat-
ment was associated with a lower rate of decline in GFR compared with no treatment–
0.156 mL/min/mo vs – 0.285 mL/min/mo, respectively, p = 0.008). This effect did not
correlate with either the percent change in cholesterol or with the type of lipid-lowering
agent used, although all but two trials utilized statins (the other two, gemfibrozil, and
probucol). Seven of the trials included only patients with DN (110).

POSSIBLE TARGETS FOR INTERVENTION

With our increasing knowledge of the pathophysiology of diabetic kidney disease, a
number of promising avenues of research for future therapies have opened. We will
sketch a brief overview of some of these research areas; more detailed information
about a number of them may be found in other chapters of this text.

Reduction of Advanced Glycation Endproducts
Intracellular hyperglycemia leads to the formation of advanced glycation endproducts

(AGEs), which have been found in animal models to serve as mediators of glucose-
induced damage in various target tissues, including the kidney (111–113). Early glycation
products, such as Amadori-modified proteins, have been shown to be associated with
nephropathy in patients with type 1 diabetes (114). Several drugs already being used
for diabetic complications appear to have an effect on AGE accumulation, including
the ARB valsartan, the ACE inhibitors ramipril and enalapril, and the antihyperglycemic
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medication metformin (115–118). Experiments in animal models with a number of
substances found to decrease or inhibit AGEs, including aminoguanidine (pimagedine),
pyridoxamine, lipoic acid, vitamin E, benfotiamine, and monoclonal antibodies to
Amadori-modified glycated albumin have demonstrated slowing in the progression of
diabetic vascular complications (112,116,119–121).

The ACTION I (A Clinical Trial In Overt Nephropathy of Type 1 Diabetics) trial
randomized 690 subjects with type 1 diabetes, nephropathy, and retinopathy to placebo,
aminoguanidine 150 mg twice a day, or aminoguanidine 300 mg twice a day. Over the
approx 3-yr study period, fewer treatment patients (26%) reached the primary endpoint
of doubled serum creatinine than did placebo patients, but this was not statistically sig-
nificant (p = 0.099). There was a significant decrease in three-step or greater progres-
sion of retinopathy, however (10% treated vs 16% placebo, p = 0.030) (122).

Protein Kinase C Inhibition 
Intracellular hyperglycemia also leads to tissue damage via activation of protein

kinase C (PKC), leading to increased production of cytokines, extracellular matrix
(ECM), plasminogen activator inhibitor, and endothelin-1 (112). Inhibition of PKC has
been shown to reduce urinary albumin and mesangial expansion in db/db mice (123),
and to also be renoprotective in humans (124).

Growth Factors
Transforming growth factor (TGF)-β, vascular endothelial growth factor, and con-

nective tissue growth factor may all be important mediators of DN (125–127).
Monoclonal antibodies to TGF-β in a diabetic mouse model are renoprotective (128).
Human studies with interventions affecting these growth factors have not yet been
reported.

Peroxisome Proliferator-Activated Receptors
The peroxisome proliferator-activated receptors (PPARs)-γ agonists are currently

used for glycemic control in diabetes, but studies in animals and humans have sug-
gested they may have a role in therapy and prevention of DN independent of their glu-
cose-lowering effects (129–132). As previously mentioned, PPAR-α agonists such as
gemfibrozil may also have renoprotective effects (110). Although long-term human
studies with such agents are ongoing, their results with respect to nephropathy have not
yet been reported.

Other
Pentoxifylline, currently used to treat peripheral vascular disease, has been shown

in animal and cellular studies to have beneficial effects on cell proliferation, inflam-
mation, and ECM accumulation. Some human studies have suggested they may have
an additive effect on microalbuminuria reduction when used with ACE inhibitors
(133,134).

CONCLUSIONS

Patients with diabetes who are at high risk of developing ESRD can now be identified
at a point very early in the course of their development of this complication. A number of
therapies (summarized in Table 2) have been identified that can slow progression of this
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complication, which is associated with a great deal of morbidity and mortality, as well as
staggering costs. There is no question in the present day and age that aggressive control
of hyperglycemia and hypertension is beneficial in this regard, or that drugs inhibiting
RAAS activity are beneficial independent of their blood pressure effects. Protein restric-
tion may also be of benefit in selected patients. Lipid-lowering agents should be used as
recommended to attain cholesterol and triglyceride targets, and may contribute a renopro-
tective effect as well. It is less clear at this time whether reduction of UAE should be a
specific goal, and it also remains controversial regarding whether normotensive patients
with microalbuminuria or albuminuria should be treated. Although most studies show
that current therapies can only slow the progression of disease, it is possible that when
instituted very early they may actually halt progression in some patients. Furthermore, a
number of promising possibilities are on the horizon. Thus, although the number of people
in the world with diabetes is steadily increasing, it may well be that the proportion and
possibly the absolute numbers who develop ESRD will decrease.
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INTRODUCTION

Not so long ago, terminal renal failure used to be a death sentence for the diabetic
patient. In 1972, in a famous paper entitled “The Sad Truth About Hemodialysis in
Diabetic Nephropathy,” Ghavamian arrived at the conclusion that “dialysis for such
patients … carries little likelihood of long-term survival or improvement in quality of
life” (1). Although survival of uremic diabetic patients has improved dramatically in
recent years, such historical experience underlines the particular susceptibility of the
diabetic patient to cardiovascular (CV) complications and infectious episodes. 

In the pioneer report on kidney transplantation combined with pancreatic–duodenal
allotransplantation, only 2 of 10 patients with juvenile-onset diabetes were alive 7 mo
postoperatively (2). Meanwhile, the outcome of combined pancreas–kidney transplanta-
tion has improved dramatically and this alternative has become the procedure providing
best survival and quality of life (3) in the type 1 diabetic patient.

Chronic ambulatory peritoneal dialysis (PD) is a complementary modality that may,
in certain situations, particularly as long as residual renal function persists, be superior
to hemodialysis (HD) treatment (4).

From: Contemporary Diabetes: The Diabetic Kidney
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EPIDEMIOLOGY

There has been a secular trend of decreasing prevalence of nephropathy in type 1
diabetic patients (5), presumably because of progressively better management of
glycemia and hypertension. Although in type 2 diabetic patients aggressive early
multifactorial intervention reduces the frequency of CV and renal end points (6), there
is no evidence of a decreasing incidence of advanced nephropathy in patients with type 2
diabetes, presumably because of the dramatic increase of type 2 diabetes in the Western
world (7) and the high renal risk in type 2 diabetes (8), which at least in young, type 2
diabetics may even be greater than in type 1 diabetics (9). Apart from the increasing
prevalence of type 2 diabetes in the population (7) and the aging of the population
(type 2 diabetes is more frequent at advanced age), better survival of diabetic patients
with nephropathy is a major reason for this epidemiological scenario of rising numbers
of type 2 diabetics with end-stage renal disease (ESRD) (10,11). Follow-up of the
United Kingdom Prospective Diabetes Study concerning type 2 diabetics showed that
approx 2–3% of patients per year progress from normo- to microalbuminuria, from
micro- to macroalbuminuria and from macroalbuminuria to impaired renal function or
terminal renal failure, respectively (8). It is of note that—as in the nondiabetic patient
with chronic kidney disease (8)—the risk to succumb to cardiovascular disease (CVD)
is greater than the chance to live long enough until ESRD has occurred.

As shown in Table 1, according to numerous national registries, ESRD with diabetes
as a comorbid condition has become the single most frequent diagnosis for patients
entering renal replacement programs. Most of these patients, in our experience of less than
90%, suffer from type 2 diabetes. The incidence continues to increase throughout the
Western world; in Europe the incidence has doubled within the last decade (12), and
has recently started to increase in developing countries as well.

According to the US Renal Data System (2004; incidence data from 2002) diabetic
nephropathy (DN) was the primary diagnosis in 45% of incident patients (i.e., 148 out of
326 patients per million). This was an increase by 221% compared with 1990 (13,14).

420 Ritz and Wolf

Table 1
Incidence of Patients Admitted to Renal Replacement Programs With Diabetes as a Comorbid

Condition According to National Registries 

New patients total Diabetes Diabetes 
Country Year (pmp) (% of total) (pmp)

Australia 2002 94 26 24.4 
Catalonia 2002 146.8 21 30.7
Denmark 2002 128.7 26 34
Germany 2002 174 36 62.6
Heidelberga 2001 183 48.9 101b

New Zealand 2002 115 45 51.7
Poland 2002 99.1 23.9 24.1
Russia 2002 14.7 9.1 1.3
United States 2002 326 45.3 148

Data are given as patients per million population (pmp) or percent.
aAccording to Schwenger (15).
bType 1 diabetes, 6 pmp; type 2 diabetes, 92 pmp.



In 2000–2003, the actual proportion of diabetic patients among those admitted for renal
replacement therapy (RRT) varied considerably between different countries as illus-
trated in Table 1. Registry figures, for example, those from Germany, tend to underesti-
mate the renal burden of diabetes: we found that diabetes was present in not less than
48.9% of patients admitted for RRT in Heidelberg (15). However, clinical features of
classical Kimmelstiel Wilson’s disease were found only in 60%. Atypical presentation
consistent with ischemic nephropathy accounted for 13% and known primary renal dis-
ease (e.g., polycystic kidney disease, analgesic nephropathy, glomerulo-nephritis) with
superimposed diabetes for 27% of the cases. Survival of the diabetic patient on HD is
similar (16), however, whether or not diabetic or primary nondiabetic renal disease
accounts for end-stage renal failure. In the Heidelberg series, diabetes had not been
diagnosed at the time of admission in 11% of the diabetic patients with renal failure,
presumably because the patient had lost weight secondary to anorexia, thus self-correcting
hyperglycemia. 

Survival of diabetic patients on dialysis is considerably worse than in nondiabetic
patients. In a prospective study in Germany, the 5-yr survival of type 2 diabetics on dialysis
was not more than 5% (17) corresponding to the survival of patients with metastasizing
gastrointestinal carcinoma; it has somewhat improved recently: in the 4D Trial (18) the
annual mortality was 13%. The main causes of death in hemodialyzed diabetic patients
are CV event and septicemia (Table 2) (19,20).

Survival rates in dialyzed diabetic patients are much better in Eastern countries such
as Japan (21). This is presumably related to the generally lower rate of CV death in the
background population of Japan.

It is known that 5–10% of patients develop diabetes de novo on dialysis, presumably
because they had been prediabetic to begin with (13). They had presumably a temporary
reversal of hyperglycemia following weight loss from anorexia in the predialytic stage and
recurrence after weight gain on dialysis. Recently, it has been found (22) that in the United
States by the end of the first year of RRT, close to two-thirds of patients have the diagnosis
of diabetes. This was particularly the case in patients in whom the diagnosis had been
“hypertensive nephropathy” when they entered HD programs.

It is of importance that an increasing proportion of patients present as acute irreversible
renal failure, mostly acute on chronic renal failure, usually after cardiac or septic compli-
cations with or without administration of radiocontrast or nonsteroidals. This was seen in
27% of the diabetic patients in the Heidelberg series (15). The prognosis is particularly
poor in patients admitted as emergencies with acute renal failure (15,23).
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Table 2
Most Frequent Causes of Death in Diabetic Hemodialyzed Patients

(Rates Per 1000 Patient Years at Risk in the Years 1996–1998) 

Cause of death Rates per 1000 patient years at risk

Cardiac arrest 59.4
Septicemia 30.5
Myocardial infarction 26.7
Cardiac arrhythmia 16.0
Stroke 16.8
Others 46.5

After refs. 19 and 20.



Late referral continues to be a problem. In Heidelberg, the median interval between
referral and start of dialysis was 17 wk. One-year mortality was 37% in diabetic and
30.6% in nondiabetic patients referred less than 17 wk and only 7.3% and 4.1%, respec-
tively, for those referred more than 17 wk—in other words late referral had a greater
impact than diabetes (24). Patients referred late have particularly insufficient control of
risk factors and have more frequently no vascular access. The latter is the main factor
causing increased morbidity and mortality.

CARDIAC PROBLEMS IN THE DIABETIC PATIENT

Epidemiology
In the diabetic patient on RRT, cardiac problems are the main difficulty faced by the

nephrologist. Even before dialysis, heart disease is more frequent in diabetic (46.4%)
than nondiabetic patients (32.2%) (25). This includes myocardial infarction (MI), angina
pectoris, necessity for coronary artery bypass grafting (CABG) or percutaneous trans-
luminal coronary angioplasty (PTCA), or a pathological coronary angiogram and conges-
tive heart failure (CHF) (20). In preterminal diabetic patients compared with nondiabetic
patients, the odds ratio for a new CV event is 5.3 (26) and progression (i.e., either new
events or worsening of existing pathology) is seen in 20% of the patients over a 23-mo
follow-up period. In 433 Canadian patients, 116 of whom were diabetics, the latter had
left ventricular hypertrophy (LVH), ischemic heart disease, and CHF more frequently
(27). No difference between diabetic and nondiabetic patients was found with respect to
de novo appearance or progression of LVH and CHF. In contrast, the relative risks to
develop ischemic heart disease de novo and to die from CV causes were significantly
higher in dialyzed diabetic compared with nondiabetic patients, suggesting accelerated
atherogenesis. It is noteworthy that although the risk of CV death is reduced, it is not
completely abrogated by transplantation. It was recently found that the hazard ratio to
develop an acute coronary syndrome after transplantation was still 0.38 and the rate of
new events was 0.79 per patient-year compared with 1.67 prior to transplantation (28).

If the diabetic patient on dialysis develops an acute coronary syndrome, his or her
chances of survival is very poor (29). Cardiac mortality at 1 yr is 42% and at 5 yr is
75%. Unfortunately, up-to-date interventions including thrombolysis, PTCA, or CABG
are not widely used in the high-risk population of renal patients irrespective of 
the presence or absence of diabetes (30). The risk of an adverse cardiac outcome in
the diabetic patient with ischemic heart disease is amplified because of the coexistence
of more severe LVH (27), CHF (31), disturbed sympathetic innervation (32), and
microvessel disease (33).

Diagnosis
It is particularly difficult to establish the diagnosis of coronary heart disease in the

diabetic patient with renal failure. Because of autonomic polyneuropathy, coronary dis-
ease is often silent with episodes of silent myocardial ischemia and silent MI. Coronary
heart disease is not well predicted by baseline or exercise EKG (the latter is difficult to
perform in polyneuropathic patients with muscular atrophy or arterial occlusive dis-
ease). Conventional screening tests such as treadmill or exercise EKG are therefore
unreliable. Dipyridamol thallium scans predict myocardial ischemia, but are not well
correlated to the findings on coronarography (i.e., do not well predict the presence of
lesions necessitating intervention). However, it has been recommended as a screening
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test. The diagnostic value of magnetic resonance tomography angiography is currently
under evaluation. Unfortunately, the best approach is still to study the patient directly
with coronary angiography if there is a suspicion of coronary heart disease: LV dilatation
on echocardiography, regional contraction abnormalities on echocardiography, sudden
deterioration of cardiac function with pulmonary edema, and arrhythmia or an increase
in troponin T concentration. Troponin T is excreted via the kidney and it has long been
controversial whether it is a faithful predictor of myocardial ischemia in the presence of
renal failure, but this issue has recently been settled (34). In the renal patient, troponin T
concentrations are predictive of cardiac death (35) even in the absence of overt coronary
heart disease, presumably reflecting diffuse myocardial microvascular ischemia.
Nevertheless, an acute major increase is a reliable indicator of MI in the uremic diabetic
patient as well (Table 3).

Intervention
Much new information on interventions has become available. There is no doubt that

interventional management is superior to conservative management with calcium channel
blockers (36). It has remained controversial, however, whether PTCA (+ stent) or coronary
bypass is the preferred modality of treatment. Although prospective data are not available,
very compelling observational information in a large patient sample indicates that
CABG has the disadvantage of higher in hospital death rates (12.5% vs 5.4% in PTCA),
but the advantage of better long-term survival (56.9 vs 52.9%) (37). The most powerful
predictors of cardiac death are old age and diabetes, the relative risk being 1.37 in diabetic
compared with nondiabetic patients. Table 4 compares the results of cardiac intervention
in diabetic and nondiabetic dialysis patients (38). Compared with PTCA without stent,
PTCA plus stent was superior in nondiabetic, but not in diabetic patients. Similar to the
result of the Bypass Angioplasty Revascularization Investigation (BARI) study in nonrenal
patients CABG was superior in both nondiabetic and diabetic patients. It is important
that such benefit was seen only when internal mammary grafts were used and not saphe-
nous bypass grafts.

There is some discussion concerning the use of β-blockers and statines. In the past,
we had strongly advocated more liberal use of β-blockers in patients with diabetes (39),
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Table 3
Cardiac Findings in Diabetic Patients on Dialysis 

Diabetic patients Nondiabetic patients 
Baseline (n = 116) (%) (n = 317) (%) p

Concentric LV 50 38 0.04
hypertrophy

Ischemic heart disease 32 18 0.003
Cardiac failure 48 24 0.00001

Follow-up Adjusted relative risk (diabetic/nondiabetic) p
Ischemic heart disease 3.2 0.0002
Overall mortality 2.3 0.0001
Cardiovascular 2.6 0.0001

mortality

After ref. 27.



based on the observation that only 3% of dialyzed type 2 diabetic patients who died
from cardiac causes had been on β-blockers, but no less than 30% of those who survived
(16). There had been much concern to use β-blockers because of adverse metabolic
side effects. Meanwhile, a prospective trial in dialysis patients with CHF documented
functional improvement and better survival with administration of carvedilol compared
with placebo (40).

Prevention of Cardiac Disease
Concerning the prevention of cardiac disease, current recommendation suggest that

low-density lipoprotein cholesterol should be lowered to values less than 100 mg/dL in
diabetic patients. The recent 4D Trial in hemodialyzed type 2 diabetics (18) had shown
no positive effect of the administration of atorvastatin on a composite CV end point.
Table 5 summarizes the recommended measures to prevent coronary heart disease in
the diabetic patient. 

Several predictors of cardiac death had been identified in diabetic patients, i.e., a
history of vascular disease, specifically MI or angina pectoris (17), proliferative
retinopathy, and polyneuropathy (presumably inducing unbalanced autonomic cardiac
innervation [16]) and serum lipid levels (41). The latter observation is remarkable
because in nondiabetic patients on HD, an inverse relation is usually found between
cholesterol and survival, presumably because low cholesterol is an index of
microinflammation/malnutrition (42). In prospective studies, strong predictors of
CV death were smoking (43) as well as poor glycemic control before dialysis (44)
or on HD (45).
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Table 4
Comparison of Cardiac Intervention in Diabetic 

and Nondiabetic Dialysis Patients 

Relative risk of all-cause death compared with PTCA without stent

PTCA+Stent Coronary artery bypass surgery
Nondiabetic 0.9 (0.86–0.97) 0.79 (0.7–0.85)
Diabetic 0.99 (0.91–1.08)a 0.81 (0.75–0.86)b

After ref. 38.
ap = N.S.
bp = 0.0001.

Table 5
Suggested Preventive Maneuvers in Diabetic Patients 

With Renal Failure and Risk of Cardiovascular Disease

Start intervention in early stage of renal disease
Angiotensin-converting enzyme inhibitors or angiotensin receptor blockers
Low target blood pressure values
Aspirin
Control of hypervolemia (low salt intake, diuretics)
Statines
Treat anemia



HYPERTENSION

At any given level of glomerular filtration rate (GFR), blood pressure tends to be higher
in diabetic compared with nondiabetic patients with renal failure. Because of their ben-
eficial effect on CV complications (46) and progression (47–49), angiotensin-converting
enzyme (ACE) inhibitors or angiotensin receptor blockers (ARBs) are obligatory in our
view, unless there are contraindications, for example, hyperkalemia resistant to correc-
tice manuvers such as administration of loop diuretics, dietary potassium restriction, or
correction of metabolic acidosis. The widespread practice to withdraw ACE inhibitors or
ARBs in advanced renal failure in the hope of decreasing the serum creatinine concen-
tration does not make sense, unless there has been an abrupt recent increase in serum
creatinine (50). In the Irbesartan Diabetic Nephropathy Trial (IDNT) study, we saw that
Irbesartan prolonged the time to dialysis even in the far-advanced stages of renal failure.

Because of their marked propensity to retain salt, patients with DN are prone to develop
hypervolemia and edema. Therefore, dietary salt restriction and administration of loop
diuretics are usually indicated. In the diabetic patient on dialysis it is important to recom-
mend dietary restriction of salt and to achieve adequate dry weight.

GLYCEMIC CONTROL

On the one hand, renal failure causes insulin resistance, among others, by cumulation
of a (hypothetical) circulating factor interfering with the action of insulin. As a result,
patients tend to develop impaired glucose tolerance and hyperglycemia. Because the
hypothetical low-molecular-weight circulating insulin inhibitor is apparently dialyzable,
insulin resistance is improved after the start of dialysis. 

On the other hand, the half-life of insulin is prolonged, predisposing to hypoglycemic
episodes. This risk is further compounded by anorexia and by cumulation of most
sulfonylurea compounds (with the exception of gliquidone or glimerpiride). Glinides and
glitazones do not cumulate, but long-term safety data in renal failure are not available.

It follows from the above that the net result of these opposing influences is difficult
to predict, so that close monitoring of glycemia is advisable. 

In the treatment of these patients there is an increasing tendency to use more liberally
short-acting insulins with or without a basis of long-acting insulin. The goal is to prevent
catabolism and malnutrition. Insulin administration is obligatory during intercurrent
illness, infection, surgery, or MI (51).

MALNUTRITION

Diabetic patients with renal failure are often severely catabolic and tend to develop
malnutrition. This risk is particularly high during periods of intercurrent illness or fasting,
but may also be the result of ill-advised recommendations to restrict protein intake,
particularly when these anorectic patients concomitantly reduce energy intake.
Malnutrition is a potent, independent predictor of death (52) and its presence justifies an
early start of renal replacement treatment. 

Anorectic obese patients with type 2 diabetes and advanced renal failure often
undergo massive weight loss, leading to normalization of fasting glucose and even of
glycemia after a glucose load. 

Low muscle mass because of wasting is an important cause why physicians misjudge
the severity of renal failure, because at any given level of GFR the serum creatinine
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concentration will then be spuriously low. Misjudgement of the extent of renal impairment
may contribute to dosing errors of drugs that cumulate in renal failure and may also
delay the start of RRT. In cases of doubt, it is advised to measure or estimate the
creatinine clearance.

ANEMIA

Patients with DN tend to have more severe anemia than nondiabetic patients. In a
small series of type 1 diabetic patients in an early stage of DN (53), nearly 50% of the
patients were anemic, compared with matched control patients with glomerulonephritis.
This observation has recently been confirmed in a large series (54). Ishimura found
more severe anemia in type 2 diabetic patients with advanced renal disease compared
with matched nondiabetic controls (55). Anemia may be present even at an early stage
of renal dysfunction (54). Diabetic patients have inadequately low erythropoietin (EPO)
concentrations in relation to the degree of anemia (56). The assumption that treatment
of anemia by EPO improves end-organ damage is unproven, but plausible. A positive
effect on retinopathy (57,58) and polyneuropathy (59) is suggested by uncontrolled
observations. The role of anemia and its reversal by EPO in patients with peripheral artery
disease is unclear. One retrospective study claimed an adverse effect (60), but the rela-
tive roles of improving oxygen supply vs increasing viscosity and other potential
adverse effects on microrheology have not been worked out. Anemia has also been
claimed to either improve (61) or aggravate (62) insulin resistance, but confounding
effects of EPO treatment on appetite and food intake have not been excluded. 

Current guidelines suggest work-up for anemia when hemoglobin (Hb) is less than
13.5 g/dL in adult males and 11.5 g/dL in premenopausal females (European Best
Practise Guidelines, 2004). Two major studies currently investigate whether prevention
of anemia by administration of EPO ameliorates cardiovascular surrogate markers and
improves outcome. 

CALCIUM PHOSPHATE METABOLISM

Although a detailed description of this complex topic is beyond the scope of this
chapter, optimal management of the disturbed calcium phosphate metabolism reduces
morbidity and mortality of patients with DN. Recently, the adverse effects of secondary
hyperparathyroidism and its management because of its adverse effects on CVD have
attracted considerable interest (63). Hyper-parathyroidism tends to be less severe in the
diabetic patient with renal failure. 

Nevertheless, it causes problems in diabetic patients as well. First, hyperparathy-
roidism interferes with insulin sensitivity and secretion through various mechanisms
(64). Second, the use of calcitriol to suppress parathyroid hormone (PTH) secretion
together with the use of calcium-containing oral phosphate binders presumably aggravates
vascular calcification. Furthermore, the concentration of 1,25-dihydoxy-vitamin D3
(calcitriol) is decreased in chronic renal failure and exerts adverse pathophysiological
effects on its own. For example, a decrease in calcitriol may contribute to the progres-
sion of renal failure by aggravating podocyte injury (65). Diabetic patients have also an
increased risk to develop life-threatening calciphylaxis and low bone turnover. The
2003 K-DOQI guidelines recommend to limit the use of calcium-containing phosphate
binders and propose an upper limit of 1.5-g calcium salts per day. New noncalcium
phosphate binders are already on the market or currently tested in clinical trials
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(sevelamer, lanthanum, iron compounds). Future approaches to control calcium metabolism
will include calcimimetic agents that increase the sensitivity of the calcium-sensing
receptor in the parathyroid gland, thus lowering PTH concentrations and at the same
time serum calcium and phosphorous concentrations (66).

MANAGEMENT OF TERMINAL RENAL FAILURE

Vascular Access
Timely creation of vascular access is of overriding importance. This should be con-

sidered when the GFR is approx 20–25 mL/min. Although venous run-off problems are
not unusual because of hypoplastic veins, particularly in elderly female diabetics or
patients with venous occlusion after infections or infusions, it is inadequate arterial
inflow that is increasingly recognized as a major cause of fistula malfunction (67). If
radial arteries are severely sclerotic, anastomosis at a more proximal level may be
necessary. Use of native vessels for creation of the fistula is clearly the first choice (68)
because results of polytetrafluoroethylene grafts are definitely inferior. It is often nec-
essary, however, to create an upper arm of fistula (68,69) or use more sophisticated sur-
gical approaches (70). The most common underlying cause of fistula malfunction is the
inability of sclerotic radial arteries to undergo vasodilatation and remodeling to permit
an increase in blood flow from 10–20 to 1000 mL/min (67). Arteriosclerosis of arm
arteries may not only jeopardize fistula flow, but may also predispose to a “steal
phenomenon” with finger gangrene (71).

Initiation of Renal Replacement Therapy
Most nephrologists agree that in diabetic compared with nondiabetic patients, RRT

should be started earlier at a GFR of approx 15 mL/min. An even earlier start may be
justified when hypervolemia and blood pressure become uncontrollable, when the patient
is severely anorectic or cachectic, and when the patient vomits as the combined result
of uremia and gastroparesis. In this situation, clinical findings are more important than
laboratory values.

Hemodialysis
INTERDIALYTIC AND INTRADIALYTIC BLOOD PRESSURE

Dialyzed diabetic patients tend to be more hypertensive than dialyzed nondiabetic
patients. In diabetic patients, blood pressure is exquisitely volume-dependent. The
problem is further compounded by autonomic denervation, more pronounced aortic
stiffness, and LVH with reduced LV compliance. As a result, the patients are predis-
posed to intradialytic hypotension. It is therefore often difficult to reach target “dry
weight” by ultrafiltration. Nevertheless, reduced dietary salt intake and ultrafiltration
often permit hypertension control without medication, but most patients require anti-
hypertensive drugs.

Disturbed LV compliance causes an abrupt decrease of cardiac output when LV filling
pressure decreases during ultrafiltration (72). One or more of the following approaches
are useful to avoid intradialytic hypotension: omission of antihypertensive agents imme-
diately before dialysis sessions, long dialysis sessions, lowering of dialysate tempera-
ture, controlled ultrafiltration, and correction of anemia by EPO therapy. If nothing
works, however, alternative treatment modalities such as continuous ambulatory peri-
toneal dialysis (CAPD) should be considered. Intradialytic hypotension increases the
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risk of cardiac death by a factor of 3 (16). It also predisposes to myocardial ischemia,
arrhythmia, deterioration of maculopathy, cortical atrophy of the brain and, particularly
in the elderly, nonthrombotic mesenteric infarction. Sudden death on dialysis is pre-
ceded by a hypotensive episode in up to 30% of patients (73). Pulse pressure and
impaired elasticity of central arteries are major predictors of cardiovascular events and
of death in non-uremic patients and in nondiabetic dialyzed patients, but for uncertain
reasons not so in diabetic patients on dialysis (73).

METABOLIC CONTROL ON HEMODIALYSIS

Dialysis treatment partially reverses insulin resistance, so that insulin requirements are
often less than before dialysis. Even patients with type 1 diabetes may occasionally lose
their need for insulin, at least transiently, on institution of HD. In other patients, however,
insulin requirements increase, presumably because anorexia is reversed so that appetite
and food consumption increase. It is most convenient to use a dialysate that contains
usually about 200 mg/dL of glucose. This allows insulin to be administered at the usual
times of the day, reduces the risk of hyperglycemic or hypoglycemic episodes during
dialysis, and also causes less hypotensive episodes.

Adequate control of glycemia is important because hyperglycemia (and the resulting
hyperosmolarity) causes thirst, high fluid intake, and hypervolemia as well as an osmotic
shift of water and K+ from the intracellular to the extracellular space. The consequences
are circulatory congestion and hyperkalemia. Diabetics with poor glucose control are
also more susceptible to infection. Finally, in dialyzed diabetic patients, poor glycemic
control definitely increases the risk of death, mainly from CV causes (45).

Asssessment of glycemic control using HbA1c is confounded by carbamylation of
Hb and by altered red blood cell survival (74). HbA1c values above 7.5% cause modest
overestimation of hyperglycemia in diabetic patients with ESRD.

Diminished insulin-mediated glucose uptake as evidence of insulin resistance has been
noted in the hearts of uremic animals (75) and this has been related to reduced ischemia
tolerance of the heart (33). Insulin should presumably be administered more generously,
which might also be beneficial to control malnutrition and anemia management.

In view of the dramatic results of insulin and glucose administration after MI (76),
although recently not confirmed, and of the impressive benefit from intensive insulin
therapy in critically ill patients, particularly in those with acute renal failure (77), liberal
administration of insulin is advisable in diabetic patients with ischemic heart disease.

MALNUTRITION ON HEMODIALYSIS

Because of anorexia and prolonged habituation to dietary restriction, the dietary intake
of diabetic patients on HD often falls short of the required intake of energy (30–35
kcal/kg/d) and protein (1.3 g/kg/d). By X-ray absorptiometry, Okuno documented a
decrease in body fat mass in diabetic compared with nondiabetic patients on HD (78).
This finding is particularly problematic because malnutrition is a potent predictor of
mortality (52). It is also of concern that malnutrition and/or microinflammation tend to
be more common in diabetic patients (79,80). Malnutrition is a predictor of mortality in
diabetic patients (81).

Peritoneal Dialysis
According to the US Renal Data System (2004), 11.5% of all patients with dia-

betes receiving RRT are treated with peritoneal dialysis (PD), whereas 68.8% receive
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maintenance HD and 17.9% undergo transplantation. There are often good a priori
reasons to offer initially CAPD treatment to diabetic patients. In diabetic patients
with ESRD, forearm vessels are often sclerosed, so it is difficult to create a fistula.
The alternative of HD via intravenous catheters (instead of using AV fistulas or grafts)
is not sufficient in the long run, because blood flow is low and the risk of infection
high. Long-term dialysis via catheters was identified as one major predictor of poor
survival on HD (82).

There are further reasons to offer PD as the initial mode of RRT to the diabetic
patient. During the first 2 yr of treatment, survival is better for patients treated with
PD compared with HD (83) and this is also true for diabetic patients. The survival
advantage was no longer demonstrable beyond the second year (presumably because
by then residual renal function has decayed). Moreover, PD provides low and sus-
tained ultrafiltration without rapid fluctuations of fluid volume and electrolyte con-
centrations (features that are advantageous for blood pressure control and prevention
of heart failure).

An interesting concept has been proposed by Van Biesen (4). When patients started
PD and were then transferred to HD after residual renal function had decayed, they had
better long-term survival compared with patients who started on HD and remained on
HD throughout. As a potential explanation, it has been proposed that early start on
CAPD prevents cumulative organ damage in the late stages of uremia. Survival of
patients who had remained on CAPD for more than 48 mo, however, was inferior when
compared with patients on HD, presumably because CAPD is no longer sufficiently
effective once residual renal function has gone, at least in heavy patients. These optimistic
views have recently been challenged by the result of a national survey in the United
States, which showed that even in the initial years of treatment survival on CAPD was
worse, particularly in diabetic patients with coronary heart disease (84). Protection of
residual renal function in patients on CAPD was recently achieved in patients, including
diabetic patients, undergoing CAPD by administering ARBs, which attenuated the rate
of loss of residual renal function (85).

It is relevant that CAPD treatment is not a contraindication to renal transplantation.
PD catheters should be left in place after transplantation until stable renal function has
been attained and should be then removed. 

In the past it was felt to be an attractive concept to administer insulin by injection
into the CAPD fluid with the goal of providing insulin via the more physiological portal
route. Unfortunately, there are many practical problems. Selection of the dose is difficult
because since insulin binds to the surface of dialysis bags and tubing and is degraded
by insulinases in the peritoneum. Moreover, absorption from the peritoneal cavity shows
large interindividual variations. There is no firm evidence that the procedure permits
better control of glycemia or dyslipidemia (86). As a result, most nephrologists no
longer use this approach.

Although protein is lost across the peritoneal membrane, the main nutritional prob-
lem is gain of glucose and calories because high glucose concentrations in the dialysate
are necessary for the osmotic removal of excess body fluid. This leads to weight gain
and obesity. Daily glucose absorption is 100–150 g and a CAPD patient is exposed to
3–7 t of fluid containing 50–175 kg glucose per year. The use of glucose-containing fluid
has another interesting disadvantage. Heat sterilization of glucose under acid conditions
creates highly reactive glucose degradation products (GDPs) such as methylglyoxal,
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glyoxalformaldehyde, deoxyglucosone, and 3,4-dideoxyglucosone-3-ene. GDPs are
cytotoxic and also lead to the formation of advanced glycation endproducts (AGEs).
Even in nondiabetic patients on CAPD, deposits of AGE are found in the peritoneal
membrane and this is accompanied by fibrogenesis and neoangiogenesis with deteri-
oration of peritoneal membrane properties. These observations led to the misleading,
term “local diabetes mellitus.” Heat sterilization using two-compartment bags circum-
vents the generation of toxic GDP. In prospective studies, CAPD fluid thus sterilized
was much less toxic than conventional CAPD fluids, despite the high glucose
concentration (86).

TRANSPLANTATION IN THE DIABETIC PATIENT 
(KIDNEY ALONE AND PANCREAS PLUS KIDNEY)

Outcome of Kidney Transplantation
There is consensus that medical rehabilitation of the diabetic patient with uremia is

best after transplantation (87). Although survival of the diabetic patient with a kidney
graft is worse compared with a grafted nondiabetic patient, the gain in life expectancy
of the diabetic patient with a graft, compared with the dialyzed diabetic patient on the
waiting list, is proportionally much greater than in the nondiabetic patients, because on
dialysis survival of the diabetic patient is poor. The higher mortality of the diabetic
compared with the nondiabetic patient with a kidney graft is mainly explained by
pre-existing vascular disease (28), LVH, and post-transplant hypertension. Woolfe
(87) calculated the adjusted relative risk of death of transplant recipients as compared
with patients on the waiting list. It was 0.27 for diabetic patients compared with 0.39
in nondiabetic patients with glomerulonephritis. Obviously, the perioperative risk is
higher in diabetic than in nondiabetic patients, but nevertheless, in diabetic patients
the predicted survival on the waiting list was only 8 yr and after transplantation no
less than 19 yr. The majority of diabetic patients receiving a transplant are currently
C-peptide-negative type 1, although in carefully selected type 2 diabetic patients
without vascular disease who had received kidney grafts, graft and patient survival
are impressive (88). Diabetic patients must be subjected to rigorous pretransplanta-
tion evaluation, among others, to exclude CVD. In most centers, routine coronary
angiography is therefore performed. As an alternative, Manske has devised an algorithm
to identify the diabetic patient who should receive coronarography (89). Patients
should also be examined by X-ray, Doppler sonography, and (if necessary) angiography
of pelvic arteries to avoid placement of a renal allograft into an iliac artery with heavy
calcification or compromised arterial flow risking ischemia of the extremity and
amputation.

Kidney Plus Pancreas Transplantation 
Despite great excitement about the seminal double transplantation by Kelly (90) in

Minneapolis, the results of simultaneous pancreas and kidney transplantation (SPK)
had remained disappointing for a long time. The breakthrough came with the intro-
duction of calcineurin inhibitors and low steroid protocols. In an impressivly large
single-center experience comprising 335 patients, Becker (3) recently showed that
survival of patients with SPK approached that of patients transplanted for nondiabetic
renal disease and was clearly superior to diabetic recipients of living donor kidney
grafts and particularly of cadaver kidney grafts (Fig. 1). The Kaplan-Meier estimate
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of patient survival in 215 SPK vs 111 live-donor kidney graft recipients after 10 yr
was 82% vs 71%. The annual mortality rate was 1.5% for SPK recipients, 3.65% for
living donor kidney graft recipients, and 6.27% for cadaver donor kidney graft recip-
ients. Reversibility of established microvascular complications after SPK is minor at
best, with the important exception of autonomic polyneuropathy (91), particularly
improved cardiorespiratory reflexes, and some improvement in nerve conduction
velocity (92). Further benefits include improved gastric and bladder function (93) as
well as superior quality of life, better metabolic control (94), and improved survival
(3). Consequently, today SPK should be the preferred treatment modality for the
type 1 diabetic who meets the selection criteria. As of 2003, more than 19,400 pan-
creas transplants have been performed, the majority in the United States. There is an
increasing tendency for early or even pre-emptive SPK. Because graft outcome is
progressively more adverse with increasing time spent on HD, this strategy is sensi-
ble. In the United States, diabetics younger than 55 yr are usually considered for SPK
at a GFR less than 40mL/min, whereas criteria in Europe are more conservative with
a GFR below 20mL/min. 

Pancreas After Kidney Transplantation
An alternative strategy must be considered in the diabetic patient who has a live kidney

donor: to first transplant the living donor kidney, and subsequently, once stable renal
function is achieved (GFR >50mL/min), to transplant a cadaver donor pancreas. The
outcomes are quite satisfactory (95).

Procedure and Management
Today, the preferred SPK technique is enteric drainage. Bladder drainage has been

increasingly abandoned because of irritation of mucosa, development of strictures,
bicarbonate wasting with metabolic acidosis, recurrent urinary tract infections, and
reflux pancreatitis.
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(SPK), cadaveric (DM-cad), or live-donor kidney transplantation (DM-live), compared with patients
with nondiabetic primary renal disease undergoing cadaveric kidney transplantation (1° renal) (after
ref. 3). *p = 0.0029 × 1° vs all others. **p = 0.004 SPK vs DM-cad and DM-live.



Metabolic Results
Oral glucose tolerance normalizes unless the graft is damaged by ischemia or

subclinical rejection related to HLA–DR mismatch. Most investigators find either
normalization of insulin sensitivity or some impairment of insulin-stimulated nonoxidated
glucose metabolism with hepatic insulin resistance (96) possibly related to insulin
delivery into the systemic circulation (as opposed to the physiological delivery into the
portal circulation). Impressive normalization of lipoprotein lipase activity and of the
lipid spectrum pointing to reduced atherogenic risk have also been reported.

Diagnosis of Rejection
An interesting issue is whether rejection affects kidney and pancreatic grafts in parallel.

Although this is mostly so (permitting to use the renal function as a surrogate marker of
rejection of the pancreas), it is by no means obligatory, but episodes of isolated rejection
of the pancreas are rare so that monitoring the kidney graft is the usual procedure. The
pancreatic graft can be monitored by duplex sonography, if necessary, or pancreas graft
biopsy. Pancreas grafts are usually lost because of alloimmunity reactions, but in rare
cases, graft loss resulting from destruction by autoimmune mechanisms (with GAD-
antibodies and IA2-antibodies) has been observed (97). Recurrence of autoimmune
inflammation with selective loss of insulin-producing β-cells (whereas sparing
glucagon, somatostatin, and pancreatic polypeptide-secreting cells) and lymphocytic
infiltration have been noted in the pioneer era when segmental pancreatic grafts were
performed in monozygotic twins and when insulitis often recurred in the recipient.
Today this has become rare, presumably because immunosuppression keeps autoimmunity
under control. Rejection of the pancreas responds poorly to steroid treatment. Its treatment
should always include T-cell antibodies.

Islet Cell Transplantation
Although more advanced procedures such as transplantation of stem cells or precursor

cells, transplantation of encapsulated islet cells, islet xenotransplants, or insulin gene
therapy are still beyond the horizon, islet cell transplantation has so far already yielded
some interesting, but not yet definitive results. As of November 2004, worldwide more
than 800 patients received islet cell transplants. Only eight centers have more than 10 yr
experience with this method, although several additional centers have started an islet
cell transplantation program since 2000. Patient survival was 79% and 14% of patients
were off insulin, but measureable C-peptide greater than 0.5ng/mL as evidence of residual
islet function was noted in 45%. Minor intraportal insulin secretion may be relevant
because it may normalize hepatic glucose production (98). This area got a major boost
by Shapiro (99), who reported on successful islet transplantation achieving insulin inde-
pendence in seven consecutive patients using a steroid-free immunosuppression regimen
consisting of sirolimus, tacrolimus, and taclizumab. The generalizibility of the results is
currently evaluated by a multicenter study.

CONCLUSIONS

Diabetes has become the single most frequent comorbid condition in patients entering
renal replacement programs, the proportion of incident patients with diabetes ranging
from 30% to 50% in all Western countries. The majority suffer from diabetic glomerulo-
sclerosis, but approx 20% suffer from ischemic nephropathy and from another nondiabetic
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renal disease, respectively. A frequent mode of presentation in ESRD is irreversible
acute, mostly acute on chronic, renal failure. The therapeutic options comprise HD,
CAPD, and transplantation, either kidney alone or kidney plus pancreas (SPK). An
emerging problem is the appearance of diabetes type 2 in nondiabetic patients having
undergone renal transplantation. The prognosis of diabetics on RRT is consistently
worse than in nondiabetic patients. The main causes of death are cardiac disease and
peripheral artery disease. The main clinical problems are difficulties with vascular
access, accelerated coronary heart disease and CHF, complications of neuropathic and/or
vascular diabetic foot, anemia, malnutrition, and changes in the pharmacokinetics of
insulin, and some oral antidiabetic agents.
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INTRODUCTION

Several factors are important in determining the rate of progression of diabetic renal
disease always starting from microalbuminuria (1), and elevated blood pressure (BP)
seems to be a major factor, both in types 1 and 2 diabetes (1–3). This was confirmed in
a new analysis in the follow-up studies of proteinuric patients conducted by Steno
Diabetes Center (2,3). Although the prognosis for diabetic nephropathy has improved
in the last two decades, it is clear that proteinuric patients still have a poor prognosis
(1). For type 1 diabetes, this analysis (2) showed that elevated BP, glycemic control,
and albuminuria were major factors in the progression. Serum cholesterol level also
seemed to play some role. The rate of progression in patients with albuminuria and type 2
diabetes is quite similar (3), although it should be noted that patients with type 2 dia-
betes and proteinuria most often die from cardiovascular (CV) disease before pro-
gression to end-stage renal disease (ESRD), even more than patients with type 1
diabetes and albuminuria.

Thus, there can be no doubt that high BP is a major factor in progression of diabetic
nephropathy in the two types of diabetes (1–3). Agents that block the renin–angiotensin
system (RAS), angiotensin converting enzyme (ACE) inhibitor, or angiotensin receptor
blocker (ARB) now dominate antihypertensive treatment in these patients (4). The
main purpose with this chapter is to analyze which treatment strategy is optimal in all
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these patients. Here not only renal prognosis including decline in glomerular filtration
rate (GFR) should be considered, but also other CV end points, also in the heart failure
treatment. Obviously, also cost–benefit considerations must be taken into account. It
should also be considered whether the so-called dual blockade may further improve the
prognosis compared with single blockade of RAS (4). Another important question
remains to be answered: Is traditional antihypertensive treatment inferior to agents that
block the RAS in inhibiting progression of diabetic nephropathy? The emerging role of
aldosterone antagonism should also be taken into consideration (5). In addition, a study
of type 2 diabetes it was also shown that the degree of diabetic retinopathy and anemia
was important. Anemia was a significant risk factor, although not very strong, and this
was also the case for cigarette smoking, emphasizing the multifactorial risk profile (1–3),
including a low GFR. Therefore, it can be concluded that there is not a substantial differ-
ence between risk factors and progression promoters in the two types of diabetes, and
the same strategy for treatment seems warranted, but early treatment is essential (1,6,7).

RENAL DISEASE

ACE Inhibitors vs β-Blockers/Diuretics
In the paper by Hovind et al., a summary was also made on studies and clinical

trials related to diabetic nephropathy in type 1 diabetic patients with or without anti-
hypertensive treatment, including patients in placebo or control groups. In the analysis
it was observed the decline of GFR with normotension was low (2). The mean arterial
BP in many other patients studied was much higher than in the present strategy of treat-
ment, resulting with high pressure in rapid decline in GFR. Some studies suggested that
ACE inhibitors were more efficient in reducing progression of diabetic nephropathy, but
this was not the case in all studies, for example, not in the randomized trial by Elving
et al. nor by Tarnow et al. (2). In the observational study by Hovind, there seems to be
no major difference between renal progression as far as a fall in GFR is concerned
between non-ACE inhibition. However, new studies document that in microalbumin-
uric patients with type 1 diabetes mellitus, ACE inhibition clearly reduce progression
of albuminuria compared with placebo administration (6). Further arguments for using
ACE inhibition in patients with type 1 are the fewer side effects seen in this type of
treatment as compared with β-blockers, where hypoglycaemia unawareness maybe a
serious problem. Therefore it can be concluded that treatment of choice of type 1 diabetes
is usually ACE inhibition, although other antihypertensive agents are efficient. Indeed,
the first studies in micro- and macroalbuminuric patients document that β-blockers are
quite efficient in reducing albuminuria (2,7).

Prevention of Diabetes: ACE Inhibitor and ARB?
In the treatment of hypertension in nondiabetic individuals, great care should be

taken to select agents that do not confer an increased risk for the development of new
diabetes. The aim should be to use agents that may at least be neutral, or even better to
some extent protective against, the development of glucose intolerance. Hypertensive
patients have a risk of developing diabetes of 1–2% per year (8–10). It should also be
noted that apart from glucose intolerance hyponatriaemia and hypokalemia may be a
serious clinical problem, especially in elderly patients treated with thiazide diuretics.

A number of studies have shown that both ACE inhibitors and ARBs seem to confer
an antidiabetic effect, at least when compared with diuretics and β-blockers. The
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recently published Valsartan Antihypertensive Long-term Use Evaluation (VALUE) study
(11) also showed that the ARB, valsartan, confers benefits in protecting against diabetes
in comparison with the calcium channel blocker (CCB), amlodipine, with a highly sig-
nificantly reduced risk of developing new type 2 diabetes during 5 yr of follow-up. A
summary of evidence from clinical trials evidence to date is provided in Table 1.

Thus, a strong argument can already be made for the initial selection of these agents
rather than diuretics or β-blockers alone, and now even CCBs (11). This applies partic-
ularly to patients with CV disease and hypertension, and probably also to individuals
with uncomplicated hypertension.

However, the issue is not completely settled. First of all, we may need a more defin-
itive study, such as the ongoing diabetes reduction approaches with ramipril and rosigli-
tazone medications (dream) study, which will assess the effects of ramipril and
rosiglitazone in patients at high risk of developing diabetes. We also need more infor-
mation on the mechanisms of action of antihypertensives because details are not yet
clearly understood. 

Preventing Microalbuminuria in Diabetes
Patients with normoalbuminuria have been examined, first in type 2 diabetes, with

an ACE inhibitor by Ravid and coworkers (12). The ACE inhibitor prevented develop-
ment of microalbuminuria. Kvetny et al. (13) showed the same for type 1 diabetes using
Perindopril. The Bergamo Nephrologic Diabetes Complications Trial (BENEDICT)
was recently published (14). Indeed, it is important to distinguish between normo- and
microalbuminuria and renal insufficiency, as confirmed by Adler and coworkers in the
United Kingdom Prospective Diabetes Study (UKPDS) (15). Clearly, patients with nor-
moalbuminuria have the best prognosis and there is strong evidence showing that pre-
venting progression is associated with a much better prognosis, which was also
documented in the recent paper by Gaede and coworkers from the Steno Diabetes
Center. They showed that remission to normoalbuminuria is associated with much bet-
ter preservation of renal function in terms of GFR fall, which is stabilized (16).

The most recent and comprehensive documentation regarding primary prevention, mean-
ing that microalbuminuria can be prevented in type 2 diabetes, comes from the BENEDICT
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Table 1
Comparative Incidence of New-Onset Diabetes With ACE Inhibitor, ARBs, 

Diuretics, β-Blockers and Calcium Channel Blockers (CCBs) in Clinical Trials

Study Treatments Duration (yr) New-onset diabetes (%) p

CAPPP ACE inhibitor vs 6.1 6.5 vs 7.3 <0.05
β-blocker/diuretic

HOPE ACE inhibitor vs placebo 4.5 3.6 vs 5.4 <0.001
LIFE ARB vs β-blocker 4.8 6 vs 8 <0.001
SCOPE ARB vs diuretic 3.7 4.9 vs 6 0.09
ALLHAT ACE inhibitor vs 4.9 8.1 vs 9.8 vs 11.6 < 0.05

CCB vs diuretic
ALPINE ARB vs diuretic/β-blocker 1 0.5 vs 4.1 <0.05
CHARM ARB vs conventional therapy 1.6 6 vs 7 <0.02
VALUE ARB vs CCB 5.5 13.1 vs 16.4 <0.0001

Modified from ref. 8 (see also refs. 9 and 10).



study group in Bergamo (14). This is the largest study so far conducted, and very interest-
ingly, this study also compares an ACE inhibitor with a calcium blocker, verapamil.

This was a large study in northern Italy, comprising 1204 patients randomly desig-
nated to 3 yr of treatment with trandolapril alone, trandolapril + verapamil, verapamil
alone, and placebo (14). Interestingly, hypertension was defined as low as a BP above
130/85 or ongoing antihypertensive treatment. The primary end point was development
of persistent microalbuminuria with an overnight albumin excretion rate higher than 20
mg/min on two consecutive occasions.

The primary outcome was seen in 6% of the patients treated with the ACE inhibitor
alone and in 10% of the patients receiving placebo, and there was a clearly significant
difference (p = 0.01). Treatment with verapamil alone was not different from placebo.
The authors also estimated the so-called acceleration factors, which were clearly in
favor of the use of the ACE inhibitor. There were only minor differences of BP between
the treatment arms, but this may still have played a role for the positive results with
ACE inhibitor. There were few serious events in the two treatment groups. The conclu-
sion was clear: in patients with type 2 diabetes and hypertension (above 130/85), but
with normoalbuminuria, treatment with an ACE inhibitor was clearly beneficial in pre-
venting development of microalbuminuria, which is the first sign of renal damage in
these patients. Microalbuminuria is a major risk factor for vascular events, and obvi-
ously, also for advanced renal disease and death (1,15).

In conclusion, there is now fairly good evidence from clinical trials that treatment
with an ACE inhibitor should be started early in patients with type 2 diabetes and nor-
moalbuminuria. Treatment should be initiated when systolic BP is more than 130 sys-
tolic mm/Hg. Systolic BP elevation is very common in patients with type 2 diabetes
and  metabolic syndrome. This means that most type 2 diabetes mellitus patients would
qualify for this type of treatment. These patients also often show sodium retention and
therefore a combination with an ACE inhibitor and diuretics seems to be most effective
in reducing microalbuminuria and BP (1). Now there seems to be a very good founda-
tion for substantial improvements of the prognosis for patients with type 2 diabetes
(1,14) and early treatment of hypertension leads to better prognosis, as does, but maybe
to a lesser extent, improved euglycemic control (16). Clearly treatment with statins is
also important, as documented in many studies, among others the Steno-2 study (16).
Now we have apparently completed the paradigm shift: it is essential to normalize
glycemia, BP, and dyslipedimia in all patients with type 2 diabetes. Further studies are
ongoing (17). Genetic factors (as previously commonly believed in the United States)
have not yet been documented to play any significant role (18), but there is clearly
much more available room for intensified clinical care in patients with type 2 diabetes.

ACE Inhibitor or ARBs in Early Nephropathy
Furthermore, although it is evident that both classes of drugs, inhibiting the RAS,

appear to be beneficial, an important question remains: Is one class superior for the pre-
vention of the development of CV and renal disease? This particular issue has now been
addressed by the Diabetics Exposed to Telmisartan and Enalapril (DETAIL) trial (19).

DETAIL was a much-needed, long-term study comparing an ACE inhibitor with an
ARB in a diabetic population. The 5-yr, prospective, multicenter, double-blind study
directly compared the ACE inhibitor, enalapril, with the ARB, telmisartan, in patients
with type 2 diabetes, hypertension and evidence of early nephropathy, and in many
cases microalbuminuria. DETAIL was also the first study of its kind to monitor the
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progression of kidney disease by directly measuring the GFR, now recognized as the
best indicator of overall kidney function and ESRD.

The fall in GFR at 5 yr—the main endpoint—was the same in patients treated with
either drug, with changes in GFR from baseline of approx –17 mL/min/1.73m2 in the
telmisartan group and –15 mL/min/1.73m2 in the enalapril group. Analysis of the sec-
ondary endpoint of the yearly change in GFR revealed an initial steep decline in GFR
in both groups, of approx –8 mL/min/1.73m2, which then stabilized to approx –2 mL/min/
1.73m2 beyond 3 yr.

BP was lowered to a comparable degree in each treatment group, and CV mortality
was much lower than would be expected at 5 yr, with three and five CV-related deaths
in the telmisartan and enalapril groups, respectively. Other adverse event rates were
similar between the two groups, as ACE inhibitor-intolerant patients were excluded
from the study. There were no cases of ESRD in either group.

Other shorter studies have indicated that the ACE inhibitors and ARBs exert similar
effects as far as albuminuria and BP are concerned (20–22). Furthermore, dual block-
ade using a drug of each class is a possible approach in patients who do not respond
well to single blockade (22,23), especially in microalbuminuric patients (22).

Thus, with the latest results from DETAIL in mind, the clinician may choose either
an ACE inhibitor or an ARB, or even the two in combination (23). However, questions
remain regarding the longer term in advanced nephropathy. The strong endpoint stud-
ies, namely the Reduction of endpoints in NIDDM with the Angiotensin II Antagonist
Losartan (RENAAL) study and the Irbesartan type 2 Diabetic Nephropathy Trial
(IDNT) study, in patients with type 2 diabetes and overt nephropathy, should be consid-
ered (24,25). The results of these studies would favor the use of ARBs, and yet as there
are no similar studies comparing ACE inhibitors with ARBs to provide further informa-
tion in this patient group. Indeed, compared with advanced disease intervention in
microalbuminuric patients may prove much more effective (1,6,7,16,19–22).

The Effect of ACE Inhibitor and ARBs on Renal Outcomes and Mortality:
Studies in Diabetic Nephropathy

During the oral presentation in San Francisco of the important studies on ARBs and
overt diabetic nephropathy (type 2 diabetes) (25), one of the dedicated physicians in the
audience asked one of the principal investigators: Why did you not compare ACE inhibitors
with ARBs, because we know that ACE inhibitors are quite effective in type 1 and 2 dia-
betes according to many studies? The principal investigators became slightly disturbed,
but clearly this question was very relevant, and an important review article on this issue
was recently published in the British Medical Journal (26). It is an interesting meta-
analysis conducted in a very systematic way.

The question put forward in this chapter was relevant and clear: when considering all
papers dealing with ACE inhibitor and ARBs on renal outcomes and all-cause mortality
in patients with diabetic nephropathy—is there a difference? The data sources were solid:
Medline, EM-base, and Cochrane Central Register for controlled clinical and contacts to
investigators. Patients with all stages of disease were included, which may be a drawback.

The data extracted concerned mortality and renal outcomes, which were:

1. Prevention of progression of micro- and macroalbuminuria as well as regression to
normoalbuminuria.

2. Doubling of serum creatinine concentration.
3. ESRD, and the final outcome in all studies: mortality.
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All the relevant papers were identified on the date of submission, comprising about
7500 patients. A major interest in this area is ESRD, and renal dysfunction.

Importantly, both agents had similar effect on both renal outcomes, also when con-
founders were taken into consideration. Directly comparing ACE inhibitor directly with
ARBs was at that time difficult, but results from the DETAIL study are now available (19).

The important point here is that ACE inhibitor had a significant effect on over all mor-
tality, mainly driven by the Microalbuminuria Cardiovascular and Renal Outcomes in the
Heart Outcomes Prevention Evaluation (MICRO-HOPE) study (1,26). The test for the
over all-effect on mortality had a p = of 0.04. In contrast, the ARBs had no significant
effect on mortality, with a p = 0.95 (but on ESRD). This is important because patients
with renal disease may not die from ESRD (they undergo dialysis), the cause of death,
especially in type 2 diabetes, is primarily cardiac mortality. A similar result is seen in a
large Chinese study (27).

Another impressing finding is that there was a very significant effect on regression
from microalbuminuria to normoalbuminuria by ACE inhibitors—an effect, which has
been observed earlier for type 1 diabetes (6).

The authors (26) finally point out the need for more comparative trials. For instance,
the ARB, losartan, was compared positively with a β-blocker in hypertensive diabetic
(and nondiabetic) patients with left ventricular hypertrophy in the Losartan Intervention
for Endpoint reduction in hypertensin (LIFE) study (27). In addition, the authors con-
clude that combination therapy—including the use of diuretics—is important. Combining
ACE inhibitor with ARBs also seems interesting especially in nondiabetic disease, as
reported in the COOPORATE trials (28). New studies are however highly needed, also
within this area, and works are in progress (29).

It is well known that ACE inhibitors have an effect on accumulation of bradykinin
(4), which may be beneficial and relevant to the main results of the meta-analysis.
Thus, the pendulum may now be swinging in favor of ACE inhibition, but generally
there is a positive effect of blocking the RAS, as seen in Table 2. Dual blockade is still
being investigated with positive results (30,31) (Table 2). No substantial arguments
against the BENEDICT study and the detail study have been presented (32–38), but
economic issues were also discussed (34).

CONGESTIVE HEART FAILURE

ACE Inhibitor or ARBs in Heart Failure 
ACE inhibition is a well-established part of heart failure treatment, but the role of the

Angiotensin II receptor blocker in heart failure treatment has not yet been fully established. 
The Losartan Heart Failure Survival Study (ELITE-II), Optimal Trial in Myocardial

Infarction with Angiotensin II Antagonist Losartan (OPTIMAAL), and Valsartan Heart
Failure Trial (VALHEFT) trials all failed to show superiority of the Angiotensin II recep-
tor blocker compared with ACE inhibition in heart failure patients.

Retrospectively, some might suggest that these findings were mostly owing to dos-
ing of the ARB, and it is worthwhile noticing that these studies were planned in the
early 1990s, when knowledge was limited.

It was surprising, however, that the VALHEFT trial, which was a comprehensive heart
failure study using the ARB valsartan added to concomitant heart failure medication
showed that patients treated with both an ACE inhibitor and an Angiotensin II receptor
blocker did not benefit from this treatment, and it was indeed unexpected that patients
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treated with both ACE inhibitor, β-blocker, and valsartan had an increased risk of the
combined endpoint of all-cause mortality and morbidity (39).

The study was not designed to investigate dual blockade in heart failure and the
mentioned results were based on subgroup analysis and should be interpreted with cau-
tion, but it was brought to attention whether some precautions should be taken using
this drug combination in heart failure patients. This observation has not been found
since the VALHEFT study, not even in the Ephesus study where Eplerenone was given
to patients treated with the same dosage regimen (40). The VALHEFT trial results also
stand in clear contrast to several small dual blockade studies in heart failure patients,
which all have shown promising results.

Several small experimental studies found beneficial effect on the neurohumeral acti-
vation in the failing heart (41–43), and a few clinical trials support these observations.
The V-HEFT trail found beneficial effect on BP, neurohumeral, and hemodynamics in a
small short-term placebo-controlled study in 83 heart failure patients treated with vary-
ing dosages of valsartan added to concomitant ACE inhibitor treatment (44).

Hamroff and colleagues found exercise capacity in a treadmill exercise significantly
improved over a 6-mo follow-up period, when 50 mg of Losartan was added to the maxi-
mal recommended or tolerated doses of ACE inhibitor in a placebo-controlled study includ-
ing 33 patients with heart failure (45). In a larger study (the randomized evaluation of
strategies for left ventricular dysfunction [RESOLVD] pilot trial), 768 heart failure patients
(New York Heart Association [NYHA] II–IV) were randomized to either candesartan (up
to 8 mg) or enalapril, or candesartan and enalapril in combination. The combination of
candesartan and enalapril was more effective in preventing left ventricular remodeling than
both candesartan and enalapril alone. Levels of brain natriuretic peptide were also signifi-
cantly reduced during the 43-wk follow-up period (46). The CHARM-added (47) and the
Valsortan in Acute Myocardial Infarction Trial (VALIANT) are the only large dual block-
ade in heart failure trial available and their results point in either direction.

Stable Congestive Heart Failure
The CHARM-added study included 2548 patients with NYHA class II–IV heart failure

and a left ventricular ejection fraction of 40% or lower. The main purpose was to inves-
tigate whether dual blockade with candesartan added to concomitant ACE inhibition
would reduce the combined end point of CV death, myocardial infarction (MI), coronary
intervention, hospitalization for heart failure, and stroke.

The patients had to have an admission to a hospital owing to cardiac conditions, and
were on a stable dose of ACE inhibitor for 30 d before entering the study. Approximately
36% of the patients in the candesartan group were on an optimum dose of ACE inhibitor
(investigators opinion) compared with 42% in the placebo group. A once-daily candesar-
tan dose was then added mainly titrated from 4 mg to a mean daily dose after 6 mo
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Table 2
Evidence for Good Blood Pressure-Lowering Strategies

Microalbuminuria, including 
Before diabetes Normoalbuminuria Microalbuminuria diuretics treatment (1)

Opie (9) Ravid (12) Mogensen (1) PREMIER (1)
Lindholm (10) Kvetny (13) Barnett (19) Several guidelines (1)
Padwal (8) BENEDICT (14) Gaede (16,65) Mogensen (1)



of 24 mg. After a mean follow-up of 41 mo, a significant endpoint reduction of adding
candesartan to an ACE inhibitor was found. In the candesartan group, 38% of the patients
experienced an event and 42% in the placebo group experienced the primary outcome,
which was significant (p =  0.011) (47).

These results implicate that there might be an effect of dual blockade on stable heart
failure patients, but there has been some controversy in this regard. The major point of
criticism was the rather low prevalence of patients on a recommended dose of ACE
inhibitor upon entrance in the study. It is unclear whether a further titration of the ACE
inhibitor could have provided the same result as seen in the Assessment of Treatment
with Lisinoptil and Survival (ATLAS) study (48). This issue remains unsolved.

Post-MI Heart Failure Patients
However, in newly diagnosed post-MI heart failure patients, the issue regarding

dual blockade seems clear. There does not seem to be any place for combining the
ACE inhibitor and the ARB.

The recently published VALIANT study did not find any benefit in this particular
kind of heart failure patients, except for significant BP reduction in the dual blockade
arm, but instead the side effects were significantly higher (49).

The VALIANT study enrolled 14,808 patients with acute MI and either clinical or
radiological signs of heart failure or evidence of left ventricular systolic dysfunction
(echocardiography or ventriculargraphy). The patients were titrated with valsartan,
captopril, or the combination to a target dose of either 160 mg of valsartan, or 80 mg of
valsartan and 50 mg of captopril, or finally 50 mg of captopril three times daily. During
a 24.7-mo follow-up, there was an expectedly high event rate (approx 3000 deaths),
equally distributed between the three treatment arms, which overall fell out to be negative
with equal results with all three regimens. 

Regarding the dual blockade arm, there was a significantly better BP control, which
did not provide additional benefit for this population. In contrast, there was a significantly
higher rate of some adverse events (hypotension, renal causes), but surprisingly not hyper-
kalemia. The rather modest results with dual blockade derived from the VALIANT and
VALHEFT studies are probably owing to the cause of death in a post-MI heart failure
population. The death causes are obviously most likely reinfarction and arrhythmia, of
which inhibition of the RAS only plays a minor part.

The inclination for using dual blockade in the stable heart failure patient seems more
robust from a “CHARM point of view.” However, a large trial including a head-to-head
comparison with a once-a-day up-titrated ACE inhibitor would settle this matter.

Nevertheless, it is questionable whether the issue of benefit from dual blockade in
congestive heart failure ever will be settled, since no large trials using the combination
of an ARB and an ACE inhibitor are underway. The closest we will get is the Ongoing
Telmisartan Alone and in Combination with Ramipril Global Endpoint Trial (ON-
TARGET), which will further elucidate whether dual blockade has any influence on
hard endpoints. This is a large, long-term study (23,400 patients, 5.5 yr). It will compare
the benefits of ACE inhibitor treatment, ARB treatment, and treatment with an ACE
inhibitor and ARB together, in a study population with established coronary artery dis-
ease, stroke, peripheral vascular disease, or diabetes with end-organ damage (50).

In conclusion, the CHARM data do indicate that there might be a benefit form adding
an ARB to patients with heart failure already treated with an ACE inhibitor for some
time. However there seems no rationale for the use of dual blockade in post-MI heart
failure patients. Table 3 provides an overview of the mentioned studies.
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ACE Inhibitor or ARBs and MI
Recent controversy has emerged regarding whether the ARBs increase the risk, or at

least seem less protective, in preventing MI when compared with other antihypertensive
agents, especially ACE inhibitors and calcium antagonists (51).

This postulate has been presented in an editorial primarily based on the findings in
the VALUE study (52), the two CHARM substudies, CHARM-preserved (53) and
CHARM-alternative (54), but also with reference to the metaanalysis by Strippoli et al.
(26), which concluded that the ARB actually did not exert any CV protection in trials
on diabetic nephropathy compared with the ACE inhibitor where the cardioprotective
abilities were evident.

Some caution should be taking before stating that the ARB actually increases the
risk of MI, but especially the CHARM-alternative study gives some reason to specu-
late. In this trial, the purpose was to examine the role of candesartan vs placebo in
ACE intolerant patients with reduced ejection fraction. This was done in a fashion
analogous to the SOLVD trial (55) and the overall result was nonsignificant (54).
Unfortunately, a subgroup analysis in the CHARM-alternative trial uncovered a signif-
icant increase in MIs in the candesartan treated patients (unadjusted hazard ratio =1.52
[1.06–2.18] p = 0.025 (54).

This was far from what had been observed with Enalapril in the SOLVD trial (55) or
with Ramipril in the APRES study (56) and the HOPE trial (57), where significant
reductions the MI occurrence were seen with the ACE inhibitor.

Until a head-to-head comparison between an ACE inhibitor and an ARB has been
published (50) the accusations regarding the ARBs and MI are solely speculative.
However, when it comes to MI risk reduction it seems safe to state that: “an ARB is not
an ACE inhibitor without the cough.”

CONCLUSIONS

The basic abnormality responsible for diabetic nephropathy is elevated blood glucose,
which over the years produces the abnormal functional and structural changes in the
kidney and the heart. However, elevated BP also is important—in type 2 diabetes often
at the clinical diagnosis, in type 1 diabetes typically with development of microalbu-
minuria or proteinuria. Elevated BP is a main risk factor for progression in both
microalbuminuric and in proteinuric patients, and although any type of BP reduction
seems important, it is now clear that blocking the RAS is the most important antihyper-
tensive treatment strategy, both in type 1 and 2 diabetes, indeed, the basis for BP-
lowering treatment. Many other agents can be used on top, especially diuretics, that are
also a cornerstone in the treatment strategy. Indeed, aldosterone antagonists seem to be
an increasingly important part in the management, especially of heart failure. There is
still a discussion of whether ARBs or/and ACE inhibitor provide the same benefit. The
most recent results suggest that there is no major difference between the two classes of
drugs blocking the RAS as far as progression of kidney disease is concerned, although
with advanced nephropathy in type 2 diabetes, ARBs may be advantageous because
important studies have only been carried out with this class of drugs, namely the
RENAAL study and the IDNT study. 

The same conclusion can be drawn regarding diabetic (and nondiabetic) patients with
left ventricular hypertrophy where Losartan was compared with a β-blocker with posi-
tive results. Even a minor increase in BP is of importance, also in normoalbuminuric
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patients, where progression to microalbuminuria can be inhibited by the use of
ACE inhibitor, which is not well documented by the use of ARBs. Clearly, the
glycemic control is important for the development of renal lesions, and treatment
with agents that block the RAS may to some extent inhibit the development of type 2
diabetes.

Regarding heart failure, ACE inhibition is a well-established part of heart failure
treatment, but the role of angiotensin receptor blockers is not fully established.
However, there seems to be a benefit from adding an ARB in patients with heart failure
already treated with an ACE inhibitor for some time. Conversely, there seems no rationale
for the use of dual blockade in post-MI heart failure patients. Aldosterone antagonists
seem also to play an important role in heart failure.

In conclusion: ACE inhibitor has been longest on the stage and is very well docu-
mented to be beneficial for renal disease and heart disease. ARBs have so far a weaker
profile and it is difficult to argue that they are better than ACE inhibitor, except for better
documentation in advanced renal disease in type 2 diabetes and in terms of the side
effects, especially cough. 

FINAL REMARKS

Regression of Albuminuria—Important Clinical Significance: A New
Paradigm Shift (By ACE Inhibitor and ARBS and AHT Treatment)

It is well known to all diabetologists that patients with “proteinuria” or “albumin-
uria” carry a poor prognosis. The same is the case for microalbuminuria, but to a lesser
extent. Indeed, the higher the level of albuminuria, the greater the risk of renal progres-
sion and the risk of all complications including early mortality. These results derive
from studies of the so-called natural history of diabetic nephropathy, both in type 1 and
2. The next question is, of course, to ask whether regression or remission of albumin-
uria is of clinical relevance. Is it really associated with better prognosis? Blocking the
RAS as well as dual blockade should be considered (1,22,23) along with BP lowering.

This question was discussed in a recent article in Kidney International by Hovind
and coworkers (58,59), who analyzed whether remission of nephrotic-range albumin-
uria is associated with a better prognosis. This, indeed, seems to be the case. It is now
clear also from other studies that remission of albuminuria (60–64) is signifies a good
prognosis, also in microalbuminuric patients. The results from the LIFE-study (64),
including diabetic patients (64), and the RENAAL study (24), clearly document that
reduction of albuminuria and microalbuminuria really indicates a good prognosis. 

Thus, it is obvious that it is important to screen for microalbuminuria, but now also
to do a followup on the degree of albuminuria. Physicians should look for reduction by
means of better BP control, especially ACE inhibition or other blockade of the RAS.
This is indeed a second paradigm shift. The first paradigm shift was to screen for
microalbuminuria, and the next is now to follow up on the level of albuminuria.

It is not difficult to screen for microalbuminuria. In our unit we use the first morning
urine sample. This is used for screening using the albumin excretion ratio, which is a
good parameter very well associated with excretion rate, both short term and 24 h.
They are good and reliable reference values (1). It could be argued that the classification
normo-, macro- and microalbuminuria is somewhat artificial because albuminuria—like
many other parameters (glycemic control and BP as well as cholesterol)—is a continu-
ous variable. However, it is practical in the screening process to classify according to
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these entities. Early studies show that microalbuminuria is not only associated with
progression to renal disease, but also to early mortality.

How can it be explained that reduction in albuminuria/microalbuminuria translates into
better prognosis? Part of the explanation is reduction of BP and treatment with agents that
block the RAS, but this may not be the whole story. Reduction in albuminuria means that
the pressure over the glomerular membrane is specifically reduced, and there is good evi-
dence to indicate that pressure-induced damage is an important factor for the deterioration
in renal function observed in diabetic patients with proteinuria. Patients with microalbu-
minuria usually have well-preserved renal function, and thus, by reducing microalbumin-
uria by better treatment, both glycemic and antihypertensive treatment translate into better
preservation of GFR (65), and in this situation, preservation of renal function before the
decline in GFR. With proteinuria there is normally a decline in GFR, which is related to a
traditional risk factors, namely elevated BP, microalbuminuria, and HbA1c—risk markers
that are clearly modifiable.

It is quite clear that early antihypertensive treatment has improved the prognosis for
diabetic patients dramatically, and the prognosis may further improve with early screening
for microalbuminuria and follow-up to monitor whether microalbuminuria is reduced.
On the other hand, it may seem a paradox that we still have an increase in the number
of patients developing end-stage renal failure owing to diabetes. However, this is
explained by the fact that many more patients develop type 2 diabetes, and that these
patients have a longer period of survival, because of better CV management, but further
studies are needed (66).

The very good news is that the total number of patients with ESRD entering dialysis
or transplantation is now declining in Denmark. Obviously, further observation is
needed, but this is anyway a very promising sign, even if the patients are becoming older
and older. However, in most parts of the world, especially in the United States, more
than 50% of the patients with ESRD have diabetes as the background. It is interesting to
note that screening for microalbuminuria is primarily used in Europe. However, this has
already for several years been proposed in guidelines from the American Diabetes
Association (67).
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INTRODUCTION

The management of diabetic patients with end-stage renal disease (ESRD) by either
dialysis treatment (peritoneal dialysis [PD] or hemodialysis [HD]) is more complicated
than in nondiabetic patients, mainly because of the presence of advanced comorbid
conditions associated with the long-term course of diabetes. During the last two
decades, improvements in dialysis modalities resulted in longer survival rates in dia-
betic patients. HD is the most commonly used therapy, whereas the role of PD in renal
replacement therapy (RRT) in patients with diabetic nephropathy (DN) is well estab-
lished. The decision regarding the choice for treatment options (PD vs HD) must be
individualized as survival and rehabilitation data among the two modalities are compa-
rable, at least for the first 5 yr after initiation. However, the best outcome of diabetic
ESRD patients may be obtained by integrated care, starting with PD and switching to
HD if problems arise, and keeping suitable patients on the renal or renal–pancreas
transplantation waiting list. 
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DIABETIC PATIENTS REQUIRING RRT

The course from the onset of diabetes to the clinically evident nephropathy (proteinuria)
and then to ESRD lasts 15–25 yr and occurs in approximately one-third of both type 1 
and 2 diabetic patients, who then require RRT—dialysis or kidney transplantation.

Regardless of the clinical stage, the management of a diabetic patient is relatively diffi-
cult and more complicated than that of age- and gender-matched nondiabetic patients.
The toll of comorbid conditions, such as cardiovascular disease, limb amputations,
and especially blindness limit, or pre-empt successful therapy and rehabilitation.

In recent years, the frequency of DN has continuously increased, and since 1990 has
become the fastest growing cause of chronic kidney disease (CKD) and the leading
cause of ESRD worldwide, especially in the industrialized countries (1). Thus, during
the last three decades among ESRD patients, the percentage of diabetic patients with
ESRD admitted for RRT has dramatically increased in all racial groups, which is a
reflection of the growing incidence of diabetes in the general population. DN is now
responsible for 44% of all new patients who require RRT in United States, whereas the
incident counts and adjusted rates of new patients starting RRT whose ESRD was due
to diabetes increased from 2530 (12.5 per million population [pmp]) in 1980 to 42,665
(146.6 pmp) in 2002, respectively (1) (Fig. 1); the adjusted incidence rate for US patients
with diabetes is now 148 pmp (42,813 patients). As a result of the increase in new
ESRD patients between 1990 and 2001, the adjusted prevalence rate pmp increased con-
siderably to 491 (142,963 patients, 119,338 on dialysis [83.5%], and 23,625 with a kidney
transplant [16.5%]) (1) (Fig. 2).

The increasing prevalence of DN is due primarily to the greater number of patients with
type 2 diabetes. By the end of 2000, it was evident that at least 95% of newly diagnosed
people with diabetes had type 2 diabetes, reflecting the increase in the number of people
suffering from obesity, which is associated with diabetes (thrifty gene hypothesis) (2).
Many of these newly diagnosed diabetic patients will progress to ESRD, despite strict con-
trol of blood pressure and plasma glucose, which might retard the progression of DN but
does not arrest it. Conversely, among those with type 1 diabetes, improved glycemic and
blood pressure control may actually arrest the progression and even reverse microalbumin-
uria, leading to decrease in the incidence of ESRD (3).
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Fig. 1. The incident counts and adjusted rates by primary diagnosis between 1980 and 2002. The
number of new patients starting renal replacement therapy whose ESRD was due to diabetes was dra-
matically increased. ESRD, end-stage renal disease (USRDS data [1].)



Similarly to United States, increases in the diabetic ESRD population have been
observed in most European countries in which, between 1991 and 2000, the crude
incidence of RRT for diabetic ESRD patients increased from 14.8 pmp (type 1 diabetes
26.9 pmp, type 2 diabetes 7.1 pmp) to 26.9% pmp (type 1 diabetes 9 pmp, type 2 dia-
betes 17.9 pmp), respectively, whereas the corresponding changes in prevalence values
were 51.5 pmp (type 1 diabetes 35.8 pmp, type 2 diabetes 15.7 pmp) to 94.8 pmp (type 1
diabetes 50.3 pmp, type 2 diabetes 44.5 pmp) (4). During that time, the average annual
change in age- and gender-adjusted incidence rates of RRT for type 2 diabetics varied
from 6.5% in Sweden to 20.6% in French-speaking Belgium.

Taking into account the growth of the overall diabetic population, and the aging of the
population, it is projected that by 2006 the number of new ESRD patients with diabetes
as their primary cause of ESRD will equal the number of patients with all other primary
diagnoses and by 2030 there will be 1.3 million diabetics and 945,000 nondiabetics
under ESRD treatment—a total of more than 2.2 million patients in the United States
(1). Almost half of these patients will be 65 or older and half will be non-Caucasians.

The most important aspect in prevention of CKD in diabetic patients is starting inter-
vention early (i.e., during or even before the stage of microalbuminuria), long before
the patient reaches the stage of advanced renal failure. This early intervention is quite
imperative, as in all developed countries most diabetic patients are referred late and
emergency HD is necessary in approx 30% of diabetic patients referred to renal units.
Once the glomerular filtration rate (GFR) of a diabetic patient has reached 30 mL/min,
a nephrologist should become the primary care physician. Because of their advanced
age and the presence of major comorbidity, dialysis is the standard therapy for type 2
diabetics, whereas kidney or combined kidney–pancreas transplantation represent the
standard therapy for type 1 diabetic patients.

In this chapter, we will review the literature and our experience concerning the
management of patients with ESRD owing to DN by dialysis. 

DIALYSIS IN ESRD DIABETIC PATIENTS

Thirty years ago, RRT could provide only a limited benefit to most diabetic patients
with ESRD. In 1966, Avram et al. (5) reported that diabetic patients who started on HD
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Fig. 2. The prevalent counts and adjusted rates by primary diagnosis between 1980 and 2002 according
to USRDS data (1).



succeeded surviving for a maximum of 6 mo. At that time, initiation of HD in diabetic
patients was almost absolutely contraindicated because it appeared very unlikely that
they might benefit even for a short period of time since it had been experienced that
dialysis treatment was accompanied by an excessive morbidity and mortality.
Consequently, in the 1970s, the 2-yr mortality for diabetic patients in HD programs
was distressingly high, ranging between 60 and 75% (6,7). Also during the 1980s,
reports from both Europe and the United States described that only one in every three
diabetic patients on HD, mainly of type 1 diabetes, survived on dialysis therapy for
2–3 yr (8).

Ten years later in 1977, the introduction of continuous ambulatory PD (CAPD) was
considered more favorable for ESRD patients with diabetes because of several benefits
inherent in that therapy (Table 1). As these patients were often debilitated,
malnourished, and/or hemodynamically unstable, the simplicity of the PD offered the
advantage of its continuous slow therapy without any need for highly trained personnel
or for complex apparatus and requirements of systemic anticoagulation. Therefore,
among the two main modes of RRT, many clinicians have favored CAPD for the treatment
of diabetic patients.

However, several improvements in technology and in the area of vascular access,
advances in the management of coronary artery disease (CAD), and critical care medi-
cine, and the tendency for earlier initiation of dialysis have resulted in a progressive
decrease in mortality rates among diabetic patients undergoing dialysis. Furthermore,
there have been important changes in dialysis equipment, including a shift from cellu-
losic to synthetic HD membranes, a better control of ultrafiltration (UF), as well as
improved connection devices for PD. 

Subsequently, first-year HD mortality for diabetic patients in the United States
decreased from 40.4 deaths per 100 patient per year in 1986 to 23.2 deaths per 100
patients per year in 1996 (9), whereas during the same decade a similar improvement
was observed at Toronto for diabetic patients undergoing CAPD (10). Also first- and
second-year death rates for US diabetic HD patients decreased between 1989 and
1998 by 12.8 and 9.29%, respectively, whereas the corresponding values of PD dia-
betic patients were better by 26.6 and 19.9%, respectively (9). In addition, according
to data from 10 European national registries, between 1991 and 2000, there was a
marked reduction in the age- and gender-adjusted mortality during the first 2 yr of
dialysis therapy among diabetic patients, mainly those with type 2 diabetes (4). The
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Table 1
Potential Advantages of Peritoneal Dialysis in the Treatment of Diabetic Patients

No need for vascular access 
No need for systemic anticoagulation
Continuous therapy 
Gradual ultrafiltration 
Fewer episodes of hypotension 
Better preservation of renal function 
Better blood pressure control
Better control of anemia
More liberal diet
Intraperitoneal administration of insulin 
Lifestyle advantages



lower patients mortality rates together with the increased acceptance of diabetic and
older patients, has lead to the increase in the prevalence of diabetic ESRD population
over the recent years (1).

In diabetic patients, several complications such as retinopathy, glaucoma, cataracts,
CAD, cardiomyopathy, cerebrovascular disease (CVD), peripheral vascular disease
(PVD) limb amputation, motor neuropathy, sensory neuropathy, autonomic dysfunction
(diarrhea, vomiting, postural hypotension), myopathy, and depression persist or
progress during ESRD, and are already present at the initiation of RRT. Macrovascular
disease, particularly CAD is accelerated in patients with diabetic ESRD and it is the
most common cause of death in these patients. Early cardiac evaluation in all diabetic
patients as well as vigorous treatment of hypertension is the key component in the
management of DN.

Diabetes is now the primary cause of ESRD in new patients starting RRT modalities,
44.7% of those starting HD, 43.6% of those starting PD, and 15.1% of those receiving
a preemptive kidney transplant, whereas the corresponding values of patients with
ESRD owing to hypertension are 27.4, 19.4, and only 4.8%, respectively (1). The
annual changes for the incident and prevalent US diabetic patients by modality between
the years 1993 and 2001 are shown in Fig. 3. However, acceptance rates for RRT, as
well as practice pattern differ among various countries as has been shown by the Dialysis
Outcomes and Practice Pattern study (11).

Despite important developments of RRT and the increasing acceptance rate of dia-
betic patients, the overall mortality in these patients remains two to three times higher
than that of nondiabetic dialysis patients; cardiovascular and cerebrovascular diseases
account for approximately two-thirds of deaths in the diabetic dialysis population (12).

FACTORS AFFECTING THE CLINICAL OUTCOMES 
OF DIABETIC PATIENTS ON DIALYSIS

The presence of a variety of comorbid conditions at the initiation of dialysis (Table 2)
may adversely affect the clinical outcome and thus the success of any chronic dialysis
program on RRT, by increasing the morbidity and mortality of the dialysis population
with the DN.
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Fig. 3. The graphics show the changes in the average annual percent in rates per million for the inci-
dent and prevalent US diabetic patients, between the years 1993 and 2001 (1).



Cardiovascular Disease
The risk of cardiovascular disease is higher in patients with diabetic kidney disease

than in diabetic patients without kidney disease (13) and diabetes has been recently
considered as “coronary equivalent,” as diabetic patients without previous myocardial
infarction (MI) were found to have as high a risk of MI as nondiabetic patients with a
previous MI (14). Also, the prevalence of significant (>50% stenosis) CAD in patients
with diabetes who are starting treatment for ESRD is estimated to be 45–55%, and dia-
betic patients may have asymptomatic myocardial ischemia-induced angina, owing to
diabetes-associated neuropathy. Hence, morbidity and mortality from cardiovascular
disease are two to five times higher in patients with diabetes compared with nondiabetics
and cardiac disease is the most frequent cause of death among diabetics, accounting for
more than one-half of cases (Figs. 4 and 5) (12,15).

Furthermore, diabetic ESRD patients experience an increased rate of strokes and
transient ischemic attacks; deaths related to CVD are approximately twice as common
in patients without diabetes once ESRD has occurred. 

Age
Advanced age represents the most important predictor of survival in diabetic patients

and correlates inversely with survival (16). Also, advanced age and the presence of dia-
betes are strong risk factors for CAD and cardiac death in HD patients (17).

Protein-Energy Malnutrition
Protein-energy malnutrition, is common among diabetic dialysis patients and many of

them are already malnourished when they begin dialysis, which may be the result of the
decreased protein intake, altered metabolism, and coexisting conditions such as uremia,
intercurrent illness, gastroparesis, as well as poor socioeconomic conditions and depres-
sion. On the other hand, diabetes accelerates the synthesis and tissue deposition of
advanced glycosylated endproducts (AGEs), compounds that normally are excreted by
the kidney but accumulate in patients with renal failure, and exert their main pathological
effect through abnormal permeability of blood vessels (18).

Regarding dialysis dose, it has been shown in uncontrolled studies (19) that by increas-
ing clearances, a marked improvement in survival could be achieved and thus it was
emphasized that adequate dialysis prescriptions should be provided in this vulnerable dial-
ysis diabetic population. However, the ADEMEX study (20) (a prospective randomized
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Table 2
Factors Affecting Outcome of Diabetic Patients With ESRD on Dialysis 

Comorbidity at initiation of dialysis Peripheral vascular disease
Cerebrovascular disease
Anemia
Hypoalbuminemia–malnutrition infection
Hyperparathyroidism

Patient’s personality Age
Volume status 
Residual renal function 

Dialysis characteristics Dialysis complications (peritonitis)
Adequacy of dialysis dose
Ultrafiltration (UF failure)



controlled study) showed that in PD ESRD patients (42% diabetic) increases in peritoneal
small-solute clearances within the National Kidney Foundation-Dialysis Outcomes Quality
Initiative targets (21) have no effect on patient survival, even after controlling for a variety
of factors (age, diabetes mellitus, serum albumin levels, normalized protein equivalent of
total nitrogen appearance, and anuria) known to affect survival. Thus, it challenges us to
focus on treating the entire patient to achieve optimal outcomes, including fluid control and
nutrition management. Similarly, the Hemodialysis (HEMO) study concluded that patients
undergoing HD three times a week appear to have no major benefit from a higher dialysis
dose than that recommended by current guidelines or from the use of a high-flux membrane
(22). Current efforts are being focused on, improving phosphate control, and lowering tradi-
tional and nontraditional risk factors for adverse cardiovascular events in these patients (23).
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Fig. 4. Comorbidity among registered patients by age and diabetes status, Canada 1988–1994. PVD,
peripheral vascular disease; CVA, cerebrovascular accident; MI, myocardial infarction.

Fig. 5. Cause-specific death rates for diabetic dialysis patients aged 45–64 by modality, 1995–1997, from
ref. 1. Death rates (total deaths/1000 patient years at risk) for diabetic patients on PD and HD are 282 vs
205 respectively, whereas in nondiabetics these rates are 146 vs 141 for PD and HD, respectively.



Consequently, diabetic dialysis patients commonly require preemptive, aggressive,
and multidisciplinary management to ameliorate the devastating complications related
to end-organ and system complications that are present in long-term diabetes.

CHOICE OF MODALITY IN DIABETIC ESRD PATIENTS: EARLY
NEPHROLOGY REFERRAL

One of the most interesting parts of the RRT application is to choose the right modality
for each diabetic patient. This is partially dependent (as with nondiabetic patients) on
the same factors that include comorbid conditions, independence, and motivation of
the patient, home, and social situation, and the patient’s hemodynamic stability. The
presence of autonomic neuropathy may result in the patient’s inability to tolerate
volume shifts predisposing to hypotensive episodes during HD sessions. In that situa-
tion, CAPD, by the more gradual fluid removal, may be the method of choice if there is
no any other contraindication for its application. In the study by Stack et al. (24), HD
was preferred over PD because it was associated with a survival advantage in diabetic
patients with larger body mass index (BMI >30 kg/m2). We believe that the final
decision regarding the treatment choice of CAPD vs HD must be highly individualized
and left up to patient, as there is no survival and rehabilitation advantage of one dialy-
sis modality over another.

In Western countries, the majority of dialysis patients with DN are treated with HD,
and CAPD is used by less than one-fifth of the patients, whereas there is an astonishing
international variation in modality distribution. Although in centers, HD has poor survival
and rehabilitation profile, the sickest, most debilitated patients with the highest number of
comorbid conditions tend to be referred for this therapeutic modality. Still, the majority
of clinical studies have concluded that survival on RRT has continued to improve. Several
comparative studies of diabetic and nondiabetic patients on maintenance HD had shown
that diabetics have inferior survival than nondiabetics (25); however, over the years, sur-
vival of diabetics on maintenance HD has improved by better control of blood pressure
and blood glucose, whereas home HD reported to have the highest survival rates (26).
Comparing technique survival rates, technique failure on CAPD is significantly higher
than that of HD mainly because of infectious complications.

Regardless of modality selection, early nephrology referral as well as early start of
RRT (creatinine clearance 15–20 mL/min) may provide adequate time either to create
an autologous arterio-venous fistulae (AVF) several months before starting HD or to
place a suitable peritoneal catheter at least 2–4 wk or even longer before starting PD
(21,27). Early nephrology referral before starting dialysis of diabetic ESRD patients
has been associated with longer survival by either HD (28) or PD (29). Despite this,
25–30% of diabetic type 2 patients starting RRT in Europe were referred to a nephrologist
less than 1 mo before initiation of dialysis (30).

HEMODIALYSIS-RELATED COMPLICATIONS 
IN DIABETIC DIALYSIS PATIENTS

Because diabetic patients are commonly subjected to various micro- and macrovascular
complications and to a wide range of comorbidities, HD has not been considered to be the
most appropriate replacement therapy. This is mainly owing to the difficulties in AVF cre-
ation, the presence of CAD, the patients’ hemodynamic instability, and the requirements of
systemic anticoagulation. However, HD is still the most commonly used therapy among
diabetic patients worldwide, regardless of the following complications.
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Hypotension
During HD sessions, diabetic patients have 20% increased frequency of hypotension

episodes (12), owing to multifactorial causes (Table 3) and often associated with nausea
and vomiting. Hypotension occasionally occurs in the presence of clinical volume over-
load or/and edema. Recurrent episodes of intradialytic hypotension may contribute to
the increased mortality in diabetic patients (31). Long-standing diabetes and autonomic
neuropathy may suppress the increase in heart rate and peripheral vascular resistance,
the two compensatory mechanisms to prevent hypotension. 

Atherosclerotic CAD may also contribute to intradialytic hypotension in diabetic
HD patients, by reducing myocardial ejection fraction (32), whereas anemia may par-
tially precipitate dialysis-related angina or may affect the ability to sustain UF by reduc-
ing blood viscosity and peripheral vascular resistance (33). Miles et al. (12) reported
some commonly used approaches for the management of dialysis-related hypotension
(Table 4).

Hypertension
Hypertension is more commonly seen in diabetic than in nondiabetic HD patients,

and may contribute to their increased cardiovascular morbidity and mortality. Regarding
its pathogenesis, hypertension in most diabetic patients is principally volume-dependent,
and therefore it may be corrected when dry weight is attained. Conversely, hypertension
episodes may appear during or at the end of a dialysis session, which might be owing to
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Table 3
Factors Contributing to Dialysis-Associated Hypotension in Diabetic Patients

Classification Causes/Contributors

Autonomic neuropathy Diabetic complication
Uremic complication

Reduced myocardial ejection fraction Atherosclerotic coronary artery disease
Angina pectoris
Consequence of myocardial infarction

Diastolic dysfunction Diabetic cardiomyopathy
Anemia Reduced blood viscosity

Peripheral vascular resistance
May precipitate dialysis-related angina

Hypoalbuminemia Malnutrition 
Theory of thermal amplification

Table 4
Managing Intradialytic Hypotension in Diabetics

Use bicarbonate dialysate
High sodium (140–145 mmol/L) dialysate with linear sodium modeling
Reduce the rate of ultrafiltration–sequential ultrafiltration
Increase dialysis time
Maintain hematocrit ≥30% with rHu-EPO
No antihypertensive medications on morning of dialysis
Prime dialysis circuit with hypertonic albumin
Decrease dialysate temperature (particularly near end of dialysis)
Medications: α-agonists (midodrine)



acute activation of the renin–angiotensin system because of the UF-induced decline in
intravascular fluid volume. In these cases, the use of angiotensin-converting enzyme
inhibitors usually controls this problem.

The importance of achieving very low target blood pressure values has been well
documented in predialysis diabetic patients both in the Hypertension Optimal Treatment
(HOT) study (34) and in the UK Prospective Diabetes Study (PDS) (35). In the latter, a
difference of blood pressures of less than 10/5 mmHg reduced the risk of death from
diabetes-related causes by 32%. However, as with nondialysis diabetic patients,
angiotensin receptor antagonists regress left ventricular hypertrophy (LVH) associated
with DN in dialysis patients. Actually, LVH is frequently found at the initiation of dial-
ysis therapy for diabetic and hypertensive patients, and is highly predictive of future car-
diac morbidity and mortality (36).

Higher Weight Gain Between HD Sessions and Volume Overload
Diabetic patients were reported to gain 30–50% more interdialytic weight than

nondiabetics (12), and increased interdialytic weight has been independently associated
with decreased survival of diabetic ESRD patients treated with HD (37). The underlying
mechanism is unclear and it might be correlated with the degree of hyperglycemia (38)
or a higher intracellular sodium content producing increased thirst and further water
intake (39). The resulting volume overload requires further UF, which results in both
hypotensive episodes and painful muscle cramps.

Vascular Access in Diabetic Hemodialysis Patients
Native AVFs are the preferred option both in the young patients with type 1 diabetes,

as well as in older type 2 diabetic patients, because either grafts or central venous catheters
(CVC) are subject to infectious and thrombotic complications. However, creation of an
endogenous fistula in diabetic patients is not always feasible because of advanced PVD,
presence of atherosclerotic lesions, destruction of veins owing to previous injuries by
repeated intravenous injections or catheter insertions as well as medial calcinosis (40)
factors that may lead to arterial vascular destruction and to the need of a synthetic, usu-
ally polytetrafluoroethylene, graft.

In older, mainly type 2 diabetics, calcifications may hinder the maturation of distal
(wrist) vascular access, preventing the hypertrophy of the feeding artery, and thus it has
been suggested (41) that the primary choice of an elbow AVF in general avoids frustrating
attempts at the wrist, especially when late referral requires dialysis to be started rapidly.
Also, many skilled surgical technical variations are possible in these patients because the
increasing use of CVC for dialysis is a matter of concern. Rodriguez et al. (42) reported a
prevalence of 79.6% of native vascular access in diabetics, with an 11% prevalence of
CVC. Careful preoperative planning should allow examining the presence of adequate
peripheral vessels and detection of suitable diabetic patients for a successful AVF and
those at high risk of distal ischemia and steal syndrome.

PERITONEAL DIALYSIS-RELATED COMPLICATIONS 
IN DIABETIC PATIENTS

Because CAPD offers several advantages as a home dialysis treatment that allows
flexibility and enables patients to enjoy most of their activities, it has become increasingly
popular among diabetic patients with ESRD. However, peritonitis and exit-site infections
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and protein loss with the accompanying malnutrition are some of the shortcomings
of PD. Furthermore, long-term studies in PD patients with DN have demonstrated that
the micro- and macrovascular disease of diabetes continue to progress after initiation of
CAPD, leading to ongoing problems with cardiovascular disease, malnutrition, auto-
nomic neuropathy, retinopathy, and PVD (43).

Peritonitis
Peritonitis remains the major cause of drop out for CAPD patients, whereas there is

no evidence that diabetics are at increased risk for peritonitis as initially considered.
Although catheter infection rates were 17% higher in the diabetics, there was no differ-
ence in time-to-first-catheter-infection between diabetics and nondiabetics (p = 0.6),
whereas rates of peritonitis, peritonitis associated with catheter infections, multiple
catheter infection, and catheter removal were also similar among the diabetics and con-
trols (44). Also, despite the initial thoughts that intraperitoneal administration of insulin
in diabetics on CAPD would increase the frequency of peritonitis, reported experience
of many centers indicates that the incidence of peritonitis among diabetics using
intraperitoneal insulin is similar to that of nondiabetics (45).

Peritonitis is also the most common complication and the major cause of hospitali-
zation, whereas recurrent episodes of peritonitis were the leading cause in two-thirds of
the permanent transfers to HD and the main cause of catheter replacement in two-thirds
of all cases (10). On the other hand, frequent severe peritonitis episodes may contribute
to peritoneal membrane permeability alterations and UF loss, which in association with
the higher incidence of comorbid factors, may result in a shortened CAPD longevity.

Malnutrition
Diabetic patients have an increased risk for developing malnutrition on CAPD and

this contributes to morbidity and mortality (46). Anorexia owing to underdialysis, meta-
bolic acidosis, hyperglycemia, gastroparesis, the feeling of fullness owing to the pres-
ence of dialysis solution in the abdomen, and the loss of residual renal function may
contribute to malnutrition in CAPD diabetic patients (47).

Increased glucose absorption from the dialysis fluid may also decrease appetite,
which adds to the complexity of this problem, whereas autonomic dysfunction with
severe orthostatic hypotension, and bladder and bowel dysfunction, constitutes a real
challenge to those treating diabetic patients. Gastroparesis and the associated nausea
and vomiting, is a most frustrating complication of diabetes.

Ultrafiltration Failure
In relation to the UF changes, early studies (48,49) showed that the peritoneal

permeability characteristics are well maintained overtime on PD, but current data would
suggest that there is a tendency toward increasing permeability and UF failure in long-
term PD patients. However, in patients with low rates of peritoneal inflammation, it has
been estimated that after 5–11 yr, the human peritoneum shows functional stability
(solute diffusion and water transport) (49).

Actually, increased peritoneal capillary permeability has been described in studies of
diabetic rats and in clinical studies (50), an observation that resembles the leakage of
albumin across capillary walls, which is characteristic of diabetic microvascular dis-
ease. Also, high peritoneal permeability has been related to the higher morbidity and mor-
tality seen in high peritoneal transporters (51). Besides, high peritoneal permeability may
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also result in low serum albumin concentration, a powerful indicator of mortality
(52). Moreover, Krediet’s team analyzing the differences in fluid and solute transport
between diabetic and nondiabetic patients suggested that the changes in capillary wall
aquaporins observed in diabetic patients prior to CAPD are similar to those observed in
nondiabetics after long-term exposure to high glucose concentrations in the dialysate
(53). Also, increased peritoneal expression of vascular endothelial growth factor,
transforming growth factor-β1 and excessive accumulation of AGEs may be involved
in the progressive increase in membrane permeability, loss of UF, and peritoneal
fibrosis (54).

UF failure commonly results from rapid peritoneal transport of glucose, whereas occa-
sionally a high peritoneal lymphatic absorption also might be responsible. Diabetics with
frequent hyperglycemia episodes may develop fluid retention because of both increased
fluid consumption, stimulated by thirst, and by reduced transperitoneal osmotic gradient.
Nevertheless, there are no differences with nondiabetics and UF failure is not a frequent
cause of technique failure or discontinuation of CAPD in diabetics (42).

Peritonitis and conventional PD solutions containing high glucose and glucose-
degradation products are implicated in PD technique failure (54), whereas PD solutions
without glucose or solutions containing low glucose degradation products may prevent
or delay peritoneal membrane alterations and allow its long-time function in both diabetic
and nondiabetic patients during long-term PD.

TECHNIQUE AND PATIENT SURVIVAL

The introduction of technological developments in HD treatment, the advent of
volumetric HD machines, high-flux and high-efficiency dialyzers, along with computeri-
zation of the dialysis sessions have all contributed to better care for ESRD diabetic
patients. Similarly, in PD treatment technological improvements such as the Y-set
disconnect system have substantially decreased the incidence of peritonitis and
improved CAPD technique survival, but still it is inferior to HD technique survival
(55). Furthermore, during the last decade, there was a great effort toward improving the
quality of care, under the development of clinical practice guidelines, focusing at
adequacy of treatment, and patient outcomes. Additionally, there is now effective treat-
ment of the anemia of CKD, which improves survival, (56) decreases morbidity, (57)
and increases quality of life (58). Marcelli et al. (59) found that PD technique survival
in diabetic patients, unadjusted for pretreatment prognostic differences, was 91% at 1 yr,
73% at 3 yr, and 61% at 5 yr, lower than the HD technique survival of 94, 80, and 75%,
respectively.

Investigation of survival rates of diabetic patients on dialysis requires careful interpre-
tation because the various relative studies commonly involve dissimilar patient groups
with regards to age, race, diabetes type, factors of comorbidity and their severity, vari-
ous complications, and degree of metabolic control. Thus, from reported diabetic
patient survival data obtained mainly from retrospective multicenter or single-center
studies for varying follow-up periods up to 18 yr, we found that mean survival rates for
PD for the first, third, and fifth years were 85, 51, and 39%, respectively (Fig. 6) (60).
Similar results have been reported for diabetic patients on HD, 86.5% at 1 yr, 52% at 3
yr, and 34% at 5 yr (59). Furthermore, several studies with varying proportions of dia-
betic patients, attempted to compare long-term clinical outcomes of the two RRT
modalities. Despite the disparity of results, most medium- and long-term studies have
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concluded that the differences between the overall survival rates of diabetic patients
undergoing PD and HD are not statistically significant (59,61–64), whereas other stud-
ies favor HD (65,66) and others favor PD (67–69). Whenever a study made an adjust-
ment for comorbid factors, the comparison among modes of dialysis either showed no
statistically significant difference or favored CAPD. Table 5 summarizes the mortality
relative risk (RR) for diabetic patients undergoing CAPD or HD. According to the
more recent USRDS data (1), diabetic patients continue to have the lowest probabilities
of survival, with 27% of those on HD, and 23% of PD patients expected to survive 
5 yr after initiation.

After adjusting for statistical differences, Vonesh and Moran (64) found that among
diabetic patients, the PD-to-HD death rate ratio varied significantly according to gen-
der and age. The average male diabetic patient had little or no difference in risk between
PD and HD from 1989 to1993, whereas diabetic patients under the age of 50 yr treated
with PD had a significantly lower risk of death than those treated with HD.

Also, incident Medicare patients treated between 1994 and 1996 were evaluated by
Collins et al. (69) using Poisson regression and compared death rates, adjusting for
age, gender, race, and primary renal diagnosis. They showed that patients undergoing
CAPD/continous cycle (CC) PD have outcomes comparable with or significantly
better than those undergoing HD, although results varied with time on dialysis. Cox
regression analysis showed a lower PD-to-HD mortality ratio in diabetic CAPD/CCPD
patients younger than 55 yr. In contrast, the risk of all-cause death for female diabetic
patients aged 55 yr and older was 1.21 for CAPD/CCPD, and the risk of death was
lower (1.03) in men over 55 yr.

However, more recent data (70) regarding the gender effect on mortality rate for HD
and PD patients starting dialysis between 1990 and 1998 in Canada found that for HD
patients there was no difference in adjusted mortality rate ratio (RR) among genders
irrespective of diabetic status, whereas females 65 yr or older on PD had significantly
higher adjusted mortality rates than males. Moreover, diabetic females on PD had sig-
nificantly higher mortality rates than males in both age groups.
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Fig. 6. Long-term survival of CAPD patients with diabetes mellitus (60).



Despite these discrepancies, improvements in dialysis modalities during the last two
decades resulted in longer survival rates in diabetic dialysis patients, but still lower than
that of nondiabetic patients undergoing RRT. Worse outcomes have been mainly attrib-
uted to the increasing incidence of older diabetic patients with a rising occurrence of
serious comorbid conditions, largely resulting from diabetic complications. This
reflects the requirement for a rigorous predialysis care, an early nephrology referral,
and an early dialysis initiation of the most appropriate treatment modality. On the other
hand, an integrated care approach starting with PD and switching to HD if problems
arise (71), and keeping suitable patients on the renal or renal–pancreas transplantation
waiting list, may offer the best outcome of the diabetic ESRD patients.
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Table 5
Mortality RR for CAPD/CCPD vs HD in Diabetic Patients 

Source (ref.) HD CAPD p-Value

Bloembergen et al. (25)
1.00 1.38 <0.001

Age <55 yr 1.00 1.00 >0.05
Age >55 yr 1.00 RR > 1.00 <0.05

Held et al. (66)
1.00 1.26 0.03

Age <58 yra 1.00 1.11 >0.05
Age ≥58 yr 1.00 1.25 <0.05
Age ≥63 yr 1.00 1.34 <0.01

Nelson et al. (67)
Age 20–52 yr 1.00 0.40–0.70b

Fenton et al. (68)c

Age 0–64 yr 1.00 0.73 (0.62–0.87) <0.01
Age over 65 yr 1.00 0.88 >0.05

Serkes et al. (61)
1.00 0.90 >0.05

Vonesh et al. (64)

Average male
1989–1991 1.00 1.02 >0.05
1990–1992 1.00 1.05 >0.05
1991–1993 1.00 1.08 <0.01
<50 yr:1989–1993 1.00 0.84–0.89 <0.05
>50 yr:1989–1993 1.00 1.28–1.30 <0.001
Female: 1989–1993 1.00 1.18–1.19 <0.001

Collins et al. (69)d

Women <55 1.00 0.88
Women >55 1.00 1.21
Men <55 1.00 0.86
Men >55 1.00 1.03

aAge at onset of ESRD. 
bThis relative mortality risk was lowest for younger diabetics and statistically significant (p ≤ 0.05) for

ages 20–52 yr (0.40, 0.48, 0.58, 0.7 for 20–29, 30–39, 40–48, and 50–59 yr, respectively); also among
diabetic patients, mortality rates rose significantly faster (p = 0.03) in CAPD-treated patients (RR = 1.37
per 10 yr of age) rather than HD-treated patients (RR = 1.14 per 10 yr).

cRR controlled for age, predialysis comorbid conditions, and center size. 
dThese values of RR reported to be significantly lower.
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INTRODUCTION

Over a nearly 25-yr period beginning in 1979, four “diabetic renal–retinal syndrome”
meetings were held in New York City. They were led by Eli Friedman and Francis
L’Esperance, who brought together epidemiologists, bench scientists, clinicians,
nephrologists, and ophthalmologists involved in research and clinical care of persons
with diabetic retinopathy and nephropathy (1–4). The renal–retinal syndrome was
defined in these meetings as “coincident kidney and eye diseases resulting from dia-
betic microvasculopathy in retinal and glomerular arterioles and capillaries” (3). Data
from clinical trials over this 25-yr period demonstrated the efficacy of panretinal and
focal photocoagulation preventing visual loss owing to proliferative retinopathy and
clinically significant macular edema and of intensive glycemic and blood pressure
control preventing progression of retinopathy, nephropathy, and other vascular compli-
cations associated with diabetes (4–10). Despite this, both retinopathy and nephropathy
remain prevalent and are important causes of loss of function and quality of life
(11–14).

Prevention of retinopathy and nephropathy requires their early detection and the
development of new treatments to complement glycemic and blood pressure control.
The purpose of this chapter is to examine the epidemiological interrelationships
between diabetic retinopathy and nephropathy. After a description of the natural history,
pathogenesis, and epidemiology of diabetic retinopathy, the relationship of nephropathy
as a risk factor for retinopathy and retinopathy as a risk indicator for nephropathy will
be examined. 

From: Contemporary Diabetes: The Diabetic Kidney
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NATURAL HISTORY OF DIABETIC RETINOPATHY

Retinopathy
The natural history of diabetic retinopathy has been well described (15). The earliest

clinically apparent change detected in the fundus using ophthalmoscopy is the retinal
microaneurysm (Fig. 1) (16). These are seen at time of diagnosis in approx 20–30% of
persons with type 2 diabetes but are unusual in persons with type 1 diabetes of less
than 3–5 yr duration (17,18). The retinal microaneurysm is an outpouching of the weak-
ened retinal capillary wall and appears as a round red dot, ranging in size from 20 to
200 μm in diameter. Eyes that manifest only retinal microaneurysms are classified as
having minimal nonproliferative diabetic retinopathy (NPDR).

Retinal microaneurysms have abnormal permeability to lipoproteins and red blood
cells (16). By themselves, retinal microaneurysms are not a threat to vision. However,
as retinopathy progresses, there may be extravasations of blood from retinal capillaries
or microaneurysms into the inner nuclear layer of the retina leading to the appearance
of blot hemorrhages (Fig. 1). Retinal hard exudates may result if there is leakage of
lipoprotein material from retinal microaneurysms or capillaries (Fig. 1). Hard exudates
appear as sharply defined, yellow, and variable deposits that may be aggregated, scat-
tered, or “ring-like” in their distributions. Eyes with only retinal microaneurysms and
blot hemorrhages and/or hard exudates are classified as having mild NPDR. If the
foveal area is not involved by these abnormalities, the vision is usually normal.

These exudative changes are often accompanied by ischemia owing to closure of the
retinal capillaries and arterioles. Microinfarcts of the nerve fiber layer of the retina
appear as whitish or grayish swellings and are called “cotton-wool spots” or “soft exu-
dates” (Fig. 1). Other manifestations seen in areas of focal retinal ischemia include dilated
retinal capillaries (intraretinal microvascular abnormalities), large dark intraretinal
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Fig. 1. Fundus photograph in a person with diabetes showing various signs of nonproliferative
retinopathy. 



hemorrhages, and venous beading and duplication (Fig. 1). These changes have been
called the “preproliferative phase” and are a warning sign of impending growth of abnormal
new retinal vessels. These eyes are classified as having moderate to severe NPDR. 

The appearance of abnormal new blood vessels and fibrous tissue usually originating
near or from retinal venules or from the optic nerve head define the onset of the pro-
liferative phase of diabetic retinopathy (Fig. 2). These vessels are prone to hemor-
rhage into the vitreous gel anterior to the retina and are often associated with fibrous
tissue. Contraction of this fibrovascular tissue may result in a traction detachment of
the retina and visual loss, if it involves the macular area. These eyes are classified as
having proliferative diabetic retinopathy (PDR).

Macular Edema
Increased permeability of retinal capillaries and microaneurysms may result in the

accumulation of extracellular fluid and thickening of the normally compact macular tissue.
This is often associated with deposition of hard exudates, in rings, clumps, or large
deposits. Accumulation of exudate is often gradual, and spontaneous resolution may
occur in time. If macular edema involves the fovea, visual acuity may drop. It is thought
that macular edema is a result of both increased leakage of fluid into the retina owing
to breakdown of the blood–retinal barrier and impaired removal of the fluid by the retinal
pigment epithelium (19).

Pathogenesis
Almost all hypothesized pathogenetic mechanisms include hyperglycemia as having

a critical role in initiating the retinopathy process. This is supported by data from animal
models of experimental diabetes in which hyperglycemia results in retinopathy (20), in
epidemiological studies that demonstrate strong dose–response relationships of the inci-
dence and progression of diabetic retinopathy to hyperglycemia (21), and in randomized
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Fig. 2. Large area of retinal new vessels (outline by white arrows) is seen in area of optic nerve head
in a left eye with proliferative diabetic retinopathy (PDR). 



controlled clinical trials such as the Diabetes Control and Complications Trial (DCCT)
and UK Prospective Diabetes Study (UKPDS) (7,8) that have demonstrated that inten-
sive treatment of hyperglycemia results in a reduction of the incidence and progression
of retinopathy. The pathogenetic mechanisms for diabetic retinopathy may be arbitrarily
grouped in various categories (e.g., biochemical, physiological, rheological, growth
factor changes, and so on). There has been recent speculation that hyperglycemia may
increase reactive oxygen species (ROS) production and that ROS may serve as a possible
causal link by activating some of these pathways (e.g., aldose reductase, protein kinase C)
and inducing others (e.g., advanced glycation endproduct formation) (22). The devel-
opment and progression of retinopathy is likely secondary to a complex interplay of
a number of these factors that may vary from person to person. It is likely that different
mechanisms are operative and more important at different stages of retinopathy.
Glycosylation, aldose reductase, protein kinase pathways, and increased retinal blood
flow may be more important early in the course of diabetes before the development
of microaneurysms than in later stages of retinopathy, such as during the progression
of severe NPDR to PDR. Angiogenesis factors, such as vascular endothelial growth
factor (VEGF) and growth hormone insulin-like growth factor-I are more likely to be
important later in the course of the disease before the development of PDR. In addi-
tion, inter- and intraindividual variations of biochemical or physiological responses
to hyperglycemia may exist among people at different stages of diabetes. This may
explain why some diabetic patients have minimal retinopathy present despite years of
severe hyperglycemia and hypertension, whereas others develop severe retinopathy
over a shorter period of time despite relatively good glycemic and blood pressure
control. Similar variation in response to hyperglycemia and other pathogenetic fac-
tors may occur among different tissues, partly explaining variations in retinopathy
and nephropathy severity in the same individual.

Epidemiology of Retinopathy
The epidemiology of diabetic retinopathy has been well described elsewhere (15).

The Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR) has provided
epidemiological data on diabetic retinopathy, visual loss, and associated risk factors
(17,18,23–27).

Prevalence of Retinopathy
Persons with type 1 diabetes have higher frequencies of retinopathy, PDR, and clini-

cally significant macular edema than those with type 2 diabetes (Table 1). Using pooled
data from recently studied cohorts of persons 40 yr of age or older with type 2 diabetes,
it was estimated that the crude prevalence of diabetic retinopathy was 40%, and the
crude prevalence of severe retinopathy (preproliferative and proliferative retinopathy or
macular edema) was 8% (11). Projection of these proportions to the diabetic population
40 yr of age or older in the United States resulted in an estimate of 4 million persons
with retinopathy, of whom 900,000 have signs of vision-threatening retinopathy (defined
by the presence of either PDR and/or clinically significant macular edema).

Incidence and Progression of Retinopathy
In the WESDR, the 4-yr incidence (59% vs 39%) and progression of retinopathy

(44 vs 30%) was higher in those with type 1 diabetes compared with those with type 2
diabetes (24,25). Based on the WESDR data, it is estimated nationwide that there were
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approx 63,000 new cases annually of PDR, 29,000 of whom developed PDR with
Diabetic Retinopathy Study (DRS) high-risk characteristics for severe visual loss. In
addition, there were 50,000 new cases of macular edema a year in the United States.
These figures probably overestimate the actual incidence and progression of retinopathy
because achievement of glycemic and blood pressure control is better than when the
WESDR cohort was first studied 25 yr ago. Data from a Danish study showed a decrease
in the cumulative incidence of diabetic retinopathy in persons with type 1 diabetes over a
35-yr period attributed to improved glycemic control, lower blood pressure levels, and
reductions in smoking (28).

Risk Factors for Diabetic Retinopathy
RACE/ETHNICITY

Retinopathy appears to be more frequent in Mexican Americans, Native Americans,
and African Americans than in non-Hispanic whites with type 2 diabetes (29–36).
Poorer glycemic and blood pressure control is thought to explain the higher frequency
of retinopathy in African Americans than in non-Hispanic whites (33). Once these factors
are controlled for, the differences in retinopathy frequency disappear. However, poorer
control of glycemia and blood pressure in Mexican Americans did not explain differ-
ences in retinopathy rates with non-Hispanic whites. 

GENETICS

The severity and onset of retinopathy are similar among concordant identical twins,
suggesting that the tendency to develop diabetic retinopathy and possibly its progres-
sion are influenced by genetic factors (37). Data from the DCCT showed an increased
risk of severe retinopathy among relatives of retinopathy-positive vs retinopathy-
negative DCCT participants at baseline (odds ratio [OR] 3.1, 95% confidence interval
[CI] 1.2, 7.8) (38). Data from recent studies have shown associations between retinopathy
and mitochondrial DNA mutations (39), and polymorphisms of the aldose reductase
gene (40,41), tumor necrosis factor (TNF)-β gene, NcoI gene (42), ε4 allele of
apolipoprotein E gene (43), paraoxonase (an enzyme that prevents oxidation of low-
density lipoprotein [LDL]-cholesterol) gene (44), endothelial nitric oxide synthase
gene (45), intercellular adhesion molecule-1 (46), α2β1 integrin gene (involved with
platelet function) (47), and cytokine VEGF gene (48). With the advent of new cost-
efficient methodologies to determine thousands of genetic polymorphisms, it will now
be feasible to examine genetic factors for specific pathways for retinopathy, such as
genes associated with aldose reductase activity, collagen formation, inflammatory
processes, protein kinase activity, glycosylation, and hypertension. 
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Table 1
Prevalence of any Retinopathy, PDR, and Clinically Significant Macular Edema by Type 1 
and 2 Diabetes in the Wisconsin Epidemiologic Study of Diabetic Retinopathy, 1980–1982

Type 1 Type 2

Endpoint No. Percentage No. Percentage

Any diabetic retinopathy 996 71.8 1365 49.8
PDR 996 22.8 1365 5.7
Clinically significant macular edema 954 5.9 1318 5.2

PDR, proliferative diabetic retinopathy.



Diabetes-Related Risk Factors
DURATION OF DIABETES

The prevalences of retinopathy, macular edema, and PDR increase with longer dura-
tion of diabetes (Figs. 3 and 4) (34–36,49–51). In the WESDR, in those with type 1
diabetes, retinopathy was present in only 8%, and PDR and macular edema were not
present during the first 3 yr of diabetes, whereas in those with type 2 diabetes,
retinopathy occurred in 29%, PDR in 2%, and macular edema in 3% at the time of
diagnosis of diabetes. These differences reflect, in part, the longer period between
onset and diagnosis of diabetes in persons with type 2 diabetes compared with type 1
diabetes.

GLYCEMIA

Understanding the role of glycemic control in reducing the incidence and progres-
sion of diabetic retinopathy is a rather late phenomenon. Although retinopathy was first
described in 1860s shortly after the invention of the ophthalmoscope, as of 1978, West
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Fig. 3. The prevalence of any retinopathy, proliferative retinopathy, and macular edema in persons
with younger onset (<30 yr of age at time of diagnosis of diabetes) type 1 diabetes in the Wisconsin
Epidemiologic Study of Diabetic Retinopathy, 1980–1982.

Fig. 4. The prevalence of any retinopathy, proliferative retinopathy, and macular edema in persons
with older onset (30 yr of age or older at time of diagnosis of diabetes) in the Wisconsin Epidemiologic
Study of Diabetic Retinopathy, 1980–1982.



wrote: “The extent to which hyperglycemia determines the risk of retinopathy is not at
all clear. This is the most important issue at hand and deserves high priority in epidemi-
ologic research” (49). Over the next 25 yr, data from epidemiological studies consis-
tently demonstrated an association between glycemic control and the incidence and
progression of diabetic retinopathy (21,29–32,50–60). Data from the WESDR showed
that lower glycosylated hemoglobin at any stage of retinopathy before the proliferative
phase and at any duration of diabetes was associated with lower 4-yr incidence and
progression of retinopathy (Figs. 5–8) (21,27,60). However, randomized clinical trials
were necessary because epidemiological studies could not assess whether the underlying
severity of the diabetes independently led to both poorer glycemic control and more
severe retinopathy. 

Data from the DCCT, a large randomized controlled clinical trial of more than 1400
patients with type 1 diabetes showed that those assigned to intensive glycemic control
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Fig. 5. The 4-yr progression of retinopathy by duration of diabetes by persons with good glycemic con-
trol (first quartile of glycosylated hemoglobin, 5.6–9.4%) vs those with poor glycemic control (fourth
quartile of glycosylated hemoglobin, 12.1–19.5%) at baseline in persons with younger onset type 1 dia-
betes in the Wisconsin Epidemiologic Study of Diabetic Retinopathy, 1980–1982 to 1984–1986.

Fig. 6. The 4-yr progression of retinopathy by duration of diabetes by persons with good glycemic
control (first quartile of glycosylated hemoglobin, 5.4–8.1%) vs those with poor glycemic control
(fourth quartile of glycosylated hemoglobin, 10.9–20.8%) at baseline in persons with older onset type 2
diabetes in the Wisconsin Epidemiologic Study of Diabetic Retinopathy, 1980–1982 to 1984–1986.



had a 34% reduction in the progression of retinopathy, a 46% reduction in the inci-
dence of PDR, a 22% reduction in the incidence of macular edema, and a 54% reduc-
tion in laser photocoagulation treatment compared with the group assigned to
conventional insulin treatment (7). The DCCT results demonstrated a causal relation-
ship between glycemic control and the incidence and progression of retinopathy as well
as other microvascular complications and suggested that lowering blood sugar, even
modestly, may significantly reduce the incidence of these complications. Four years of
additional follow-up of the DCCT cohort after the study was stopped revealed that
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Fig. 7. The 4-yr progression of retinopathy by retinopathy severity at baseline in persons with younger
onset type 1 diabetes in the Wisconsin Epidemiologic Study of Diabetic Retinopathy, 1980–1982 to
1984–1986. Minimal denotes eyes with nonproliferative retinopathy consisting of only retinal micro-
aneurysms, mild eyes with nonproliferative retinopathy consisting of retinal microaneurysms and
blot hemorrhages or hard exudates, and moderate + eyes with nonproliferative Retinopathy consisting
of more severe signs of retinopathy such as intraretinal microvascular abnormities, large amounts of
retinal blot hemorrhages, venous beading.

Fig. 8. The 4-yr progression of retinopathy by retinopathy severity at baseline in persons with older
onset diabetes in the Wisconsin Epidemiologic Study of Diabetic retinopathy, 1980–1982 to
1984–1986. Minimal denotes eyes with nonproliferative retinopathy consisting of only retinal micro-
aneurysms, mild eyes with nonproliferative retinopathy consisting of retinal microaneurysms and
blot hemorrhages or hard exudates, and moderate + eyes with nonproliferative retinopathy consisting
of more severe signs of retinopathy such as intraretinal microvascular abnormities, large amounts of
retinal blot hemorrhages, venous beading.



despite convergence of glycosylated hemoglobin levels in the intensive and conven-
tional groups, the protective effect of glycemic control was maintained in the intensive
group (61).

The UKPDS was a randomized controlled clinical trial involving 3867 newly diag-
nosed patients with type 2 diabetes (8,62,63). After 12 yr of follow-up, there was a
reduction in rate of progression of diabetic retinopathy of 21% and reduction in the
need for laser photocoagulation of 29% in the intensive vs the conventional glycemic
control treatment group. Based on the results of the DCCT and the UKPDS, the
American Diabetes Association developed guidelines that stated a target goal of glyco-
sylated hemoglobin A1c of 7.0% for persons with diabetes (64). However, data from
the National Health and Nutrition Examination Study (NHANES) III (65) and the
WESDR (66) suggest that few persons with diabetes reach this targeted level of
glycemic control. 

BLOOD PRESSURE

Elevations in blood pressure have been postulated as having a role in the pathogenesis
of diabetic retinopathy (67). High blood pressure, through an effect on blood flow, has
been thought to damage the capillary endothelial cells, possibly contributing to the
development or progression of retinopathy (68). Data from epidemiological studies on
the relationship of blood pressure to the incidence and progression of retinopathy have
been conflicting (69–71). However, data from several recent clinical trials have demon-
strated the efficacy of intensive treatment of blood pressure in lowering the incidence
and progression of retinopathy (9,10,72,73).

The EURODIAB-Controlled trial of Lisinopril in Insulin-Dependent diabetes mellitus
(EUCLID) study examined the role of an angiotensin-converting enzyme (ACE)
inhibitor, lisinopril, in reducing the incidence and progression of retinopathy in a group
of largely normotensive type 1 diabetic patients of whom 85% did not have microalbu-
minuria at baseline (72). This study showed a statistically significant 50% reduction in
the progression of retinopathy in those taking lisinopril over a 2-yr period after adjust-
ment for glycemic control. Progression to PDR was also reduced, although the relation
was not statistically significant. There was no significant interaction with blood glucose
control.

The UKPDS sought to determine whether lowering blood pressure was beneficial in
reducing macrovascular and microvascular complications associated with type 2 dia-
betes (9). The aim in the group randomized to “tight” control of blood pressure (by the
standards at the beginning of the clinical trial) was to achieve blood pressure values
<150/<85 mmHg. (This would be considered poor control by today’s standards.) If
these goals were not met with maximal doses of a β-blocker or ACE inhibitor, addi-
tional medications were prescribed, including a loop diuretic, a calcium channel
blocker, and a vasodilator. The aim in the group randomized to less tight control was to
achieve blood pressure values of <180/<105 mmHg. Tight blood pressure control
resulted in a 35% reduction in retinal photocoagulation compared with conventional
control owing to a lower incidence of macular edema (73). After 7.5 yr of follow-up,
there was a 34% reduction in the rate of progression of retinopathy and a 47% reduc-
tion in the deterioration of visual acuity by three lines or more using the Early Treatment
Diabetic Retinopathy Study (ETDRS) charts (e.g., a reduction in vision from 20/30 to
20/60 or worse on a Snellen chart). Atenolol and captopril were equally effective in
reducing the risk of developing these microvascular complications suggesting that
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blood pressure reduction was more important than the type of medication used to
reduce it. The effects of blood pressure control were independent of those of glycemic
control. These findings support the recommendations for blood pressure control in
patients with type 2 diabetes as a means of preventing visual loss from diabetic
retinopathy. 

Data from another randomized controlled clinical trial, the Appropriate Blood
Pressure Control in Diabetes (ABCD) trial did not demonstrate a significant reduction
in the 5-yr incidence or progression of retinopathy in type 2 diabetes subjects treated
with intensive antihypertensive treatment (the mean blood pressure achieved was
132/78 mmHg) compared with those in the moderate control group (mean blood pressure
of 138/86 mmHg) (74). The authors concluded that the lack of efficacy in their study
compared with the UKPDS might have resulted from the shorter time period of the
ABCD trial (5 vs 9 yr on average for the UKPDS), lower average blood pressure control
in the ABCD trial (144/82 vs 154/87 mmHg in the UKPDS), and poorer glycemic control
in the ABCD trial than in the UKPDS (8,9).

However, results from a second ABCD clinical trial showed a benefit of intensive
blood pressure control in normotensive (blood pressure <140/90 mmHg) type 2 dia-
betic patients at baseline (10). Over the 5-yr period, the intensive blood pressure con-
trol group showed less progression of diabetic retinopathy (34% vs 46%, p = 0.019)
than the moderate therapy group with no difference whether enalapril or nisoldipine
was used as the initial antihypertensive agent. The authors concluded that “over a 5-yr
follow-up period, intensive (approx 128/75 mmHg) control of blood pressure in
normotensive type 2 diabetic patients decreased the progression of diabetic retinopa-
thy.” They concluded that the specific initial agent used (calcium channel blocker vs
ACE inhibitor) appears to be less important than the achievement of the lower blood pres-
sure values in normotensive type 2 diabetic patients. 

SERUM LIPIDS AND LIPID LOWERING

Epidemiological data have suggested a possible role of lipids in the development of
diabetic macular edema with hard exudates. In the WESDR, higher total serum choles-
terol was associated with higher prevalence of retinal hard exudates (75). In the ETDRS,
higher levels of serum lipids (triglycerides, LDLs, and very LDLs) at baseline were
associated with an increased risk of developing hard exudates in the macula and
decreased visual acuity (76). In the DCCT, while controlling for treatment assignment,
glycosylated hemoglobin, and other risk factors, high total- to high-density lipoprotein-
cholesterol ratio and LDL predicted the development of clinically significant macular
edema and hard exudates (77).

In a study of Mexican patients with type 2 diabetes, Santos et al. (43) showed the
frequency of severe retinal hard exudates was higher in those with ε4 allele polymor-
phism of the apolipoprotein E gene. To date, there have been no definitive clinical trial
data showing the efficacy of control of lipids in preventing the incidence and progression
of retinopathy.

INFLAMMATION AND ENDOTHELIAL DYSFUNCTION

Inflammatory processes have been hypothesized to be involved in the pathogenesis
of diabetic retinopathy and nephropathy (78). Elevations in the level of markers of
inflammation, such as serum fibrinogen, tumor necrosis factor-α, and C-reactive protein
found in persons with diabetes have been attributed to hyperglycemia, elevations in
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advanced glycation endproducts, and increased body mass index (79,80). However,
there are few data regarding the role of inflammation in the progression of diabetic
retinopathy in persons with diabetes (81–85). In two case–control studies, diabetic
subjects with macular edema (84) or PDR (83) had higher levels of VEGFs and
cytokines in their vitreous than those without macular edema or PDR. In a cross-
sectional study of normotensive persons with type 1 diabetes, serum C-reactive pro-
tein and fibrinogen levels were positively associated with diabetic retinopathy
severity (81).

Endothelial dysfunction may result in increased vascular permeability, alteration of
blood flow, oxidative stress, and angiogenesis, and has been postulated to play a role in
the pathogenesis of diabetic retinopathy (45,86–92). There have been inconsistencies in
the findings among studies that have examined the relationship of markers of endothe-
lial injury and dysfunction with the prevalence, severity, and incidence of diabetic
retinopathy (45–53,81). Homocysteine and von Willebrand factor, two markers of
endothelial dysfunction, have been inconsistently found to be associated with an
increased incidence of retinopathy and nephropathy in clinical and population-based
studies (93–101). Fewer data are available about potentially protective factors such as
serum folate and vitamins B12 and B6 levels for progression of retinopathy and the inci-
dence of proliferative retinopathy in persons with diabetes (95–98).

SMOKING

Most epidemiological data show no relationship between cigaret smoking and the
incidence or progression of diabetic retinopathy (32,52,56,58,102–105). This is despite
the fact that smoking is known to cause tissue hypoxia by inducing vasoconstriction of
the small blood vessels, increasing blood carbon monoxide levels (106) and increasing
platelet aggregation and adhesiveness (107), all factors hypothesized to be involved in
the pathogenesis of diabetic retinopathy. 

ANEMIA

Anemia, through hypoxia, has been hypothesized to be a risk factor for diabetic
retinopathy (108). Anemia, defined by a hemoglobin of less than 12 g/dL, has been
found to be associated with the presence of retinopathy; more severe anemia was asso-
ciated with more severe retinopathy (109). In the ETDRS, there was a 50% increase in
the odds of developing PDR in anemic compared with nonanemic persons (110). There
are reports of stabilization or regression of retinopathy after treatment of anemia in dia-
betic persons with nephropathy (111).

SUMMARY

Data from the WESDR and other population-based studies have shown associa-
tions of glycosylated hemoglobin, blood pressure, and serum total cholesterol with
the incidence and progression of retinopathy and other micro- and macrovascular
complications (21,27,33,34,60,69,75). However, these factors only explain a small
proportion of the incidence of PDR. Moreover, although glycemic control is associ-
ated with less severe retinopathy, there are people with diabetes who appear to be
relatively protected despite poor control. This was corroborated in the experience of
the DCCT (7). Because hyperglycemia is difficult to control, there has been a search
for other nontraditional risk factors (e.g., markers of inflammation and endothelial
dysfunction) that could be treated and would prevent or delay the progression of
diabetic retinopathy.
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RELATIONSHIP OF DIABETIC NEPHROPATHY TO RETINOPATHY

Microalbuminuria and Diabetic Retinopathy
Diabetic nephropathy may lead to lipid, platelet, and rheological abnormalities, all of

which have been hypothesized to be pathogenetic factors for the development of diabetic
retinopathy (112,113). Therefore, it is not surprising that, independent of blood pressure
level, many studies have found an association between microalbuminuria and gross pro-
teinuria and the presence and severity of diabetic retinopathy (32,53,56,114–116). In the
WESDR, both younger and older onset diabetic persons with microalbuminuria were
more likely to have signs of PDR. Microalbuminuria was associated with clinically
significant macular edema in the younger but not the older onset group (Table 2). While
controlling for duration of diabetes, glycosylated hemoglobin, and diastolic blood pressure,
persons with microalbuminuria were more likely to have retinopathy present (OR 1.9,
95% CI 0.95, 3.78 for younger onset and OR 1.80, 95% CI 1.22, 2.65 for older onset
persons). In multivariable analyses, microalbuminuria remained statistically significantly
associated with PDR in the younger (OR 2.14, 95% CI 1.27, 3.61) but not the older onset
group (OR 1.05, 95% CI 0.56, 1.96). While controlling for other risk factors, the relation-
ship of microalbuminuria to clinically significant macular edema was not statistically
significant in either the younger (OR 2.05, 95% CI 0.81, 5.17, p = 0.13) or the older onset
group (OR 1.26, 95% CI 0.52, 3.06, p = 0.62).

Early nephropathy has also been related to incident retinopathy in some studies. In
Danish patients with type 1 diabetes, the annual incidence of PDR in persons with early
nephropathy was 10–15% compared with only 1% in patients without signs of
nephropathy (117). In another clinical study of 82 patients with type 1 diabetes, of the
13 who developed a progressive increase in their albumin excretion rate and persistent
microalbuminuria during the study period, 62% (8/13) developed macular edema or
proliferative retinopathy compared with 7% (5/69) who remained normoalbuminuric
(118). In the population-based Epidemiology of Diabetes Complication (EDC) study,
higher albumin excretion rate in persons with type 1 diabetes was related to the inci-
dence of PDR but not incident NPDR or progression of retinopathy (119,120). In a clin-
ical study in persons with type 2 diabetes, microalbuminuria at baseline was associated
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Table 2
Prevalence of Retinopathy and CSME by Microalbuminuria in the Wisconsin Epidemiologic

Study of Diabetic Retinopathy, 1984–1986

Early Mod-Sev CSME 
Microalbuminuria status No. None (%) NPDR (%) NPDR (%) PDR (%) No. (%)

Younger onset
Absent 421 20.0 54.6 13.1 12.4 414 2.7
Present 167 7.8 40.1 24.0 28.1 164 6.1

p < 0.0001 p = 0.05
Older onset
Absent 459 42.0 42.7 8.1 7.2 441 3.0
Present 204 25.0 50.5 12.8 11.8 195 5.1

p < 0.0001 p = 0.17

NPDR, nonproliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; CSME, clinically
significant macular edema.



with incidence of NPDR (OR 3.9, 95% CI 1.3–12.0) (121). In the WESDR, persons
with microalbuminuria had a higher 6-yr incidence of PDR but not clinically signifi-
cant macular edema (Table 3). However, controlling for other factors at baseline,
microalbuminuria status was not associated with the incidence of retinopathy, its pro-
gression to clinically significant macular edema, or the incidence of PDR. These data
suggest that other factors, such as glycemic and blood pressure control, are the likely
determinants of both outcomes. Alternatively, the lack of a finding of microalbuminuria
as an independent risk factor for incident retinopathy in the WESDR may be owing to
selective survival, i.e., persons with microalbuminuria who develop severe diabetic
retinopathy are more likely to die and not be examined at follow-up compared with
those with microalbuminuria who did not develop severe retinopathy. In addition,
microalbuminuria in the absence of retinopathy in persons with type 2 diabetes may be
owing to nondiabetic causes. 

Gross Proteinuria and Diabetic Retinopathy 
In the WESDR, persons with diabetes with trace or gross proteinuria were more

likely to have signs of any retinopathy, PDR, or clinically significant macular edema at
baseline than those without gross proteinuria (Table 4). While controlling for other fac-
tors, the odds of having PDR present when gross proteinuria was present varied from
4.58 (95% CI 3.77, 10.15) in those with younger onset type 1 diabetes to 2.71 (95% CI
1.64, 4.49) in those with older onset type 2 diabetes compared with those without gross
proteinuria; for clinically significant macular edema the odds were 2.42 (95% CI 1.20,
4.88) and 1.47 (95% CI 0.83, 1.47) in type 1 and 2 diabetes, respectively. These findings
are also consistent with other epidemiological and clinical studies. In Hispanics, gross
proteinuria was cross-sectionally related to diabetic retinopathy (OR 11.14, 95% CI
1.2, 103) but not in non-Hispanic whites (122). In a cross-sectional analysis of 982
Danish patients with type 1 diabetes, the prevalence of PDR and vision loss increased
with increasing levels of albuminuria, being 12 and 1.4%, respectively, in persons with
normoalbuminuria, 28 and 5.6% in those with microalbuminuria, and 58 and 10.6% in
those with gross proteinuria (123).

The cumulative 5-yr incidence of NPDR and PDR in Danish type 1 diabetic
patients with gross proteinuria was 93 and 74%, respectively, and it was 37 and
14%, respectively in those without (124). In the WESDR, the presence of gross pro-
teinuria was associated with the 10-yr incidence of PDR in type 1 diabetes; other-
wise, gross proteinuria was not associated with the progression of retinopathy or
incidence of clinically significant macular edema (Table 5). The lack of an asso-
ciation in the WESDR may have been due, in part, to the high risk of persons 
with gross proteinuria who develop severe retinopathy dying and not being seen at
follow-up. 

Renal Failure and Macular Edema
There are anecdotal reports that treatment of renal failure will reduce macular

edema in patients who have both (125). However, hemodialysis failed to reduce
fluorescein leakage in the eyes of type 2 diabetic patients with renal failure and
macular edema (126). There are no epidemiological studies or clinical trials that
have demonstrated that reduction of microalbuminuria and prevention of overt
diabetic nephropathy manifest by clinical proteinuria will result in reduction of risk
of retinopathy. This may be a moot point because most treatments aimed at poor
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glycemic and blood pressure control have been shown to be beneficial to both
conditions.

Common Risk Factors for Retinopathy and Nephropathy
In the preceding discussion, a number of risk factors and their associations with

retinopathy were reviewed. Three of them— hyperglycemia, hypertension, and dyslipi-
demia— have been also shown to be related to the incidence of diabetic nephropathy.
Other risk factors, such as high levels of markers of inflammation (127), endothelial
dysfunction, oxidative stress, and hypercoagulability have also been shown in some
studies to be related to both retinopathy and nephropathy (128). However, these factors
explain only a small amount of the variance for each of these complications, and they
do not explain why despite high levels of some risk factors some persons do not develop
retinopathy, others do not develop nephropathy, and some do not get either complica-
tion. For this, genetic susceptibility has been postulated. However, few studies have
examined the associations of familial and genetic factors in the codevelopment of both
complications.

In one of these studies, diabetic retinopathy and nephropathy clustering in families
of 372 subjects with type 1 diabetes participating in the DCCT were examined (38).
Statistically significant correlations were found for severity of retinopathy for all family
members, parent–offspring, father–child, and mother–child but not sibling–sibling rela-
tionships, whereas none of the correlations for these relationships for nephropathy were
statistically significant. 

A few studies have examined the aldose reductase gene and diabetic microvascular
complications (129,130). In one such study, the associations of aldose reductase gene
polymorphisms with diabetic nephropathy and retinopathy were investigated in Chinese
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Table 4
Prevalence and Severity of Retinopathy and CSME by Dipstick Gross Proteinuria 

or Dialysis/Renal Transplant Status in the Wisconsin Epidemiologic Study 
of Diabetic Retinopathy, 1980–1982

No. at Early Mod-sev No. at CSME 
Urine protein status Risk None (%) NPDR (%) NPDR (%) PDR % risk %

Younger onset
None 652 35.9 43.7 10.3 10.1 639 3.8
Trace 93 20.4 49.5 14.0 16.1 91 2.2
Gross 183 8.7 24.6 10.9 55.7 168 14.3
Dialysis or renal 27 0 0 0 100.0 18 11.1

transplant
p-Values <0.0001 <0.0001

Older onset
None 953 47.6 37.2 8.9 6.3 919 6.1
Trace 145 40.0 42.1 9.0 9.0 136 8.1
Gross 192 25.0 37.0 19.3 18.8 178 14.0
Dialysis or renal 3 0 33.3 33.3 33.3 2 50.0

transplant
p-Values < 0.0001 <0.0001

CSME, clinically significant macular edema



T
ab

le
 5

10
-Y

ea
r 

In
ci

de
nc

e 
of

 a
ny

 R
et

in
op

at
hy

, P
ro

gr
es

si
on

 o
f 

R
et

in
op

at
hy

, I
nc

id
en

ce
 o

f 
Pr

ol
if

er
at

iv
e 

R
et

in
op

at
hy

, 
an

d 
In

ci
de

nc
e 

of
 C

SM
E

 b
y 

D
ip

st
ic

k 
G

ro
ss

 P
ro

te
in

ur
ia

 o
r 

D
ia

ly
si

s/
R

en
al

 T
ra

ns
pl

an
t 

St
at

us
 in

 t
he

 W
is

co
ns

in
 E

pi
de

m
io

lo
gi

c 
St

ud
y 

of
 D

ia
be

ti
c 

R
et

in
op

at
hy

 1
98

0–
19

82
 t

o 
19

90
–1

99
2

In
ci

de
nc

e 
of

 a
ny

 
P

ro
gr

es
si

on
 

In
ci

de
nc

e 
In

ci
de

nc
e 

U
ri

ne
/P

ro
te

in
 s

ta
tu

s
N

o.
 a

t 
ri

sk
re

ti
no

pa
th

y
N

o.
 a

t 
ri

sk
of

 r
et

in
op

at
hy

N
o.

 a
t 

ri
sk

of
 P

D
R

N
o.

 a
t 

ri
sk

of
 C

SM
E

Y
ou

ng
er

 o
ns

et
N

on
e

21
8

90
.8

54
9

76
.6

54
9

27
.4

52
1

13
.3

T
ra

ce
17

94
.1

68
69

.9
68

27
.4

62
13

.5
G

ro
ss

15
83

.3
75

78
.3

75
49

.7
80

15
.4

D
ia

ly
si

s 
or

 r
en

al
 tr

an
sp

la
nt

–
–

–
–

–
–

3
10

0.
0

p-
V

al
ue

s
0.

92
0.

80
0.

00
03

0.
41

O
ld

er
 o

ns
et

N
on

e
36

0
69

.6
68

9
58

.6
68

9
15

.4
59

5
12

.2
T

ra
ce

44
76

.7
93

70
.0

93
19

.1
81

15
.6

G
ro

ss
28

75
.9

89
60

.2
89

14
.2

75
12

.7
D

ia
ly

si
s 

or
 r

en
al

 tr
an

sp
la

nt
–

–
1

10
0.

0
1

10
0.

0
–

–
p-

V
al

ue
s

0.
98

0.
41

0.
18

0.
32

C
SM

E
,c

lin
ic

al
ly

 s
ig

ni
fi

ca
nt

 m
ac

ul
ar

 e
de

m
a.

488



persons with type 2 diabetes; 291 free of diabetes complications, 159 with diabetic
nephropathy only, 66 with diabetic retinopathy only, and 121 with both complications
(129). Associations of two aldose reductase gene (ALR2) polymorphisms (z-2 of a
[CA] (n) microsatellite and T allele of C/T polymorphism at the 5′ region) with dia-
betic nephropathy and retinopathy were found. Data from another study suggested a
genetic heterogeneity in diabetic microvascular complications (44). In 372 adolescents
with type 1 diabetes, polymorphisms of paraoxonase, a serum enzyme that prevents
oxidation of LDL by lipid peroxide hydrolysis, were shown to be associated with
retinopathy (PON1-leu/leu) and microalbuminuria (PON2-ser/ser).

RELATIONSHIP OF DIABETIC RETINOPATHY AS A MARKER 
OF DIABETIC NEPHROPATHY

Retinopathy is usually detected by direct observation using ophthalmoscopy. Grading
of fundus photography offers an objective semiquantitative method of describing the
presence and severity of various anatomic measures of retinopathy severity manifest by
presence of retinal microaneurysms, hard and soft exudates, intraretinal microvascular
abnormalities, venous beading, and thickening of the retina. The presence and severity
of diabetic nephropathy is usually clinically characterized by functional changes such
as increased albumin excretion and decreased creatinine clearance. Renal anatomical
changes, sometimes advanced, can occur in the absence of renal functional abnormalities
in persons with diabetes. This may account, in part, for the fact that signs of retinopathy
are usually more frequently found than are signs of diabetic nephropathy and renal
failure (Figs. 9 and 10). In one study in persons with type 1 diabetes, approx 35% of
those with PDR had no detectable signs of nephropathy (131). About one-third of
patients with type 1 diabetes and PDR have been reported to have no signs of clinical
nephropathy (132).

Most attempts to examine correlations between retinal and renal changes have been
done in patients with severe manifestations of these complications (133–137). In one
such study, 86 persons with type 1 diabetes were being evaluated for pancreatic transplant
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Fig. 9. The prevalence of retinopathy and nephropathy severity by duration of diabetes in younger
onset type 1 diabetes group in the Wisconsin Epidemiologic Study of Diabetic Retinopathy, 1980–1982.
CSME, clinically significant macular edema.



alone. All subjects had retinopathy of whom 70% had PDR and 73% had clinical
nephropathy defined as persistent microalbuminuria or overt proteinuria but without
advanced renal insufficiency (GFR ≥ 102 ± 30 mL/min/1.73 m2) (134). More severe
retinopathy was associated with advanced nephropathy as defined by increased mesan-
gial fractional volume and decreased peripheral glomerular basement membrane sur-
face density on biopsy. However, in the few subjects without clinical nephropathy or
with minimal microalbuminuria, there was marked discordance between measures of
retinopathy and anatomical measures of nephropathy. 

There are few epidemiological data regarding the correlation of anatomic measures of
diabetic retinopathy and nephropathy, especially early in the disease processes. The
association of severity of diabetic retinopathy with histological measures of diabetic
nephropathy was examined in 285 normoalbuminuric patients with type 1 diabetes
mellitus in the Renin–Angiotensin System Study (RASS), a multicenter diabetic
nephropathy primary prevention trial (138). Participants were 16 yr of age or older and
had 2–20 yr of type 1 diabetes with normal baseline renal function measures. Diabetic
retinopathy was determined by masked grading of 30° color stereoscopic fundus photo-
graphs of seven standard fields using the ETDRS severity scale. Baseline renal structural
parameters (e.g., mesangial fractional volume [Vv(Mes/glom)] and glomerular basement
membrane [GBM] width) were assessed by masked electron microscopic morphometric
analyses of research percutaneous renal biopsies. No retinopathy was present in 36%,
mild NPDR in 53%, moderate to severe NPDR in 9%, and PDR in 2% of the cohort.
Retinopathy was not related to albumin excretion rate, blood pressure, serum creati-
nine, or glomerular filtration rate. All renal anatomical endpoints were associated
with increasing severity of diabetic retinopathy while controlling for other risk fac-
tors (Tables 6 and 7). The strong associations between retinopathy findings and renal
biopsy measures could be useful in assessing renal risk in patients with type 1
diabetes. Patients who are normoalbuminuric despite long-standing type 1 diabetes
are still at risk of progression to microalbuminuria. However, the results of this
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Fig. 10. The prevalence of retinopathy and nephropathy severity by duration of diabetes in older
onset group in the Wisconsin Epidemiologic Study of Diabetic Retinopathy, 1980–1982. CSME, clini-
cally significant macular edema.



cross-sectional study suggest that retinopathy findings may possibly serve a predic-
tive role for progression from normoalbuminuria to microalbuminuria; however, a
firm conclusion must await longitudinal study of the RASS cohort. This will be possible
because all patients will undergo an end of study renal biopsy as well as retinal fundus
photography. 

The relation between retinopathy as a marker for nephropathy in those with type 2
diabetes may be more difficult because of the finding of lesions other than diabetic
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Table 6
Renal Structural Characteristic by Diabetic Retinopathy Severity

Diabetic retinopathy severity

Moderate to severe 
Renal characteristic No DR Early NPDR NPDR and PDR p

n 89 136 27
Structure

GBM width (nm) 430 ± 80 496 ± 83 527 ± 116 <0.0001
Mesangial fractional volume/ 0.20 ± 0.04 0.21 ± 0.04 0.25 ± 0.05 <0.0001

glomerulus
Mesangial matrix fraction 0.11 ± 0.03 0.12 ± 0.03 0.14 ± 0.03 <0.0001

volume/glomerulus
Vv(MC/glom) 0.07 ± 0.02 0.07 ± 0.02 0.09 ± 0.02 0.002
Peripheral GBM surface 0.134 ± 0.021 0.127 ± 0.020 0.118 ± 0.021 0.001

density/glomerulus
Glomerulopathy index 53.6 ± 9.1 61.5 ± 9.7 66.8 ± 11.6 <0.0001

Data are means ± SD. DR, diabetic retinopathy; GBM, glomerular basement membrane. 
From ref. 138. © 2005 American Diabetes Association. Reprinted with permission from the American

Diabetes Association.

Table 7
Multivariate Association of Diabetic Retinopathy With Renal Anatomic Characteristics

Controlling for Age, Duration of Diabetes, Sex, HbA1c, Mean Arterial Blood Pressure, and BMI

Diabetic retinopathy severity

Moderate to Severe 
Renal Characteristic Early NPDR NPDR and PDR P

n 136 27
GBM width (nm) 48.0 64.8 <0.0002
Mesangial fractional volume 0.0048 0.0257 0.03
Mesangial matrix fraction volume 0.0067 0.0170 0.04
Mesangial cell fraction volume –0.0029 0.0063 0.06
Peripheral GBM surface density –0.0043 –0.0095 0.15
Glomerulopathy index 5.5 8.2 0.0001

Values represent the change in renal characteristic at the diabetic retinopathy severity level compared
with no retinopathy (n = 89). GBM, glomerular basement membrane. 

From ref. 138. © 2005 American Diabetes Association. Reprinted with permission from the American
Diabetes Association.



glomerulopathy in such patients. In one study by Richards et al. (139) although 19 of
22 type 1 diabetic patients had signs of diabetic glomerulopathy on biopsy, 22 of 46
type 2 diabetic patients were found to have an alternative diagnosis. There are no com-
parable studies to the RASS examining the relationship of retinopathy to glomerular
anatomic changes for patients with type 2 diabetes without overt diabetic nephropathy
or hypertension.

CONCLUSIONS

Results of the DCCT and UKPDS suggest that if intensive glycemic control can be
achieved, there will be a reduction in the progression of both diabetic retinopathy and
nephropathy. Epidemiological data and some clinical trial data suggest that blood pres-
sure control might also be an effective approach to reducing both complications. There
are some recent findings suggesting that inflammation, oxidative stress and coagulability
may also have an affect on both complications. Both retinopathy and nephropathy are
linked together as “microvascular” in origin and share similar risk factors. However,
after long duration of disease, most individuals will develop retinopathy but about two-
thirds will develop clinical signs of nephropathy. This suggests possible genetic differ-
ences making susceptibility to damage of each system different for a given level of
exposure of blood pressure, glycemia, and other risk factors. Identification of genetic
polymorphisms associated with risk for one or both complications may lead to newer
preventive treatments in diabetic persons at risk of developing the earlier preclinical
stages of the disease. 
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INTRODUCTION

Type 2 diabetes mellitus (DM) is increasing exponentially; more than 18 million
Americans are currently diagnosed, of which more than approx 73% have concomitant
hypertension (HTN) (1). Notably, at the time of diagnosis of diabetes, HTN is present
in 50% of diabetic patients (2). The presence of diabetic nephropathy (DN) and its
clinical hallmark, microalbuminuria (MAU), with concommittant HTN accelerates
progression to renal and cardiovascular disease (CVD). CVD risk progresses as DN pro-
gresses into chronic kidney disease (CKD) and finally end-stage renal disease (ESRD)
requiring renal replacement therapy. Thus, it is then imperative to understand the close
relationship that progressive DN has with HTN and concomitant advancing CVD risk.
Primary preventive strategies are important to not only prevent DN, but to slow progression
once it is present.

Only a subset of the DM population develops DN. Recent data suggests that
inflammatory and oxidative stress in the glomerulus and the glomerular endothelium
may parallel that in the vasculature in DM (3). Accordingly, the pathogenesis of CVD
in DM closely follows the development of diabetic glomerulosclerosis and MAU.
Insulin resistance, MAU, and other components of the cardiometabolic syndrome
(CMS) are risk factors for both diabetic atherosclerosis and glomerulosclerosis.
Understanding the pathophysiology of these entities increases our potential for the
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development of early prevention and treatment strategies that can delay/decrease
associated CVD and glomerulosclerosis.

Modifying CVD and renal risk factors is a major goal in the interdisciplinary man-
agement of diabetes. In an effort to lower blood pressure (BP) and prevent progression
of DN, initial therapy integrates lifestyle measures and medical therapy. An angiotensin-
converting enzyme inhibitor (ACEI) or an angiotensin receptor blocker (ARB) com-
bined with a thiazide diuretic or calcium antagonists provides significant reno- and
CVD protective properties as first-line therapy in diabetic patients (4). The develop-
ment of diabetic glomerulosclerosis can complicate the management of HTN as well as
accelerate CVD outcomes. CVD in patients with DM is compounded by insulin resist-
ance. Managing CVD and renal risk factors in diabetic persons is challenging, espe-
cially with increasing duration of DM.

Diabetic Glomerulosclerosis
DN is the most common cause of progression of CKD to ESRD (1), as well as

morbidity and mortality in patients with DM. DN is characterized early by glomerular
hemodynamic abnormalities that will eventually lead to glomerular hyperfiltration and
then to glomerular structural changes (see Fig. 2) (5–8). These changes progress to
MAU and an eventual CKD and CVD if preventative measures are not taken. 

Renal morphological changes in the initial stages involve hyperfiltration that is evi-
denced by glomerular basement thickening, mesangial extracellular matrix (ECM)
expansion, and mesangial cell (MC) proliferation (5–8). A major pathology in diabetic
glomerulosclerosis involves ECM deposition and MC expansion and proliferation lead-
ing to associated dysfunctional filtration (5). The abnormal filtration may be partly
caused by an increase in the expression of growth factors and cytokines such as
angiotensin (Ang)-II, aldosterone, tumor necrosis factor (TNF)-α, endothelin-1 (ET-1),
interleukins (ILs), and vascular endothelial growth factor, all of which potentiate altered
vascular flow and permeability (5). Increased expression of fibrotic factors such as trans-
forming growth factor (TGF)-β, connective tissue growth factor (CTGF), and vascular
endothelial growth factor (VEGF) contribute to mesangial connective tissue deposition
and expansion (5,6).

Progression of DN and associated atherosclerosis are affected by many common
factors including intraglomerular and systemic HTN, hyperglycemia, dysfunctional and
activation of the renin–angiotensin–aldosterone system (RAAS), and various growth
and inflammatory factors (see Fig. 1). There are several pathways that have been impli-
cated in the increased production of metabolic toxins or increased rective oxygen species
(ROS) and include excessive formation of advanced glycation endproducts (AGE),
activation of protein kinase C (PKC), increased metabolism through the polyol pathways
(see Fig. 2) (5–19).

With hyperglycemia, there is an increased flux through the polyol pathway that converts
glucose to fructose via two enzymes, aldose reductase and sorbitol dehydrogenase (7).
These enzymes use a cofactor, nicotinamide adenine dinucleotide phosphate (NADPH)
and NAD+, that when depleted, diminishes nitric oxide (NO) and vasodilatory
prostaglandin production by endothelial cells (see Fig. 1). This may contribute to abnormal
filtration and the associated increased NADPH/NAD+ ratio, which reduces glycolytic
pathway signaling resulting in increased oxidative stress, increased production of PKC,
increased de novo diacylglycerol synthesis, and AGE (5,8,9).
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The concentration of AGE is increased in many vascular and renal tissues and is
thought to be a major culprit in diabetic CVD complications (10). Effects of AGE result
from cell-surface binding to a receptor for AGEs (RAGE) and then subsequent accu-
mulation in the ECM (11). The AGE–RAGE complex has been implicated in alteration
of cellular signaling pathway and subsequent metabolic deregulation. These pathways
include p28 (ras)-extracellular signal-regulated protein kinases (Erk1/2), Jac2/Stat3,
and transcription nuclear factor (NF)-κβ signaling pathways (12–14). This AGE–
RAGE complex and its associated alteration of cell signaling has been shown to result
in increased oxidative stress and activation of PKC and increased atherosclerosis and
glomerulosclerosis (16,17). The vascular MC activation results then in increased
cytokine and growth factors, the aforementioned TGF-B, VEGF, and platelet-derived
growth factor (PDGF) secretion leading to further vascular remodeling and mesangial
expansion (11–15).

Oxidative stress has been implicated as a major determinant in the CVD and renal
complications of DM (see Figs. 1–3). This stress results from the imbalance of the gene-
ration of ROS (i.e., superoxide, hydrogen peroxide, and hydroxyl radical formation) and
the reduced antioxidant mechanisms (i.e., superoxide dismutase, catalase, and glutathione
peroxidase) (see Fig. 3) (19). When there is an imbalance (as in a state of insulin resistance,
CKD, and HTN), the increased ROS alters basic cellular proteins causing cellular damage
and reduced endothelial-derived NO (20). Many of the pathways for formation of ROS
are interrelated and are driven, in part, by PKC activation and enhanced NADPH oxidase
activity, xanthine oxidase, and uncoupled NO synthase (16,21).

NADPH oxidase as the main enzymatic source of ROS generation in MCs and vascular
smooth muscle cells (VSMC), and markers of oxidative stress are activated in the diabetic
rat glomeruli (21,22). ROS can also create increased expression of cell-signaling pathways
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via a second messenger (i.e., responses to Ang-II or PDGF) that will then lead to over-
expression of cytokines including TGF-β, TNF-α, monocyte chemoattractant protein-1,
vascular cell adhesion molecule-1, IL-1, 6, and 8, and ECM proteins such as collagen
IV (23). Direct activation of NF-κβ and activator protein 1 by ROS are likely to play an
important role as well in vascular cellular changes (23).

The various PKC consitute a network of isoenzymes that act as intracellular signal
transduction pathways for many hormones and cytokines. In diabetes, PKC activation
may have effects on several intracellular signal transduction mechanism, including the
previously mentioned Erk1/2, and NADPH oxidase (24). PKC activation has also been
implicated in increasing the actions of several cytokines, such as VEGF, PDGF-B,
CTGF, and ET-1 (25,26). Inhibition of PKC activity has shown to reduce elevated
glomerular filtration rate (GFR), albuminuria, production of ECM proteins, expression
of TGF-β, and CTGF, collagen deposition, and diabetic glomerulosclerosis (25–28).
Induced PKC inhibitor treatment in a hypertensive, insulin-resistant rat model with
overexpression of rat renin gene, inhibited mesangial expansion and reduced proteinuria
(29,30). This would suggest that PKC inhibition could alter RAAS. In recent studies
conducted in our laboratories, we have shown that increased tissue generation of ROS

502 Whaley-Connell et al.

Fig. 2. Pathways for diabetic vascular dysfunction.



could also be corrected in this rodent model by angiotensin receptor-1 (AT1R) blockade
and by administration of tempol, a superoxide dismutase-1 mimetic (29).

Role of RAAS in CVD and Renal Disease
HTN in DM is characterized by reduced NO-mediated vasorelaxation, reduced

baroreflex sensitivity, and enhanced sympathetic activity, abnormalities that are
promoted by aldosterone (31). Changes in aldosterone secretion in response to changes
in volume status or alteration in salt intake are mediated primarily by Ang-II. Although,
patients with DM have usually normal Ang-II regulation of aldosterone and normal
circulating levels of this hormone there may be increased tissue levels (30). However,
in diabetic patients with dysautonomia, usually associated with long-standing DM, there
may be impaired conversion of the precursor of renin, prorenin, to renin by the diabetic
kidney. This defect in the processing of renin may ultimately result in the syndrome of
hyporenin–hypoaldosteronism (type 4 renal tubular acidosis), in which high levels of
circulating prorenin are associated with unstimulatable renin, resulting in low aldos-
terone levels and a propensity to hyperkalemia (31). Ang II and aldosterone are known
to exert both genomic and nongenomic effects on the renal, systemic, and cerebral
vasculature, that result in adverse CVD outcomes. Abrogation of the glomerular RAAS
with AT1R blockers, ACEI, and aldosterone antagonists likely decrease oxidative stress,
one mechanism by which they decrease the progression of DN as well as vascular
disease (4,30–34).

Microalbuminuria
MAU is defined as albuminuria detected in urine at levels of 30–299 mg/d (35–37).

Albumin excretion exceeding these parameters is MAU, or overt proteinuria, and is a major
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independent risk factor for CVD (33–35). MAU represents an increased permeability of the
glomerulus, and has increasingly been shown to parallel vascular endothelial dysfunction
in diabetic atherosclerosis (see Fig. 1) (34). In fact, the presence of MAU is considered
a marker for endothelial dysfunction (35,36). There is also increasing evidence that
it is an integral component of the metabolic syndrome associated with HTN (37).
Furthermore, the presence of albuminuria, alone or with decreased renal function, conveys
increased CVD morbidity and mortality (37–39). Patients who develop MAU are 20
times more likely to die from a CVD event (40,41).

Unlike type 1 DM, in which HTN is often a consequence of renal disease (41), MAU
in type 2 DM is associated with insulin resistance, salt sensitivity, loss of nocturnal BP
dipping, and left ventricular hypertrophy (LVH) (32). Because MCs share many prop-
erties with VSMC, the appearance of MAU is related to endothelial dysfunction and
other metabolic abnormalities that may lead to HTN. Conversely, HTN often antedates
and likely contributes to the development of DN (32).

Development of MAU or overt proteinuria often parallels the progression of CKD,
typically progressing over 10–15 yr (32–39). Once CKD develops, and the presence of
either MAU or proteinuria, treatment is directed toward lowering BP to a goal of
<130/80 mmHg and reducing proteinuria by at least 30–50% (32–35). Medications that
decrease both proteinuria and BP, such as ACEIs and ARBs are especially useful in
these patients (36–38).

Insulin Resistance/Hyperinsulinemia
The CVD risk that DN conveys is often compounded by the state of insulin resistance

in DM (3,42). Hyperinsulinemia/insulin resistance has been theorized as a potential
cause of HTN and an additive CVD risk (e.g., the CMS). Insulin resistance is also
increasingly recognized as a chronic, low-level, inflammatory state. Subclinical eleva-
tions of proinflammatory markers—IL-6, C-reactive protein (CRP), along with ele-
vated white cell counts, PAI-1, fibrinogen levels, and uric acid are associated with the
development of DM as well as CVD and renal disease in adults (see Table 1) (43–46).
This association is stronger in the obese (43,44), and visceral fat accumulation is char-
acterized by progressive infiltration of macrophages, which secrete proinflammatory
molecules such as TNF-α, IL-6, and IL-1β (45). These adipocytokines have been pro-
posed to act through master proinflammatory regulators such as those of the nuclear
factor-KB and the c-Jun NH2-terminal kinase (JNK)/AP-1 signaling pathways to mod-
ulate the expression of genes coding for many inflammatory proteins and to alter
insulin signaling (44). The central obesity characterizing the CMS is also associated
with reduced adiponectin (45–50). These actions have two basic consequences, first,
to augment and perpetuate the proinflammatory diathesis, and second, to decrease
insulin sensitivity (43). Some adipocytokines have also been found to contribute to the
development of hypertension through direct pressor actions and interactions with the
RAAS (46–50).

There is increasing data that suggests that Ang II, acting through the Ang-I receptor
(AT1R), inhibits the actions of insulin in vascular and skeletal muscle tissue (29,42).
This is mediated by insulin signaling through phosphatidylinositol 3-kinase (P13K)
and protein kinase-B signaling pathways (42). The inhibitory action of Ang-II is medi-
ated by increased small-molecular-weight G proteins (i.e., RhoA) activity and oxida-
tive stress (46,47). This results in inhibition of P13K and protein kinase-B signaling
thus decreasing endothelial cell production of NO, increased myosin light-chain

504 Whaley-Connell et al.



activation with vasoconstriction, and reduced skeletal muscle glucose transport
(29,42,47–50).

Insulin is known to directly increase renal proximal tubular sodium reabsorption,
thereby increasing extracellular volume and accounting for the fact that the HTN of DM is
a volume-dependent, low-renin type, which is responsive to diuretic therapy in conjuction
with RAAS blockers (48). Insulin is also known to activate the RAAS and sympathetic
nervous system (49,50). Moreover, it causes an elevation of intracellular calcium concen-
tration in VSMC and MCs, leading to vasoconstriction, VSMC proliferation, and increased
vascular and glomerular fibrosis (46,51).

ENDOTHELIAL DYSFUNCTION: ROLE IN VASCULAR 
AND GLOMERULAR DISEASE

In concert, insulin resistance, HTN, and DM, along with progression to MAU and CKD
can lead to progressive endothelial dysfunction (ED) (33,52). The vascular and glomerular
endothelium will normally control VSMC and MC tone, and limits leukocyte adhesion,
generation of ROS, and inflammatory activity. This is mediated in part by the actions of
endothelial-derived factors such as NO, prostaglandins, endothelin, von Willebrand factor,
as well as pro-thrombotic factors soluble thrombomodulin, soluble adhesion molecule and
its inhibitors tissue-plasminogen activator and PAI-1 (53). ED is present when these
functions are altered and allow for the vascular endothelium to be more permeable to the
proinflammatory modulators (cytokine-induced) and have increased interactions with
leukocytes, adhesion molecules, and chemoattractants (52,53). Once ED is present, this
can initiate and allow for progression of atherosclerosis throughout the vasculature, whether
it is in the kidney, heart, brain, or in the peripheral vasculature (47).

We have reviewed how the progression of diabetic glomerulosclerosis and the deve-
lopment of MAU, combined with insulin resistance and DM produces a proinflamma-
tory state to allow ED (both in the glomerular endothelium and the rest of the
vasculature) to develop and progress to an overall risk for CVD. We will now review
how therapy may reduce both microvascular and macrovascular complications.
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Table 1
Cardiovascular (CV) Risk Factors in Diabetics Linked to Vascular Dysfunction

• Central obesity
• Insulin resistance
• ↑ Triglycerides
• ↓ HDLC
• (Small dense LDL particles)
• Absent nocturnal drop in BP/HR
• Microalbuminuria
• Abnormal coagulation and fibroinolysis
• ROS generation
• Elevated CRP and other inflammatory markers
• Chronic kidney disease (estimated GFR < 60 mL/min)
• Increased uric acid
• Decreased diponectin

↑ CV oxidative stress/impaired endothelial function. HDLC, high-density lipoprotein cholesterol; 
LDL, low-density lipoprotein; ROS, reactive oxygen species; CRP, C-reactive protein; GFR, glomerular
filtration rate. (Adapted from ref. 32.)



TREATMENT STRATEGIES IN THE TREATMENT 
OF HYPERTENSION IN DIABETES

Current knowledge of the pathophysiological mechanisms of DN and advancing kidney
disease occurring with insulin resistance and HTN in patients with diabetes will enable
physicians to make rational choices in therapy. The initial evaluation of the hypertensive,
diabetic patient should include a careful history and physical examination, focusing on
his or her overall CVD risk. The degree of glucose control, presence of microvascular
and macrovascular complications, and existence of end-organ damage from HTN will
be emphasized. 

Pharmacological Treatment
There is overwhelming evidence that the reduction of BP in patients with DM

decreases the CVD mortality and the progression of diabetic renal disease. Clinical trials
in hypertensive patients have shown that the reduction of BP decreases the incidence of
stroke by 35–40%, myocardial infarction (MI) by 20–25%, and heart failure by 50%
(54). The Joint National Committee (JNC) VII recommends a goal BP of <130/80 mmHg
in patients with DM (54). This is also supported by the American Diabetes Association,
World Health Organization/International Society of Hypertension, and the National
Kidney Foundation (55,56).

The Hypertension Optimal Treatment (HOT) trial demonstrated that diabetic patients
had a 51% reduction of risk in cardiovascular events when their diastolic BP was treated
to less than 80 mmHg, in comparison with those whose target was less than 90 mmHg
(57). Epidemiological analysis of the data from the UKPDS cohort has also shown a
linear relationship between CVD risk and increasing systolic BP starting at 120 mmHg
and above (58). In addition, results from the Systolic Hypertension in the Elderly
Program and Systolic Hypertension in Europe trials strongly support the aggressive
antihypertensive treatment of diabetic patients with isolated systolic HTN (59,60).
A recent survey, utilizing the Framingham algorithm to evaluate coronary risk in National
Health and Nutrition Examination Survey (NHANES) III individuals with the metabolic
syndrome, estimated that controlling BP to normal levels (120–129/80–84 mmHg)
would prevent 28.1% of coronary events in men and 12.5% of events in women (61).
It has also been shown that an average of 3.1 antihypertensive agents are required to
reach a goal BP of less than 130/80 mmHg, and the addition of antihypertensive agents
to current therapy should be based on their benefits in diabetic patients and their coexisting
illnesses such as DN (62). Furthermore, the Steno-2 trial showed that intervention on
multiple cardiovascular risk factors (i.e., BP, glycemic, and lipid control) in patients
with type 2 DM and MAU resulted in an absolute 20% reduction in CVD events (63).

Angiotensin-Converting Enzyme Inhibitors
The RAAS plays a role in almost every step in the progression of atherosclerosis and

HTN. Multiple clinical trials have demonstrated the pleiotropic effects of ACEIs and
ARBs. In addition to being an effective antihypertensive, ACEIs have been proven to
offer additional benefits in patients with DM. For example, of the 10,985 patients in the
Captopril Prevention Project, 309 patients in the captopril group and 263 in the conven-
tional therapy group were diabetic. Overall, captopril treatment markedly lowered the
risk for fatal and nonfatal MI, stroke, and CVD deaths than in the conventional therapy
group, which consisted of β-blocker or diuretic therapy (64). The effects of the two
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regimens in the diabetic subpopulation showed a clear difference in the risk of develop-
ing a primary endpoint in favor of a captopril-based regimen (65). The Heart Outcomes
Prevention Evaluation (HOPE) trial studied 9541 patients, 3577 of whom were diabetic
(66). Ramipril use was associated with a significant 25% risk reduction in MI, stroke,
or CVD death after a median follow-up period of 4.5 yr (67). This benefit was inde-
pendent of any BP-lowering effect. 

In addition to the benefits of lowering the BP, ACEIs also decrease the membrane
permeability to albumin and decrease intraglomerular pressure. By reducing MAU,
ACEIs can help prevent the progression to DN. Meta-analyses have shown that this
antiproteinuric effect is independent of the changes in BP. The Microalbuminuria,
Cardiovascular, and Renal Outcomes in the Heart Outcomes Prevention Evaluation sub-
study also showed that ACEI therapy was associated with a decreased risk of develop-
ment of overt DN in type-2 diabetic patients with MAU (67). In type- I DM, ACEIs have
been shown to prevent DN (68). In type 2 DM, ACEIs have also been shown to slow the
progression of DN in microalbuminuric, normotensive patients in comparison with other
antihypertensives (69–72). Recently, in a multicenter trial, ACEIs and ARBs were found
to have equal reno-protective effects in patients with type 2 DM (73).

Angiotensin Receptor Blockers
ARBs specifically block the AT1R and offer a more complete blockade of the RAAS.

It should be noted that ACEIs may not completely block the conversion of Ang I to
Ang II owing to activation of alternate pathways (74). The antihypertensive efficacy of
ARBs are equivalent to ACEIs, and have been shown to have an improved side-effect
profile. A comparison of irbesartan with enalapril in patients with severe HTN showed
that irbesartan was associated with a significantly lower rate of coughing than with
enalapril (75). This may clinically translate to improved compliance with an ARB rather
than an ACEI. Similar to ACEIs, the use of ARBs offer additional benefits in diabetic
patients.

The Losartan Intervention for Endpoint Reduction in Hypertension trial showed a sig-
nificant 13% reduction in cardiovascular death and MI, and a significant 25% reduction
in the risk of stroke vs atenolol (76). The subset of diabetic patients in this study had an
even more significant reduction (24%) in the primary endpoint, as well as in CVD mor-
tality (37%) and total mortality (39%) in comparison with atenolol (76). However, the
Irbesartan in Diabetic Nephropathy Trial, comparing irbesartan with a calcium antago-
nist, failed to show any significant difference between these two agents in terms of car-
diovascular mortality (77,78). In patients with LVH, heart failure, and post-MI, ARBs
have been shown to be equal to ACEIs (79).

Based on the current evidence and because of their tolerability, ARBs are recom-
mended as first-line therapy for patients with DM, HTN, and significant proteinuria
(54). The Reduction of Endpoints in NIDDM with Ang-II Antagonist Losartan
(RENAAL) and the Irbesartan in Diabetic Nephropathy Trial showed that ARBs reduce
proteinuria, time to doubling of creatinine, and slow the progression of renal disease
(78,80). The Irbesartan in Microalbuminuria (IRMA) II and Microalbuminuria
Reduction with Valsartan (MARVAL) trials also showed reduction in progression to
nephropathy (81,82). Again, the beneficial effects of ARB on nephropathy are shown to
be independent of the changes in BP.

The Candesartan and Lisinopril Microalbuminuria trial showed greater reduction in
albuminuria when both ARBs and ACEIs were used in combination, than when each
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was used alone (83). In patients with nephrotic syndrome, combination therapy has been
shown to reduce the proteinuria (84). Although this appears promising, more data is needed
before recommending the combination of these two agents to completely block the RAAS.

Thiazide Diuretics
Although diuretics have been shown to worsen insulin resistance, they have also

consistently demonstrated their ability to reduce the CVD mortality in patients with
DM. The Antihypertensive and Lipid-Lowering treatment to prevent Heart Attack Trial
(ALLHAT), one of the largest antihypertension trials, concluded that thiazide diuretics
comparably reduced all-cause mortality such as stroke, coronary artery disease (CAD),
and heart failure (85). This, along with the other studies on thiazide diuretics, has a
short follow-up period of less than 10 yr; and the true impact of new-onset DM may not
be fully appreciated on cardiovascular outcomes. Nevertheless, the electrolyte distur-
bances and the adverse effects on lipid and carbohydrate metabolism are uncommon
with low-dose thiazide therapy (35). Because the usefulness of chlorthalidone is con-
troversial, hydrochlorthiazide has been widely accepted in clinical practice instead of
the chlorthalidone. Diuretics continue to play an important role in the management of
HTN in patients with DM, especially as an adjunct to ACEIs and ARBs. 

Calcium Channel Blockers
Clinical studies have shown that at least 65% of hypertensive patients require two or

more drugs to achieve the target BP of less than 130/80 (86). Calcium channel blockers
(CCBs) have been proven effective as second-line therapy as adjuncts to the above men-
tioned agents. CCBs are not only effective antihypertensive agents, they have also been
shown to reduce insulin resistance or new-onset DM among people with cardio-
metabolic syndrome (85,87–90). Both the ALLHAT and the RENAAL trials showed
that the dihydropyridine calcium antagonists are reno-protective when used in combi-
nation with the agents that block the RAS (85,91). Nondihydropyridine calcium antago-
nists, such as verapamil and diltiazem, have also been shown to have additional benefits
of reducing proteinuria when used in combination with RAAS blockers (92,93).

The Syst-Eur Trial with Netrendipine demonstrated that intensive antihypertensive
therapy for older patients with type 2 DM and isolated systolic HTN eliminated the
additional risk for CVD events and stroke associated with DM (93). In the Hypertension
Optimal Treatment trial, there was a reduction in major CVD events with diastolic BP
control in patients with DM, when felodipine was used as first-line therapy (58). It
should be noted that in the ALLHAT study, CCBs had a significantly higher incidence
of heart failure in comparison with diuretics (85).

β-Blockers
The effectiveness of β-blockers in HTN, CAD and heart failure management have

been proven beyond doubt in multiple clinical trials. Despite their adverse effects of the
glucose tolerance and the peripheral vasculature, β-blockers have a significant role in
HTN management in the diabetic population, especially in those with associated micro- and
macro-vascular complications. In the UKPDS, atenolol was comparable to captopril in
reducing BP and CVD outcomes (58).

β-blockade can worsen the symptoms of peripheral vascular disease. However, selective
β-blockers, such as carvedilol, have been shown to reduce CVD mortality and MAU
without adversely affecting the glucose or lipid profiles (94,95). When used with RAAS
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blockade, carvedilol and atenolol have also both been shown to reduce albuminuria
(96,97). In addition, carvedilol has been shown to slow the progression of nephropathy
and to improve insulin sensitivity (96–98).

In diabetic patients, β-blockers are used mostly in patients with coexisting CAD and
congestive heart failure (99). Despite their potential adverse metabolic effects, β-blockers
have been proven to have significant favorable effects on CVD outcomes in hypertensive
diabetic patients, especially in those with ischemic heart disease and congestive heart failure
(CHF) (35). Therefore, these agents should be included in the antihypertensive therapy in
diabetic patients, specifically those with CAD and CHF.

CONCLUSIONS

The development of diabetic glomerulosclerosis and subsequent MAU in concert
with insulin resistance creates a state of ED resulting from an overall proinflammatory
state. This places patients at risk for CVD and increased CVD outcomes as well as pro-
gression of CKD. Treatment with traditional RAAS blockade cannot only reduce pro-
gression of DN, but can also improve CV outcomes. However, clinicians must note the
beneficial effects on CV outcomes of diuretics, CCBs, and β-blockade in the manage-
ment of HTN in patients with DN.

There is emerging a parallel of dysfunction between the glomerular endothelium and
the rest of the vasculature that has yet to be definitively elucidated. However, the effects
that hyperglycemia and insulin resistance have on the kidney are clear and the under-
standing of how the ROS, AGE, and activation of PKC all interact is critical to creating
novel treatments for diabetes and preventing progression of DN.
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INTRODUCTION

Much of the disease burden in diabetes occurs in patients with diabetic nephropathy
(DN), as they have the highest chance of developing cardiovascular disease (CVD) as
well as severe retinopathy and neuropathy. Two issues appear crucial in stemming the
epidemic of DN and CVD. One is the prevention of diabetes and the solution here from
a public health point of view lies in the prevention of obesity. The other is improved
understanding of the pathogenesis of renal and vascular disease in diabetes. Here,
endothelial dysfunction (ED) is thought to play a key role (1). What is the state of the
art regarding this hypothesis?
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WHAT IS ENDOTHELIAL DYSFUNCTION?

The endothelium is an important site of control of vascular functions (2). Vascular
endothelium normally decreases vascular tone; limits leukocyte adhesion and, thus,
inflammatory activity in the vessel wall; regulates vascular permeability to nutrients,
macromolecules, and leukocytes; inhibits platelet adhesion and aggregation by producing
prostacyclin, nitric oxide (NO) and ectonucleotidases; limits activation of the coagula-
tion cascade by the thrombomodulin-protein C, heparin sulphate-antithrombin and tissue
factor–tissue factor pathway inhibitor interactions; and regulates fibrinolysis by
producing tissue-type plasminogen activator and its inhibitor, plasminogen activator
inhibitor (PAI)-1. NO is a particularly important endothelium-derived mediator because
of its vasodilator, anti-platelet, antiproliferative, anti-adhesive, permeability-decreasing,
and anti-inflammatory properties.

ED can be considered present when endothelial properties have changed in a way
that is inappropriate regarding the preservation of organ function. For example, base-
ment membrane synthesis may be altered, which can contribute to arterial stiffening
and increased microvascular permeability; vascular tone and permeability may increase,
which contributes to increased blood pressure and atherogenesis; and the endothelium
may lose its antithrombotic and profibrinolytic properties and may instead acquire pro-
thrombotic and antifibrinolytic properties. Such alterations (endothelial dysfunctions)
do not necessarily occur simultaneously and may differ according to the nature of the
injury and the intrinsic properties of the endothelium (e.g., venous vs arterial vs
microvascular). Endothelial activation designates one specific type of ED characterized
by (usually, inflammatory cytokine-induced) increased interactions with blood leuko-
cytes, in which adhesion molecules and chemoattractants are essential. ED can be con-
ceptualized as a transducer of atherogenic risk factors and is thought to play an
important role both in the initiation and the progression of atherosclerosis. In this view,
risk factors, such as oxidatively modified low-density lipoprotein cholesterol, smoking,
hypertension, angiotensin-II, and diabetes, initiate atherosclerosis through endothelial
activation. The predilection to atherosclerosis of arterial branching points, bifurcations,
and convexities is explained by the fact that blood flow there is nonlaminar or even turbu-
lent with low or oscillatory shear stress. These conditions increase endothelial activation,
effects that are enhanced by hypertension. These risk factors also have in common that
NO availability is decreased through decreased production and (or) increased degradation,
which furthers endothelial activation.

CAN ENDOTHELIAL DYSFUNCTION BE ASSESSED IN HUMANS?

Much of the above is based on experimental data. Testing these concepts in patients,
above all, requires reliable measurements of endothelial function. Endothelial function
cannot be measured directly in humans and, thus, indirect estimates are often used,
which include endothelium-dependent vasodilation and plasma levels of endothelium-
derived regulatory mediators, such as NOx, endothelin, von Willebrand factor, soluble
thrombomodulin, soluble adhesion molecules, tissue-type plasminogen activator, and
PAI-1. But are these tests valid estimates of endothelial function? On the one hand,
many cross-sectional studies have shown impaired endothelium-dependent vasodilation
and high levels of endothelium-derived regulatory proteins in diseases that involve
injury to the endothelium, such as atherothrombosis, pre-eclampsia and vasculitis, as
well as in individuals with risk factors for atherothrombosis. Moreover, prospective
studies have shown that individuals with impaired endothelium-dependent vasodilation
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and high levels of endothelium-derived regulatory proteins have an adverse cardio-
vascular prognosis (3–6). Vice versa, there is evidence that interventions that lower
cardiovascular risk factors, such as with statin therapy in individuals with hypercholes-
terolemia, result in an improvement of endothelium-dependent vasodilation and lower-
ing of circulating endothelium-derived regulatory proteins (7,8). On the other hand, the
interpretation of these tests is not as straightforward as one would wish. First, tests
intended to estimate NO-mediated endothelium-dependent vasodilation in part meas-
ure effects of other endothelial vasodilators, such as prostacyclin and endothelium-
derived hyperpolarizing factor. This has two consequences, which are not often
emphasized, namely:

• that quantitatively normal endothelium-dependent vasodilation does not guarantee
normal endothelial function, as less NO might be compensated by more endothe-
lium-derived hyperpolarizing factor, and

• that abnormal endothelium-dependent vasodilation in the presence of normal
sodium nitroprusside-mediated vasodilation (i.e., normal vascular smooth mus-
cle cell responsiveness to exogenous NO) does not guarantee impaired endothe-
lial function, as this combination of findings is also compatible with an
abnormal smooth muscle cell response to endothelium-derived vasodilators
other than NO.

Second, the concept that high plasma levels of endothelium-derived mediators reflect
ED in clinically relevant arteries (such as the coronary and carotid) requires:

• that other cell types are not an important source of these mediators,
• that synthesis of these mediators is more important than clearance regarding the

determination of plasma levels, and
• that endothelial function in the microvasculature parallels that in large arteries,

because microvascular endothelium, with its very large surface area and synthetic
capacity, is the most important determinant of plasma levels of endothelium-
derived mediators.

Information on the validity of these assumptions is scarce. In some cases, the
assumptions are clearly invalid. For example, PAI-1 can be produced not only by
endothelial cells, but also by hepatocytes, adipocytes, and vascular smooth muscle cells.

Clinical use of the concept of ED faces three major problems. First, the estimates
that exist for assessing endothelial function in vivo in humans are reasonable but far
from perfect. Second, there is a lack of markers for specific endothelial functions, such
as large artery permeability. Third, specific interventions to improve endothelial func-
tion are not available. Statins, angiotensin-converting enzyme inhibitors, angiotensin-II
receptor blockers, oestrogen, l-arginine, antioxidants, and folic acid have all been shown
to improve some aspects of endothelial function, but these compounds have many other
effects, so that it has not been possible to determine to what extent improvement of
endothelial function explains clinical effects (e.g., statin-induced reduction of risk of
myocardial infarction).

DOES ENDOTHELIAL DYSFUNCTION CAUSE (MICRO) ALBUMINURIA?

(Micro) albuminuria in type 1 and 2 diabetes is usually (9,10), but perhaps not always
(11,12), accompanied by generalized ED: there is impairment of many aspects of
endothelial function in many vascular beds. Importantly, this association between
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microalbuminuria and ED is also seen in nondiabetic individuals (13–17). For example,
a recent large population-based study of 645 individuals (mean age 68 yr; 248 with
normal glucose metabolism, 137 with impaired glucose metabolism, and 260 with
type 2 diabetes) showed that endothelial NO synthesis, as estimated from ultrasoni-
cally measured brachial artery endothelium-dependent, flow-mediated dilation, was
impaired in individuals with diabetes as in comparison with those without, and was
also impaired in individuals with (micro) albuminuria as in comparison with those
without, regardless of whether they had diabetes (17,18). Specifically, flow-mediated
dilation of the brachial artery was 0.12 mm in the presence of (micro) albuminuria
(defined as urinary albumin–creatinine ratio ≥2 mg/mmol) and 0.18 in its absence
(p = 0.002). After adjusting ACR for age, sex, baseline arterial diameter, and other poten-
tial confounders, flow-mediated dilation was 0.038 mm (95% confidence interval,
0.001–0.075) lower in the presence of (micro) albuminuria (p = 0.04), and decreased
linearly across (micro) albuminuria categories (by 0.027 mm [0.007–0.046]/category
[<2, ≥2 to 5, ≥5 to 10, ≥10 mg/mmol] increase of (micro) albuminuria; p = 0.007).
Endothelium-independent, nitroglycerin-induced vasodilation was similar in individuals
with and without (micro) albuminuria. All results were similar in individuals without
and with diabetes. In more advanced stages of nephropathy, endothelial function is
progressively impaired, as was shown by measuring flow-mediated dilation of the
brachial artery in patients with chronic kidney disease and patients with endstage renal
disease on hemodialysis (19). In patients with both end-stage renal disease  and dia-
betes, endothelial dysfunction was more pronounced in diabetic than in nondiabetic
individuals (20).

These findings support the concept that impaired endothelial NO synthesis plays a
role in the association of microalbuminuria with CVD risk whether or not diabetes is
present. Such data, together with data showing that ED precedes and predicts the onset
of microalbuminuria (6,14,16,21,22), clearly raise the possibility that ED in (micro)
albuminuria explains why (micro) albuminuria is a consistent marker of increased risk
of atherothrombosis (23,24). This in turn raises the question of how ED could cause
(micro) albuminuria. Theoretically, ED could cause albuminuria both directly, by
increasing glomerular pressure and glomerular basement membrane permeability, and
indirectly, by influencing mesangial cell and podocyte function in a paracrine fashion
(e.g., through inflammatory mechanisms). Importantly, the molecular pathways by
which ED causes (micro) albuminuria have yet to be worked out. Alternatively, the link
between ED and microalbuminuria could be explained by a common antecedent which
causes both, but the association between ED and microalbuminuria remains when
adjusted for example, common risk factors.

Diabetes is a state of chronic, low-grade inflammation (4,25). Causes of inflamma-
tion in diabetes strongly resemble those of ED and include hyperglycemia, advanced
glycation endproducts, adipokines (e.g., tumour necrosis factor-α), dyslipidemia, and
hypertension. Regardless of the presence of diabetes, chronic, low-grade inflammation
is associated with the occurrence and progression of (micro) albuminuria (6,16,26) and
with risk of atherothrombotic disease (6,16,27). In addition, chronic, low-grade inflam-
mation can be both, the cause and consequence of ED (2,6,25,28) and the two are
tightly linked. Figure 1 shows how conventional risk factors, ED, and inflammation
may interact to cause CVD in diabetes. Finally, some studies suggest that insulin resist-
ance is associated with microalbuminuria, possibly as a result of ED. Combined these
two risk factors are very powerful predictors of CVD (29).
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WHEN DOES ENDOTHELIAL DYSFUNCTION OCCUR IN DIABETES?

In type 1 diabetes, ED precedes and may cause diabetic microangiopathy, but it is not
clear whether hyperglycemia is a sufficient cause of ED (30–36). In our view, it is more
likely that hyperglycemia predisposes to the development of ED and that other factors,
genetic or environmental, play a role in determining who among type 1 diabetic patients
goes on to develop ED, nephropathy and aggressive angiopathy, and who does not. In
type 2 diabetes, ED is present from the onset of the disease and is strongly related to
adverse outcomes (4,16). Type 2 diabetes mostly occurs in the setting of the metabolic
syndrome, but ED in type 2 diabetes is not explained by hypertension, obesity, or dyslip-
idemia (37). It is not clear whether this diabetes-specific ED is caused by hyperglycemia
or other factors. An important potential determinant is increased inflammatory activity
(Fig. 1). In addition, part of the ED in type 2 diabetes may be “primary,” i.e., cause of
diabetes rather than caused by diabetes (see the following section).

CAN ENDOTHELIAL DYSFUNCTION CAUSE HYPERTENSION,
INSULIN RESISTANCE, AND TYPE 2 DIABETES?

The association between essential hypertension and insulin resistance is well established
but presently unexplained. Compensatory hyperinsulinemia has been proposed to be
the missing causal link explaining this association. However, this explanation has
remained controversial, mostly because acute administration of insulin, despite its pre-
sumed prohypertensive effects on the sympathetic nervous system, transmembrane
cation transport, and renal sodium reabsorption, leads to vasodilatation (38,39) rather
than vasoconstriction, and even exerts a small blood pressure-lowering effect in patients
with essential hypertension (40). As an alternative, a connection between the two abnor-
malities can be envisioned at the level of the microcirculation (Fig. 2).

Recent research suggests that physical integrity and normal function of the arteriolar
and capillary network are prerequisites for normal insulin action (38). In addition,
disturbances of the microcirculation may initiate the pathogenic sequence in primary
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hypertension (41) and thus explain, at least in part, the association between insulin
resistance and hypertension. An important consequence of this concept is that any con-
dition that impairs microvascular function (42–48) will predispose to both insulin resist-
ance and hypertension (Fig. 2). Thus, if ED in large arteries, an early and prominent
event in atherothrombosis, is paralleled by ED in resistance vessels and metabolically
important capillary beds that contributes to the development of hypertension and insulin
resistance (and later type 2 diabetes), then the association of insulin resistance, dia-
betes, hypertension, and atherosclerosis may in part have its roots in generalized ED of
large and small vessels (49).

What is the Evidence That Microcirculatory Dysfunction 
Can Contribute to Hypertension?

The established phase of human essential hypertension is characterized by a normal
cardiac output and an elevation in peripheral vascular resistance. Peripheral vascular
resistance is dictated primarily by resistance across vessels between 10 and 300 μm in
luminal diameter, and the increase in total peripheral vascular resistance in essential
hypertension is, therefore, likely to reflect changes in these vessels. Changes in the
microcirculation of hypertensive patients include a reduction in the number of capillaries
and arterioles, so-called rarefaction, in many tissues (41,50). Microvascular rarefaction,
similar in magnitude to the rarefaction observed in patients with established hypertension,
can already be demonstrated in subjects with mild hypertension, and in normotensive
subjects with a genetic predisposition to high blood pressure. This suggests that
rarefaction is not solely secondary to sustained elevation of blood pressure, but may
precede and thus be a causal component of high blood pressure. Indeed, capillary rarefac-
tion in muscle has been shown to predict the increase in mean arterial pressure over two
decades (51). In addition, a smaller retinal arteriolar diameter has been shown to 
predict the occurrence and development of hypertension in a prospective, population-
based study of normotensive middle-aged persons (52). Calculations by mathematical
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modeling of in vivo microvascular networks predict an exponential relationship
between capillary and arteriolar number, and vascular resistance (41). Total vessel
rarefaction up to 42% (within the range observed in hypertensive humans) can increase
tissue vascular resistance by 21%. Thus, as seems likely, microvascular abnormalities
can both result from and contribute to hypertension, and a “vicious cycle” may exist in
which the microcirculation maintains or amplifies an initial increase in blood pressure.
Because, according to the Borst-Guyton concept, chronic hypertension can occur only
if renal function is abnormal, with a shift in the renal pressure–natriuresis relationship,
subtle renal microvascular disease as well as a reduced number of nephrons (53) may
reconcile the Borst-Guyton concept with the putative role of vessel rarefaction in the
etiology of high blood pressure. This may also explain the relationship between salt
sensitivity of blood pressure and insulin resistance (53).

How Can Microcirculatory Dysfunction Impair 
Insulin-Induced Glucose Disposal?

Before insulin interacts with the receptor on the plasma membrane, insulin and glu-
cose must be delivered to the muscle cells in normal amount and time course. Insulin and
glucose delivery to muscle cells is a multistep process that involves the amount of insulin
and glucose delivered to the tissue (i.e., the product of arterial insulin/glucose concentra-
tion times muscle blood flow), transendothelial transport, and the diffusion process within
the interstitial fluid. Recently, there has been a surge of interest in these precellular steps,
especially because insulin is known to be an endothelium-dependent vasodilator. Initially,
it was therefore hypothesized that insulin-induced vasodilation and increase in limb blood
flow would enhance access of insulin and glucose to muscle cells and thus contribute to
insulin-induced glucose uptake. However, because the insulin-induced increase in glu-
cose uptake precedes the insulin-induced increase in total limb blood flow, the latter can-
not cause the former (54). Next, Clark and colleagues introduced the concept that
distribution of blood flow in nutritive in comparison with non-nutritive vessels, rather
than total flow, may affect insulin-mediated glucose uptake (38). Studies performed in the
constant flow rat hindlimb model have shown that vasoconstriction that led to decreases
in nutritive blood flow and metabolism also reduced insulin-mediated glucose uptake,
resulting in acute insulin resistance. In addition, studies using contrast-enhanced ultra-
sound in the rat hindlimb have shown that insulin specifically increases microvascular
blood volume and that these changes precede increases in total blood flow (38).This has
led to the hypothesis that insulin, possibly by reducing precapillary arteriolar tone and/or
altering arteriolar vasomotion, redirects blood flow from non-nutritive vessels to nutritive
capillary beds, resulting in an increased and more homogeneous overall capillary perfu-
sion termed functional capillary recruitment. The latter would enhance the access of
insulin and glucose to a greater mass of muscle for metabolism uptake. Indeed, muscle
capillary density has been shown to be positively correlated with insulin sensitivity (55),
and the number of capillaries per fibre ratio is significantly associated with basal and
insulin-stimulated blood flow (56). In humans, it has recently been shown that insulin is
capable of rapidly inducing microvascular dilation, including functional recruitment of
capillaries, and of altering vasomotion (57,58). This insulin-dependent capillary recruit-
ment was associated with the number of capillaries recruited during post-occlusive reac-
tive hyperaemia without insulin infusion, a measure of capillary recruitment which has
been shown to be related to insulin-mediated whole body glucose uptake and to be
decreased in insulin-resistant subjects (43,44,47,59,60).
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Thus, in an endothelium-dependent process termed capillary recruitment, insulin can
redirect blood flow in skeletal muscle from non-nutritive capillaries (those that are not
coupled to muscle cells) to nutritive capillaries (those that are) and, thus, increase glu-
cose disposal even without increasing total blood flow. In this way, physical integrity
and normal function of the arteriolar, and capillary endothelium are prerequisites for
normal metabolic insulin action. Indeed, according to these concepts, ED can cause
insulin resistance both when the microvascular endothelium is otherwise healthy but
cannot react properly to insulin (“endothelial insulin resistance”) and when the microvas-
cular endothelium is injured through other mechanisms, such as age-related capillary
drop-out (“rarefaction,” i.e., reduced capillary density per volume of tissue). More gen-
erally, microvascular rarefaction and ED may provide a common pathway through
which common risk factors, such as age, obesity, smoking and low birthweight, increase
the risk of developing insulin resistance, hypertension and renal disease in diabetic and
nondiabetic individuals (Fig. 2). Recent prospective studies showing that markers of
microvascular structure and of endothelial dysfunction predict the occurrence of type 2
diabetes provide intriguing observational support for this concept (61,62). Clearly, this
hypothesis is far from proven, but it focuses attention on microvascular function as a
potential treatment target. 

CONCLUSIONS

The endothelium is an important locus of control of vascular functions, and reason-
able but not perfect methods exist for assessing ED in vivo in humans. ED in diabetes
complicated by (micro) albuminuria is generalized. The close link between (micro)
albuminuria and ED is an attractive but unproven explanation for the fact that (micro)
albuminuria is a risk marker for atherothrombosis. ED predicts the occurrence of
(micro) albuminuria, but whether this is causal has not been determined. ED in diabetes
is caused by hyperglycemia, advanced glycation endproducts, and the components of
the metabolic syndrome. It is not clear whether hyperglycemia is sufficient to cause ED.
In type 2 diabetes, ED occurs from the onset of the disease and is strongly related to
adverse outcomes. Microvascular ED is closely associated with and may contribute to
insulin resistance, hypertension and renal disease, regardless of the presence of dia-
betes. If this hypothesis is correct, then improvement of microvascular function should
be considered an important target of treatment.
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INTRODUCTION

Although anemia is a common problem in patients with chronic kidney disease
(CKD), it is only in the last decade that an appreciation of its potential impact in patients
with diabetes has emerged (1,2). The prevalence of anemia in patients with diabetes is
twice that seen in patients with nondiabetic renal disease and similar renal function.
Approximately one in five patients with type 1 or 2 diabetes have hemoglobin (Hb) lev-
els below the gender-specific normal range. Importantly, it is patients with vascular
complications that are both at increased risk for anemia, and are most likely to suffer its
adverse consequences.

This chapter will consider the relationship between anemia and diabetes in three
parts. The first part will deal with the epidemiology and possible mechanisms associated
with anemia, in the setting of diabetic nephropathy (DN). It will describe the prevalence
of anemia in three Australian clinics and compare this with large community-based studies
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of anemia, including National Health and Nutrition Education Survey-III. The role of
“functional erythropoietin deficiency” in which erythropoietin levels are inappropriately
low for the ambient Hb, will also be discussed.

The second part of this chapter will deal with the anemia associated with advanced
DN, starting with epidemiological data from the US Renal Data System. This will
include the emerging concept that anemia is not only a product of the process of renal
impairment but also a contributor to the development of congestive heart failure (CHF)
and increased cardiovascular mortality associated with end-stage renal disease (ESRD)
in patients with diabetes. The frequent coexistence of CHF, renal impairment, and ane-
mia has been called the cardio–renal–anemia syndrome, with the component of anemia
offering a potential means of therapy (3). The coexistence of two or more components
of this syndrome appears to increase mortality and, interestingly, this may occur in the
absence of overt renal disease.

The final section of this chapter will examine the potential role for correction of
anemia in patients with diabetes, using iron and erythropoietin, and the difficulties
experienced so far in interpreting cardiovascular and renal outcomes of intervention
studies.

ERYTHROPOIETIN AND THE ANEMIA 
OF DIABETIC NEPHROPATHY

Although a number of mechanisms potentially contribute to the development of ane-
mia in diabetes, damage to the renal mechanisms that normal control Hb levels appears
to be an essential component. Consistent with this paradigm, at moderate levels of renal
impairment, with glomerular filtration rate (GFR) in the range 30–60 mL/min/1.73 m2,
anemia is present in more than one-third of patients with diabetes. Once GFR is below
30 mL/min/1.73 m2, anemia is more common, affecting up to half of all patients. For
the same level of GFR, patients with increased levels of urinary albumin excretion
(UAE) have an increased prevalence of anemia, such that those patients with macroalbu-
minuria are nearly 10-fold more likely to have anemia that those with normoalbuminuria
and normal renal function.

The kidney has a central role in the control of hemopoiesis and hence the oxygen-
carrying capacity of blood. Erythropoietin is produced predominantly in the kidneys in
adults (4), with smaller amounts made in the liver and other sites. Within the kidneys,
erythropoietin is expressed in the cortical and outer medullary fibroblasts, located
between capillaries and oxygen-consuming tubules (5,6). There is a close correlation
between hematocrit, renal erythropoietin gene expression, and serum erythropoietin
levels. Increases in erythropoietin secretion result when the oxygen supply is reduced
as a result of a decrease in Hb levels, a decrease in oxygen-carrying capacity of Hb, or
a decrease in oxygen saturation of Hb. At a local level, erythropoietin synthesis is con-
trolled via the induction of oxygen-sensing mechanisms including hypoxia-inducible
factor (HIF)-1 (7,8). HIF-1 increases exponentially as cellular oxygen tension decreases
and activates the gene expression of erythropoietin (9). HIF-1 also activates transcrip-
tion of several hypoxia-inducible genes including vascular endothelial growth factor
(VEGF) and several glycolytic enzymes involved in anerobic ATP generation (10,11).

DN is associated with a reduced renal capacity to synthesize and secrete erythro-
poietin in response to anemia. Erythropoietin levels in diabetes are in the normal
range and are not low, as would be consistent in a true deficiency state. However, in the
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setting of anemia, in which erythropoietin levels would normally rise exponentially,
levels in patients with DN remain “inappropriately” in the normal range. DN therefore
represents a state of functional erythropoietin deficiency and may consequently be
responsive to supplementation. In our recent studies, erythropoietin levels were meas-
ured in 722 patients with diabetes (12). In the 23% of the study population with ane-
mia, 77% had erythropoietin levels inappropriately within the normal range. Although
55% of anemic patients had moderate renal impairment, erythropoietin levels were
also inappropriately normal in 18 of 26 of anemic patients with normal renal function
(GFR > 90 mL/min/1.73 m2). However, 17 of these 26 patients had DN as reflected by
an increase in albumin excretion rate (AER). It follows that failure to produce erythro-
poietin in response to a declining Hb level may be one of the earliest manifestations of
DN (2,12). In addition, the severity of erythropoietin deficiency, as a cause of anemia
in patients with diabetes, is not always proportional to the degree of renal impairment. 

The precise mechanisms by which diabetes impairs the renal erythropoietin response
to reduced Hb remain to be established. Although “functional erythropoietin defi-
ciency” is clearly linked to renal dysfunction in diabetes, the reduction in synthesis of
erythropoietin in response to anemia appears to be greater than that seen in other renal
(and particularly glomerular) diseases. Like anemia, tubulo-interstitial damage may be
seen in diabetes, independent of and in advance of late changes of declining glomeru-
lar filtration. For example, thickening and reduplication of the tubular and epithelial
basement membrane can be readily observed in the early diabetic kidney, even among
normoalbuminuric patients (13). It is conceivable that damage to the erythropoietin-
producing cells in the cortical interstitium or disruption of the delicate interaction
between tubule, peritubular fibroblast, and endothelium required for normal hemopoi-
etic function in the kidney, may contribute to impaired erythropoietin release. In fact,
endogenous erythropoietin production has been suggested as a possible marker of the
severity of tubulo-interstitial damage in diabetes (1).

Renal injury leads to a decrease in erythropoietin production and anemia. Although
this may be partly mediated through the loss of erythropoietin-producing cells from the
kidney, some patients with CKD are able to mount an appropriate increase in erythro-
poietin levels in response to hypoxia, suggesting that sensing rather than synthetic
pathways are chiefly disrupted (14). Although erythropoietin gene expression has been
well documented in peritubular fibroblasts, it has so far not been demonstrated in cul-
tured renal cells. This suggests that an interaction is necessary between proximal tubular
epithelial cells and peritubular fibroblasts as a prerequisite for erythropoietin gene acti-
vation. Damage to this delicate interaction, as a result of interstitial fibrosis and
cytoskeletal disorganization associated with renal injury, may also contribute to func-
tional erythropoietin deficiency.

Renal injury also causes a transformation of peritubular fibroblasts into myofibrob-
lasts. One hypothesis is that myofibroblasts can still generate erythropoietin but less
well than fibroblasts (11). This is of interest in relation to diabetic nephropathy, as
advanced glycation endproducts (AGEs) have been shown to modulate myofibroblast
transformation (15). This may be one explanation for the occurrence of anemia in DN
at an earlier stage than in nondiabetic renal disease with a similar degree of renal
impairment.

Erythropoietin deficiency in diabetes may also be caused by autonomic dysfunction.
Watkins et al. (16) originally demonstrated that patients with primary autonomic failure
suffer from erythropoietin deficiency and anemia. A further study by his group showed
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a strong correlation between polyneuropathy and the development of anemia in patients
with type 1 diabetes (17). However, these patients also had coexisting nephropathy
making it difficult to distinguish cause from association. In addition, denervated kid-
neys are still able to produce erythropoietin in response to anemia. Nonetheless, a key
role for the sympathetic nervous system in impaired erythropoietin responsiveness
should not be discounted.

Functional as well as structural changes may also contribute to impaired erythropoi-
etin production. Increased metabolic demand in diabetic tubular cells and chronic
hypoxia in the tubulo-interstitium may also be an important mediator of anemia in dia-
betes (18). Oxidized nucleic acids, endogenous polyamines, and cobalt all inhibit the
cellular release of erythropoietin in vitro, and are increased in diabetes. Each of these
factors may contribute to a recalibration of the “set-point” for erythropoietin secretion,
which can still be overcome with sufficient stimulation. This is phenomenologically
similar to impaired glucose sensing in diabetic islets, which may respond normally to
acute stimulation with arginine or tolbutamide but inappropriately to a physiological
glucose stimulus (19).

Urinary erythropoietin loss, associated with proteinuria in patients with diabetes has
also been proposed as a mechanism for reduced circulating erythropoietin levels in
patients with DN (20). Patients with heavy proteinuria have substantial loss of erythro-
poietin in their urine. Our studies have demonstrated that patients with proteinuria have
an increased prevalence of anemia, independent to renal function. However, neither the
urinary excretion of erythropoietin nor its fractional excretion appears to be signifi-
cantly increased in diabetes in the absence of heavy protein losses. In addition, erythro-
poietin deficiency may be observed in diabetes in the absence of proteinuria, although
it is most commonly seen in this subgroup.

In our study of 722 patients with diabetes, anemia in association with increased ery-
thropoietin levels (>30 mU/mL) was observed in 37 patients, representing approx 20%
of the 165 patients with anemia (12). A recent report has described the association of
raised erythropoietin levels and anemia in the absence of nephropathy (21). Anemia
was present in 10 of 62 patients with type 2 diabetes. Serum erythropoietin levels
increased appropriately with decreasing Hb, but in patients with anemia raised erythro-
poietin levels were not associated with the expected increase in reticulocyte count. This
study raises the possibility that resistance to erythropoietin rather than impaired ery-
thropoietin secretion may contribute to anemia in a subgroup of patients without overt
renal disease.

ANEMIA AS A PROGRESSION PROMOTER 
IN DIABETIC NEPHROPATHY

Several studies have shown that anemia is an independent risk factor for progression
in both diabetic and nondiabetic renal disease (22). For example, in the Reduction of
Endpoints in NIDDM with Angiotensin II Antagonist Losartan Study (RENAAL) study
of patients with type 2 diabetes and nephropathy, anemia at the start of the study was a
strong predictor of the rate of doubling of serum creatinine or development of ESRD
(23). Similarly, the Canadian multicenter cohort study of 313 predialysis patients with
CKD showed that a decrease in baseline Hb of 5 g/L over a median follow-up of 2 yr was
associated with a 13% shorter time to initiation of renal replacement (24). The time to
renal replacement shortened more than eightfold as Hb fell from 130 to less than 100 g/L.
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However, it remains to be established whether patients with anemia simply have more
severe renal disease. Anemia per se does not result in renal damage. As anemia may
be considered a manifestation of renal injury, it is easy to imagine that damaged kid-
neys may be subject to more aggressive renal disease. Nonetheless, there are several
potential mechanisms linking anemia with the progression of DN.

For instance, tissue hypoxia is a common mechanism for progression of various
forms of renal disease in addition to high blood pressure and proteinuria (14). Anemia
may induce mitogenic and fibrogenic stimuli by lowering the partial oxygen tension in
the renal cortex. This could be mediated by HIF-1 which regulates genes involved in
angiogenesis (such as the prosclerotic mitogen, VEGF), vasomotor response (inducible
nitric oxide synthase), heme oxygenase-1 and endothelins, glycolysis (the glucose
transporter GLUT-1 and glycolytic enzymes), matrix metabolism (transforming growth
factor-β1, collagens, and matrix metalloproteinases), and cell survival, all pathways
implicated in the pathogenesis of progressive renal disease.

A major consequence of anemia is an increase in oxidative stress (25), a key
mediator in the development and progression of diabetic renal disease. This may be
mediated by the loss of antioxidant properties of erythrocytes including the enzymes
superoxide dismutase, catalase, and other antioxidant proteins. In addition, renal
anemia is associated with increased production of free radicals. It is conceivable
that the combination of increased oxidative stress and tissue hypoxia associated
with anemia may act to stimulate the production of extracellular matrix, increasing
interstitial fibrosis and tubular apoptosis, and lead to tubular atrophy associated with
progressive renal disease.

ANEMIA AND EXTRA-RENAL MICROVASCULAR DISEASE

Several lines of evidence suggest that anemia may influence the course of extrarenal
microvascular disease in diabetes. Anemia is associated with an increased risk of back-
ground and proliferative retinopathy in patients with diabetes. Given that renal disease
and retinopathy are closely associated, it is perhaps not surprising to see an increased
prevalence of anemia in patients with more aggressive microvascular disease. However,
anemia may also have a direct effect on the development and progression of diabetic
retinal disease. Anemia may act to accelerate diabetic retinopathy by promoting retinal
hypoxia and macularedema (26). This may be mediated by VEGF, which is a potent
stimulus to new vessel formation and increased capillary permeability (27). Consistent
with this hypothesis, a few small studies have demonstrated that correction of anemia
in patients with diabetes may be associated with a reduction in macular hard exudates
(28,29) and edema (30). However, further interventional studies are required to deter-
mine if anemia is causally related to diabetic retinopathy.

Similar considerations apply to the association of anemia with DN. Endoneural
hypoxia, owing to decreased microvascular blood flow and altered vascular perme-
ability, is observed early in the course of diabetes and the resultant ischemia plays a
role in the progressive DN. Factors that exacerbate hypoxia are known to accelerate
nerve injury in diabetes and there is evidence that erythropoietin itself has neuropro-
tective and neurotrophic effects in experimental diabetes (31). In diabetic patients with
anemia and polyneuropathy, erythropoietin therapy has been associated with improve-
ments in motor nerve conduction velocity but no correlation was found between the
increase in Hb and improvement in nerve function (32). This raises the possibility that
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erythropoietin may have a direct impact on microvascular complications, independent
of red cell formation. For instance, erythropoietin has been shown to have proangio-
genic properties (33) and also to protect vascular endothelial cells and smooth muscle
cells against apoptosis (34,35). It follows that the pleiotropic effects of erythropoietin
may promote new vessel formation and limit vascular injury in peripheral nerves, kid-
neys, and the heart in addition to correcting anemia.

EPIDEMIOLOGY OF ANEMIA IN DIABETES: COMMUNITY 
AND CLINIC-BASED STUDIES

Diabetes is responsible for 45% of new patients entering ESRD programs in the
United States, 36% in Germany, and 22% in Australia. The majority of these patients
will have anemia, although this represents the tip of a much larger problem. Most
patients with DN will not survive to reach ESRD, succumbing instead to comorbid vas-
cular complications and infection. It is not yet clear how anemia contributes to their
morbidity or mortality, as there have been comparatively few studies in early diabetes.
Table 1 summarizes the studies of anemia in patients with diabetes and nephropathy
before ESRD.

An early study documenting the presence of normochromic, normocytic anemia
in overt DN was reported by Watkins’ group in London (2). Anemia was defined as
Hb ≤115g/L for women and ≤120g/L for men. Of 27 patients with type 1 diabetes and
nephropathy, 13 were anemic compared with none of 27 patients with glomerulonephritis
with similar levels of proteinuria and serum creatinine. Serum creatinine levels were
similar in the 13 patients with DN and anemia (mean 110, range 63–160 μM) compared
with the 14 patients without anemia (mean 88, range 64–133 μM). The majority of
patients with type 1 diabetes and anemia were shown to have inappropriately low ery-
thropoietin levels (1,2,36).

Two recent community-based studies from the United States have assessed the preva-
lence of anemia according to GFR. The Third National Health and Nutrition Examination
Survey (NHANES-III), performed between 1988 and 1994, was a large, community-
based study of the prevalence of anemia according to kidney function. In the study group
as a whole (15,971 adults), a significant decrease in Hb was apparent in men with GFR
(estimated as creatinine clearance) ≤70 mL/min and in women with GFR ≤50 mL/min
(37). It was estimated from NHANES-III data that 9.7 million adult women and 3.8 mil-
lion adult men in the United States have a GFR ≤50 mL/min. When anemia was defined
as Hb <110 g/L, it was estimated that 610,000 women and 230,000 men had anemia asso-
ciated with impaired kidney function. When anemia was defined as Hb <120 g/L, the
estimated burden of anemia associated with renal insufficiency in the United States was
1.2 million women and 390,000 men.

A further analysis of the NHANES-III data compared the prevalence of anemia,
(Hb <120g/L), according to GFR in people with and without diabetes (38). This analysis
found that people with diabetes and moderate renal impairment had a higher prevalence
of anemia when compared with people without diabetes and similar degrees of renal
impairment (Fig. 1). In the GFR range of 60–30 mL/min/1.73 m2, anemia was present
in 6, 12, and 22% of nondiabetic subjects as GFR decreased from 60–50, to 50–40 and
to 40–30 mL/min/1.73 m2, respectively. By contrast, in the same categories of GFR in
diabetic subjects, anemia was present in 16% (p < 0.001), 24% (p < 0.01) and 41%
(p < 0.04), respectively (38). This study confirmed that anemia was more prevalent in
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people with diabetes even when serum creatinine levels were still in the normal range.
By the time that severe renal impairment developed at a GFR of <30 mL/min/1.73 m2,
the prevalence of anemia was nearly 60%. This was roughly that also seen in the non-
diabetic population.

The Kidney Early Prevention Program (KEEP 2.0), organized by the National
Kidney Foundation, studied 5380 individuals over 18 yr of age including 1769 men and
3611 women (39). Anemia was defined as Hb < 120 g/L in men and women aged older
than 51 yr and <110 g/L in women younger than 51 yr. GFR was calculated using the
simplified Modification of Diet in Renal Disease (MDRD) formula. Diabetes and ane-
mia were present in 25.7% and 7% of the cohort, respectively. In persons with diabetes,
anemia prevalence increased from 6.4, 6.7, 16.5 to 57.1% as GFR decreased from >90,
89–60, 59–30 to <30 mL/min/1.73 m2. In the GFR category 59–30 mL/min/1.73 m2,
anemia prevalence was significantly higher in persons with diabetes compared with
persons without diabetes (16.5 vs 6.8%, p < 0.001). In addition, there was a greater risk
of anemia among men with diabetes compared with women with diabetes when a gender-
specific definition was used. Importantly, because most patients with DN have little
overt renal impairment, the majority of patients with anemia are supervised by their
primary care physician. In this context, anemia is usually unrecognized and almost
always untreated.

In the KEEP 2.0 study (39), there was no difference in the prevalence of anemia
in patients with and without diabetes at GFR levels <30 mL/min/1.73 m2. This is
consistent with findings from the Predialysis Survey of Anemia Management (PRE-
SAM) study of advanced kidney disease, which showed the prevalence of anemia
appears to be similar in predialysis patients both with and without diabetes (40).
However, both these results may underestimate the impact of anemia, because of the
premature death of diabetic patients with early anemia.
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Fig. 1. Doubling of prevalence of anemia in diabetic compared with nondiabetic participants between
GFR 30 and 60 mL/min/1.73 m2 in NHANES-III (38).



In our studies, we examined the prevalence and predictors of anemia in 820 patients
from a single diabetes clinic in a tertiary referral center (41). Eligibility for inclusion in
the study was defined as patients having at least three estimations of AER, with at least
one AER having been performed within the previous 2 yr (41). The study included 458
men (56%) and 362 women who had been followed for a median of 4.8 yr (range 1–28).
The mean age was 62.2 yr. Of the women in the study population 71% were aged older
than 55 yr and were therefore likely to be postmenopausal. More than 95% were of
Caucasian descent. The majority of participants had type 2 diabetes (80%), of whom
46% were receiving insulin. The mean HbA1c was 7.9%. In a randomly selected sub-
group of 330 patients (40%), a clinical history detailing the presence or absence of
specific diabetes complications and treatment modalities was also obtained.

Many participants had experienced complications of diabetes, consistent with the
mean known duration of diabetes of 16 yr (41); 37% had evidence of retinopathy, 27%
microalbuminuria, and 13% macroalbuminuria; 69% were receiving antihypertensive
medication and 44% had evidence of macrovascular disease; 30% had moderate renal
impairment defined by a GFR less than 60 mL/min/1.73 m2. Interestingly, approx 20%
of those with moderate renal impairment had normoalbuminuria. We found that in our
population of 820 patients nearly one-fourth (23%) had anemia according to World
Health Organization guidelines (men Hb < 130 g/L, women Hb < 120g/L). This was very
similar to that found in the NHANES-III population with mild-to-moderate renal
impairment (38). That is, at every level of renal function in the GFR range of 30–60
mL/min/1.73 m2 people with diabetes were twice as likely to have anemia (Fig. 2).

Univariate analysis revealed several predictors of anemia in people with diabetes
including female gender, low GFR, increased age, low-iron stores, increased AER and,
unexpectedly, low HbA1c. Multiple regression revealed that five variables explained
approx 42% of the Hb variance in the entire clinic population. Independent predictors
for Hb were transferrin saturation, GFR, gender, AER, and HbA1c level. Although gen-
der was an important determinant of raw Hb levels, the most powerful predictors were
transferrin saturation and GFR, accounting for 22 and 10% of the variance of Hb, respec-
tively (41). After adjusting for GFR age and all of the potential clinical determinants of
anemia lost statistical significance. Although inflammation may cause anemia, no inde-
pendent association was found between C-reactive protein and Hb. 

Decreased transferrin saturation predicted low Hb levels at every level of renal
impairment. However, decreased iron stores do not explain the increased rates of ane-
mia in patients with diabetes. The rates of iron deficiency in our study population were
the same or slightly lower than that seen in the general Australian population, and the
overall iron stores are slightly higher than that seen in the general population (42).
There was an association between higher iron stores and worse glycemic control, con-
sistent with studies by Fernandez-Real (43) showing that iron modulates insulin action
so that to increase insulin resistance and oxidative stress. However, although reduced
iron availability may predict the Hb level in people with diabetes, it is not the reason
for the increased prevalence of anemia in people with diabetes and nephropathy.

The prevalence and predictors of anemia in long-term outpatients with type 2 dia-
betes from three large Australian clinical centers confirmed the findings reported ear-
lier (44). In a combined study population of 2125 patients, roughly one in five patients
had anemia. Patients with mild renal impairment were twice as likely to have anemia as
those with normal renal function, and patients with moderate renal impairment were twice
as likely to have anemia as those with mild renal impairment.
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In a study population of 312 patients with type 1 diabetes from the same three cen-
ters, one in seven patients had anemia (45). Patients at greatest risk were identified
either by renal impairment or albuminuria. Patients with renal impairment were six
times more likely to have anemia than those with normal renal function. Fifty-two per-
cent of patients with macroalbuminuria had anemia compared with 24% of patients
with microalbuminuria but less than 8% of normoalbuminuric patients.

Recent studies in the same cohort have examined the potential role of AGEs mediating
the interaction between anemia and nephropathy. In this study, serum levels of low-
molecular-weight fluorescent AGEs in 604 patients with type 2 diabetes were 34% higher
than in nondiabetic subjects (46). Notably, independent predictors of low-molecular-
weight AGEs were low GFR and Hb. Whether AGEs contribute to anemia or are a
marker of renal damage in diabetes will need to be determined by prospective studies.

ANEMIA, CARDIAC FAILURE, AND CARDIOVASCULAR OUTCOMES
IN RENAL DISEASE

Patients with diabetes have an increased risk of cardiovascular events (Table 2) and
heart failure (Table 3). Early in the course of diabetes, cardiac fibrosis and hypertrophy
occur, leading to diastolic dysfunction, characterized by impaired relaxation and a stiff
ventricle (47,48). Anemia has the potential to exacerbate cardiac dysfunction in dia-
betes. In normal subjects, a fall in Hb from 140 to 40 g/L evokes an adaptive response
in the heart. In the short term, oxygen extraction increases from 24 to 31% and cardiac
output increases from 3 to 5.5 L/min/m2 (49). In the long term, these adaptive changes
may lead to left ventricular hypertrophy (LVH), a known risk factor for adverse clinical
outcomes. Several observational studies have demonstrated that anemia in combination
with severe renal insufficiency (50,51) or cardiac failure (52) is an independent risk
factor for worse cardiovascular outcomes (Table 2). For example, in a Canadian study
of patients with ESRD, a decrease in Hb was associated with an increased risk of left
ventricular dilatation, new and recurrent heart failure, and death but not with ischemic
heart disease (50). This was consistent with the concept that the long-term response to

Fig. 2. Prevalence of anemia in an Australian Clinic setting (41) compared with NHANES-III (37).
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anemia involves a cardiomyopathic rather than an ischaemic mechanism (49). Similarly,
in a study of survival of patients with heart failure, the Hb at the time of initial diagno-
sis of heart failure was a significant predictor of survival (53). Another cross-sectional
study in patients with early renal disease showed that left ventricular mass index
(LVMI) increased by 33% for every 5 g/L decrease in Hb and for every 15 mmHg
increase in systolic blood pressure (54). The extent of risk associated with anemia was,
therefore, similar to traditional risk factors such as hypertension and dyslipidemia.

The prognosis of heart failure is significantly worse in patients with diabetes than in
nondiabetic patients. It is conceivable that anemia may contribute to this risk, as part of
the “cardio–renal–anemia syndrome,” a triad of complications that often occur in the
one patient (3) (Fig. 3). Two recent epidemiological studies have suggested that car-
diovascular outcomes appear to worsen in patients with two or more components of
this triad when compared with patients with only one component. For example, the
atherosclerosis risk in communities study showed a twofold higher risk of coronary
heart disease in patients with elevated serum creatinine levels, but this was evident only
in the presence of anemia (19). Another study of 2000 patients with heart failure showed
that anemia has a high prognostic impact. Each 1% drop in hematocrit below normal
was associated with a 2% increase in mortality over 12 mo (55).

The association of anemia with cardiovascular and other outcomes has also been
studied in patients with ESRD as part of the US Renal Data System, which included a
database of 66,671 patients of which more than 40% had diabetes. A Hb < 110 g/L pre-
dicted increased risk of death after adjustment for clinical and laboratory parameters
(56). Another study of incident hemodialysis patients showed that a hematocrit of
36–39%, approximately equivalent to a Hb of 130 g/L, was associated with a 22%
lower risk of admission to hospital when compared with patients with a hematocrit in
the range of 33–36% (57).

In patients with renal disease, anemia is also a risk factor for cerebrovascular dis-
ease. The Atherosclerosis Risk in Community study assessed the risk of incident stroke
in a middle-aged population (58). Patients with renal insufficiency alone had an
increased hazard ratio for cerebrovascular accident of 1.81 (1.26–2.02, 95% confidence
interval [CI]), but the hazard ratio increased to 5.48 (2.04–14.41, 95% CI) in patients

Fig. 3. Contributing factors and interrelationships in cardio–renal anemia (60).



with renal insufficiency and anemia. A large observational study of 44,000 patients
receiving hemodialysis has been performed recently in the United States (59). All par-
ticipants had survived 6 mo of dialysis and erythropoietin therapy, with 6 mo of follow-
up. Patients with Hb >120 g/L had a reduced mortality compared with patients with
Hb <110 g/L. For every decile of Hb from 90 to more than 130 g/L, there was a graded
increase in the proportion of surviving patients (59).

Caution should be taken in extrapolating data in patients with ESRD, to patients
with diabetes and earlier stages of renal disease. Although the mechanism of anemia
may be similar, a number of risk factors work in different ways in these two settings.
For example, elevated lipid levels are associated with an increased risk of adverse out-
comes in patients with diabetes and early nephropathy, whereas in ESRD elevated
levels of cholesterol and obesity are associated with improved outcomes. Further
prospective studies are required to address the role of anemia in pre-ESRD patients
with diabetes.

In summary, renal impairment worsens heart function and compromises its therapy,
heart failure worsens renal function and anemia worsens prognosis in people with com-
bined cardiac and renal disease (60). It remains to be seen if diabetes-specific patho-
genetic links such as AGEs modulate the prevalence and expression of this syndrome in
diabetic nephropathy.

THE POTENTIAL UTILITY OF ANEMIA CORRECTION IN PATIENTS
WITH DIABETES

Although there is a clear rationale for the use of supplemental erythropoietin in dia-
betic patients with “functional erythropoietin deficiency,” there is no conclusive evi-
dence that correcting anemia significantly improves clinical outcomes in patients with
CKD, apart from quality-of-life indices (Table 4). Because of difficulties in separating
cause-and-effect in observational studies, several studies have attempted to determine if
correction of anemia ameliorates cardiovascular and/or renal outcomes in patients with
ESRD. Two early studies were performed in cardiac patients with the aim of normal-
izing Hb. The US Normalized Hematocrit trial in patients with overt cardiac failure
(61) showed no overall benefit, a trend to reduced survival in the intervention group,
and a high incidence of vascular access thrombosis. However, a posthoc subgroup
analysis in each treatment group showed that higher Hb levels conferred a survival
advantage. The Canadian Normal Hemoglobin study in patients with asymptomatic
LVH found that erythropoietin treatment conferred no benefit in regressing LVH or in
changing vascular access thrombosis (50).

A controlled but not randomized study was performed in 153 hemodialysis patients
who received anemia therapy with erythropoietin as well as antihypertensive medica-
tion (62). After a follow-up of 54 ± 37 mo, the mean Hb rose from 86 to 105 g/L and
mean blood pressure fell from 169/90 to 146/78. In patients who showed a decrease in
LVMI, survival was improved so that a 10% decrease in LVMI was associated with a
22% decrease in all-cause mortality (62).

A randomized controlled trial of normalization of Hb was performed in 416
Scandinavian patients with renal disease. Participants were recruited in three cate-
gories: predialysis, peritoneal dialysis, and hemodialysis (63). Participants from each
category were randomly allocated to normalization of Hb or to a subnormal Hb group.
Approximately 20% of participants had diabetes, which was a much lower prevalence

Anemia and Diabetic Nephropathy 541
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than in studies performed in the United States. In each of the three study groups, nor-
malization of Hb was associated with improved quality of life after a follow-up of
48–76 wk but there were no differences in thrombosis, blood pressure, hospitalization,
or survival. A post hoc analysis within the normalized and subnormal groups showed
that the lower the Hb the lower the survival rate (63).

Another study assessed the effects of correction of anemia with erythropoietin and
intravenous iron in a mixed group of diabetic and nondiabetic patients with CHF
and CKD (64). As there was no concurrent control group, the study was based on before
and after comparisons. The baseline serum creatinine was approx 200 μM, corresponding
to a GFR of between 10 and 20 mL/min/1.73 m2. After 12 mo of therapy, Hb increased
from 102 to 120 g/L. In both diabetic and nondiabetic patients left ventricular ejection
fraction, hospital admission rates, and heart functional class all improved. In addition,
self reported symptoms of heart failure and fatigue score improved in both groups. GFR
was estimated by the Cockcroft-Gault formula (eGFR) in the 12 mo before intervention
and during 12 mo of intervention. Serum creatinine levels remained unchanged from 0
to 12 mo, suggesting an apparent arrest of decline in eGFR (64). However, the authors
did not exclude the possibility that erythropoietin induced weight gain rather than a
change in GFR was responsible for the apparent stabilization of eGFR.

In treating patients with anemia, any potential benefits need to be carefully balanced
against the significant financial cost involved. Although exogenous erythropoietin or
erythropoietin analogues are generally well tolerated, there is a potential for significant
adverse events. The impact of hypertension, increased blood viscosity and peripheral
resistance associated with increase Hb levels may offset any benefit arising from cor-
rection of anemia. Increasing the Hb level to the high normal range may also be associ-
ated with increased mortality. Correcting anemia via other means such as transfusion
also carries associated risks including HLA sensitisation, which may render a patient
ineligible for transplantation. Repletion of iron may also act to promote intracellular
oxidative stress and impair insulin sensitivity.

In summary, the balance of risk and potential benefits form correcting anemia in
patients with diabetes remains to be established. A recent meta-analysis of randomized
controlled trials has addressed cardiovascular outcomes in intervention studies for the
anemia of CKD (65). This has shown that in CKD patients with existing cardiovascular
disease, the benefits associated with higher Hb targets (reduced seizures) are out-
weighed by the harms (increased risk of hypertension and death). However, there are
insufficient data to guide decisions in patients without existing cardiovascular disease
or in patients with early diabetic renal disease.

At present, at least four ongoing trials (CREATE [66], TREAT, CHOIR [67] and
ACORD [68]) are addressing the potential vascular and renal impact of different Hb tar-
gets for erythropoietin therapy. Results of these studies should provide a definitive guide to
the role of intervention for anemia in patients with overt diabetic nephropathy. However,
additional diabetes-specific trials will be necessary to address the effects of correction of
anemia on the progression of early renal and extrarenal diabetic microvascular disease.

CONCLUSION

Anemia is a common complication of diabetic renal disease, seen with a two to three
times greater prevalence and earlier onset than in patients with renal impairment from
other causes. At least one in five patients with type 1 or 2 diabetes in tertiary referral
clinics have anemia, in which it constitutes a significant additional burden. In these
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patients, erythropoietin levels are normal but inappropriately low in the context of the
subnormal Hb level (functional erythropoietin deficiency). This may be owing to the pre-
dominance of damage to cells and vascular architecture of the renal tubulo-interstitium
associated with DN. These changes may be apparent, like albuminuria, before demon-
strable changes in GFR. In addition, systemic inflammation, autonomic neuropathy,
and reduced red cell survival may compound the effects of anemia in diabetes. In con-
trast to the inappropriately low erythropoietin levels in the majority of diabetic patients
with anemia, a small subgroup of patients with anemia and normal renal function may
have resistance to erythropoietin.

Although anemia may be considered a marker of diabetic kidney disease, reduced
Hb levels, even within the normal range, identify diabetic patients with an increased
risk of hospitalization and mortality. As with macrovascular disease, several observa-
tional studies indicate a worse outcome for diabetic retinopathy and neuropathy.
Anemia may also be significant in determining the outcome of heart failure and
hypoxia-induced organ damage in patients with diabetes as part of the cardiorenal ane-
mia syndrome. Upcoming studies will determine whether correction of anemia will
lead to improved outcomes in patients with diabetes.
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