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Abstract: Diabetic nephropathy is a leading cause of end-stage renal failure, which could account for disabilities and high 

mortality rates in patients with diabetes. Diabetic nephropathy seems to occur as a result of an interaction between meta-

bolic and hemodynamic factors, which activate common pathways that lead to renal damage. Recent large landmark clini-

cal studies have shown that intensive glucose control reduces the risk of the development and progression of diabetic 

nephropathy, and the blockade renin-angiotensin system (RAS) is also an important target for both metabolic and hemo-

dynamic derangements in diabetic nephropathy. However, diabetic nephropathy remains the leading cause of end-stage 

renal failure in developed countries. Therefore, to develop novel therapeutic strategies that specifically target diabetic 

nephropathy may be helpful for most patients with diabetes. High glucose, via various mechanisms such as increased pro-

duction of oxidative stress and advanced glycation end products (AGEs), and activation of the RAS and protein kinase C 

(PKC), elicits vascular inflammation and alters gene expression of growth factors and cytokines, thereby it might be in-

volved in the development and progression of diabetic nephropathy. This article summarizes the molecular mechanisms of 

diabetic nephropathy and the potential therapeutic interventions that may prevent this devastating disorder even in the 

presence of hyperglycemia, control of which is often difficult with current therapeutic options. 
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INTRODUCTION 

 Diabetes mellitus has been increasing global health 
problem affecting more than 170 million people worldwide 
by 2000. According to the World Health Organization, it is 
expected that the number of diabetic people will rise to 370 
million by 2030 in the world [1]. It has been considered that 
about 25-40% of patients with type 1 or type 2 diabetes 
develop nephropathy within 20-25 years of the onset of 
disease [2]. Therefore, diabetic nephropathy is now becom-
ing a devastating disorder, which could account for signifi-
cant morbidity and mortality in Western world [3]. The ma-
jor clinical treatment targets for diabetic nephropathy are 
hyperglycemia and hypertension. Indeed, recent large pro-
spective clinical studies including Diabetes Control and 
Complication Trial (DCCT) [4] and the UK Prospective 
Diabetes Study (UKPDS) [5] have shown that intensive glu-
cose or blood pressure control reduces significantly the risk 
for the development and progression of diabetic nephropa-
thy, and recently, the blockade of the renin-angiotensin sys-
tem (RAS) is reported to be efficacious against the progres-
sion of renal damage in type 1 and type 2 diabetic patients 
[6]. However, diabetic nephropathy remains the leading 
cause of end-stage renal disease (ESRD) in developed coun-
tries. Accordingly, to develop novel therapeutic strategies 
that speci-fically target diabetic nephropathy may be helpful 
for most patients with diabetes. 
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 Chronic hyperglycemia is a major initiator of diabetic 
nephropathy. Various hyperglycemia-induced metabolic and 
hemodynamic derangements, including increased advanced 
glycation end product (AGE) formation, enhanced produc-
tion of reactive oxygen species (ROS), and activation of pro-
tein kinase C (PKC) and the RAS, contribute to the charac-
teristic histopa-thological changes observed in diabetic neph-
ropathy [7]. This review summarizes the molecular mecha-
nisms of diabetic nephropathy and the potential therapeutic 
interventions that may prevent it even in the presence of hy-
perglycemia. 

Pathophysiology of Diabetic Nephropathy 

 The earliest clinical evidence for incipient diabetic neph-
ropathy is the development of the persistent microalbuminu-
ria (urinary albumin excretion rate (UAER), 20-200 g/min), 
which is Albustix-negative. The natural history of diabetic 
nephropathy differs between type 1 and type 2 patients [8]. If 
untreated, approximately 80 % of type 1 diabetic patients 
will develop overt albuminuria (UAER>200 g/min) over a 
15-year period. Of these patients, 50 % will develop ESRD 
over the ensuring 10 years. In type 2 diabetes, if no treatment 
is initiated, up to 20-40 % of patients will progress to overt 
albuminuria and 20 % of those with overt albuminuria will 
develop ESRD over the next 20 years. When comparing two 
types of diabetes, diabetic nephropathy is less common (5-10 
%) in type 2 diabetes than in type 1 diabetes (30-40 %) al-
though the total number of patients with ESRD is similar for 
the two diabetic populations.  

 Diabetic nephropathy is a leading cause of ESRD, and 
accounts for disabilities and the high mortality rate in pa-
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tients with diabetes [9, 10]. Development of diabetic neph-
ropathy is characterized by glomerular hyperfiltration and 
thickening of glomerular basement membranes, followed by 
an expansion of extracellular matrix in mesangial areas and 
increased UAER. Diabetic nephropathy ultimately pro-
gresses to glomerular sclerosis associated with renal dys-
function [11]. Further, it has recently been recognized that 
changes within tubulointerstitium, including proximal tubu-
lar cell atrophy and tubulointerstitial fibrosis, are also impor-
tant in terms of renal prognosis in diabetic nephropathy [12-
16]. Such tubular changes have been reported to be the 
dominant lesion in about one third of patients with type 2 
diabetes [17]. It appears that both metabolic and hemody-
namic factors interact to stimulate the expression of cytoki-
nes and growth factors in glomeruli and tubules from the 
diabetic kidney [18].  

 Numerous studies have demonstrated that the RAS is an 
important target for both metabolic and hemodynamic path-
ways in diabetic nephropathy. So far, angiotensin-converting 
enzyme inhibitors (ACE-Is) and an angiotensin II (Ang II) 
type I receptor blockers (ARBs) have been widely used as 
major therapeutic agents for diabetic nephropathy in both 
type 1 and type 2 diabetic patients [19-21]. The renoprotec-
tive effects of these agents are largely ascribed to its blood 
pressure (BP)-lowering properties, however, a recent clinical 
study suggests the pleiotropic effects of the RAS inhibitors, 
that is, beyond BP-lowering effects, on diabetic nephropa-
thy. Indeed, it has been shown that irbesartan, an ARB, sig-
nificantly prevents the progression of diabetic nephropathy 
in type 2 diabetic patients, compared with a calcium channel 
blocker, amlodipine, with an equipotent BP-lowering prop-
erty [22]. Further, the RAS stimulates the production of sev-
eral growth factors and cytokines [23]. The deleterious ac-
tions of Ang II on diabetic nephropathy are mediated partly 
by transforming growth factor-  (TGF- ), a fibrogenic factor 
[24-26]. In addition, other factors such as connective tissue 
growth factor (CTGF), vascular endothelial growth factor 
(VEGF) and platelet-derived growth factor (PDGF) in rela-
tion to intracellular second messenger molecules such as 
mitogen-activated protein kinase (MAPK), nuclear factor 
kappa B (NF- B) and PKC, have also been linked to the 
RAS, thereby implicated in the development and progression 
of diabetic nephropathy [23, 27-32]. It is also reported that 
high glucose, via various mechanisms such as increased pro-
duction of oxidative stress and AGEs, activates the RAS, 
being involved in diabetic nephropathy as well [33].  

Molecular Mechanisms of Diabetic Nephropathy and the 

Therapeutic Interventions 

(1) AGEs 

 AGEs induce apoptotic cell death and VEGF expression 
in human cultured mesangial cells [34]. Mesangial cells oc-
cupy a central anatomical position in the glomerulus, playing 
crucial roles in maintaining structure and function of glome-
rular capillary tufts [34]. They actually provide structural 
support for capillary loops and modulate glomerular filtra-
tion by its smooth muscle activity [35]. Therefore, it is con-
ceivable that the AGE-induced mesangial apoptosis and dys-
fuction may contribute in part to glomerular hyperfiltration, 
an early renal dysfunction in diabetes [34]. Several experi-

mental and clinical studies support the pathological role for 
VEGF in diabetic nephropathy. Indeed, antibodies raised 
against VEGF have been reported to improve hyperfiltration 
and albuminuria in streptozotocin-induced diabetic rats [36]. 
Inhibition of VEGF also prevents glomerular hypertrophy in 
a model of obese type 2 diabetes, the Zucker diabetic fatty 
rat [37]. Further, urinary VEGF levels are positively corre-
lated with the urinary albumin to creatinine ratio, and nega-
tively correlated with creatinine clearance in type 2 diabetic 
patients [38]. These observations suggest that urinary VEGF 
might be used as a sensitive marker of diabetic nephropathy. 
VEGF overproduction elicited by AGEs may be involved in 
diabetic nephropathy. 

 Moreover, we have recently found that AGEs stimulate 
monocyte chemoattractant protein-1 (MCP-1) expression in 
mesangial cells as well [34]. Increased MCP-1 expression 
associated with monocyte infiltration in mesangium has been 
observed in the early phase of diabetic nephropathy [39]. 
Plasma MCP-1 was positively correlated with UAER in type 
1 diabetic patients [40]. AGE accumulation in glomerulus 
could also be implicated in the initiation of diabetic neph-
ropathy by promoting the secretion of MCP-1. 

 AGEs formation on extracellular matrix proteins alters 
both matrix-matrix and cell-matrix interactions, being in-
volved in the pathogenesis of diabetic glomerulosclerosis. 
For example, non-enzymatic glycations of type IV collagen 
and laminin reduce their ability to interact with negatively 
charged proteoglycans, increasing vascular permeability to 
albumin [41]. Furthermore, AGEs formation on various 
types of matrix proteins impairs their degradation by matrix 
metalloproteinases, contributing to basement membrane 
thickening and mesangial expansion, hallmarks of diabetic 
nephropathy [42]. AGEs formed on the matrix components 
can trap and covalently cross-link with the extravasated 
plasma proteins such as lipoproteins, thereby exacerbating 
diabetic glomerulosclerosis [43].  

 AGEs stimulate insulin-like growth factor-I, -II, PDGF 
and TGF-  in mesangial cells, which in turn mediate produc-
tion of type IV collagen, laminin and fibronectin [44]. AGEs 
induce TGF-  overexpression in both podocytes and proxi-
mal tubular cells as well [45,46]. Recently, Ziyadeh et al.
reported that long-term treatment of type 2 diabetic model 
mice with blocking antibodies against TGF-  suppressed 
excess matrix gene expression, glomeru-losclerosis, and pre-
vented the development of renal insufficiency [47]. These 
observations suggest that the AGE-induced TGF-  expres-
sion plays an important role in the pathogenesis of glomeru-
losclerosis and tubulointerstitial fibrosis in diabetic neph-
ropathy. 

In vivo, the administration of AGE-albumin to normal 
healthy mice for 4 weeks has been found to induce glomeru-
lar hypertrophy with overexpression of type IV collagen, 
laminin B1 and TGF-  genes [48]. Furthermore, chronic 
infusion of AGE-albumin to otherwise healthy rats leads to 
focal glomerulosclerosis, mesangial expansion, and albu-
minuria [49]. Recently, RAGE (receptor for AGEs)-overex- 
pressing diabetic mice have been found to show progressive 
glomerulosclerosis with renal dysfunction, compared with 
diabetic littermates lacking the RAGE transgene [50]. Fur-
ther, diabetic homozygous RAGE null mice failed to develop 
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significantly increased mesangial matrix expansion or thick-
ening of the glomerular basement membrane [45]. Taken 
together, these findings suggest that the activation of AGE-
RAGE axis contributes to expression of VEGF and enhanced 
attraction/activation of inflammatory cells in the diabetic 
glomerulus, thereby setting the stage for mesangial activa-
tion and TGF-  production; processes which converge to 
cause albuminuria and glomerulosclerosis. AGEs including 
glycoxidation or lipoxidation products such as N -(carboxy- 
methyl)lysine, pentosidine, malondialdehyde-lysine acc-
umulate in the expanded mesangial matrix and thickened 
glomerular basement membranes of early diabetic nephropa-
thy, and in nodular lesions of advanced disease, thus further 
suggesting the active involvement of AGEs for diabetic 
nephropathy [51].  

 Aminoguanidine is a prototype therapeutic agent for the 
prevention of AGE formation [52]. Aminoguanidine is intro-
duced as a hydrazine reagent for trapping reactive carbonyls 
formed during the Maillard reaction, especially Amadori 
intermediates, thus impeding their conversion into AGEs. 
Aminoguanidine reacts not only extensively with Amadori 
carbonyl groups of glycated proteins but also with dicar-
bonyl compounds such as methylg-lyoxal, glyoxal, and 3-
deoxyglucosone [52]. A number of studies have demon-
strated that aminoguanidine decreased AGE accumulation 
and plasma protein trapping in the glomerular basement 
membrane [52-54]. In streptozocin-induced diabetic rats, 
aminoguanidine treatment for 32 weeks dramatically reduced 
the level of albumin excretion and prevented the develop-
ment of mesangial expansion [53]. Furthermore, aminogua-
nidine treatment was found to prevent albuminuria in dia-
betic hypertensive rats without affecting BP [54]. Double-
blinded, placebo-controlled, randomized clinical trials of 
aminoguanidine (Pimagedine

R
) (ACTION; A Clinical Trial 

In Overt Nephropathy) were designed to evaluate the safety 
and efficacy of aminoguanidine in retarding the rate of pro-
gression of renal disease in patients with overt diabetic neph-
ropathy. Pimagedine

R
 therapy reduced the 24-hour total uri-

nary proteinuria and prevented the decrease in glomerular 
filtration rate in patients with type 1 diabetes [55]. However, 
the effects of Pimagedine

R
 on serum creatinine doubling 

were found not to be significant; serum creatinine doubled in 
26% of the placebo-treated patients and in 20% of those who 
received Pimagedine (p = 0.099). This study is noteworthy in 
providing the first clinical proof of the concept that inhibit-
ing AGE formation can result in a clinically important at-
tenuation of the serious complication of diabetes. Reported 
side effects of aminoguanidine in clinical therapy were gas-
trointestinal disturbance, abnormalities in liver function tests, 
flu-like symptoms, and a rare vasculitis [55]. Further clinical 
trials of aminoguanidine were terminated due to its safety 
concern. 

 We have found that OPB-9195 ((±)-2-isopropylidene- 
hydra-zono-4-oxo-thiazolidine-5-ylacetanilide), a synthetic 
thiazolidine derivative and novel inhibitor of AGEs, pre-
vented the progression of diabetic nephropathy by lowing 
serum concentrations of AGEs and their deposition of 
glomeruli in Otsuka-Long-Evans-Tokushima-Fatty rats, a 
type II diabetes mellitus model animal [56]. OPB-9195 was 
also found to retard the progression of diabetic nephropathy 
by blocking type IV collagen production and suppressing 

overproduction of two growth factors, TGF-  and VEGF 
[56].  

 Recently, Baynes and his colleagues reported that pyri-
doxamine inhibited the progression of renal disease, and 
decreased hyperlipidemia and apparent redox imbalances in 
diabetic rats [57]. Pyridoxamine and aminoguanidine had 
similar effects on parameters measured, supporting a mecha-
nism of action involving AGE inhibition [57]. Pyridorin, 
which is announced by BioStratum, was recently granted 
Fast Track status by the FDA and is currently advancing 
through Phase IIb clinical trials for the treatment of diabetic 
nephropathy (http://www.clinicaltrials.gov/ct/show/-NCT00 
320060). KOWA pharmaceuticals also commenced phase II 
clinical studies with K-163 (pyridoxamine) in Japan (http:// 
www.kowa.co.jp/eng/g/rd/pipeline.htm).  

 LR-90, a methylene bis (4,4’-[2-chlorophenylureido phe-
noxyi-sobutyric acid]), is a new AGE inhibitor whose action 
is thought to be similar to those seen with aminoguanidine 
and pyridoxamine [58]. This agent has a strong metal chela-
tion, thus leading to the inhibition of the formation of gly-
coxidative-AGEs and their interaction with ROS [58]. Figa-
rola et al. demonstrated that LR-90 prevented progression of 
diabetic nephropathy in streptozotocin-induced diabetic rats 
[58].  

 Benfotiamine is a novel antioxidant agent that reduces 
AGE accumulation in diabetes [59]. Among these agents, 
benfotiamine, a lipid-soluble thiamine derivative, may be the 
most promising one. Recent studies have demonstrated that 
benfotiamine is able to block major biochemical pathways 
implicated in the pathogenesis of diabetic complications, 
including the accumulation of AGEs [60]. Further, Thornal-
ley et al. has also reported in streptozotocin-induced diabetic 
model that benfotiamine therapy increases transketolase ex-
pression in renal glomeruli, increases the conversion of tri-
osephosphates to ribose-5-phosphate, and subsequently in-
hibits the development of microalbuminuria [61]. Since hy-
perglycemia-induced generation of triosephosphates elicits 
mitochondrial oxidative stress production and stimulates the 
formation of AGEs such as methylglyoxal, benfotiamine 
may prevent the progression of diabetic nephropathy via the 
increased conversion of triosephosphates to ribose-5-
phosphate [62]. 

 We posit an overall scheme concerning the possible in-
volvement of AGEs in diabetic nephropathy (Fig. 1). 

(2) PKC 

 Diabetic glomerular hyperfiltration is likely to be the 
consequences of hyperglycemia-induced decreases in affer-
ent arteriolar resistance, which could lead to glomerular hy-
pertension [63,64]. Some of the vasoconstrictive actions of 
Ang II are mediated by PKC activity [65]. Diacylglycerol 
(DAG)-PKC pathway may enhance the action of Ang II in 
glomeruli, thus being involved in early diabetic nephropathy. 
Further, hyperglycemia-induced PKC activation regulates 
arachidonic acid release and eicosanoid production by me-
sangial cells [66]. Therefore, increases in vasodilatory 
prostanoids such as prostaglandin E2 via PKC activation may 
also be involved in hyperfiltration in diabetic nephropathy. 
Haneda et al. provided the evidence that MAPK cascade, an 
important kinase cascade downstream to PKC, activated cy-



Molecular Mechanisms of Diabetic Nephropathy and Its Therapeutic Current Drug Targets, 2007, Vol. 8, No. 8    955

tosolic phospholipase A2 by direct phosphorylation of this 
enzyme, in glomeruli isolated from streptozotocin-induced 
diabetic rats, thus contributing to the development of dia-
betic nephropathy [67]. 

 PKC can increase extracellular matrix production in me-
sangial cells via TGF-  activation while PKC inhibitors pre-
vent the hyperglucemia-induced increase in extracellular 
matrix and TGF-  expression in mesangial cells [68]. Re-
cently, AGEs are reported to induce oxidative stress and ac-
tivate PKC-  in neonatal mesangial cells, thus causing 
changes that may ultimately contribute to phenotypic ab-
normalities associated with diabetic nephropathy [69]. AGE-
induced TGF-  overexpression in mesangial cells could be 
mediated by PKC activity.  

 In animal models of diabetes, including the streptozoto-
cin rat, db/db mouse, and diabetic tranegenic mRen-2 rat 
models, an orally active PKC-  inhibitor LY333531, normal-
ized glomerular hyperfiltration, decreased urinary albumin 
excretion, and reduced glomerular TGF-  and extracellular 
matrix protein production. As a result, mesangial expansion, 
glomerulosclerosis and tubulointers-titial fibrosis were sig-
nificantly prevented with improvement of renal function [70-
73]. 

(3) RAS 

 There is a growing body of evidence to suggest that that 
the RAS plays an important role in the regulation of glome-
rular hemodynamics and renal expression of cytokines, thus 
being involved in glomerular hyperfiltration and mesangial 
expansion in diabetic nephropathy [19-21]. Ang II stimulates 
TGF-  expression in mesangial cells as well, which may 
contribute to the development of glomerular sclerosis in dia-
betes [24-26]. ACE-Is attenuate the development of glome-
rulosclerosis and tubulointerstitial fibrosis in several animal 
models and slow disease progression in type 1 diabetic pa-
tients [19,74]. Two major renal outcome studies have pro-
vided evidence to recommend ARBs as the treatment of 
choice in type 2 diabetic patients with nephropathy [22,75]. 
Further, in the Diabetics Exposed to Telmisartan And enala-
prIL (DETAIL) study, which was designed to compare the 
long-term renal outcome of treatment with telmisartan 40 or 
80 mg versus enalapril 10 or 20 mg in patients with type 2 

diabetes, the change in the glomerular filtration rate after 
five-year treatment was -17.5 ml per minute per 1.73 m

2
 in 

the telmisartan-treated subjects, as compared with -15.0 ml 
per minute per 1.73 m

2
 in the enalapril-treated subjects [76].

These findings demonstrate that telmisartan is not inferior to 
enalapril in providing long-term renoprotection in persons 
with type 2 diabetes, thus supporting the clinical equivalence 
of ARBs and ACE-Is in persons with conditions that place 
them at high risk for cardiovascular events. In addition, in 
UKPDS trial, any reduction in BP was likely to reduce the 
risk of diabetic vascular complications including nephropa-
thy, with the lowest risk being in those with systolic BP less 
than 120 mmHg [77]. On the basis of such findings, BP 
should be controlled as strictly as possible in diabetic pa-
tients. 

 Despite these advances in the therapeutic options for 
diabetic nephropathy, a numerous number of diabetic 
patients treated with ACE-Is and ARBs did show only partial 
anti-proteinuric response, and this heralds a progressive loss 
of renal function in most cases. Thus, a multidrug approach 
may be desired. One clinical trials have shown that the 
combination of the two drugs afford a greater renoprotection 
than each drug alone. The COOPERATE study compared a 
combined treatment of ARB and ACE-I, with monotherapy 
of each drug at its maximum dose, in patients with non-
diabetic renal disease [78]. Eleven percent of patients on 
combination treatment reached the combined primary end 
point of time to doubling serum creatinine concentration or 
ESRD compared with 23% of those on ACE-I alone. In 
diabetic nephropathy, there are small, pilot studies showing 
that the combined treatment reduced BP and albuminuria 
more than did single RAS blockade in patients with type 1 or 
type 2 diabetes [79,80]. Combination therapy with ACE-I 
and ARBs may be a promising strategy for the treatment of 
diabetic nephropathy.  

 Recent experiments have focused on the interaction of 
the RAS and other pathways thought to be critical to the de-
velopment of diabetic nephropathy. A number of studies 
have shown that the RAS and PKC-  are closely interrelated 
in the kidney as described in the section of PKC [64]. PKC-
can be stimulated by Ang II in the proximal nephrons, and 
ACE-Is have been shown to reduce diabetes-associated in-

Fig. (1). Possible involvement of AGEs in diabetic nephropathy.
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crease in PKC-  activities in glomeruli, in parallel with sup-
pression of albuminuria [81,82]. There are several reports to 
suggest an intreaction between the RAS and AGEs in dia-
betic nephropathy as well (Fig. 2). ACE-I reduces the accu-
mulation of renal and serum AGEs, probably via effects on 
oxidative pathways [83]. Long-term treatment with an ARB 
may exert salutary effects on AGEs levels in the rat remnant 
kidney model, probably due to improved renal function [84]. 
Candesartan, an ARB, reduces AGE accumulation and sub-
sequent albuminuria by down-regulating the NADPH oxi-
dase p47phox component and inducible nitric oxide synthase 
(iNOS) expression and by attenuating RAGE expression in 
type 2 diabetic KK/Ta mouse kidneys [85]. In human, ad-
ministration of ramipril has been recently shown to result in 
a mild decline of fluorescent non-carboxymethllysine-AGEs 
and malondialdehyde concentrations in non-diabetic neph-
ropathy patients [86]. In type 2 diabetic subjects, a low-dose 
of valsartan treatment also decreases serum AGE levels in a 
BP-independent manner [87]. In addition, we have very re-
cently found that AGE-RAGE-mediated ROS generation 
activates TGF- -Smad signaling and subsequently induces 
mesangial cell hypertrophy and fibronectin synthesis by 
autocrine production of Ang II [33]. AGEs induce mitogene-
sis and collagen production in renal interstitial fibroblasts as 
well via Ang II-CTGF pathway [88]. Further, olmesartan 
medoxomil, an ARB, protects against glomerulosclerosis and 
renal tubular injury in AGE-injected rats, thus further sup-
porting the concept that AGEs could induce renal damage in 
diabetes via the activation of RAS [89]. Our recent study 
shows that endothelial cell RAGE expression may be sup-
pressed by telmisartan in patients with essential hypertension 
[90]. Taken together, these findings may provide an impor-
tant mechanistic link between metabolic and haemodynamic 
factors, including the AGE-RAGE system and the RAS, in 

promoting the development and progression of diabetic 
nephropathy. 

(4) Growth Factors 

 CTGF has been considered to act as a downstream factor 
of TGF-  in the development of diabetic nephropathy [91].
Experimental evidence has suggested an active role of CTGF 
in early- and late-stage morphologic changes of diabetic 
nephropathy including the damage resulting from hypergly- 
cemia and hypertension, leading to proteinuria and fibrosis. 
Indeed, increased CTGF expression has been reported in the 
plasma of type 1 diabetic patients with nephropathy, as well 
as in glomeruli from diabetic rodents [92]. Recent prelimi-
nary study has shown that FG-3019, a recombinant fully hu-
man monoclonal antibody designed to bind and neutralize 
CTGF, normalized kidney filtration and weight in db/db
mice [93]. FibroGen Inc. intends to initiate a phase II study 
of FG-3019 in patients with idiopathic pulmonary fibrosis in 
2005, but plans are also in place to consider an approach for 
diabetic nephropathy.  

 PDGF is a polypeptide that was originally purified from 
human platelets as a potent mitogen for fibrosis, osteoblasts, 
smooth muscle and mesangial cells [94,95]. PDGF has been 
suggested to play a role in the pathogenesis of various fi-
broproliferative renal diseases [96-98]. Upregulation of the 
PDGF pathway has been shown in experimental diabetic 
nephropathy and in the kidneys from patients with diabetes 
[99]. Aminoguanidine ameliorates diabetic nephropathy via 
suppression of PDGF expression in the kidneys [100]. In 
vitro, inhibition of PDGF results in a significant reduction in
mesangial cell proliferation and subsequently prevents the 
increased deposition of extracellular matrix in the mesangial 
areas [101]. Moreover, Tsiani et al. have demonstrated that 

Fig. (2). Crosstalk between the AGE-RAGE system and the RAS in diabetic nephropathy. 
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high glucose conditions augment the PDGF-induced p38 
expression and consequent activation of cAMP responsive
element binding (CREB) transcriptional factor in mesangial 
cells, which might contribute to the pathogenesis of diabetic
nephropathy [102]. CuraGen and Abgenix are investigating 
CR-002, a fully humanized monoclonal antibody that 
specifically recognizes and blocks the active form of PDGF 
for the potential treatment of IgA nephropathy. CuraGen and 
Abgenix are further exploring the utility of this agent as a 
treatment for other forms of renal diseases, including 
diabetic nephropathy and nephritis associated with systemic 
lupus erythematosus.  

(5) Peroxisome Proliferator-Activator Receptors (PPARs)  

 PPARs are members of the nuclear hormone receptor 
superfamily of ligand-binding transcription factors [103, 
104]. Dysregulation of the activity of PPARs has been impli-
cated in obesity, insulin resistance, dyslipidemia, inflamma-
tion and hyper-tension [105-107]. Ligands for these recep-
tors include the widely used antidiabetic or insulin-sensitiz- 
ing thiazolidinediones (TZDs), and more specific synthetic 
ligands such as derivatives of phenylacetic acid [108]. Clini-
cal use of these agents has improved our understanding of 
the role of one subtype, PPAR , in diabetes mellitus [109]. 
Administration of TZDs to insulin resistant- or type 1 dia-
betic rats ameliorates albuminuria, glomerular matrix deposi-
tion, glomerulosclerosis and tubulointerstitial fibrosis, char-
acteristic changes of diabetic nephropathy [110,111]. In vi-
tro, TZDs also prevent high glucose-induced mesangial and 
tubulointerstitial cell injury [112,113]. In human study, 
rosiglita-zone is shown to reduce urinary albumin excretion 
in type 2 diabetes [114]. These renoprotective effects of 
TZDs are supposed to be due to its anti-inflammatory prop-
erties. In addition, Tang et al. have recently reported that 
AGEs stimulate renal tubular expression of adhesion mole-
cule and chemokine that together may account for the trans-
migration of inflammatory cells into the interstitial space 
during diabetic tubulopathy. Such proinflammatory pheno-
type may be partially modified by PPAR-  ligation through 
STAT-1 (signal transducer and activator of transcription-1) 
inhibition independent of NF- B transcriptional activity and 
MAPK signaling [115].  

CONCLUSION 

 In this review, we summarize the molecular mechanisms 
of diabetic nephropathy and provide potential drug targets 
that prevent this devastating disorder. Unless the specific 
treatment options that specially target diabetic nephropathy 
described here has been developed, multifactorial intensified 
intervention will be a promising therapeutic strategy for 
treatment of patients with diabetic nephropathy.  

ABBREVIATIONS 

DCCT = Diabetes Control and Complications Trial 

UKPDS = United Kigdom Prospective Diabetes Study 

RAS = Renin-angiotensin system 

ESRD = End-stage renal disease 

AGEs = Advanced glycation end products 

ROS = Reactive oxygen species 

PKC = Protein kinase C 

UARE = Urinary albumin excretion rate 

ACE-I = Angiotensin-converting enzyme inhibitor 

Ang II = Angiotensin II 

ARB = Ang II type 1 receptor blocker 

BP = Blood pressure 

TGF-  = Transforming growth factor-

CTGF = Connective tissue growth factor 

VEGF = Vascular endothelial growth factor 

PDGF-B = Platelet-derived growth factor-B 

MAPK = Mitogen activated protein kinase 

NF- B = Nuclear factor- B

MCP-1 = Monocyte chemoattractant protein-1 

RAGE = Receptor for AGEs 

DAG = Diacylglycerol 

iNOS = Inducible nitric oxide synthase 

CREB = cAMP responsive element binding 

PPAR = Peroxisome proliferator-activator receptor 

TZDs = Thiazolidinediones 

STAT-1 = Signal transducer and activator of  
transcription-1 
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