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Summary
Diabetes results in vascular changes and dysfunction, and vascular complications are the leading
cause of morbidity and mortality in diabetic patients. There has been a continual increase in the
number of diabetic nephropathy patients and epidemic increases in the number of patients
progressing to end-stage renal diseases. To identify targets for therapeutic intervention, most
studies have focused on understanding how abnormal levels of glucose metabolites cause diabetic
nephropathy, which is of paramount importance in devising strategies to combat the development
and progression of diabetic nephropathy. However, less studied than the systemic toxic
mechanisms, hyperglycemia and dyslipidemia might inhibit the endogenous vascular protective
factors such as insulin, vascular endothelial growth factor, and platelet-derived growth factor. In
this review, we highlight the importance of enhancing endogenous protective factors to prevent or
delay diabetic nephropathy.
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Diabetic nephropathy (DN) is the leading cause of end-stage renal disease in the world.
Despite the many advances in the clinical management of DN, the number of cases of
diabetic nephropathy continues to increase, in part, owing to a pandemic increase of people
with diabetes. Two large studies, the Diabetes Control and Complications Trial in type 1
diabetes and the United Kingdom Prospective Diabetes Study in type 2 diabetes, showed
that intensive blood glucose control delays the onset and the progression of diabetic
microvascular complications including nephropathy.1,2 These clinical intervention studies
strongly suggest that hyperglycemia is the major factor responsible for the pathogenesis of
DN. In addition to hyperglycemia, enhanced activation of the renin-angiotensin-aldosterone
system is thought to contribute significantly to the pathogenesis of DN, as evidenced by
numerous studies showing that renin-angiotensin-aldosterone system blockade by
angiotensin-converting enzyme inhibitors (ACEI) and AT1 receptor blockers (ARB) delay
the progression of DN, although recent studies suggest that ACEI and ARB do not stop the
progression of DN.3

The focus of research on the pathogenesis of DN has been on the risk factor or the
mechanism by which hyperglycemia is causing glomerular or tubular pathologies. However,
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the lack of success in obtaining therapies based on mechanisms of hyperglycemia’s adverse
production of toxic metabolites suggest that effective therapy may require a change in
approach. Studies from our laboratory called the Joslin 50-year Medalist Study examined
people who have had type 1 diabetes for more than 50 years and revealed that 87% of these
diabetic patients did not show clinically significant DN that was confirmed by renal
pathologic examinations.4,5 This study suggested that endogenous protective factors such as
antioxidant enzymes, insulin, and vascular endothelial growth factor (VEGF) can neutralize
the adverse effects of hyperglycemia4 (Fig. 1). In addition, we also reported that
hyperglycemia can cause retinal vascular cell apoptosis by dual mechanisms of increasing
toxic metabolites such as oxidants and inhibition of protective growth factor action such as
platelet-derived growth factors (PDGF) receptors6 (Fig. 1). For DN, we are proposing that
hyperglycemia via AGEs and oxidants can directly activate protein kinase C (PKC)α, β, and
δ, stress mitogen-activated protein (MAP) kinase, and oxidases to cause fibrosis of the
glomeruli and tubules. The fibrosis is caused by overexpression of transforming growth
factor-β (TGF-β) and connective tissue growth factor (CTGF). This process is accelerated
by angiotensin and inflammation and decreased by activated protein C (APC), insulin, and
VEGF. Because PKC activation also can inhibit the activation of insulin and the actions of
VEGF, the protective affects of these cytokines are reduced in hyperglycemia, resulting in
proteinuria, mesangium expansion, nephromegaly, and, finally, tubular-glomerular sclerotic
lesions (Fig. 2). In this review, we survey the results of clinical trials of various therapeutics
related to the toxic metabolites of hyperglycemia. Later in this review, we will discuss some
of the potential protective factors that could be involved in preventing renal pathologies of
diabetes.

NEUTRALIZING AGENTS AGAINST HYPERGLYCEMIA’S TOXIC
METABOLITES
Advanced Glycation End Product Inhibitors

The receptor for advanced glycation end products (AGEs) transduces intracellular signaling
and involves the generation of reactive oxygen species, which then activates transcription
factors such as nuclear factor-κB.7 AGEs have been reported to increase growth factors and
fibrotic factors including TGF-β and CTGF.8 Inhibitors of AGE formation or its receptor
have been tested in clinical trials.

Aminoguanidine—A clinical study examining the renoprotective effects of
aminoguanidine was performed in diabetic patients with DN (Table 1). In this study, patients
treated with aminoguanidine showed significant decreases in proteinuria and maintaining a
stable level of estimated glomerular filtration rate (eGFR).9 However, significant side effects
were observed such as decreases in nitric oxide (NO)10 and increases in DNA damage
through pro-oxidant activity.11

Pyridoxamine—Pyridoxamine inhibits the formation of AGE from preglycated (Amadori-
modified) proteins12 and the formation of advanced lipoxidation end products on the protein
moieties during lipid peroxidation reactions.13 Clinical trials have indicated the safety and
tolerability of pyridoxamine in patients with type 1 and 2 diabetes with overt proteinuria
(Table 1). Furthermore, decreases in urinary excretion of TGF-β also were noted.14

However, the most recent placebo-controlled clinical trial did not substantiate the efficacy of
pyridoxamine to delay the profusion of DN in diabetic patients with overt proteinuria and a
serum creatinine level greater than 2.2 mg/dL.15
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Aldose Reductase Inhibitor
The polyol pathway is a glucose shunt that becomes activated at hyperglycemic conditions
because aldose reductase (AR), the first and rate-limiting enzyme of the pathway, has a high
Michaelis Constant (Km) for glucose to form sorbitol with its co-factor, nicotinamide
adenine dinucleotide phosphate (NADPH). The second enzyme of the pathway, sorbitol
dehydrogenase, then converts sorbitol to fructose with its co-factor NAD+. Increased
sorbitol levels and the alteration of NADPH, NAD+/NADH levels via the metabolism of
sorbitol have been postulated to damage vascular cells either by osmotic effect or lower
antioxidant defense. Six months of treatment with the AR inhibitor, tolrestat, significantly
reduced albuminuria in type 1 diabetes.16 Another AR inhibitor, epalrestat, was studied in
type 2 diabetes and showed that it maintained renal function chronically.17 However, clear
demonstration of the efficacy of ARI in delaying progression of DN has not been reported.

Antioxidants as Therapeutics
Increases in oxidant production clearly have been shown to occur when vascular or
glomerular cells are exposed to hyperglycemia. Glucose’s metabolism via mitochondria
pathways and the activation of NADPH oxidases via PKC activation has been shown to
contribute significantly to oxidant production.18 Multiple trials using antioxidants such as
vitamins C and E have been reported to have beneficial effects in rodent models of
nephropathy.19 In addition, several reports involving small numbers of diabetic patients
have shown improvements in oxidative stress markers in the plasma, urine, and circulatory
cells, as well as endothelial dysfunction and microalbuminuria.20 However, no positive
efficacy in definitive renal functions such as improvement in glomerular filtration rate has
been reported. Long-term studies using these antioxidants have not shown any beneficial
effects in cardiovascular or retinal end points. Recently, there has been intriguing evidence
using activators of NF-E2-related factor 2 (Nrf-2), a transcription factor regulating multiple
genes for antioxidant enzymes such as superoxide dismutase, glutathione synthase, and
others.21 Bardoxolone methyl interacts with cysteine residues on Keap1, allowing Nrf2
translocation to the nucleus and subsequent up-regulation of a multitude of cytoprotective
genes. The structure and activity profile of bardoxolone methyl resemble those of the
cyclopentenone prostaglandins, endogenous Nrf2 activators that promote the resolution of
inflammation.22 In clinical trials reported recently, bardoxolone methyl had beneficial
effects in diabetic patients with chronic renal disease stage III. The bardoxolone-treated
group showed an improvement in eGFR in type 2 diabetes mellitus patients with chronic
kidney disease compared with placebo after 52 weeks of treatments.21

Anti-Inflammatory Drugs as Therapeutics
Inflammatory cells are observed in the renal glomeruli before the establishment of
glomerular and interstitial pathologies in several models of diabetic nephropathy.23 Thus,
anti-inflammatory drugs in addition to antioxidants could be helpful for DN.

Aspirin and Cyclooxygenase-2 Inhibitors—The prevalence of cataracts is
significantly lower in diabetic patients treated with high doses of aspirin for rheumatoid
arthritis compared with a matched population on no aspirin.24 Aspirin has been reported to
decrease albuminuria in DN patients without affecting blood pressure and blood glucose
control.25 Selective inhibitors of cyclooxygenase 2 have been reported to provide potential
benefit in patients with renal disease on renal hemodynamics and decreases profibrotic
cytokine levels.26 However, a study with celecoxib 200 mg/d, a cyclooxygenase 2 inhibitor,
for 6 weeks did not alter proteinuria in DN patients.27
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Pentoxifylline—Pentoxifylline is a methylxanthine derivate with significant anti-
inflammatory, antiproliferative, and antifibrotic properties.28 It has been reported to inhibit
the expression of tumor necrosis factor-α (TNF-α) messenger RNA levels and reduce the
accumulation of TNF-α messenger RNA.29 Pentoxifylline has been reported to significantly
reduce albuminuria in those treated with ACEI or ARB30,31 (Table 1).

Chemokine C-C Motif ligand 2 Inhibitor—It has been reported that deletion or
inhibition of chemokine C-C motif ligand 2 (CCL2) signaling can prevent
glomerulosclerosis by blocking macrophage recruitment to the glomeruli of diabetic mice.32

However, the complete deletion of CCL2 only reduced albuminuria and renal fibrosis in
diabetic mice. Thus, it is likely that clinical inhibitors of CCL2 that will only partially
reduce CCL2 expression will have only mild effects on diabetic nephropathy.33

Anti-Extracellular Matrix Production
CTGF is a critical mediator of extra cellular matrix accumulation and coordinates a final
common pathway of fibrosis. FG-3019, a monoclonal antibody to CTGF, significantly
decreased albuminuria in DN patients.34 It also has been reported that antifibrotic actions of
pirfenidone and tranilast have been shown in the kidney of diabetic rats.35 Another control
of accumulation of ECM is thought to be determined by the balance between the synthesis
of matrix and its degradation by metalloproteases. XL 784, a bioavailable metalloprotease
inhibitor, reduced proteinuria and glomerulosclerosis in diabetic rats.36 Because the
description of inhibitors for TGF-β is covered in another article in this issue of Seminars in
Nephrology, we will not describe it here.

Mineralocorticoid Antagonist
Aldosterone can cause renal injury and subsequent fibrosis by promoting tissue
inflammation. It has been reported that the addition of spironolactone to a regimen including
maximal ACEI affords greater renoprotection in DN despite a similar effect on blood
pressure37 (Table 1). The additional effects that spironolactone will have in reducing renal
fibrosis in diabetes are unclear. Side effects of spironolactone in diabetic patients with renal
impairment also will need to be considered.

Vitamin D
In a multivariable analysis of patients with chronic kidney disease, lower calcitriol
concentrations significantly correlated with high risk of albuminuria and eGFR. A
randomized trial showed that paricarcitol can effectively reduce residual albuminuria in
patients with type 2 diabetic nephropathy who were receiving stable treatment with an ACEI
or ARB.38 The effects of vitamin D are likely to be mediated by its anti-oxidative stress or
anti-inflammatory actions. However, because well-known anti-oxidants and anti-
inflammatory agents have not been effective in human trials for DN, it is unclear whether
vitamin D will provide significant effects to reduce renal damage in hyperglycemic
conditions.

Roles of Endogenous Protective Factors—The presence of endogenous protective
factors has been shown clearly in clinical studies. For diabetic nephropathy, Perkins et al39

reported in the New England Journal of Medicine that of 368 type 1 diabetic patients who
initially had microalbuminuria and were followed up for 12 years, one third of the patients
showed no progression and another third of the patients actually had regression with
decreased amounts of microalbuminuria. This study and other subsequent studies clearly
have shown that diabetic patients who had mild nephropathy as manifested by
microalbuminuria potentially can stop the progression of the disease and possibly regress as
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well. Recently, the Joslin Medalists Study comprised a group of type 1 diabetic patients who
have had insulin dependency for 50 years or longer.4 Extensive analysis of more than 351
Medalist patients has shown that more than 40% of these patients have no or mild diabetic
retinopathy and only 13% manifested significant microalbuminuria or proteinuria.5

Longitudinal follow-up evaluation in a subset of these Medalists patients with regard to their
retinopathy clearly showed that more than 30% to 40% of these patients may develop only
mild retinopathy as quantitated by fundus photography. However, in this subset of patients,
mild diabetic retinopathy did not progress or even may regress. These clinical studies clearly
have shown that endogenous protective factors exist to neutralize the toxic effects of
hyperglycemia and protect against the progression of DN and diabetic retinopathy (DR). In
this article, we discuss some of the potential endogenous protective factors or mechanisms
that may exist in the vascular tissues to counter the adverse actions of hyperglycemia.

Protein Kinase C Activation
A great deal of evidence has been accumulated to support the activation of PKC, especially
the β and δ isoforms, to participate in the development of DN.40 Ruboxistaurin (RBX), a
PKCβ isoform selective inhibitor, has been shown to prevent DN in rodent models of
diabetes.41 In addition, compared with diabetic wild-type mice, diabetic PKCβ null mice
showed attenuated renal abnormalities including reduced albuminuria and mesangial
expansion.42 The effects of PKCβ inhibitor has been evaluated in diabetic patients. In a
phase II clinical trial, RBX (32 mg/d) was used to determine whether PKCβ inhibition can
be effective in type 2 diabetic patients with overt albuminuria and treated with ACEI or
ARB (Table 1). Patients who were treated with RBX showed significant reductions in
albuminuria and did not show increases of urinary (TGF-β. RBX-treated patients maintained
a stable eGFR over 1 year.43

Recently, we showed that hyperglycemia persistently can activate PKCδ and p38 mitogen-
activated protein kinases (MAPK) to increase Src homology-2 domain containing
phosphatase-1 (SHP-1), and leads to PDGF receptor β dephosphorylation and reduction of
its downstream actions to induce pericyte apoptosis and acellular capillaries in diabetic
retina6 (Fig. 3). In normoglycemia, PDGF-β increased DNA synthesis, inhibited cellular
apoptosis, and induced phosphorylation of Akt and extracellular signal-regulated kinases
(Erk) activation in retinal pericytes.44

Similar to retinal pericytes, our recent preliminary findings have suggested that
hyperglycemia also can activate PKCδ/SHP-1 in the renal podocytes to induce its apoptosis.
In addition, hyperglycemia also will activate NADPH oxidases, which also can cause
nuclear factor-κB activation and podocyte apoptosis. These findings support the idea that
effective therapies for DN need to neutralize the toxic effects of glucose’s toxic metabolites
and enhance the actions of protective factors such as VEGF caused by SHP-1 activation
(Fig. 3).

Insulin—In insulin-resistant and diabetic states, insulin’s actions in the endothelial cells are
diminished, leading to endothelial dysfunction and acceleration of atherosclerosis.45

Normally, insulin can stimulate the production of NO by the activation of endothelial NO
synthase (eNOS), which results in vasodilatation and antithrombosis in the short term, and
can inhibit smooth muscle cell growth and migration chronically. Impaired action of insulin
has been observed in the vasculature in both type 1 and type 2 diabetes, possibly by the
activation of the PKCβ2 isoform.41,45

In diabetes and insulin-resistant states, insulin’s activation of the insulin receptor substrate
(IRS1)/Akt/eNOS pathway is inhibited selectively, but another major pathway of insulin
signaling, MAPK, is not inhibited.41,46 This selective insulin resistance has been shown in
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skeletal muscle from obesity and patients with type 2 diabetes,47 and in the vasculature,
myocardium,48 and glomeruli41 of Zucker fatty and diabetic rats, which are the animal
models of insulin resistance. We reported that insulin-stimulated phosphoinositide kinase-3
(PI3K)/ eNOS activity is inhibited by PKC activation in endothelial cells and vascular
tissues of Zucker fatty and diabetic rats.46 Moreover, we found that PKCβ-specific inhibitor,
RBX, improved insulin signaling on NO production in the vasculature, myocardium, and
glomeruli of streptozotocin-induced diabetic rats or Zucker fatty rats.41,45

Insulin stimulates not only NO production from endothelial cells but also the expression of
eNOS.45 The vascular endothelial cell–specific insulin receptor knockout mice showed
significant decreases in eNOS expression in the aorta. Thus, insulin’s regulation of NO
might be an important factor for vascular homeostasis or improving insulin sensitivity in the
endothelium could decrease the risk for atherosclerosis in insulin resistance and diabetes.49

Also, phosphodiesterase 5, an exogenous NO donor, decreases blood pressure.50 However,
clear demonstration of the efficacy of phosphodiesterase 5 in delaying progression of DN
has not been reported.

Welsh et al51 recently showed that mice in which the gene encoding the insulin receptor was
deleted specifically from podocytes caused excessive excretion of albumin in the urine,
shortening of the podocyte foot processes, increased deposition of components of the basal
membrane, and a higher frequency of programmed podocyte apoptosis.

We have reported that the beneficial effect of insulin may be attributed to its capacity to
increase heme oxygenase-1, which is a potent antioxidant enzyme. Therefore, improving
insulin sensitivity in vascular and glomerular tissue may decrease the risk for diabetic
nephropathy and other vascular complications.

VEGF-A—VEGF promotes angiogenesis, inducing confluent microvascular endothelial
cells to invade collagen gel.52 VEGF also is known to prevent endothelial apoptosis
mediated by the activation of the PI3K/Akt pathway.53 VEGF also has actions in
nonendothelial cells. During fetal development, one of the cell types producing the largest
amounts of VEGF-A is the podocyte. Unlike many other tissues or cells, podocytes continue
to express VEGF-A when they are fully differentiated, although the absolute levels of VEGF
expression do decrease during differentiation.54

In early stages of DN, many reports have shown that the expression of VEGF-A is increased
in the glomeruli.55 Some investigators have suggested that VEGF acts in a novel autocrine
signaling mode to induce the podocytopathy of diabetes, especially the genesis of
albuminuria. Thus, treatment with anti-VEGF antibodies may attenuate glomerular basement
membrane thickening and progression of DN.

However, recently, Eremina et al56 reported proteinuria, hypertension, and renal failure in
several patients treated with an anti-VEGF agent, suggesting that VEGF-A plays an
important role in maintaining endothelial cell function and a glomerular filtration barrier.
Supporting this, detailed reports by Eremina et al57 clearly showed that VEGF-A is
necessary for forming and maintaining the glomerular filtration barrier. Furthermore, in
several other glomerular diseases, a beneficial role of VEGF has been shown through the
prevention of progressive capillary rarefaction, promotion of capillary repair, and
improvement of renal injury.44

Activated Protein C—APC has profibrinolytic function by modifying clot formation and
inhibiting plasminogen activator inhibitor-1.58 It has been reported that plasma
thrombomodulin from the endothelium caused by reduction of APC are increased in diabetic
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patients, and the impairment of the thrombomodulin/protein C system is associated with
DN.59 Isermann et al60 recently reported that APC may delay the onset of nephropathy in
long-term experimental diabetes by modulating apoptosis of endothelial cells and podocytes.

Glucagon like Peptide-1—Glucagon like peptide-1 (GLP-1) is a gut incretin hormone
that stimulates glucose-dependent insulin responses in the β cells.61 GLP-1 acts through the
GLP-1 receptor, which is present abundantly in the gastrointestinal tract but it has been
reported in many other tissues including endothelial cells and the kidney.62 In endothelial
cells, GLP-1 has been reported to inhibit the expression of TNF-α and vascular cell
adhesion molecule-1.63 Mechanistically, GLP-1 has been reported to stimulate NO
production, a potential mechanism for improving endothelial function.64 Moreover, GLP-1
has been reported to improve renal pathologies in diabetic rodents.63 However, no
mechanism is known to reflect the GLP-1 protective action on endothelial cells.

SUMMARY
During the past 3 decades, considerable progress has been made in delaying the progression
of DN. Although good glycemic control clearly is the best method to prevent diabetic
complications, it often is difficult to maintain, and vascular complications develop despite
good gylcemic treatment. Inhibitors of AGE, receptor for AGE, oxidative stress,
diacylglycerol (DAG)-PKC, vascular inflammation, and the renin-angiotensin system, for
example, should provide useful targets for therapy; however, many clinical trials using
agents directly against these targets have not shown dramatic efficacy to prevent or delay the
progression of DN. The presence and the importance of endogenous protective factors
against the development of DN and DR clearly have been shown clinically by patients who
have had diabetes of extreme duration yet do not have manifestations of DN and DR. Thus,
we propose that it is equally important to enhance endogenous protective factors, such as
insulin, VEGF, APC, GLP-1, and others to neutralize the adverse effects of hyperglycemia
and prevent DN (Fig. 1).
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Figure 1.
Diabetes induces an imbalance between toxic and protective factors to induce diabetic
nephropathy. ROS, reactive oxygen species; NF-κB, nuclear factor-κB.

Mima et al. Page 12

Semin Nephrol. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Schematic diagram on the progression of diabetic nephropathy with both pathogenic and
protective factors. Ang, angiotensin; HO-1, heme-oxygenase-1; ET-1, endothelin-1; IGFR,
insulin-like growth factor receptor.
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Figure 3.
Dual pathways of the actions of hyperglycemia to induce accelerated apoptosis of renal
glomerular podocytes and retinal capillary pericytes. ROS, reactive oxygen species; ERK,
extracellular signal-regulated kinases.
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Table 1

Clinical Trials of Potential New Therapeutic Agents for Diabetic Nephropathy

Study (drug) Patient Numbers Treatment Plan Outcome

Tuttle et al65 (RBX; 2005) RBX, 61; placebo, 62 RBX 32 mg/d (12 months)
versus placebo

Significant decreases in UAE in
treatment versus placebo

(−24% versus −9%; P = .02)

ACTION I9 (aminoguanidine;
2004)

Low-dose, 229; high-dose,
225; placebo, 236

150 or 300 mg/d (2.49 y)
versus placebo

SCr doubled in fewer patients
than placebo group (20%

versus 26%; P = .099)

Williams et al14 (pyridoxamine;
2007)

Pyridoxamine, 122; placebo,
90

Pyridoxamine 50 or 250
mg/d (6 mo) versus

placebo

Significant decreases in the
increase in SCr (0.20 versus

0.76 mg/dL/y; P = .01)

Passariello et al16 (tolrestat;
1993)

Tolrestat, 20 Tolrestat 200 mg/d (6 mo)
versus placebo

Significant decreases in
albuminuria (219 to 58.6 μg/

min; P < .001)

Iso et al17 (epalrestat; 2001) Epalrestat, 35 Epalrestat 150 mg/d (5 y) Albuminuria remained unchanged
in epalrestat group

Gaede et al66 (vitamins C and
E; 2001)

Vitamin C and E, 28
Vitamin C 1,250 mg/d and

vitamin E 680 IU/d (4
wk)

Significant decreases in
albuminuria (by 19%; P = .04)

Hopper et al25

(aspirin-dipyridamole; 1989)
Aspirin-dipyridamole, 16

Aspirin 990 mg/d or
dipyridamole 225 mg/d
(6 wk) versus placebo

Significant decreases in
proteinuria (1.9 to 1.4 g/24 h;

P < .05)

Sinsakul et al27 (celecoxib;
2007)

Celecoxib, 12; placebo, 12 Celecoxib 200 mg/d (6 wk)
versus placebo

No significant difference in urinary
proteinuria

Guerrero-Romero et al67

(pentoxifylline; 1995)
Pentoxifylline, 65; captopril,

65

Pentoxifylline 1,200 mg/d
or captopril 75 mg/d (6

mo)

Significant decreases in UAE
(pentoxifylline 101.1 to 23.1 μg/
min, captopril 102.0 to 23.9 μg/

min)

Mehdi et al37 (spironolactone;
2009)

Spironolactone, 27;
Losartan, 26; placebo, 27

Spironolactone 25 mg/d +
lisinopril 80 mg/d (12

mo) or losartan 100 mg/
d (12 mo) + lisinopril 80

mg/d versus placebo

Significant decreases in UAE
(spironolactone + lisinopril by
34% from baseline, losartan +

lisinopril by 16.8% from
baseline; P = .007)

de Zeeuw et al38 (paricarcitol;
2010)

Paricarcitol (1 μg), 93;
paricarcitol (2 μg);

placebo, 93

1 μg/d (20 mo) or 2 μg/d
(20 mo) versus placebo

Significant decreases in UAE
(paricarcitol (2 μg/d) by 18% to

28% from baseline; P = .014)

UAE, urinary albumin excretion; SCr, serum creatinine.
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