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Pathogenesis of diabetic nephropathy
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ABSTRACT

As the increasing prevalence of diabetes reaches epidemic proportions worldwide, diabetic nephropathy and associated end-stage
renal failure will be an unavoidable major health burden to not only individuals with diabetes and their families, but also to the
health systems both in developed and developing countries. Over the past decade, a large body of research has focused on diabetic
nephropathy ranging from studies in molecular signaling, hemodynamic regulation and pharmaceutical intervention to clinical
outcomes. It is likely that the pathophysiology of diabetic nephropathy involves a multifactorial interaction between metabolic and
hemodynamic factors. Metabolic factors involve glucose-dependent pathways, such as advanced glycation end-products and their
receptors. Hemodynamic factors include various vasoactive hormones, such as components of the renin-angiotensin system. It is
likely that these metabolic and hemodynamic factors interact through shared molecular and signaling pathways, such as nuclear
factor kappa-light-chain-enhancer of activated B cells and protein kinase C with associated reactive oxygen species generation. It is
likely that these contributing factors cause pathological damage not only to the glomerulus, in particular podocytes, but also to the
tubulointerstitium. Specific inhibitors of the various pathways are now available and these emerging pharmaceutical interventions
might have potential implications for the prevention and treatment of diabetic nephropathy. The mainstay of therapy remains the
achievement of optimal glycemic and blood pressure control in order to slow the progression of diabetic nephropathy. Agents that
interrupt the renin—angiotensin system have been shown to be particularly useful as renoprotective agents in both hypertensive and
normotensive type 1 and type 2 diabetic subjects. (J Diabetes Invest, doi: 10.1111/j.2040-1124.2011.00131.%, 2011)
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INTRODUCTION

As the incidence of diabetes is increasing worldwide, diabetic
nephropathy has become the main cause of chronic kidney dis-
ease in patients who require renal replacement therapy in the
Western world. Furthermore, diabetic nephropathy is associated
with an increased risk of cardiovascular morbidity and mortality.
Intensive glycemic and blood pressure control and the use of
angiotensin-converting enzyme (ACE) inhibitors and/or angio-
tensin II receptor blockers delay, but do not prevent, the onset
and progression of diabetic nephropathy. Therefore, the disease
burden of diabetic nephropathy on individuals with diabetes
and the health system are enormous.

Diabetic nephropathy can be classified into different stages
according to the presence of albuminuria and the degree of renal
impairment. Microalbuminuria is now considered an early stage
of, rather than a predictor of, diabetic nephropathy. Neverthe-
less, the presence of microalbuminuria is predictive for the sub-
sequent development of severe renal impairment. Furthermore,
interventions aimed at reversing microalbuminuria towards the
normal range have been shown to confer beneficial effects in
delaying the onset of renal impairment, and in some studies,
even reversing the progression of diabetes related renal injury.
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The pathogenesis and progression of diabetic nephropathy are
likely to be as a result of interactions between metabolic and
hemodynamic pathways, which are often disturbed in the setting
of diabetes. Since major reviews on this topic by our group over
a decade ago"?, there have been major advances in this area. It
is likely that the metabolic and hemodynamic abnormalities
seen in diabetes interact with each other and pathways linked to
reactive oxygen species (ROS) generation. Gene regulation and
activation of transcription factors are influenced by interactions
among metabolic stimuli, hemodynamic factors and various
ROS in diabetes. The consequences of molecular activation
and inhibition of the various pathways lead to functional and
structural changes that clinically become manifest as diabetic
nephropathy, characterized by increasing albuminuria and
declining renal function (Figure 1).

In the present review, we will focus on a number of path-
ways/factors that have been shown to contribute to renal injury
in various experimental models of nephropathy, including stud-
ies by our group.

ANGIOTENSIN CONVERTING ENZYME 2 AS A
MEDIATOR IN RENAL INJURY

Blockade of the renin-angiotensin system (RAS) is considered
to be among the most important interventions for the preven-
tion and management of diabetic kidney disease. The RAS
blockers, either inhibiting ACE, blocking activation of the angio-
tensin type 1 (AT;) receptor or directly inhibiting the upstream
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Figure 1 | Schema of pathogenesis of diabetic nephropathy. The
pathogenesis of diabetic nephropathy is likely to be as a result of meta-
bolic and hemodynamic abnormalities, as seen in diabetes, interacting
with each other and with various reactive oxygen species-dependent
pathways. Both gene regulation and activation of transcription factors
are influenced by the interactions between metabolic stimuli, hemo-
dynamic factors and reactive oxygen species generation in diabetes. The
consequences of this molecular activation or inhibition are functional
and structural changes leading to the classical hallmarks of diabetic
nephropathy. AGE, advanced glycation end-products; ECM, extracellular
protein production; ESRF, end-stage renal failure; ET, endothelin; GFR,
glomerular filtration rate.

ESRF

enzyme, renin, are effective in attenuating renal damage in
diabetes. Historically, actions of the RAS blockers have been
linked to reduced signaling through angiotensin II-dependent
pathways.

Angiotensin converting enzyme 2 (ACE2) is an exopeptidase
that catalyses the conversion of angiotensin I to the nonapeptide
angiotensin 1-9, or the conversion of angiotensin II to angioten-
sin 1-7. In the kidney, angiotensin 1-7 is largely derived from
the degradation of angiotensin II by the zinc-dependent car-
boxypeptidase ACE2**. ACE2 expression has been shown to be
present in the kidney, heart and blood vessels®”.

ACE2 is expressed in renal tubular cells, as assessed by
immumohistochemistry®. This ACE2 protein expression is
associated with ACE2 gene expression, renal cortical ACE2
enzymatic activity and plasma ACE2 activity. Administration of

MLN-4760, an ACE2 inhibitor, in mice is associated with inhi-
bition of renal ACE2 activity.

The pattern of ACE2 expression in the kidney is significantly
modified after the induction of diabetes in experimental ani-
mals®. Induction of diabetes in mice is associated with a reduc-
tion in renal ACE2 expression and a concomitant decrease
in angiotensin 1-7 levels®. Paradoxically and yet not fully
explained, plasma ACE2 activity is significantly elevated after
administration of the ACE2 inhibitor, MLN-4760. Administra-
tion of an ACE inhibitor, perindopril, although this is not a
direct ACE2 inhibitor, or the ACE2 inhibitor, MLN-4760, are
both associated with reductions in renal ACE2 expression and
plasma ACE2 activity, as well as a decrease in renal cortical
angiotensin 1-7 concentrations in diabetic mice®. However,
there are different effects between an ACE and an ACE2 inhibi-
tor on albuminuria, blood pressure and creatinine clearance in
diabetic mice. Diabetic mice treated with an ACE inhibitor have
reduced urinary albumin excretion, whereas diabetic rats treated
with an ACE2 inhibitor have increased albuminuria. Further-
more, diabetic mice treated with an ACE inhibitor have reduced
blood pressure, whereas ACE2 inhibitor treated diabetic mice
show increased blood pressure. In addition, ACE inhibitor treat-
ment has no effects on the elevated glomerular filtration rate
(GFR), seen in diabetic mice, whereas ACE2 inhibitor treatment
reduces this hyperfiltration. Finally, antiproteinuric and hypo-
tensive effects of ACE inhibitor are lost when an ACE inhibitor
is combined with an ACE2 inhibitor in diabetic mice®. Consis-
tent with the results seen with pharmacological ACE2 inhibition,
the effects of ACE2 inhibition using a genetic approach on albu-
minuria, blood pressure and creatinine clearance have been con-
firmed in ACE2 knockout mice®.

These recent findings linking ACE2 to diabetic nephropathy
suggest that the ACE2-angiotensin 1-7 axis might have specific
effects on the pathology of diabetic nephropathy. Furthermore,
it appears that at least some the systemic effects of RAS block-
ade might be mediated by angiotensin 1-7, a potent vasodilator,
with actions that antagonize or counteract those of angioten-
sin II. Furthermore, it is likely that the role of ACE2 in diabetic
nephropathy is complex, with its effects varying according to
the different renal sites where ACE2 might have an important
function".

CELL DIVISION AUTOANTIGEN 1 IN MEDIATING
TRANSFORMING GROWTH FACTOR-§
DOWNSTREAM SIGNALING AND EXTRACELLULAR
PROTEIN PRODUCTION

Excess accumulation of extracellular protein production (ECM)
in the kidney is increasingly considered to play an important
role in the development and progression of diabetic nephro-
pathy. Transforming growth factor-p (TGF-f) has been viewed
as a key player in mediating the profibrotic effect of various
pathological stimuli, such as hyperglycemia and angiotensin II,
most of these functions enhanced in the diabetic milieu, thus
leading to excess ECM accumulation in the diabetic kidney.
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TGEF-f also upregulates another growth factor, connective tissue
growth factor (CTGEF), through various signaling pathways
involving specific molecules known as Smads.

Cell division autoantigen 1 (CDALI) is a molecule identified
by Chai et al'' and named to reflect the specific finding that
CDAL arrested cell growth when overexpressed in HeLa cells.
Its antiproliferative action is supported by further findings by
our group, as well as by others'>**, CDAI, encoded by TSPYL2
on the X chromosome, shares antiproliferative and profibrotic
properties with TGF-f. It inhibits cell growth through p53,
pERK1/2 and p2l-mediated pathways, and is implicated in
tumorigenesis and the DNA damage response'”. Its profibrotic
properties are mediated through cross-talk with TGEF-3, which
results in upregulation of extracellular matrix proteins. We have
obtained a large body of data showing that CDA1 modulates
the TGF-P signaling pathway through TGEF-B receptor I and
Smad3'®. This TGF-B signaling through Smad3, which can also
be activated by other stimuli, such as angiotensin II, regulates
ECM production. Schema of TGF-f3 induction of tissue fibrosis
has been reviewed elsewhere'.

More recently, we have shown that CDA1 levels were elevated
in the kidneys from two animal models with increased renal
ECM". The localization of CDA1 to the tubular cells and podo-
cytes in the human kidney was similar to that seen in rodents.
Overexpression and siRNA knockdown of CDAL resulted in a
dose-dependent increase or decrease in gene expression of
TGF-B, TGF-P receptors, CTGF, collagens type I, III, and IV,
and fibronectin in a human kidney cell line known as HK-2"%
CDA1 siRNA knockdown markedly attenuated, whereas over-
expression of CDAL increased, TGF-B signaling. CDA1 and
TGEF-f together had a strong synergy in stimulating TGF-P sig-
naling and increasing expression of various target genes. CDA1
knockdown effectively blocked the effect of TGF- in stimulat-
ing expression of collagen genes. These activities of CDALI are
attributed to its ability to modulate the TGF-f3 type I, but not
the type II, receptor, leading to increased phosphorylation of
Smad3 and activation of the ERK/MAPK pathway. Further-
more, the Smad3 inhibitor, SIS3, was shown to markedly attenu-
ate the activity of CDA1 to stimulate TGF-f signaling, as well
as reducing gene expression of collagens I, III and IV.

These in vitro and in vivo findings provide evidence that
CDAL1 plays a critical role in TGF-p signaling in the kidney and
is likely to be an appropriate target to reduce renal ECM accu-
mulation in disorders such as diabetic nephropathy.

PODOCYTE ABNORMALITY AND ALBUMINURIA

The importance of glomerular abnormalities in pathogenesis of
diabetic nephropathy has been a focus of ongoing research. An
increase in glomerular filtration, in association with albuminuria,
has been a hallmark of early diabetic nephropathy.

Podocytes (or visceral epithelial cells) are highly specialized
cells of neuroepithelial origin that wrap around the capillaries of
the glomerulus. The long processes of the podocytes wrap
around the capillaries and between these processes are small slits

in which contain a slit diaphragm. An increasing number of
proteins have been identified to be present in these foot projec-
tions that wrap around the capillaries.

Nephrin is a zipper-like protein that plays a functional role in
the structure of the slit diaphragm. The spaces between the teeth
of the zipper allow, in a selective manner, small molecules, such
as glucose and water, to traverse, but are too small to allow large
proteins to cross. Indeed, defects in nephrin have been reported
to be responsible for the massive albuminuria that occurs in
the Finnish type of congenital nephritic syndrome and kidney
failure.

There is now an increasing body of evidence to suggest that
nephrin could play a key role in the function of the glomerular
filtration barrier and the development of proteinuria. In diabetes,
early flattening and retraction of the foot processes are associated
with thickening of the glomerular basement membrane. Indeed,
in diabetic rats, there is a reduction in the number of filtration
slits with an associated reduction in nephrin expression'®.

Nephrin is increasingly expressed in the developmental kidney
from day 5 after birth to adulthood in rats'®. However, nephrin
expression is lower in the kidneys from spontaneously hyperten-
sive rats (SHR) in an association with hypertension and protein-
uria, than seen in the kidneys from normotensive Wistar-Kyoto
rats (WKY)'®. This relationship between nephrin expression and
albuminuria in normotensive and hypertensive diabetic rats was
studied by our group”. Nephrin gene expression transiently rose
at 8 weeks in the diabetic SHR and then significantly decreased
after 16 and 24 weeks. This reduction in glomerular nephrin
gene expression was associated with increasing albuminuria at
16 and 24 weeks in these diabetic SHR. There were no signifi-
cant changes in nephrin gene expression observed in normoten-
sive diabetic WKY rats and this lack of an effect was seen in the
context of much less albuminuria in these WKY rats™.

Renal nephrin expression was also reduced in a non-diabetic
renal injury model, the subtotal nephrectomy model. In this
model, the subtotal nephrectomy (removal of one kidney and
ablation of two-thirds of the remaining kidney) in rats was asso-
ciated with systemic hypertension, renal fibrosis and massive
proteinuria®’. These findings further emphasize the pivotal role
of slit diaphragm proteins, such as nephrin, in the pathogenesis
of albuminuria and proteinuria, either in a diabetic or non-
diabetic milieu.

Renal nephrin expression is not only closely associated with
the development of albuminuria, as observed in an experimental
model of diabetes and hypertension, but also is affected by vari-
ous treatments. Indeed, it is likely that the renal protection con-
ferred by RAS blockers is at least in part related to the effects of
these drugs on podocyte slit diagram proteins such as nephrin'®,

In long-term diabetes (32 weeks) there was a reduction in both
gene and protein expression of nephrin within the kidneys in
these rats'®. These changes in nephrin levels were prevented by
the angiotensin II antagonist, irbesartan, suggesting a potential
novel mechanism to at least in part explain the antiproteinuric
effect of agents that interrupt the RAS'®. Similar effects were also
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However, treatment with calcium channel blockers (amlodipine Hypertens 2010; 20: 62-68.

or verapamil), another class of antihypertensive agents, have no 4. Burrell LM, Johnston Cl, Tikellis C, et al. ACE2, a new regula-
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