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Pathophysiology of diabetic nephropathy
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Abstract

Glomerular basement membrane thickening is common in patients with long-standing diabetes, with or without neph-
ropathy. In the following period, there is a correlation between glomerular basement membrane thickness and fractio-
nal mesangial volumes and albuminuria. The mechanisms underlying the formation of albuminuria begin with expansion
of the glomerular basement membrane (GBM) with deposition of type IV collagen and reduction of negatively charged
heparin sulfate proteoglycan. One of the earliest cellular changes in diabetes is mesangial and tubular cell hypertrophy.
Hyperglycemia causes hypertrophy in the kidney by stimulating growth factors such as insulin-like growth factor-1 (IGF-
1), epidermal growth factor (EGF), platelet-derived growth factor (PDGF), VEGF, TGF-B and Ang Il. However, antagonizing
TGF-B in diabetic patients did not provide beneficial effects on renal function or proteinuria. Pathological features of dia-
betic nephropathy (DN) are mesangial expansion, nodular diabetic glomerulosclerosis (acellular Kimmelstiel-Wilson lesi-
on), and diffuse glomerulosclerosis. Kidney structure is heterogeneous in diabetic patients; Only a subset of patients have
typical diabetic glomerulopathy, whereas others have tubulointerstitial and vascular lesions that are much more advan-
ced than glomerular lesions. There are features suggestive of normal or near-normal kidney structure and even glome-
rular ischemia. Treatment of diabetic animals with an ACE inhibitor attenuates p27 Kip1 and reduces renal hypertrophy.
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1. Introduction

Diabetic nephropathy is the leading cause of end-stage
renal disease (ESRD) in the industrialized World.! Diabe-
tic nephropathy is not only a significant burden on qu-
ality of life, but also predicts a poor prognosis despite
advances in the medical treatment of renal and cardio-
vascular diseases.?

The pathophysiology of diabetic nephropathy is comp-
lex. Intrarenal hemodynamic abnormalities are thought
to be the most important factors responsible for the
initiation and progression of diabetic nephropathy.?
Hyperglycemia is a necessary prerequisite, but genetic
predisposition is also crucial for the development of di-
abetic nephropathy.* Genetic factors may directly affect
the development of diabetic nephropathy or may be
clustered with genes that affect cardiovascular disease.!

1.1. Pathology of kidney disease in diabetes

After the start of diabetes, kidney weight increases by
an average of 15%. Early structural changes in the kid-
ney are kidney enlargement involving both tubules and
glomeruli.® This process includes predominantly hypert-
rophy and to a much lesser extent hyperplasia.! The
kidney continues to increase in size until overt nephro-
pathy occurs. Most diabetic patients have a sustained
increase in glomerular volume and glomerular capillary
lumen volume. These changes are accompanied by in-
terstitium hypertrophy. Glomerular basement membra-
ne thickening is common in patients with long-standing
diabetes, whether or not they have nephropathy. In the
following period, there is a correlation between glome-

rular basement membrane thickness and fractional me-
sangial volumes and albuminuria.®

The mechanisms underlying the occurrence of albumi-
nuria begin with the expansion of the glomerular base-
ment membrane (GBM) with accumulation of type IV
collagen and reduction in negatively charged heparin
sulfate proteoglycan. Expression of nephrin, a protein
that controls permeability, is abnormally low in diabetic
kidney disease.” Its transcription is suppressed by Angi-
otensin Il (Ang 1) and restored by renin-angiotensin sys-
tem (RAS) blockers. Apoptosis of podocytes is triggered
by several factors, including Ang Il and TGF-B, and ad-
hesion of podocytes to GBM is reduced by suppression
of neuropilin-1 from enhanced glycation end products
(AGEs). Podocyte loss also follows hyperglycemia-indu-
ced reactive oxygen species (ROS) generation, resulting
in podocyte apoptosis or detachment. The generation
of ROS in podocytes can be largely mediated by Nox4.%°
Migration of podocytes is also attenuated by reduction
of neuropilin-1, thereby preventing surviving podocytes
from covering bare areas of the GBM, which promotes
the development of focal segmental glomerulosclerosis
(FSGS).®

One of the earliest cellular changes in diabetes is me-
sangial and tubular cell hypertrophy. Experimentally,
avoiding hyperglycemia prevents kidney hypertrophy.
Hyperglycemia causes hypertrophy in the kidney by
stimulating growth factors including insulin like growth
factor-1 (IGF-1), epidermal growth factor (EGF), plate-
let-derived growth factor (PDGF), VEGF, TGF-B and Ang
Il. Hyperglycemia also induces thrombospondin, a po-
tent activator of latent TGF-B. However, antagonizing
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TGF-B in diabetic patients did not provide beneficial ef-
fects on kidney function or proteinuria.’

The pathological features of diabetic nephropathy (DN)
are mesangial enlargement, nodular diabetic glomeru-
losclerosis (cellless Kimmelstiel-Wilson lesion) and diffu-
se glomerulosclerosis. Mesangiolysis probably plays an
important role in cell loss and nodule formation. Incre-
asing evidence suggests that local NO deficiency contri-
butes to these histological lesions, particularly nodule
formation.6 Nodular glomerular intercapillary lesions
in advanced diabetic kidney disease are well-circum-
scribed eosinophilic and periodic acid-Schiff-positive
masses in the central regions of peripheral glomerular
lobules. When non-acellular, nodules contain pycnotic
nuclei. It has been suggested that the nodules result
from microaneurysmal dilatation of the associated ca-
pillaries, followed by mesangilysis and laminar organi-
zation of mesangial debris by lysis of the center of the
lobule. Foamy cells usually surround the nodules. It is
reported in 10% to 50% of biopsy specimens.®

Diffuse glomerular lesions are more common than no-
dular lesions. They consist of an increase in the mesan-
gial matrix extending to contain the capillary lobes. In
contrast to nodular lesions, which have little functional
significance, the degree of diffuse glomerulosclerosis,
and especially mesangial matrix enlargement, is associ-
ated with worsening kidney function.’ In more severe
disease, capillary wall thickening and mesangial enlar-
gement lead to capillary constriction and hyalinization
with periglomerular fibrosis. Podocytes are involved in
the early stages of the course of diabetic kidney disease
and an increase in foot spur width is observed with only
slight increases in albuminuria. Longitudinal studies
have shown a reduction in podocyte count, which is clo-
sely associated with proteinuria.t*3

Tubulointerstitial damage ultimately determines the
rate of attrition of kidney function. In vitro studies de-
monstrate the pathogenic role of various diabetic subst-
rates in promoting tubule hypertrophy, extracellular
matrix (ECM) production and inflammation through
multiple complex pathways leading to a chronic inflam-
matory infiltrate involving immune cells and macropha-
ges.” Chemokines and their receptors, particularly mo-
nocyte chemotactic protein-1 (MCP-1/CCL2), RANTES/
CCL5, IL-6, and tumor necrosis factor (TNF) receptors
and adhesion molecules (e.g. ICAM-1), contribute to
persistent inflammation that triggers a profibrotic cas-
cade in the kidney.”** Glomerular cells, TECs, macrop-
hages/lymphocytes, and fibroblasts/myofibroblasts all
lead to matrix deposition along the glomerular and tu-
bular basement membranes and within the interstitium.
Myofibroblasts support fibrosis progression in diabetic
kidney disease by facilitating deposition of interstitial
ECM. TNF receptors appear to be a potent biomarker
for progressive kidney disease in diabetes. Th17 immu-
ne cells and their cytokine IL-17A are implicated in dia-
betes-mediated kidney injury and may be a promising
therapeutic target.?®

Arteriolar lesions are prominent in diabetes. The hyaline
material progressively replaces the entire wall structure
and contains both afferent and efferent vessels, which is
highly specific for diabetes.!®
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Immunohistological examination is usually negative,
but sometimes linear immunoglobulin G (IgG) can be
observed in GBM. Tubulointerstitial fibrosis and tubular
atrophy may be the best pathological correlations for
the decline of GFR. Tubulointerstitial fibrosis and renal
arteriolosclerosis are common.®

In fact, the kidney structure in diabetic patients is hete-
rogeneous; only a subset of patients have typical diabe-
tic glomerulopathy, while others have tubulointerstitial
and vascular lesions that are much more advanced than
glomerular lesions. There are features suggestive of nor-
mal or near-normal kidney structure and even glomeru-
lar ischemia.®®

Treatment of diabetic animals with an ACE inhibitor at-
tenuates p27 Kipl and reduces renal hypertrophy. Ina-
ctivation of p27 Kipl in mice, which made diabetic by
streptozotocin (STZ), results in less diabetic nephropat-
hy.'” Although cell cycle arrest is necessary, it may not be
sufficient for the development of hypertrophy. Comple-
mentary signals that increase RNA and protein synthesis
are needed for cell growth. In the early stages of dia-
betes, kidney cells and especially mesangial cells acti-
vate the mammalian target of rapamycin (mTOR).281°
mTORC1 mainly acts on two important downstream tar-
gets: eukaryotic translation initiation factor 4E-binding
proteinl (4EBP1) and serine/threonine protein kinase
p70S6 kinase 1 (S6K1). Phosphorylation of 4EBP1 leads
to the release of elF4E and ultimately initiates cap-de-
pendent translation of mMRNAs. On the other hand, S6K1
phosphorylates the 40S ribosomal protein S6 and plays
a role in the regulation of cellular and organ hypertrop-
hy.% In fact, inhibition of the mTOR pathway or knock-
down of S6K1 by rapamycin reduces renal hypertrophy
in rodent models of diabetes.'®?! In addition, rapamycin
treatment can reduce basement membrane thickening,
mesangial matrix deposition, as well as renal inflamma-
tory markers, resulting in significantly less alouminuria.?

1.2. Renin-angiotensin-aldosterone system

Angiotensinogen synthesized by the liver enters the
circulation, where angiotensin | is formed by renin, a
peptidase secreted from the juxtaglomerular apparatus
(JGA) of the kidney. Angiotensin | is exposed to angio-
tensin-converting enzyme, where its terminal two ami-
no acids are removed and converted to angiotensin Il.
Angiotensin Il, the main effector molecule of RAS, then
binds to its type 1 receptor (AT1R), causing vasocons-
triction, sodium retention, thirst, and aldosterone sec-
retion.?

Based on animal models of 5/6 nephrectomy and dia-
betic glomerulosclerosis, it is plausible that disruption
of the RAAS cascade could result in renoprotection. In
animal models, while causing hemodynamic damage
through efferent arteriolar vasoconstriction, the use of
ACE inhibitors and angiotensin receptor blockers (ARBs)
effectively widens the efferent arteriole, leading to glo-
merular relaxation followed by reduction of glomerular
hypertrophy and damage. RAAS blockade has also been
shown to impair the inflammatory and fibrosing effects
of various cytokines, including TGF-B, in systemic hyper-
tension, which further reduces glomerular hypertensi-
on. Thus, the net effect of RAAS antagonism is renopro-
tective at multiple levels.?*
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Furthermore, the ability of tubule succinate to induce
JGA renin secretion suggests that this phenomenon
is likely an important determinant of JGA function in
both physiological and pathophysiological settings. For
example, high succinate has been detected in both plas-
ma and urine in diabetic rats.”®

1.3. Podocytes

Podocytes (or visceral epithelial cells) are specialized
cells of neuroepithelial origin that surround the glome-
rular capillaries. Long projections of podocytes surround
the capillaries, and between these projections is a slit
diaphragm. It has been determined that there are many
proteins in these foot protrusions that surround the ca-
pillaries. Nephrin is a protein that plays a functional role
in the structure of the slit diaphragm.? There is growing
evidence to suggest that nephrine may play an impor-
tant role in glomerular filtration and the development of
proteinuria. In diabetes, premature flattening and retra-
ction of the foot ridges are associated with thickening of
the glomerular basement membrane. Indeed, there is a
decrease in the number of filtration slits in diabetic rats
with a decrease in nephrin expression.??’

In diabetic nephropathy, there is a marked reduction
in the number of anionic groups such as sialic acid and
heparan sulfate proteoglycans (HSPG) in the glomeru-
lar basement membrane, which has been associated
with a loss of charge permeability selectivity. The loss of
permeability selectivity is most likely due to changes in
podocyte function and structure. Podocyte dysfunction
plays an important role in the pathogenesis of various
progressive nephropathies, including diabetic kidney di-
sease.’3%

Albumin uptake has been demonstrated in human, rat
and mouse podocytes in vivo and in mouse and human
podocytes in vitro.?® Accumulation of endocytous prote-
in in podocytes is also demonstrated by podocyte vacu-
olization in proteinuric patients, and endocytic uptake
of tracer proteins in podocytes has been demonstrated
experimentally in vivo. The albumin-binding receptor
megalin has also been identified in rat podocytes and
more recently in human podocytes and provides a mec-
hanism for endocytic uptake of albumin and other pro-
teins.®%3! |t has been suggested that if the filtered prote-
ins are not removed, they will clog the glomerular filter
due to the podocyte cleft membrane. Such a theoretical
occlusion of the slit diaphragm can be reduced by me-
galin, endocytosis of proteins with podocyte. It should
be emphasized that the endocytic uptake of albumin in
podocytes is minimal compared to that in the proximal
tubule.®

1.4. Transforming growth factor-1

Excessive accumulation of extracellular protein produc-
tion (ECM) in the kidney is thought to play an increasing-
ly important role in the development and progression of
diabetic nephropathy. It has been shown to play a key
role in mediating the profibrotic effect of various pat-
hological stimuli such as transforming growth factor-B
(TGF-B), hyperglycemia, and angiotensin Il; many of the-
se functions are developed in the diabetic environment,
leading to excessive ECM deposition in the diabetic kid-
ney.?® TGF-B stimulates the synthesis of the extracellular

matrix, including type | collagen, type IV collagen, fibro-
nectin and laminin.! TGF-B also upregulates another
growth factor, connective tissue growth factor (CTGF),
through various signaling pathways involving specific
molecules known as Smads.?®

Studies in animal models of both type 1 and type 2 di-
abetes further reveal TGF-B as an important mediator
of diabetic kidney disease. TGF-B1 mRNA and protein
levels are increased both glomerularly and tubularly in
diabetic rats and mice.>

In almost all renal cell types (except podocytes) studied
in tissue culture, high ambient glucose has been shown
to increase the expression and bioactivity of TGF-B; the-
se include proximal tubular epithelial cells, glomerular
mesangial and endothelial cells, and interstitial fibrob-
lasts. High glucose also increases TGF-B type Il receptor
in all kidney cells studied, including podocytes.?***

Blocking the activity of the renal TGF-B system in dia-
betic animals provided evidence that the development
of kidney disease is due to overactivity of this system in
diabetes. Neutralizing monoclonal antibodies to TGF-
prevent glomerular hypertrophy and reduce the incre-
ase in TGF-B1, type IV collagen and fibronectin mRNAs
in STZ-induced diabetes mellitus in mice. Furthermore,
antibody treatment in the db/db mouse, a model of
type 2 diabetes, prevents mesangial matrix expansion
without affecting albuminuria. This last finding suggests
that unlike hypertrophic and prosclerotic renal manifes-
tations of diabetes, diabetic proteinuria is mediated by
increased podocyte-derived VEGF instead of TGF-.3>3%

1.5. Oxidative stress and diabetic renal damage

Hyperglycemia causes vascular injury through complex
overlapping pathways, including formation of enhanced
glycation end products (AGE), activation of protein kina-
se C (PKC), and production of ROS. There is increasing
evidence to suggest that ROS may play an important
role in the initiation and progression of diabetic neph-
ropathy.?® The effects of antioxidant therapy have been
demonstrated in animal studies, but convincing eviden-
ce for clinical efficacy is still lacking.

Excessive ROS production via Nicotinamide adenine di-
nucleotide phosphate (NADPH) oxidase (Nox) has pla-
yed a role in the pathogenesis of diabetic nephropat-
hy. Diabetes-induced translocation of PKC, particularly
PKC-a, to renal membranes has been associated with
increased NADPH-induced superoxide production and
high concentrations of vascular endothelial growth fa-
ctor (VEGF) in kidney, serum, and urine. reduced albu-
minuria and glomerulosclerosis, which increase with
diabetes.? In both diabetic rodents and AGE-treated
mesangial cells, increased VEGF as well as blockade of
Nox or PKC-a reduced cytosolic superoxide formation
and PKC activation. Moreover, renal extracellular matrix
accumulation of fibronectin and collagen IV was redu-
ced by the Nox inhibitor aposine. Therefore, inhibition
of Nox is likely to provide a new therapeutic target for
diabetic nephropathy.
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