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Abstract

Diabetic Nephropathy (DN) is believed to be a major microvascular complication of diabetes. The
hallmark of DN includes deposition of Extracellular Matrix (ECM) proteins, such as, collagen,
laminin and fibronectin in the mesangium and renal tubulo-interstitium of the glomerulus and
basement membranes. Such an increased expression of ECM leads to glomerular and tubular
basement membranes thickening and increase of mesangial matrix, ultimately resulting in
glomerulosclerosis and tubulointerstitial fibrosis. The characteristic morphologic glomerular
mesangial lesion has been described as Kimmelstiel-Wilson nodule, and the process at times is
referred to as diabetic nodular glomerulosclerosis. Thus, the accumulation of ECM proteins plays
a critical role in the development of DN. The relevant mechanism(s) involved in the increased
ECM expression and their regulation in the kidney in diabetic state has been extensively
investigated and documented in the literature. Nevertheless, there are certain other mechanisms
that may yet be conclusively defined. Recent studies demonstrated that some of the new signaling
pathways or molecules including, Notch, Wnt, mTOR, TLRs and small GTPase may play a pivotal
role in the modulation of ECM regulation and expression in DN. Such modulation could be
operational for instance Notch though Notch1/Jaggedl signaling, Wnt by Wnt/p-catenin pathway
and mTOR via P13-K/Akt/mTOR signaling pathways. All these pathways may be critical in the
modulation of ECM expression and tubulo-interstitial fibrosis. In addition, TLRs, mainly the
TLR2 and TLR4, by TLR2-dependent and TGF-B-dependent conduits, may modulate ECM
expression and generate a fibrogenic response. Small GTPase like Rho, Ras and Rab family by
targeting relevant genes may also influence the accumulation of ECM proteins and renal fibrosis in
hyperglycemic states. This review summarizes the recent information about the role and
mechanisms by which these molecules and signaling pathways regulate ECM synthesis and its
expression in high glucose ambience /in vitro and in vivo states. The understanding of such
signaling pathways and the molecules that influence expression, secretion and amassing of ECM
may aid in developing strategies for the amelioration of diabetic nephropathy.
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INTRODUCTION

Diabetic nephropathy (DN) is one of the leading microvascular complication in patients with
diabetes, and is the most prevalent cause of chronic renal failure [1, 2]. Fundamentally,
chronic hyperglycemia is regarded as the main metabolic denominator that seems to be
responsible for the development of DN. About 70% of the patients with either type 1 or type
2 diabetes develop DN while presenting clinically having a chronic kidney disease (CKD) at
the same time [3]. Furthermore, the incidence of DN is increasing, and at present
approximately 50% of the patients that progress to end-stage renal disease (ESRD) have DN
[4]. With respect to the progression of DN, the renal lesions due to type 1 or type 2 diabetes
are indistinguishable [5]. The pathological hallmarks of DN include deposition of
extracellular matrix (ECM) in the mesangium and tubulo-interstitium along with thickening
of glomerular and tubular basement membranes, ultimately resulting in glomerulosclerosis
and tubulo-interstitial fibrosis. The characteristic morphologic glomerular mesangial lesion
in DN has been described as Kimmelstiel-Wilson nodule [6, 7]. The ECM glycoproteins
that are increased in DN include collagen, laminin, fibronectin and proteoglycans in
different renal compartments, and various mechanism(s) related to ECM expression and
their regulation in DN has been described, yet others remain to be defined. Elucidation of
novel mechanism(s) involved in ECM accumulation may facilitate the development of
effective therapeutic strategies of DN. In this communication we have reviewed various
mechanisms related to the ECM amassing in DN while emphasizing some of the new
signaling pathways or molecules that may be relevant to the matrix pathobiology of DN /n
vitroand in vivo states. The signaling pathways or molecules discussed here include, such
as, Notch, Wnt, mTOR, TLRs and small GTPases following a brief overview of ECM
glycoproteins that are relevant to the pathogenesis of DN.

EXTRACELLULAR MATRIX PROTEINS

Aberrant thickening of glomerular basement membranes (GBM) and tubular basement
membranes (TBM) as well as excessive amassing of mesangial matrices in DN is a result of
chronic hyperglycemia induced metabolic perturbations leading to the imbalance between
extracellular matrix (ECM) glycoproteins’ synthesis and their degradation. The ECM
components primarily constitute collagen, laminin, fibronectin and proteoglycans. The major
perturbations in GBM ECM components include increased expression of collagen IV (a3
and a4 chains), collagen V, collagen VI, laminin and fibronectin, while there is a decreased
expression of heparan sulfate proteoglycans [7-9]. Likewise, mesangial matrix changes
include elevated expression of collagen I, collagen I11, collagen 1V (al and a2 chains),
collagen V, collagen VI, laminin, fibronectin and small-leucine-rich (SLR) proteoglycans [7,
8]. Additionally, the changes in the ECM proteins of the tubulo-interstitial compartment
include increased expression of collagen | and SLR proteoglycans, like decorin and
biglycans [10] (Table 1). The relevant mechanism(s) or the molecules involved in increased
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ECM expression and their regulation in kidney in diabetic state has been extensively
investigated. To name a few are glucose transporter proteins (GLUTS) [11], protein kinase C
(PKC) [12], advanced glycation end-products (AGEs) [13], reactive oxygen species (ROS)
[14], Matrix metallo-proteinases (MMPs) [15, 16], microRNA [17], growth factors/
cytokines and hormones [18, 19]. The latter two would include transforming growth factor
(TGF-B), platelet-derived growth factor (PDGF), growth hormone-insulin-like growth factor
(GH-IGF), connective tissue growth factor (CTGF) and Angiotensin Il (Ang 1) etc.
Recently, increasing evidence indicates that some of the new signaling pathways or
molecules also play a pivotal role in the regulation and expression of ECM components in
DN, and their relevance to matrix pathobiology is discussed in the following sections of this
article.

NOTCH AND ECM

Notch signaling is evolutionary conserved across species, and in mammalian system the
main constituents of this pathway include four transmembrane receptors (Notchl - Notch4),
three delta-like ligands (DLL1, DLL3 and DLL4) and another two ligands belonging to
Jagged family members (JAG1 and JAG?2). In this scenario the ligand:receptor interaction
induces conformational changes in the Notch receptors with subsequent proteolytic cleavage
and release of Notch intracellular domain (NICD). The released intracellular domain
translocates into the nucleus, where it associates with CSL (CBF1/Su(H)/Lag-1)
transcription factor complex and triggers gene transcription of canonical Notch target genes,
such as, Hes1 (hairy enhancer split-1) and Hey (Hes with YRPW moatif protein 1) genes
(Figure 1) [20].

There is increasing evidence suggesting that Notch signaling pathway may be involved in
renal disease processes associated with fibrosis. In a unilateral ureteral obstruction (UUO)
model Morrissey et al. confirmed that there is an increased expression of JAG1 ligand
protein, and it is dependent upon modulation by profibrogenic cytokine, TGF-f, suggesting
that the JAG1 may contribute to kidney injury and renal interstitial fibrosis [21]. While
taking into consideration that Notch/jagged pathway plays an important role in fibrogenesis
and subsequent development of kidney disease, it would suggest that Notch blockade may
reduce renal fibrosis and kidney damage, as highlighted in several recent publications [22—
25]. Notch-Jagged signaling may also induce epithelial-mesenchymal transition (EMT) of
tubular epithelial cells with consequential induction of renal fibrosis [26, 27]. In an
experimental acute kidney injury model Bielesz et al. observed an increased mMRNA
expression of Notchl, Jagl and Hey1, along with elevated expression of Notchl and Jagl
proteins. While the treatment with Notch inhibitor led to a decreased expression of ECM
proteins, such as, fibronectin (Fnl) and collagen (Collal, Col3 al and Col4 al). These
observations reinforce the concept that Notch1/Jagl signaling is involved in tubulo-
interstitial fibrosis. Furthermore, it has been shown that in cultured murine tubular epithelial
cells TGF-B up-regulates the expression of Notchl and Jagl (Figure 1). Along these lines
Notch signaling has been reported to induce an increase of EMT regulator factor Snaill,
suggesting that Notch1/Jagl pathway probably utilizes EMT in the induction of tubulo-
interstitial fibrosis. Interestingly, these studies have also shown that the expression of Notchl

Curr Med Chem. Author manuscript; available in PMC 2016 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 4

and Jagged1 is significantly increased in tubular epithelial cells (TECs) in patients’ samples
with diabetic nephropathy [28].

Similarly, Mariana et a/. observed that in various kidney diseases, including the biopsy
samples from patients with diabetic kidney disease (DKD), the expression of Notchl protein
is significantly elevated in the tubulo-interstitial compartment, and it is highly correlative
with the severity of renal fibrosis [29]. Walsh et a/. found that Jaggedl, Hes1 and Gremlin
MRNA expression increased in the tubulo-interstitium in diabetic nephropathy patients as
compared to the control. Likewise, TGF-f treated HK-2 cells /n vitro had increased mRNA
expression of Jagged1, Hes1 and Gremlin, indicating that Notch1/Jaggedl can be activated
as a TGF-B1 downstream signaling pathway in DN [30]. Since TGF-B promotes EMT [31]
and induces kidney cells to synthesize ECM proteins via various pathways resulting in
glomerulosclerosis and tubulo-interstitial fibrosis in DN [32, 33], it would mean that
Notch1/Jaggedl signaling have an important role in TGF-B-mediated EMT and tubulo-
interstitial fibrosis [30], and therefore, TGF-B activation of Notch signaling may aid in
further sustenance and promotion of fibrosis and in the process of scarring in DN. Similarly,
Bonegio et al. found that Notch signaling pathways is reactivated in diabetic nephropathy,
and it is associated with increased synthesis of extracellular matrix proteins that ultimately
promote the development of tubulo-interstitial fibrosis [34]. Further support for this notion
was derived from the fact that treatment with Notch signaling inhibitors leads to
amelioration of tubulo-interstitial fibrosis and dampened the progression of diabetic
nephropathy [34]. Besides the tubulo-interstitium, Liu et a/. discovered that high glucose
(HG) also increases the expression of Notchl, Jaggedl and Hes1 along with the
profibrogenic cytokine, TGF-B, and ECM protein fibronectin in rat glomerular mesangial
cells [35]. The Notch signaling pathway also exerts its effects on podocytes and thus plays
an important role in DN development [36]. These authors also described that intracellular
domain of Notchl (ICN1) expression was increased in kidneys of both human and
experimental diabetic models. Their /n vitroand in vivo studies showed that ICN1 induced
apoptosis of podocytes through the activation of p53, and genetic deletion of Notch
transcriptional partner (Rbpj) in podocytes or treatment of y-secretase inhibitor alleviated
albuminuria, glomerulosclerosis and apoptosis [37]. Along these lines, Lin et a/. also
reported that Notch signaling pathway was significantly up-regulated in HG-treated human
podocytes and kidneys of diabetic animals, and Notch pathway activation augmented the
VEGF expression which consequentially led to down-regulation of nephrin and induced
apoptosis in podocytes. Interestingly, following the treatment with y-secretase inhibitor, the
expression of VEGF and nephrin were normalized in the kidneys of streptozotocin-induced
diabetes model along with decreased albuminuria [38]. All these above studies by various
investigators emphasize that Notch1/Jagged1 signaling pathway and TGF-f-mediated
pathway synergistically may be responsible for the progression of DN (Figure 1).

WNT/B-CATENIN AND ECM

Whnt/B-Catenin is also an evolutionary conserved signal transduction pathway which affects
cellular events that modulate various disease processes besides playing a critical role in

kidney development (Figure 2). The Wnts family is comprised of 19 Wnt proteins under the
umbrella of 12 conserved Wnt subfamilies [39]. The canonical Wnt/p-Catenin pathway has
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been extensively studied and characterized. In the activation of classical Wnt signaling
pathway, the Wnt proteins are secreted into the extracellular space and bind with the
extracellular N-domain of transmembrane frizzled (Fzd) receptor and another
transmembrane co-receptor lipoprotein related receptor protein (LRP5/LRP6). These
interactions send a signal to the phosphoprotein Dishevelled (Dsh) in the cytoplasm while
simultaneously inhibiting the activity of glycogen synthase kinase 3 (GSK-3B) and its falling
off from the Axin; and as a consequence formation of B-catenin degradation complex is
prevented. The complex is mainly made up of adenomatosis polyposis coli (APC), Axin and
GSK-3p. In doing so, the B-catenin cannot be phosphorylated and undergo degradation [40,
41]. After achieving certain intracellular threshold concentration, Cytoplasmic [3-catenin is
translocated into the nucleus, where it serve as a transcriptional co-activator of the
transcription factors belonging to the TCF/LEF family, and it then stimulates the target gene
expression [42]. Overall, intracellular accumulation of B-catenin is a critical effector in this
canonical Wnt/B-catenin signaling that modulates a variety of biological processes, including
epithelial-mesenchymal transition (EMT) [43].

Given the involvement Wnt/B-catenin signaling pathways in various biological processes, it
is likely that they contribute to the pathogenesis of tubulo-interstitial fibrosis in different
renal diseases as well. Various investigations support the idea that Wnt/B-catenin pathway is
relevant to the evolution of renal fibrosis since its inhibition reduces ECM expression
significantly and thereby renal scarring [44-46]. In agreement with these results, He et al.
reported that blocking of Wnt/B-catenin pathway with paricalcitol treatment ameliorates
glomerular and tubular related pathologies and reduces the expression of various ECM
proteins in a model of adriamycin nephropathy [47]. Surendran et a/. also found that in the
unilateral ureteral obstruction (UUQO) model, there are increased levels of B-catenin, T-cell
factor (TCF), fibronectin and a-SMA along with a decrease of secreted frizzled-related
protein-4 (sFRP4). Interestingly, the administration of this Wnt signaling inhibitor, 7e.,
sFRP4, decreased the levels of B-catenin in the renal tubular epithelial and interstitial cells,
and down-regulated the expression of fibronectin and a-SMA [48]. Similarly, over-
expression of Wnt antagonist Dickkof-1 (DKK-1) has been reported to reduce dermal
fibrosis, and this process is likely related to the TGF-B-mediated activation of Wnt signaling
which on the other hand may be operative through p38-depedent mechanisms, suggesting
thereby an intricately interwoven relationship between TGF-f and Wnt signaling [49].

Much of the research has recognized that Wnt/B-Catenin signaling plays a key role for the
expression of ECM proteins, the question that needs to be addressed is the relevance of this
pathway to the pathogenesis of DN. High glucose-induced ECM accumulation and increased
synthesis of matrix proteins in the mesangial cells has been described to be related to
impaired Wnt/p-catenin signaling; on the other hand, modulation of Wnt/B-catenin pathway
via transfection with stable B-catenin, Wnt4 and Wnt5a constructs can reduce ECM
expression in mesangial cells [50, 51]. Other mechanisms by which the Wnt/B-catenin
signaling pathway could affect renal pathobiology may be by induction of apoptosis in
mesangial cells under HG ambience, and studies have demonstrated a correlation between
mesangial cell apoptosis and increased concomitant aberrant ECM accumulation. Under
high glucose ambience Wnt/B-catenin pathway is down-regulated along with reduced
expression of Wnt4, Wnt5a and -catenin, but an increase of GSK-3p activity and mesangial

Curr Med Chem. Author manuscript; available in PMC 2016 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 6

cell apoptosis. In this scenario, inhibition of the GSK-3f activation or increase of
intracellular B-catenin levels have been observed to be associated with reduced mesangial
cell apoptosis [52, 53]. Such a notion has been reinforced in other studies where relevance of
Whnt/B-catenin signaling in progression of DN with caspases-dependent mesangial cell
apoptosis has been described [54, 55]. In addition, Lin et a/. discovered that Simvastatin
restores HG induced impaired Wnt signaling and thereby reduce apoptosis in mesangial
cells [56]. Likewise, these authors demonstrated that Dickkopf-1 (DKK-1) can inhibit Wnt
signaling and reduce B-catenin levels leading to an increase in HG-induced ECM synthesis
in mesangial cells and promotion of cellular apoptosis [57]. They also demonstrated that
inhibition of DKK-1 attenuates the accumulation of fibrotic matrix protein in diabetic
models. Moreover, Mu et al. demonstrated that miR-215 via targeting catenin-p interacting
proteinl (CTNNBIP1) and activation of Wnt/p-catenin pathway increases TGF-B-mediated
fibronectin matrix production in mesangial cells under HG ambiance [58]. In another study,
Zhou et al reported that the expression of Wnt proteins and -catenin are increased in
kidneys of both type 1 and 2 experimental diabetic models; and also HG stimulated Wnt
signaling and increased fibronectin matrix de novo synthesis in cultured human renal
proximal tubular epithelial cells [59]. They also reported that the treatment with LDL-
receptor-related protein 6 (LRP6) blocking antibody dampened Wnt signaling and
significantly reduced renal ECM accumulation and fibrosis in diabetic mice. Also, Rooney
et al. showed that B-catenin levels are increased in models of UUO and type 1 experimental
diabetic mice. Besides, microarray analyses of renal biopsies in diabetic patients revealed
elevation of Wnt related genes which correlated with renal fibrosis and loss of kidney
functions [60,61]. Taken together, the above findings from various studies suggest that
aberrations in Wnt signaling pathway are impaired in some instances while accentuated in
others; ultimately leading to excessive mesangial cell apoptosis or renal tubulointerstitial
fibrosis, and thus modulating the development and progression of diabetic nephropathy.

Additionally in DN, epithelial-mesenchymal transition (EMT) has been reported in the
pathogenesis of tubulo-interstitial fibrosis that has certain degree of correlation to the Wnt/3-
catenin signaling. Recently, Liu reviewed the involvement of Wnt/B-Catenin in EMT in
tubular epithelial and glomerular cells in states of renal fibrosis. Upon activation of Wnt/j-
catenin pathway, there is a promotion in the expression of 3-catenin mediated genes (snail,
twist, etc), which can inhibit the expression of E-cadherin, while increase in the expression
of matrix protein fibronectin and mesenchymal markers like vimentin and a-SMA [62].
Interestingly, treatment with troglitazone, a peroxisome proliferator-activated receptor-y
(PPARY) agonist, conceivably suppresses -catenin and thus ameliorates HG-induced EMT
in renal proximal tubule cells [63]. Another study demonstrated that connective tissue
growth factor (CTGF) through the up-regulation of Wnt/B-catenin pathway induces EMT in
HK-2 cells and thus modulates renal fibrosis [64].

Whnt/B-catenin signaling has also been described to be associated with podocyte dysfunction
and albuminuria in DN. Dar et al. [65] discovered that an up-regulation of Wntl and active
j-catenin in podocytes in human proteinuric kidney diseases, such as, diabetic nephropathy.
In addition, blockade of Wnt signaling with Dickkopf-1 or podocyte-specific knockout of f-
catenin ameliorated podocyte lesions and protected against development of albuminuria in
adriamycin-induced kidney injury. Further investigations demonstrated that the Wnt/p-
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catenin signaling-related genes, such as Wntl, Wnt2B, Wnt4, Wnt6, Wnt16 were significant
increased in glomeruli of biopsies kidney of DKD patients and kidneys of mice with
diabetes [66]. Podocyte injury is considered to cause glomerular albuminuria at early onset
of DN. Li et a/also noted that podocyte injury at early stage of diabetes accompanied with a
activation of transient receptor potential cation channel 6 (TRPC6) and upregulation of Wnt/
[-catenin, whereas blockade of Wnt/B-catenin signaling with Dickkopf related protein 1
(Dkk1) ameliorated podocyte injury in DN [67]. Overall, one can conclude from the above
studies that Wnt/B-catenin signaling pathway may be also critical to the EMT process that is
a precursor of growth factor cytokines-mediated ECM accumulation in DN, in addition to its
key role in the progression of DN (Figure 2).

MTOR AND ECM

The mammalian target of rapamycin (mTOR) is an atypical serine/threonine kinase and it
includes two major complexes, mMTORC1 and mTORC2 [68]. In mTORC1 pathway
following its activation through P13-K/Akt/mTOR signaling phosphorylation of 4E binding
proteinl (4E-BP1) and 70-kDa ribosomal protein S6 kinase (p70S6K) occurs and thus the
protein synthesis is regulated, which ultimately affects cell growth and proliferation. 4E-BP1
is a negative regulatory factor for mRNA translation, and it binds to eukaryotic initiation
factor 4E (elF-4E) to inhibit initiation phases of translation. Upon a given stimulus and
activation of mTOR, the mTOR induced phosphorylation of 4E-BP1 makes it inactive
resulting in the dissociation of 4E-BP1 and elF-4E. The free elF-4E associates with elF-4G
and elF-4A and forms elF4F initiation complex which then caps the mRNAs. Secondly,
phospho-p70S6K via mTOR modulation can also regulate elongation phases of translation.
p70S6K activation leads to phosphorylation of eukaryotic elongation factor 2 kinase (eEF2
kinase) that results in decrease of eEF2 kinase activation. The down-regulation of eEF2
kinase activation leads to reduce of phosphorylation of eukaryotic elongation factor 2 and
this factor’s subsequent activation [9, 69].

Recent evidence suggests that P13-K/Akt/mTOR signaling pathways are critical in the
modulation of ECM expression and tubulo-interstitial fibrosis /n vivoand in vitroin DN.
The involvement of various pathways including mTOR signaling pathway activation in the
pathogenesis of DN has been discussed in a recent endocrinology/metabolism review [70].
Interestingly, P13-K/Akt/mTOR signaling pathway has been considered in the mRNA
translation that plays a pivotal role in ECM proteins synthesis in DN [71]. In this regard,
Mariappan et al. have shown that under HG ambience, laminin-B1 synthesis increased in
renal proximal epithelial cells, and such an increase was reported to be related to the
activation of P13-K/Akt/mTOR signaling pathways with boosting of RNA translation rather
than transcription that ultimately led to an increased matrix protein synthesis in the
progression of diabetic nephropathy [72]. In another recent study, Lieberthal et a/. reported
that mTOR pathway activation led to an increased expression of ECM with consequential
GBM and TBM thickening and mesangial matrix production in DN [73]. These changes in
the glomerular and tubular matrices were considerably reduced following rapamycin
treatment. Similarly, Lloberas ef a/. found that compared with non-diabetic rats, the
expression of phosphorylated Akt and mTOR and accumulation of ECM was much greater
in diabetic rats, and treatment with mTOR blocker sirolimus (SRL) significantly reduced the
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phosphorylated Akt and mTOR expression and ECM accumulation [74]. Likewise, Mori et
al. described that p70S6-kinase, a downstream factor of mTOR, had an increased activation
in diabetic mice, while inhibition of mTOR signaling by rapamycin significantly attenuated
mesangial matrix expansion and improved deranged renal functional parameters [75]. In
addition, Sakaguchi et al. demonstrated that in STZ-induced diabetes mice, the mTOR
pathway activation results in renal hypertrophy, and in vitro overexpression of p70S6kinase
in tubular cells leads to rapamycin-inhibitable cellular hypertrophy [76]. In addition, other
investigators noted that rapamycin treatment, besides reducing the thickening of glomerular
basement membranes, the levels of TGF-f3, VEGF, MCP-1 and PCNA are reduced during the
early stages of diabetic kidney disease in rats, while the blood glucose levels were
unaffected [77, 78]. However, HG can activate PI13-K/Akt/mTOR signaling with increase of
phospho-p70S6 and phospho-eEF2 kinase activities while reducing phospho-eEF2 (factor)
expression in proximal tubular epithelial cells [79]. Subsequently this promotes elongation
phase of mRNA translation and contribute to the enhanced expression of ECM laminin-f1,
and all these changes were normalized following rapamycin treatment in diabetic mice.
Using losartan, an angiotensin 1l receptor antagonist, Mavroeidi et al. demonstrated that P13-
K/Akt/mTOR signaling is involved in the pathogenesis of diabetic nephropathy, and its
treatment decreases both mTOR and pAKT protein levels [80]. Another study described that
sirolimus and rosiglitazone, used in combination, can also reduce ECM related changes in
the kidney and decrease albuminuria via the dampening of the mTORC1 signaling pathway
and over-activated catalytic protein phosphatase 2A (PP2Ac) in diabetic rats [81].
Interestingly, another protein known as “tuberin” by activation of mTOR signaling has been
reported to play a pivotal role in ECM protein accumulation in renal tubular cells of diabetic
patients [82].

On the other hand, studies have shown that mTOR activation in podocyte is related to the
progression of DN in humans and mice [83]. Godel et a/ described that mTOR signaling
pathway was activated in podocytes of patients with DN and diabetic mouse kidney. In the
latter case signaling was associated with glomerular hypertrophy and hyperfiltration in DN
at early stages of the disease. Interestingly, gene-dose reduction of mMTOR complex 1
(mTORCY1) in mouse podocytes was found to be associated with prevention of
glomerulosclerosis and dampened the progression of diabetic nephropathy [84]. The role of
mMTORCL in the pathogenesis of diabetic nephropathy is also supported in studies by Inoki et
al. [85]. They noted that mTORC1is hyperactive in the podocytes in diabetic mouse and that
apparently may be responsible for podocyte loss, GBM thickening and proteinuria. In a
nutshell, the above review of various literature reports strongly suggest that P13-K/Akt/
mTOR signaling plays an essential role in ECM proteins synthesis and the progression of
DN (Figure 2). Thus targeting this signaling pathway may serve an opportunity as a new
interventional strategy in the amelioration of DN.

TLRs AND ECM

TLRs (Toll-like receptors) are a group of proteins that play a critical role in the regulation of
innate immune system of the body. These receptors (TLR1 —TLR13) recognize pathogen-
associated molecular patterns (PAMPSs), but in addition they are also instrumental in the
identification of damage-associated molecular patterns (DAMPs), and thus likely to
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participate various disease processes that affect kidney [86]. Among the various mammalian
TLR 10 members have been described in humans, namely TLR1 - TLR10; whereas, in mice
up to 13 members have been described. They are involved in a wide variety of disease
processes affecting kidney [87]. Recent evidence indicate that TLRs, mainly TLR2 and
TLR4, are intimately involved in the processes of inflammation and fibrogenesis that are
seen in the progression of DN [88]. In such a diabetic milieu, kidney cells release
endogenous ligands that conceivably activate TLR2 and TLR4. Upon activation by the
ligands, TLR2 through MyD88-dependent signaling pathway whereas TLR4 through
MyD88-dependent and MyD88-independent pathways cause activation of nuclear factor
Kappa-B (NF-xB) (Figure 2). This would subsequently increase the expression and secretion
of pro-fibrogenic and pro-inflammatory cytokines resulting in inflammation and fibrosis,
leading to exacerbation of DN [89, 90]. There are certain documented studies that confirm
that TLR2 is responsible for the progression of DN. Ma ef a/. observed that STZ treated
TLR2-/- mice in comparison with control diabetic wild mice are significantly protected
against the development of DN, and have less albuminuria, inflammation and attenuated
expression of TGF-p and ECM protein fibronectin, and reduced deposition of collagen in the
interstitial compartment and decreased myofibroblast activation and expression of a-SMA.
Likewise, /n vitro studies support this notion that TLR2-dependent pathway directly
modulates ECM expression and generates a fibrogenic response in primary podocytes
isolated from WT mice and TLR2-/- mice and exposed to HG ambience [91]. In addition,
high serum lipopolysaccharide (LPS) activity has been shown to be involved in the
progression of DN. Recently Saurus et a/. found that LPS activates the expression of 3-
phosphoinositide-dependent kinase-1 (PDK1), which leads to podocyte apoptosis by the
TLR signaling pathway [92]. Furthermore, Devaraj et al. described that the kidneys in STZ-
induced diabetic wild mice had an increased expression of ECM laminin and TGF-f3 and
excessive albuminuria, decreased kidney nephrin and podocin expression and podocyte
number compared to TLR2-/- mice having STZ-induced diabetes [93]. Like TLR2,
emerging evidence has shown that TLR4 also plays a vital role in renal fibrogenesis viathe
modulation of inflammatory (TNF-a) and growth factor (TGF-) cytokines [94]. Pulskens et
al. found that in the model of UUO, TLR4-deficient mice have less renal fibrosis than wild-
type mice; and /n vitro, TLR4-deficient renal tubular epithelial cells compared to wild type
cells have reduced TGF-B-induced collagen expression [95]. Thus, they concluded that
TLR4 may exert its effect in a TGF-B-dependent manner to promote renal fibrosis. Recent
evidence has also indicated that TLR4 could be involved in fibrogenesis that is seen in DN.
Ma et al. demonstrated that TLR4~/- diabetic mice versus diabetic wild-type mice have
significantly reduced deposition of collagen, fibronectin matrix and TGF-f expression and
activation of myofibroblast, which is accompanied with lesser degree of albuminuria,
inflammation, glomerular hypertrophy and podocytes and tubular injury [96]. Similarly,
Kuwabara et al. reported that administration of high fat diet to mice with STZ induced
diabetes leads to an activation of TLR4 and S100A8 ligand resulting in the exacerbation of
hyperlipidemia induced DN [97]. They further demonstrated that TLR4—/— mice had
reduced mesangial expansion and accumulation of ECM in glomeruli compared with the
diabetic wild-type mice. In addition, Jialal ef a/. also demonstrated that the STZ-induced
mice have significantly increased macrophage and TLR4 expression which is associated
with increase in the expression of MyD88, interferon regulatory factor-3 (IRF-3), tumor
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necrosis factor-a (TNF-a), interlukin-6 (IL-6), monocyte chemotactic factor-1(MCP-1), and
activity of NF-xB, and fibrosis markers, such as, collagen 1V, and TGF-B. Conversely, the
podocyte numbers and podocin expression were reduced. However, all these changes were
significantly reversed in the STZ-TLR4 KO mice [98]. Other investigators also reported that
HG ambience induces activation and expression of TLR4 in mouse mesangial and tubular
cells and concluded that these receptors may contribute to the ECM production and
progression of DN [90, 99]. In addition, TLR4 may also promote tubulo-interstitial
inflammation in DN via NF-xB signaling pathway [100]. Interestingly, recent study reported
that db/db mice treated with GIT27 ({S,R} —3-phenyl-4, 5-dihydro-5-isoxasole acetic acid)
an inhibitor for TLR4 and TLR2/6-mediated signaling pathway in macrophages, markedly
decreased TGF-B, Coll IV and NF-xB expression which was accompanied with reduced
excretion rate of proteinuria and pro-inflammatory cytokine expression in the diabetic mouse
kidney [101].

SMALL GTPase AND ECM

Small GTPases constitute mainly the five members, including Ras, Rho, Rab, Sar1/Arf and
Ran [102, 103]. Recent studies have demonstrated that small GTPases like Ras, Rho and
Rab family influence accumulation of ECM proteins and cause renal fibrosis in
hyperglycemic states.

Ras and ECM

Ras family mainly consists of four members: H-ras, K-ras, N-ras and others, such as, the
Raps (1A, 1B, 2A and 2B), R-Ras, Ral proteins and Rheb. Rap1 is a member of the Raps,
and it includes two subtypes Rap1A and Rap1B [104]. There are literature reports which
indicate the association of Rap1 with ECM synthesis and fibrosis. Rufanova ef a/.
demonstrated that in cultured mesangial cells, Rapl with ET-1 stimulation through ET-1-
Pyk2-p130Cas/BCAR3- Rap1l pathway modulates cell adhesion, cell spreading and ECM
synthesis [105]. Huang et a/. observed that transfection of Rap1GAP (Rap1GTPase
activating protein) or dominant-negative Rapl (Rap1N17) reduced the activation of Rapl
and significantly attenuated the Prostaglandin E2 (PGE2) proliferative effects and activation
of fibroblasts, which then led to inhibition of fibrosis, while transfection of constitutively
active Rapl (Rap1V12) yielded opposite results [106].

The Ras family also plays an essential role in ECM accumulation and pathogenesis of DN.
Our past research work indicates that Rapl expression is increased in both embryonic and
newborn kidneys of experimental diabetic mice, as originally assessed by suppression
subtractive hybridization techniques [107, 108]. In subsequent studies, we also showed that
Rapl is increased in diabetic mice and in mesangial cells under HG ambience with up-
regulation of fibronectin synthesis. The Rap1b downstream effects were mediated through a
novel PKC-Rapl1-B-Raf signaling pathway that ultimately modulated HG-induced ECM
synthesis [109] (Figure 3). Our follow-up studies indicated that over-expression of Raplb in
kidneys of STZ-induced Rats could ameliorates tubular damage, reduce ECM protein
expression and slow the progression of DN by modulating C/EBP-f binding to the promoter
region of PGC-1a and the interaction between PGC-1a and catalase modulated
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mitochondrial dynamics [110]. Furthermore, overexpression of Raplb can reverse the HG
induced mitochondrial dysfunction, ROS production and ECM expression in renal tubular
cells [111]. On the other hand, Lin ef a/. noted that Ras induces generation of superoxide and
subsequent activation of ERK and nuclear c-Jun, leading to TGF-B1-induced ECM
accumulation in mesangial cells under high glucose milieu [112]. Additionally, it has been
shown that advanced glycation end products (AGEs) can activate Ki-Ras and ERK by PI3-
kinase-dependent manner in mesangial cells, which then leads to excessive ECM protein
synthesis [113]. The activation ERK and PI3-kinase could be achieved by the treatment with
AGESs’ receptor agonist, S100, while these effects were negated by inhibition of PI3-kinase
and administration of ROS scavengers, suggesting a potential role Ras family of GTPases in
the pathogenesis of DN. In addition, a recent study has shown that the Ras GTPase-
activating-like protein (IQGAP1) plays a key role in the cellular biology of cytoskeleton of
the glomerular podocytes. Zhou et a/. demonstrated that IQGAP1 expression in podocytes is
reduced in renal biopsies of patients with DN [114]. Their /n vitro studies also indicated that
the expression of IQGAP1 was also down-regulated in podocytes under HG via ERK-
dependent pathway since ERK1/2 activation inhibitor, PD98059, could attenuate the down-
regulated response.

Rho and ECM

Rho GTPase is a family member of small GTPase which mainly include three classes of
proteins: Rho, Rac and Cdc42. The Rho family itself is made up of RhoA, RhoB, and RhoC
[115]. The Rho family downstream effector is Rho kinase (ROCK), which has two isoforms:
ROCK1 and ROCK?2 [116, 117].

Quite a bit of work has been reported in the literature that suggests a link between Rho/Rock
signaling and ECM accumulation in DN and increased synthesis of matrix proteins /n vitro
cell culture systems. In diabetic state, Rho/Rock signaling pathway is activated in renal cells
and it is associated with increased expression ECM proteins and tubulo-interstitial fibrosis
[118, 119]. In line with these observations, Peng et a/. reported that HG induced the
activation of Rho/Rock pathway, an increased activity of transcription factor AP-1 and
increased fibronectin expression, and these changes could be prevented by Rho-kinase
inhibition with fasudil, as reflected by attenuation in glomerular matrix accumulation, GBM
thickening in a model of STZ-induced diabetes in rats [120, 121]. Ma et al. also showed that
inhibition of RhoA activation with Rho-siRNA in human mesangial cells reduced the
expression of fibronectin, connective tissue growth factor (CTGF) and TNF-a, meaning that
the inhibition in the synthesis of ECM may be also related to the status of growth factors and
inflammatory cytokines [122]. Xie et al. demonstrated that Rho/Rock modulation of NF-xB
increased TGF-B1 and ICAM-1 expression, which resulted in increased fibronectin matrix
protein synthesis in cultured human mesangial cells. Inhibition of ROCK with fasudil
reduced the activation of Rho/Rock, along with reduced NF-xB translocation and fibronectin
accumulation in rats with STZ-induced diabetes [123]. Fasudil treatment not only inhibited
the ROCK activity but also reduces the process of epithelial-myofibroblast
transdifferentiation or epithelial-mesenchymal transition of human renal HK-2 tubular
epithelial cells subjected to HG ambience [124] (Figure 3).
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In other experimental animal models of diabetes, e.g., db/db mice, Kolavennu et al.
discovered that activation of Rho and ROCK is increased, and their inhibition with fasudil or
simvastatin reduced mesangial expansion and decreased urinary albumin excretion [125].
Likewise, ROCK inhibition with high dosages of fasudil or administration of olmesartan,
angiotensin Il receptor blocker, over a long period was found to ameliorate
glomerulosclerosis and tubulo-interstitial fibrosis in Otsuka Long-Evans Tokushima fatty
(OLETF) rats, a model of insulin-resistant diabetes [126]. There are certain other drugs that
target the Rho/Rock signaling pathway and yield reno-protection from DN. For instance,
Benidipine, a calcium channel blocker, through inhibiting the activation of Rho-kinase
reduces EMT and renal tubulo-interstitial fibrosis in typel diabetic animal models [127].
Berberine (BBR), an ancient Chinese medicine with anti-inflammatory properties, has also
been shown to inhibit RhoA/Rock pathway by down-regulating the activation of NF-xB,
along with reduced expression of TGF-B1 and fibronectin matrix in glomerular mesangial
cells treated with high glucose and in kidneys of rats with diabetes [128]. Several other
studies support that fasudil by inhibiting Rho/Rho-kinase signaling pathway ameliorates
diabetic injury to the kidney by modulating the expression of pro-fibrogenic cytokines, TGF-
3 and CTGF, as well as that of NAD(P)H oxidase 4 (NOX4), which as a consequence would
lead to reduced tubulo-interstitial fibrosis and glomerulosclerosis [129, 130]. Here it is worth
mentioning that TGF-f3 suppresses the expression of microRNA-29 and that is accompanied
with up-regulation of ECM proteins in diabetic states. Whereas the treatment with Rho-
kinase inhibitor, fasudil, decreased ECM deposition while at the same time restoring the
microRNA-29 expression [131]. Another molecular comple, /.e., sphingosine-1-phosphate
(S1P) and its receptor S1P2, has been found to promote EMT in renal tubular epithelial cells
by activation of Rho-kinase, followed by the activation of the process of EMT that
ultimately would contribute to increased synthesis of ECM proteins and expression of a-
SMA [132]. These phenotypic expressions are reversed with the treatment of Rho kinase
inhibitor or SIP2 receptor blockade, thus suggesting that the Rho/Rock signaling plays a
critical pathogenetic role in the progression of fibrosis and DN (Figure 3).

In addition, previously our laboratories also demonstrated that 3-hydroxy-3-methylglutaryl
CoA reductase inhibitor, statin, inhibits HG induced proliferation of mesangial cells and
ECM protein synthesis that is modulated v/ia Rho GTPase/P21 signaling pathway [133].
Another molecule, Connexin43 (Cx43), has been found in kidneys with DN, and
interestingly it can regulate NF-xB activation in mesangial cells subjected to HG ambience.
Chen et al. found that activated RhoA/ROCK signaling induces Cx34 degradation in HG
treated mesangial cells depending on the F-actin regulation [134]. Furthermore, evidence
suggests that mitochondrial dysfunction plays a critical role in the pathogenesis of DN,
which can cause ROS production and ECM protein synthesis [110]. In this regard, Danesh et
al. demonstrated that ROCK1 plays an unexpected role in regulating mitochondrial
dysfunctions by Drpl, a mitochondrial dynamic protein, which also participates in ECM
protein synthesis in DN [135].

Rab34 and ECM

Rab34 belongs to Rab family of proteins, which participate in various stages of vesiculo-
tubular transport [136]. The effector of Rab34 is a cytosolic diacylglycerol (DAG)-binding
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protein known as munc13-2, which apparently responds to hyperglycemic stimuli in various
cell types of the kidney and translocates into the Golgi apparatus for further trafficking and
secretion of proteins [137]. In mesangial cells, Goldenberg et al. confirmed that increased
secretion of fibronectin is due to the interaction between Rab34 and munc13-2 under HG
ambience; and secretion of the ECM proteins can be abolished by the treatment of munc13-2
SiRNA, suggesting a potential role of GTPase in pathogenesis of DN [138]. Basically, the
above discussion of this section underscores the importance of RAS family of proteins in the
pathobiology of kidney in diabetic nephropathy (DN).

CONCLUSION

At present, treatment of DN is mainly dependent upon instituting strict glycemic control and
modulation of renin-angiotensin-aldosterone system (RAAS); however, absolute
amelioration of DN has not been achieved so far. There are other therapeutic agents that
have been used in sporadic studies for reno-protection in diabetic states. They include
inhibitors of AGEs, growth factor cytokines, protein kinase C, sodium glucose transporters
and efc. but their use again has yielded limited success, and therefore it seems that large-
scale clinical studies may be required to assess their appropriate efficacies [139]. Since the
DN phenotype is characterized by increased synthesis of ECM proteins, it is conceivable
that the molecules which inhibit their overexpression may be worth the exploration to
identify precise therapeutic targets. Herein, we reviewed some of the new signaling
pathways or molecules, such as, Notch (Figure 1), Wnt, TLRs,mTOR signaling pathway(s)
(Figure 2), and small GTPase Molecular signal(Figure 3) that are believed to play a role in
expression and regulation of ECM proteins in DN. Conceivably, understanding of the
pathobiology of these signaling pathways or the biology of these molecules may aid in
developing future interventional strategies for the amelioration of diabetic nephropathy.
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Abbreviations

NICD
TLR2
TLR4
TIRAP
MyD88
TRAM
TRIF
NF-«B

notch intracellular domain

Toll-like receptor 2

Toll-like receptor 4

TIR-domain-containing adaptor protein

myeloid differentiation factor 88

TRIF-related adaptor molecule
TIR-domain-containing adaptor-inducing interferon-p

nuclear factor kappa B

Curr Med Chem. Author manuscript; available in PMC 2016 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al. Page 14
LRP low density lipoprotein receptor-related protein
Fz Frizzled
Dvl dishevelled
GSK38 glycogen synthase kinase 3§

APC adenomatous polyposis coli

TCF T cell factor

LEF lymphoid enhancing factor

GPCR G-protein-coupled receptors

Rock Rho kinase

PI3K phosphatidylinositol 3-kinase

Akt protein kinase B

mTOR mammalian target of rapamycin

p70S6K 70-kDa ribosomal protein S6 kinase

4EBP1 4E binding proteinl

PKC protein kinase C

HG high glucose

ECM extracellular matrix

IRF-3 interferon regulatory factor-3

MCP-1 monocyte chemotactic factor-1
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Figure 1.
Schematic drawing depicting events related to Notch signaling that are relevant to ECM

accumulation in diabetic nephropathy. High glucose increases TGF-p levels and up-regulates
JAG-I1 expression. This induces a conformational change in Notchl by proteolytic cleavage
resulting in the release and translocation of Notch intracellular domain (NICD) into nucleus,
where NICD interacts with Rbp1, p300 and CSL, and forms CBF1/Su(H)/Lag-1
transcription factor complex. Conceivably, the complex triggers transcription of target genes,
such as, of ECM, EMT and VEGF, and ultimately leading to renal fibrosis in diabetic
nephropathy.
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Figure 2.
An overview of different signaling pathways activated by high glucose ambience, which

leads to an altered expression of various ECM glycoproteins, and of genes relevant to EMT
and apoptosis processes. WNT/S-CATENIN signaling: Under high-glucose ambience, Wnt
proteins are secreted into the extracellular space and bind with LRP. These interactions send
a signal to the phosphoprotein Dishevelled (Dsh) in the cytoplasm, while simultaneously
inhibit the activity of glycogen synthase kinase 3 (GSK-3p) followed by its falling off from
the Axin complex. Increased cytoplasmic p-catenin is translocated into the nucleus, and it
serves as a transcriptional co-activator of various transcription factors which stimulate the
expression of the target EMT genes. TLRs signaling: It can be activated by the ligand
TLR2, and subsequents events are channeled via MyD88-dependent signaling pathway.
Whereas, TLR4 activation leads to channeling of events via MyD88-dependent as well as
MyD88-independent pathways. Both pathways lead to the activation of nuclear factor
Kappa-B (NF-kB), which in turn increases the expression and secretion of pro-fibrotic and
pro-inflammatory cytokines with over-expression of ECM proteins like fibronectin. P13-
K/Akt/mTOR signaling: High glucose activates P13-K/Akt/mTOR signaling with increase of
phospho-p70S6 and phospho-eEF2 kinase activities while reducing phospho-eEF2 (factor)
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expression. In addition, mTOR pathway activation causes over-activation of PP2Ac. In all
these three pathways there is an increased expression of ECM glycoproteins and initiation of
events related to the process of EMT with consequential apparent thickening of GBMs and
expansion of glomerular mesangium.
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QECM/EMT/Apoptosis.

Figure 3.
Schematics depicting potential mechanism(s) by which high glucose induces ECM

glycoprotein synthesis via the activation of small GTPases, Ras or Rho, in diabetic
nephropathy. Under high glucose conditions, PKC is activated which induces Rap1-GDP
transition to Rap1-GTP, the activated form of small GTPase. This up-regulates the
expression of ECM related genes in various cells of the kidney via B-Raf /MEK pathway.
On the other hand, high glucose by activation of Rho/Rock signaling induces over-
expression of transcription factor(s), such as NF-xB, AP-1 and p21, which are associated
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with increased fibronectin matrix protein synthesis and genes relevant to the process of
EMT, ultimately leading to the progression of DN.
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Table 1
Increased/Decreased expression of various ECM proteins in different compartments of the kidney in diabetic
nephropathy
GBMs [7-91 Increased: Collagen IV (a3/a4 chains), collagen V, collagen VI,

Mesangial matrix [7- 8]

Tubulointerstitial matrix 0]

laminin and fibronectin
Decreased: Heparan sulfate proteoglycans

Increased: collagen I, collagen I, collagen IV (al/a2 chains),
collagen V, collagen VI, laminin, fibronectin and small-leucine-
rich (SLR) proteoglycans

Increased: Collagen I, decorin and biglycans
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