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Abstract
Diabetic nephropathy is the most common cause of end-stage renal disease. It is assumed that hyperglycemia is
one of the major systemic risk factors for diabetic complications. Numerous hypotheses exist to enlighten the adverse
effect of hyperglycemia. One of these hypotheses is the activation of the calcium- and phospholipid-dependent protein
kinase C signaling pathway by hyperglycemia which subsequently mediates cellular response and affects gene
expression and protein function to cause cellular dysfunction and damage. It is well known that the intracellular protein
kinase C activation is achieved by the elevated diacylglycerol levels in vascular tissues as well as in nonvascular
tissues. Besides diacylglycerol, oxidative stress has also been reported to induce prolonged activation of protein
kinase C within cells through the reactive oxygen species. Activation of protein kinase C and oxidative stress have
been associated with vascular alterations such as increases in permeability of endothelial cells, extracellular matrix
synthesis, cell growth and apoptosis, angiogenesis, and cytokines activation and inhibition. These derangements in
vascular cell homeostasis caused by the activation protein kinase C as well as oxidative stress are connected to the
occurrence of pathologies affecting large vessel and small vessel complications. Accumulating evidences have also
shown that the inflammation process is an essential pathogenetic mechanism in diabetic nephropathy. Therefore,
modulation of this process is an important target for both metabolic and hemodynamic derangements in diabetic
nephropathy. In this review, we will discusses the role of protein kinase C, oxidative stress and inflammation process
and the signaling pathway in the pathogenesis of diabetic nephropathy.

Introduction
Diabetes mellitus (DM) is a complex syndrome characterized by
absolute or relative insulin deficiency leading to hyperglycemia and
an altered metabolism of glucose, fat, and protein. The major cause
of metabolic dysfunction in DM is its complications, which are the
result of interaction among systemic metabolic abnormalities such
as hyperglycemia, dyslipidemia, and local tissue responses to toxic
metabolites. Complications involve large vessel obstructions, such
as coronary artery diseases and microvascular pathologies, such as
retinopathy, neuropathy, and nephropathy. Accordingly, patients
with diabetes have a much higher risk of myocardial infarction,
stroke and limb amputation. Large prospective clinical studies show
a strong relationship between glycaemia and diabetic microvascular
complications in both type 1 and type 2 [1,2].
Diabetic nephropathy (DN) is a leading cause of chronic kidney
disease that progresses to end-stage renal disease (ESRD) and affects
30% of patients with type 1 DM and up to 25% of all patients with
type 2 DM. DN is an extremely frequent complication of DM that
profoundly contributes to patient morbidity and mortality [3-5]. The
pathophysiologic changes in DN include the occurrence of persistent
microalbuminuria and hyperfiltration followed by a hyperplasia/
hypertrophy of various cell types of the glomerulus and tubules and
associated with the thickening of glomerular and tubular basement
membranes as well as accumulation of extracellular matrix (ECM)
components. Other changes include hyalinization of arterioles
and thickening of branches of intrarenal arteries that leads to the
impairment in autoregulation of glomerular microcirculation, which
could augment the renal damage [6,7]. Advanced DN is frequently
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characterized by diffuse glomerulosclerosis and may sometimes exhibit
a distinctive morphological appearance, that is, the nodular form of
glomerulosclerosis, as first described by Kimmelstiel and Wilson
in 1936 [8]. Several mechanisms contribute to the development of
DN, including an interaction between metabolic abnormalities,
hemodynamic changes, genetic predisposition, inflammatory milieu
and oxidative stress constituting a continuous perpetuation of injury
factors for the initiation and progression of DN [9].
Multiple biochemical pathways have been proposed to connect
the adverse effects of hyperglycemia with vascular complications.
Although a single theory has not been established to explain all these
changes, a few has emerged that can include most of the data that have
accumulated in this area. Hyperglycemia can lead to the activation
of several cellular pathways, including increased activation of the
polyol pathway flux (in which glucose is reduced to sorbitol, lowering
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levels of both reduced nicotinamide adenine dinucleotide phosphate
(NADPH) and reduced glutathione) [10], increased advanced
glycation end-product (AGE) formation [11], increased shunting of
excess glucose through the hexosamine pathway (mediating increased
transcription of genes for inflammatory cytokines) [12], and activation
of the diacylglycerol (DAG)-protein kinase (PK) C-mitogen-activated
protein kinase (MAPK) pathways (effects ranging from vascular
occlusion to expression of proinflammatory genes) [13-15]. All of these
biochemical changes are activated by a common mechanism, that is,
overproduction of superoxide radicals and associated oxidant stress
[16], which can ultimately lead to increased formation of ECM proteins
in the kidney, contributing to renal dysfunction [17]. The DAG-PKC
pathway has been shown to be important in vascular cells to regulate
permeability, contractility, ECM, cell growth, angiogenesis, cytokine
actions and leukocyte adhesion [18,19]. Accumulating evidences have
also demonstrated that high glucose can activate the proinflammatory
transcription factor NF-κB, resulting in increased inflammatory gene
expression [20-23]. As suggested by previous studies, it is conceivable
that there may be a crosstalk between the PKC-MAPK pathways,
oxidative stress and inflammation process, and all are in synchrony may
amplify signaling events to cause DN [24-26] (Figure 1). In this review,
we discuss the role of PKC actions, oxidative stress and inflammatory
process as well as related signaling cascade in the development of DN.

PKC at a glance
PKC is a serine/threonine-related protein kinase that plays a key
role in many cellular functions and affects many signal transduction
pathways [27]. Coordinated regulation of this enzyme activation
is crucial for normal cell functions; in contrast, unusually persistent
activation of PKC may lead to uncontrollable growth. Biochemical

and molecular cloning analysis have revealed that the enzyme
comprises a large family with multiple isoforms exhibiting individual
characteristics and distinct patterns of tissue distribution [28]. These
kinases contain a highly conserved C-terminal catalytic domain
(consist of motifs required for ATP/substrate-binding and catalysis)
and a regulatory domain that maintains the enzyme in an inactive
conformation. The regulatory domains reside in the NH2 terminus of
the protein and contain an autoinhibitory pseudosubstrate domain and
two discrete membrane targeting modules, which is C1 and C2 [29].To
date, 12 PKC isozymes have been identified and classified into three
groups based on differences in their NH2-terminal regulatory domain
structure [19]. The first discovered is the conventional PKCs (α, β1, β2,
γ), which are activated by phosphatidylserine, calcium, and DAG or
phorbol esters such as phorbol 12-myristate 13-acetate (PMA). The
next well characterized are the novel PKCs (δ, ε, θ, η, and μ), which
are activated by phosphatidylserine, DAG or PMA, but not by calcium.
The last isozymes are the atypical PKCs (ζ, μ and λ), which are not
activated by calcium, DAG, or PMA (Figure 2). Traditionally, the
activation of calcium-dependent PKC isoforms involves the hydrolysis
of phosphatidylinositides (PI) and generation of inositol-(1,4,5)triphosphate (IP3) which lead the mobilization of intracellular calcium,
a soluble ligand that binds to the C2 domain and increases its affinity
for membranes. Once anchored to membranes, the calcium-dependent
PKC isoforms diffuses within the lipid bilayer and participates in a
secondary C1 domain interaction with DAG which in turn leads to
a conformational change of calcium-dependent PKC isoforms that
expels the autoinhibitory pseudosubstrate domain and facilitates PKC
activation [29]. PKC translocation to the plasma membrane generally
has been considered the hallmark of activation and has been used as a
surrogate measure of PKC isoform activation in cells.

Figure 1: Hyperglycemia-induced activation of molecular pathways associated with diabetic complications. Diabetes and associated hyperglycemia can lead to
increased activation of diacylglycerol (DAG)-protein kinase C (PKC)-mitogen activated protein kinase (MAPK), oxidative stress and circulating inflammatory cells. All
of these events can lead to production and increased action of various growth factors and cytokines such as transforming growth factor (TGF)-β, connective tissue
growth factor (CTGF), and vascular endothelial growth factor (VEGF) as well as activation of transcription factors such as nuclear factor (NF)-κB, and therefore will lead
to infiltration, accumulation, and activation of extracellular matrix proteins in renal tissues, all of which over time can induce the development of diabetic nephropathy.
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Figure 2: Domain structures of classical, novel, and atypical protein kinase C (PKC). The figure shows a comparison of the protein architecture of the various subgroups
of the PKC subfamily. All PKC regulatory domains have a pseudosubstrate domain (shown in green). Conventional and novel PKC contain C1 domain which mediate
binding to diacylglycerol (DAG) and phorbol 12-myristate 13-acetate (PMA) and C2 domain which has a function as calcium-dependent phospholipid binding in the case
of conventional PKC and a serine/threonine-kinase domain. Novel PKC C2 domains do not bind calcium. The atypical PKC, which lack the C2 region, are not activated
by calcium, DAG, or PMA, but their activation depends on phosphatidylserine and cis-unsaturated fatty acids.

The activation of DAG-PKC-MAPK pathway in diabetes
Increases in total DAG contents have been demonstrated in a
variety of tissues associated with diabetic vascular complications,
such as retina [30], aorta and heart [31], and renal glomeruli [32].
Following glucose entry into vascular and renal cells through GLUT1,
it is phosphorylated and then converted to fructose 6-phosphate and
glyceraldehyde 3-phosphate. By the action of various transferases
and phosphatases, glyceraldehyde 3-phosphate forms glycerol
phosphate, a precursor of DAG, which in turn directly or indirectly
activates PKC isoforms [33,34]. The source of DAG that activates PKC
can be derived from the hydrolysis of PI or from the metabolism of
phosphatidylcholine (PC) by phospholipase C (PLC) or phospholipase
D (PLD) [27]. Furthermore, the activation of PKC will regulate
various vascular functions by modulating enzymatic activities such
as cytosolic phospholipase A2 and Na+-K+-ATPase, as well as gene
expression of ECM components and contractile proteins [35-37].
Upon activation, PKC can transmit signals to the nucleus via different
signal transduction pathways and activate MAPK through activating
MAPK kinase (MAPKK).
Activation of the PKC-MAPK pathway induces enhanced ECM
protein and TGF-β expression in glomerular mesangial cells, suggesting
that this pathway might be responsible for PKC-related abnormalities
in diabetic glomeruli, leading to the development of DN [38-40]. From
various PKC isoforms in vascular cells, PKC-α, -β1, -β2, -δ and –ζ
appear to be preferentially activated by high glucose concentrations in
various cell culture models and in the glomerular cells of diabetic rats
[41-43]. Menne et al. [44] have demonstrated that diabetic PKC-α-/mice were protected from albuminuria by perpetuating the loss of the
negatively charged heparin sulfate and upregulation of glomerular
vascular endothelial growth factor (VEGF) expression [44]. Moreover,
previous animal studies have shown that deletion of the PKC-β gene or
treatment with a selective PKC-β inhibitor (LY333531 or ruboxistaurin)
was associated with normalization of hemodynamic changes, ECM
production, expression of connective tissue growth factor (CTGF),
production of TGF-β, and histological features of glomerular damage
in animal models of diabetes [41, 45-47]. High ambient glucoseheightened extracellular signal-regulated kinase (ERK) and PKC-δ
activity was shown to enhance cellular responsiveness to TGF-β and
exacerbated the production of ECM proteins by mesangial cells [48]. In
J Nephrol Therapeutic

addition, high glucose-induced PKC-ζ activity was shown to mediate
F-actin disassembly and alter mesangial cell contractile responses to
endothelin-1 [49]. Recently, we have also shown the critical role of
PKC-α and –β1 isozymes-MAPK pathways in the development of DN.
We demonstrated that high glucose-induced the activity of PKC-α
and –β1 in kidney tissues of diabetic rats and as a result, increased the
protein levels of ERK1/2, VEGF, and TGF-β1, which were ameliorated
by curcumin, a powerful antioxidant [50]. It has become evident
that the aberrant activation of the PKC isozymes and other signaling
mediators by glucose can alter the response of the mesangial cells to
external stimuli. Such potential aberrations in cell signaling by glucose
stress may have an important role in the progression of DN [48,49].
MAPK cascades comprise one of the major signaling systems by
which cells transduce and integrate diverse intracellular signals. The
MAPKs, including ERK 1 and 2 (p44/p42 MAPKs), c-Jun N-terminal
kinase/stress-activated protein kinase (JNK/SAPK), and p38 MAPK,
are all involved in hyperglycemia-induced ECM accumulation in DN.
ERKs are activated primarily in response to proliferated stimuli, whereas
the other MAPKs are activated primarily in response to inflammatory
and stressful stimuli, including oxidant and osmotic stress. Previous
study has been demonstrated that in diabetic condition, nonenzymatic
glycosylation of protein, DAG-PKC pathway, and oxidative stress
could activate p38 MAPK, resulting in the phosphorylation of
transcriptional factor and alteration of expression of genes, which
participated in the development of DN [51]. In vitro studies have also
shown that hyperglycemia could activate the p38 MAPK signaling
pathway in renal cells and induced the phosphorylation of p38 MAPK
in mesangial cells which promote the mesangial cells to produced
fibronectin [52-55]. ERK, which is one of the MAPKs, is also an
important kinase in the intracellular signal transduction system leading
to cell proliferation and ECM synthesis [56]. Isono et al. [57] confirmed
that ERK was activated in mesangial cells cultured in high glucose
and in the glomeruli of diabetic rats [57]. Previous study has shown
that high glucose-induced upregulation of ECM protein, fibronectin,
occurs via activation of MAPK/ERK pathway, and this upregulation
was prevented by treatment with PKC blocker, chelerythrine, which
suggests that PKC is an upstream mediator of MAPK [58]. Recently,
we have also demonstrated that the protein expression levels of
ERK1/2, p38MAPK, and JNK were upregulated in kidney tissues of
STZ-induced diabetic mice, which were attenuated by Ang-II type 1
receptor blocker [59].
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Oxidative Stress in Diabetic Nephropathy

Role of PKC-ROS in proteinuria

Increased oxidative stress has been shown in patients with diabetes
and has been implicated in the development and progression of
diabetic microvascular complication, including DN [60,61]. Oxidative
stress is caused by an imbalance between the production of reactive
oxygen and a biological system’s ability to readily detoxify the reactive
intermediates or easily repair the resulting damage. All forms of life
maintain a reducing environment within their cells. This reducing
environment is preserved by enzymes that maintain the reduced state
through a constant input of metabolic energy. Disturbances in this
normal redox state can cause toxic effects through the production of
peroxides and free radicals that damage all components of the cell,
including proteins, lipids, and DNA.

DN is characterized with abnormalities in the glomerular
endothelium and mesangium as well as in podocytes or glomerular
visceral epithelial cells. Podocytes cover the outer aspect of the
glomerular basement membrane via foot processes, and modified
tight junctions between adjacent cells forms the slit diaphragm. This
unique structure is specially designed to allow filtration and represents
the final barrier to albumin entering the urinary space [76]. The foot
processes of podocytes, in DN, broaden and efface, and there is a loss
of podocyte-specific proteins such as nephrin and eventually loss of
podocytes themselves. Such changes in podocytes may contribute to
the development of albuminuria, a hallmark of DN.

Crosstalk between PKC and ROS
There are a number of macromolecules that have been implicated
for increased generation of ROS, such as, NAD(P)H oxidase, AGE, and
uncoupled nitric oxide synthase (NOS). Numerous reports have shown
that NAD(P)H oxidase, which is primarily found in phagocytic cells,
is the main source of ROS in nonphagocytic cells such as endothelial
cells [62], adventitial cells [63], mesangial cells [64], podocytes [65],
and fibroblasts [64]. NAD(P)H oxidase consists of several membranebound subunits, namely, gp91phox, Nox, and p22phox and cytosolic
subunits, namely, p47phox and p67phox. Upon activation, some
subunits of NAD(P)H oxidase are phosphorylated and translocated
to the membrane by several kinases, including PKC, and form the
catalytically active oxidase [66]. The significance of NAD(P)H oxidase
in the pathogenesis of DN is underscored by the finding that apocynin, a
pharmacological inhibitor of NAD(P)H oxidase suppresses proteinuria
and mesangial matrix expansion in STZ-induced diabetic rats and in
db/db mice [67,68]. Lee et al. [69] have demonstrated that NAD(P)H
oxidase inhibitors, apocynin and diphenylene iodonium (DPI), and an
inhibitor of mitochondrial electron transfer chain complex I, rotenone,
effectively block high glucose-induced ROS generation in mesangial
cells and high glucose-induced ECM protein secretion by tubular
epithelial cells, which suggest that both NAD(P)H oxidase system
and mitochondrial metabolism are involved in high glucose-induced
diabetic vascular complications [69].
Numerous reports have suggested that PKC, such as classical PKC
isozymes (α and β) and atypical PKC-ζ, play an important role in the
activation of NAD(P)H oxidase [70-74]. Kitada et al. [73] reported
that overexpression and translocation to the membrane of NAD(P)
H oxidase subunits, p47phox and p67phox, were correlated with
increased NAD(P)H oxidase activity, which resulted in oxidative
stress in diabetic glomeruli. They also demonstrated that membranous
translocation of p47phox and p67phox were dependent on the PKC-β
activation and this activation was suppressed by ruboxistaurin, a
specific PKC-β inhibitor [73].
Previous study has also shown that high glucose-induced ROS
generation in mesangial cells is effectively blocked by calphostin
C, a PKC inhibitor, which suggest that high glucose-induced ROS
generation in mesangial cells is PKC dependent [70]. Moreover, it has
reported that high glucose-induced PKC activation in mesangial cells is
effectively blocked by antioxidants such as vitamin E, N-acetyl cysteine,
and taurine, suggesting that there is a crosstalk between high-glucoseinduced ROS and PKC activation [75].
J Nephrol Therapeutic

Several lines of evidence showed that VEGF-A, the best
characterized angiogenic factor, is a critical crosstalk protein among
the three components of the glomerular filtration barrier, which is, a
fenestrated endothelium, a 300-350 nm thick glomerular basement
membrane, and the podocyte [77]. VEGF is a member of a family of
secreted 34 – 42 kDa dimeric glycoproteins related to the plateletderived growth factor family. As homodimeric glycoproteins, VEGF
bind to two receptors: VEGFR1 (Flt-1) and VEGFR2 (Flk-1). It is
highly expressed in podocytes, distal tubules, collecting ducts, and to a
lower degree, proximal tubules [78]. In DN, mesangial cells transform
into a prosclerotic phenotype and secrete VEGF in response to several
factors relevant to diabetes, including TGF-β, AGEs, and angiotensin II
[79,80]. Moreover, the overproduction of ROS by podocytes increases
urinary protein excretion and podocyte injury and might contribute to
the initiation and progression of DN.
The increased expression of VEGF in the diabetic kidney is
associated with hyperfiltration, proteinuria and glomerular hypertrophy
[81], and these conditions are suppressed by the blocking of VEGF
[82]. An acute infusion of VEGF into experimental animals markedly
increased permeability to albumin in the kidney and other tissues
supports the important role of VEGF in the pathogenesis of proteinuria
in the diabetic kidney [83]. Very recent study has also suggested that
increased podocyte Vegf164 (the most abundant Vegf isoform) signaling
dramatically worsens DN in a STZ-induced mouse model of diabetes,
resulting in nodular glomerulosclerosis and massive proteinuria [84].
Lee et al. [85] demonstrated that high glucose significantly increases
intracellular ROS and upregulates VEGF mRNA and protein expression
in podocytes. They also shown that antioxidants inhibit high-glucoseand PMA-induced VEGF expression and that inhibition of PKC by a
PKC-β inhibitor, hispidin, or by a specific PKC inhibitor, GF109203X,
also suppresses high-glucose- and PMA-induced VEGF expression
in podocytes. They suggested that ROS are signaling molecules that
are both downstream and upstream of PKC, and provide signal
amplification in high-glucose-induced VEGF expression by podocytes
[85]. In primary cultured rat mesangial cells, exposure to high glucose
significantly increased VEGF mRNA, which is blocked by antioxidant,
Tempol, and antisense oligonucleotides directed against p22phox,
a NADPH subunit. Furthermore, high glucose-induced VEGF
mRNA was also prevented by PKC-β1 inhibitor, suggesting a possible
connection between VEGF and ROS as well as PKC [86].

Role of ROS-PKC in ECM accumulation
In diabetes, the expression and accumulation of ECM protein
are regulated by peptide growth factors, such as platelet-derived
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growth factor, angiotensin II, and TGF-β1 [87-89]. Of these, TGF-β1,
a major mediator of the hypertrophic and prosclerotic changes in
diabetic kidney disease, contributes to glomerular ECM accumulation
by increasing the expression of ECM genes, such as collagen I and
IV, and fibronectin and by decreasing ECM degradation through
elevated expression of plasminogen activator inhibitor-1 (PAI-1) [90].
Moreover, TGF-β1 promotes cell-matrix interactions by upregulating
integrins, the cell surface receptors for matrix [91]. TGF-β1 expression
and activation play a pathogenic role in mesangial expansion in DN.
High-glucose concentration upregulates the expression and bioactivity
of TGF-β1 in mesangial cells [92], in renal cortical fibroblasts [93], and
in renal proximal tubules [94], suggesting that almost all renal cell
types are involved by high ambient glucose.
In animal studies, the development of diabetic renal disease
is likely caused by the increased activity of the renal TGF-β system.
Antagonism of TGF-β by neutralizing monoclonal antibodies in
STZ-induced diabetic mice prevented glomerular hypertrophy
and attenuated the increase TGF-β1, α1(IV) collagen, and mRNA
fibronectin [95]. In addition, treatment with monoclonal anti-TGF-β1
antibody in db/db mice, prevented the mesangial matrix expansion
and preserved the creatinine clearance [96]. These studies strongly
support the hypothesis that overactivity of the TGF-β in the kidney is
a crucial mediator of diabetic renal hypertrophy and mesangial matrix
expansion. Ha et al. [97] has shown that high glucose-induce ROS,
thus activated signal transduction cascade (PKC, MAPK, and janus
kinase/signal transducers) and transcription factors (NF-κB, activated
protein-1), up-regulate TGF-β1, angiotensin II (Ang II), and monocyte
chemoattractant protein-1 (MCP-1) gene and protein expression and
promote formation of AGE. In turn, PKC, TGF-β1, Ang II, and AGE
also induce cellular ROS and signal through ROS leading to enhanced
ECM synthesis [97].

Inflammation in diabetic nephropathy
The pathogenesis of DM is characterized by activation of
multiple molecular pathways, and accumulating evidence now
suggests that inflammation have a central role in the development
of diabetic complications, including DN. It has been proposed that
the inter-link between the inflammatory process and development
of DN involves complex molecular network processes. The core
importance of inflammation is clearly evident in diabetic animals,
where inflammation is driven by the abnormal metabolism and
renal hypoxia [98]. Moreover, studies have reported a close relation
between renal inflammation and the severity of metabolic and hypoxic
disturbances in animals with DN, and demonstrated that decreasing
systemic and renal neutrophils limit renal injury in experimental
DN [98,99]. Surprisingly, the inflammatory-fibrotic features in
human DN were strikingly similar to those documented in animal
studies [98,100]. Infiltration of macrophages into the glomeruli and
interstitium is one of the characteristic features of DN in addition to
mesangial matrix expansion and interstitial fibrosis. Previous study has
demonstrated that the number of macrophages in the glomeruli was
significantly higher in moderate-stage than advanced-stage diabetic
glomerulosclerosis [101]. It has also been shown that glomerular and
interstitial injury is associated with macrophage infiltration in type
1 and 2 diabetes [102,103]. Persson et al. [104] have shown that the
inflammation and endothelial dysfunction could well act as a predictor
for the development of DN in irbesartan treated patients with type
J Nephrol Therapeutic

2 DM [104]. The inflammatory response has been found higher in
the diabetic patients than the non-diabetic patients [105]. From the
above results, it is suggested that inflammation has emerged as a key
pathophysiological mechanism. The various molecules are involved in
the highly complex processes, i.e. the chemokines and their receptors,
adhesion molecules, transcription factors and inflammatory cytokines
[26].

Chemokines
Migration of immune cells into the renal cell is a feature of early DN.
Numerous studies have suggested that the monocytes, macrophages,
lymphocytes and neutrophils are playing a critical role for the renal
vascular damage through the variety of mechanisms, such as production
of ROS, cytokines and proteases which eventually leads to renal vascular
sclerosis [103]. Furthermore, the elevated level of macrophages from
the T-cell greatly impairs the level of proteinuria in diabetic patients
[105]. Monocytes are attracted by the specific chemokines to the
place of organ damage, i.e. MCP-1. It has been reported that the
accumulation and activation of MCP-1 is a critical determinant for the
development of DN mainly by involving in the process of recruitment
of macrophage, albumin excretion level, and tubulointerstitial damage
[106]. Recently, we also have found the increased MCP-1 protein
expression in STZ-induced kidney disease [107]. In addition, CX3CL1
is another chemokine and has been reported to play a role in the
development of renal injury with its receptor CX3CR1. Its primary role
is to act as chemoattractant for monocytes, T-cells and natural killer
cells and various factors has been reported to activate this chemokine,
such as elevated glucose level, AGEs and the activation of cytokine
through various processes, including the activation of NF-kB and p38
MAPK-dependent and independent pathway [108,109].

Adhesion molecules
Adhesion molecules are cell-surface protein, critically involving
in the activation of leucocytes and macrophages to the site of
inflammation as well as to the attachment of endothelium [110]. It
includes intracellular adhesion molecule protein-1 (ICAM-1), vascular
cell adhesion protein-1 (VCAM-1), endothelial cell-selective adhesion
molecule, E-selectin and α-Actinin 4. Of these ICAM-1 and VCAM1 have been elaborately studied and have been reported to be upregulated in diabetic animal models. ICAM-1 primarily involve in
the migration of T-cells into the kidney and critically participate in
the development of DN with the development of renal hypertrophy,
mesangial matrix expansion and albuminuria. It has been found that
the various ICAM-1 knockout mice animal models have been shown to
ameliorate the progression of DN [111]. Furthermore, the inhibition of
ICAM-1 expression and macrophage infiltration by anti-inflammatory
agents could ameliorate experimental DN [112,113]. Several possible
mechanism of ICAM-1 induction in diabetic renal tissue have been
proposed, namely, induction of ICAM-1 by inflammatory cytokines
such as tumor necrosis factor (TNF)-α, interleukin (IL)-1, interferon-γ,
and activation of PKC [114], AGEs enhance the expression of cell
adhesion molecules [115], shear stress [116], oxidative stress [117], and
osmotic agents [118]. Recent study has demonstrated that ERK, p38
MAPK, and JNK signaling pathways are involved in the expression of
ICAM-1 induced by both high glucose and high osmolarity in human
glomerular endothelial cells [119]. VCAM-1 is primarily involved in
the adhesion of lymphocytes, monocytes, basophils and neutrophils
and it also has been reported to be upregulated in diabetic patients
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[120]. Previous study has demonstrated that chronic inhibition of p38
MAPK reduced ICAM-1 and VCAM-1 expression in the quadriceps
muscle in diabetic rats [121], which suggest that MAPKs pathway play
a significant role in inflammatory process in DN.

Proinflammatory cytokines
It has demonstrated that renal cells, such as glomerular,
endothelial, mesangial and tubular epithelial cells are able to synthesize
the proinflammatory cytokines such as IL-1, 6 and 18 and TNF-α
during the high glucose condition [102]. Several reports have suggested
that stimulation of IL-1 could potentially activate various renal cells
and eventually stimulate the synthesis of VCAM-1 and ICAM-1
[122]. Furthermore, it has been found to be a potential mediator for
the intraglomerular abnormalities apart from its involvement in the
vascular permeability as well as in matrix synthesis. Similarly, IL-6 has
been reported to be associated with the increased renal hypertrophy
as well as renal fibrosis [123]. It has been reported that IL-6 has a
strong relation with enhancement of glomerular basement thickening
and structural abnormalities in patients with type 2 DM [124]. The
overexpression of IL-6 is also related to increased rates of urinary
albumin excreation [125]. IL-18, a proinflammatory cytokines that
belongs to the IL-1 superfamily, has been shown to play a significant
role in the progression of DN. Study has shown that, in patient with
DN, serum level of IL-18 as well as urinary excretion of this cytokine
were elevated. These alterations were independent and strongly related
to markers of glomerular and tubulointerstitial injury [126,127].
TNF-α has also been demonstrated to play most crucial role in renal
hypertrophy as well as renal alternations during the early stage of
DN [128]. Numerous studies have provided the direct evidence that
the mRNA expression of TNF-α was elevated in diabetic patients,
in comparison to non-diabetic patients [128,129]. High glucoseinduced increased TNF-α level is associated with a toxic result to
the renal cells and cause disturbance to the renal filtration rate by
causing the hemodynamic disproportion between the vasodilation and
vasoconstriction mediators [130]. Furthermore, it has been found to
induce the ROS in mesangial cells and has been implicated to activate
the NADPH oxidase subunits through PKC as well as MAPK pathways
[131]. Considering all these reports, protection of the progression of
DN in patients with high blood glucose level seems to be challenging
and the chemical moiety which effectively control the stimulation of
potential cytokine, such as IL-1,6, 18 and TNF-α could play a major for
the protection against DN.

Conclusion
Excess amounts of glucose induced the activation of PKC-MAPK in
association with increased ROS, and inflammatory signaling cascades
and as a result the activation of various cytokines and transcription
factors which eventually cause increased expression of ECM genes with
the progression to fibrosis and end stage renal disease. Understanding
the interactions among these important signaling pathways is crucial
for blocking the progression of DN. Identifying new therapeutic targets
and treatments that could potentially affect the primary mechanisms
that contribute to the pathogenesis of DN is of great clinical importance.
Better understanding of the role of PKC-MAPK, oxidative stress, and
inflammatory processes will assist the development of new and effective
therapeutic targets which can be extrapolated into clinical applications
both for preventing and for halting the progression of DN.
J Nephrol Therapeutic

Acknowledgement
We thank Sayaka Mito and Vigneshwaran Pitchaimani for their assistance in
this work. This article was supported by grants from the Yujin Memorial grant, the
Ministry of Education, Culture, Sports, Science and Technology of Japan; and the
Promotion and Mutual Aid Corporation for Private Schools of Japan and grants
from Niigata city.

References
1. The Diabetes Control and Complications Trial Research Group (1993) The
effect of intensive treatment of diabetes on the development and progression of
long-term complications in insulin-dependent diabetes mellitus. N Engl J Med
329: 977-986.
2. UK Prospective Diabetes Study (UKPDS) Group (1998) Intensive bloodglucose control with sulphonylureas or insulin compared with conventional
treatment and risk of complications in patients with type 2 diabetes (UKPDS
33). Lancet 352: 837-853.
3. Caramori ML, Mauer M (2003) Diabetes and nephropathy. Curr Opin Nephrol
Hypertens 12: 273-282.
4. Remuzzi G, Schieppati A, Ruggenenti P (2002) Clinical practice. Nephropathy
in patients with type 2 diabetes. N Engl J Med 346: 1145-1151.
5. Wolf G, Ritz E (2003) Diabetic nephropathy in type 2 diabetes prevention and
patient management. J Am Soc Nephrol 14: 1396-1405.
6. Phillips AO, Steadman R (2002) Diabetic nephropathy: the central role of renal
proximal tubular cells in tubulointerstitial injury. Histol Histopathol 17: 247-252.
7. Mason RM, Wahab NA (2003) Extracellular matrix metabolism in diabetic
nephropathy. J Am Soc Nephrol 14: 1358-1373.
8. Kimmelsteil P, Wilson C (1936) Intercapillary lesions in the glomeruli of the
kidney. Am J Pathol 12: 83-98.
9. Wolf G (2004) New insights into the pathophysiology of diabetic nephropathy:
from haemodynamics to molecular pathology. Eur J Clin Invest 34: 785-796.
10. Obrosova IG, Minchenko AG, Vasupuram R, White L, Abatan OI, et al. (2003)
Aldose reductase inhibitor fidarestat prevents retinal oxidative stress and
vascular endothelial growth factor overexpression in streptozotocin-diabetic
rats. Diabetes 52: 864-871.
11. Wendt T, Harja E, Bucciarelli L, Qu W, Lu Y, et al. (2006) RAGE modulates
vascular inflammation and atherosclerosis in a murine model of type 2 diabetes.
Atherosclerosis 185: 70-77.
12. Onozato ML, Tojo A, Goto A, Fujita T, Wilcox CS (2002) Oxidative stress and
nitric oxide synthase in rat diabetic nephropathy: effects of ACEI and ARB.
Kidney Int 61: 186-194.
13. Koya D, King GL (1998) Protein kinase C activation and the development of
diabetic complications. Diabetes 47: 859-866.
14. Kanwar YS, Wada J, Sun L, Xie P, Wallner EI, et al. (2008) Diabetic nephropathy:
mechanisms of renal disease progression. Exp Biol Med 233: 4-11.
15. Sharma K, Danoff TM, DePiero A, Ziyadeh FN (1995) Enhanced expression
of inducible nitric oxide synthase in murine macrophages and glomerular
mesangial cells by elevated glucose levels: possible mediation via protein
kinase C. Biochem Biophys Res Commun 207: 80-88.
16. Brownlee M (2001) Biochemistry and molecular cell biology of diabetic
complications. Nature 414: 813-820.
17. Brosius FC, Khoury CC, Buller CL, Chen S (2010) Abnormalities in signaling
pathways in diabetic nephropathy. Expert Rev Endocrinol Metab 5: 51-64.
18. Nishizuka Y (1992) Intracellular signaling by hydrolysis of phospholipids and
activation of protein kinase C. Science 258: 607-614.
19. Nishizuka Y (1995) Protein kinase C and lipid signaling for sustained cellular
responses. FASEB J 9: 484-496.
20. Devaraj S, Glaser N, Griffen S, Wang-Polagruto J, Miguelino E, et al. (2006)
Increased monocytic activity and biomarkers of inflammation in patients with
type 1 diabetes. Diabetes 55: 774-779.
21. Shanmugam N, Gaw Gonzalo IT, Natarajan R (2004) Molecular mechanisms

Diabetic Nephropathy

ISSN: 2161-0959 JNT, an open access journal

Citation: Soetikno V, Watanabe K, Lakshamanan AP, Arumugam S, Sari FR, et al. (2012) Role of Protein Kinase C-MAPK, Oxidative Stress and
Inflammation Pathways in Diabetic Nephropathy. J Nephrol Therapeutic S2:001. doi:10.4172/2161-0959.S2-001

Page 7 of 9
of high glucose-induced cyclooxygenase-2 expression in monocytes. Diabetes.
53: 795-802.
22. Navarro JF, Mora C (2005) Role of inflammation in diabetic complications.
Nephrol Dial Transplant 20: 2601-2604.
23. Tuttle KR (2005) Linking metabolism and immunology: diabetic nephropathy is
an inflammatory disease. J Am Soc Nephrol 16: 1537-1538.
24. Giugliano D, Ceriello A, Paolisso G (1996) Oxidative stress and diabetic
vascular complications. Diabetes Care 19: 257-267.
25. Geraldes P, King GL (2010) Activation of protein kinase C isoforms and its
impact on diabetic complications. Circ Res 106: 1319-1331.
26. Navarro-González JF, Mora-Fernández C, Muros de Fuentes M, García-Pérez
J (2011) Inflammatory molecules and pathways in the pathogenesis of diabetic
nephropathy. Nat Rev Nephrol 7: 327-340.
27. Newton AC (2003) Regulation of the ABC kinases by phosphorylation: protein
kinase C as a paradigm. Biochem J 370: 361-371.
28. Newton AC (1995) Protein kinase C: structure, function, and regulation. J Biol
Chem 270: 28495-28498.
29. Steinberg SF (2008) Structural basis of protein kinase C isoform function.
Physiol Rev 88: 1341-1378.
30. Shiba T, Inoguchi T, Sportsman JR, Heath WF, Bursell S, et al. (1993)
Correlation of diacylglycerol level and protein kinase C activity in rat retina to
retinal circulation. Am J Physiol 265: 783-793.
31. Inoguchi T, Battan R, Handler E, Sportsman JR, Heath W, et al. (1992)
Preferential elevation of protein kinase C isoform beta II and diacylglycerol
levels in the aorta and heart of diabetic rats: differential reversibility to glycemic
control by islet cell transplantation. Proc Natl Acad Sci U S A 89: 11059-11063.
32. Craven PA, Davidson CM, DeRubertis FR (1990) Increase in diacylglycerol
mass in isolated glomeruli by glucose from de novo synthesis of glycerolipids.
Diabetes 39: 667-674.
33. Noh H, King GL (2007) The role of protein kinase C activation in diabetic
nephropathy. Kidney Int Suppl 106: 49-53.
34. Way KJ, Katai N, King GL (2001) Protein kinase C and the development of
diabetic vascular complications. Diabet Med 18: 945-959.
35. Craven PA, Studer RK, Negrete H, DeRubertis FR (1995) Protein kinase C in
diabetic nephropathy. J Diabetes Complications 9: 241-245.
36. Pfeiffer A, Schatz H (1995) Diabetic microvascular complications and growth
factors. Exp Clin Endocrinol Diabetes 103: 7-14.
37. Whiteside C, Munk S, Ispanovic E, Wang H, Goldberg H, et al. (2008) Regulation
of mesangial cell alpha-smooth muscle actin expression in 3-dimensional
matrix by high glucose and growth factors. Nephron Exp Nephrol 109: 46-56.
38. Craven PA, DeRubertis FR (1989) Protein kinase C is activated in glomeruli
from streptozotocin diabetic rats. Possible mediation by glucose. J Clin Invest
83: 1667-1675.
39. Haneda M, Araki S, Togawa M, Sugimoto T, Isono M, et al. (1997) Mitogenactivated protein kinase cascade is activated in glomeruli of diabetic rats and
glomerular mesangial cells cultured under high glucose conditions. Diabetes
46: 847-853.
40. Toyoda M, Suzuki D, Honma M, Uehara G, Sakai T, et al. (2004) High
expression of PKC-MAPK pathway mRNAs correlates with glomerular lesions
in human diabetic nephropathy. Kidney Int 66: 1107-1114.
41. Koya D, Jirousek MR, Lin YW, Ishii H, Kuboki K, et al. (1997) Characterization of
protein kinase C beta isoform activation on the gene expression of transforming
growth factor-beta, extracellular matrix components, and prostanoids in the
glomeruli of diabetic rats. J Clin Invest 100: 115-126.

44. Menne J, Park JK, Boehne M, Elger M, Lindschau C, et al. (2004) Diminished
loss of proteoglycans and lack of albuminuria in protein kinase C-alphadeficient diabetic mice. Diabetes 53: 2101-2109.
45. Ishii H, Jirousek MR, Koya D, Takagi C, Xia P, et al. (1996) Amelioration of
vascular dysfunctions in diabetic rats by an oral PKC beta inhibitor. Science
272: 728-731.
46. Ohshiro Y, Ma RC, Yasuda Y, Hiraoka-Yamamoto J, Clermont AC, et al. (2006)
Reduction of diabetes-induced oxidative stress, fibrotic cytokine expression,
and renal dysfunction in protein kinase Cbeta-null mice. Diabetes 55: 31123120.
47. Koya D, Haneda M, Nakagawa H, Isshiki K, Sato H, et al. (2000) Amelioration
of accelerated diabetic mesangial expansion by treatment with a PKC beta
inhibitor in diabetic db/db mice, a rodent model for type 2 diabetes. FASEB J
14: 439-447.
48. Hayashida T, Schnaper HW (2004) High ambient glucose enhances sensitivity
to TGF-beta1 via extracellular signal--regulated kinase and protein kinase
Cdelta activities in human mesangial cells. J Am Soc Nephrol 15: 2032-2041.
49. Dlugosz JA, Munk S, Ispanovic E, Goldberg HJ, Whiteside CI (2002) Mesangial
cell filamentous actin disassembly and hypocontractility in high glucose are
mediated by PKC-zeta. Am J Physiol Renal Physiol 282: 151-163.
50. Soetikno V, Watanabe K, Sari FR, Harima M, Thandavarayan RA, et al. (2011)
Curcumin attenuates diabetic nephropathy by inhibiting PKC-α and PKC-β1
activity in streptozotocin-induced type I diabetic rats. Mol Nutr Food Res 55:
1655-1665.
51. Ha H, Kim KH (1999) Pathogenesis of diabetic nephropathy: the role of
oxidative stress and protein kinase C. Diabetes Res Clin Pract 45: 147-151.
52. Wilmer WA, Dixon CL, Hebert C (2001) Chronic exposure of human mesangial
cells to high glucose environments activates the p38 MAPK pathway. Kidney
Int 60: 858-871.
53. Kang SW, Adler SG, Lapage J, Natarajan R (2001) p38 MAPK and MAPK
kinase 3/6 mRNA and activities are increased in early diabetic glomeruli.
Kidney Int 60: 543-552.
54. Gruden G, Zonca S, Hayward A, Thomas S, Maestrini S, et al. (2000)
Mechanical stretch-induced fibronectin and transforming growth factor-beta1
production in human mesangial cells is p38 mitogen-activated protein kinasedependent. Diabetes 49: 655-661.
55. Fujita H, Omori S, Ishikura K, Hida M, Awazu M (2004) ERK and p38 mediate
high-glucose-induced hypertrophy and TGF-beta expression in renal tubular
cells. Am J Physiol Renal Physiol 286: 120-126.
56. Seger R, Krebs EG (1995) The MAPK signaling cascade. FASEB J 9: 726-735.
57. Isono M, Cruz MC, Chen S, Hong SW, Ziyadeh FN (2000) Extracellular signalregulated kinase mediates stimulation of TGF-beta1 and matrix by high glucose
in mesangial cells. J Am Soc Nephrol 11: 2222-2230.
58. Xin X, Khan ZA, Chen S, Chakrabarti S (2004) Extracellular signal-regulated
kinase (ERK) in glucose-induced and endothelin-mediated fibronectin
synthesis. Lab Invest 84: 1451-1459.
59. Lakshmanan AP, Thandavarayan RA, Watanabe K, Sari FR, Meilei H, et
al. (2011) Modulation of AT-1R/MAPK cascade by an olmesartan treatment
attenuates diabetic nephropathy in streptozotocin-induced diabetic mice. Mol
Cell Endocrinol 348: 104-111.
60. Piwowar A, Knapik-Kordecka M, Warwas M (2009) Markers of oxidative protein
damage in plasma and urine of type 2 diabetic patients. Br J Biomed Sci 66:
194-199.
61. Saklayen MG, Yap J, Vallyathan V (2010) Effect of month-long treatment with
oral N-acetylcysteine on the oxidative stress and proteinuria in patients with
diabetic nephropathy: a pilot study. J Investig Med 58: 28-31.

42. Hempel A, Maasch C, Heintze U, Lindschau C, Dietz R, et al. (1997) High
glucose concentrations increase endothelial cell permeability via activation of
protein kinase C alpha. Circ Res 81: 363-371.

62. Jones SA, O’Donnell VB, Wood JD, Broughton JP, Hughes EJ, et al. (1996)
Expression of phagocyte NADPH oxidase components in human endothelial
cells. Am J Physiol 271: 1626-1634.

43. Meier M, King GL (2000) Protein kinase C activation and its pharmacological
inhibition in vascular disease. Vasc Med 5: 173-185.

63. Csányi G, Taylor WR, Pagano PJ (2009) NOX and inflammation in the vascular
adventitia. Free Radic Biol Med 47: 1254-1266.

J Nephrol Therapeutic

Diabetic Nephropathy

ISSN: 2161-0959 JNT, an open access journal

Citation: Soetikno V, Watanabe K, Lakshamanan AP, Arumugam S, Sari FR, et al. (2012) Role of Protein Kinase C-MAPK, Oxidative Stress and
Inflammation Pathways in Diabetic Nephropathy. J Nephrol Therapeutic S2:001. doi:10.4172/2161-0959.S2-001

Page 8 of 9
64. Gill PS, Wilcox CS (2006) NADPH oxidases in the kidney. Antioxid Redox
Signal 8: 1597-1607.
65. Eid AA, Gorin Y, Fagg BM, Maalouf R, Barnes JL, et al. (2009) Mechanisms
of podocyte injury in diabetes: role of cytochrome P450 and NADPH oxidases.
Diabetes 58: 1201-1211.
66. Babior BM (1999) NADPH oxidase: an update. Blood 93: 1464-1476.
67. Asaba K, Tojo A, Onozato ML, Goto A, Quinn MT, et al. (2005) Effects of
NADPH oxidase inhibitor in diabetic nephropathy. Kidney Int 67: 1890-1898.
68. Susztak K, Raff AC, Schiffer M, Böttinger EP (2006) Glucose-induced reactive
oxygen species cause apoptosis of podocytes and podocyte depletion at the
onset of diabetic nephropathy. Diabetes 55: 225-233.
69. Lee HB, Yu MR, Yang Y, Jiang Z, Ha H (2003) Reactive oxygen speciesregulated signaling pathways in diabetic nephropathy. J Am Soc Nephrol 14:
241-245.
70. Inoguchi T, Li P, Umeda F, Yu HY, Kakimoto M, et al. (2000) High glucose level
and free fatty acid stimulate reactive oxygen species production through protein
kinase C--dependent activation of NAD(P)H oxidase in cultured vascular cells.
Diabetes. 49: 1939-1945.
71. Fontayne A, Dang PM, Gougerot-Pocidalo MA, El-Benna J (2002)
Phosphorylation of p47phox sites by PKC alpha, beta II, delta, and zeta: effect
on binding to p22phox and on NADPH oxidase activation. Biochemistry 41:
7743-7750.
72. Frey RS, Rahman A, Kefer JC, Minshall RD, Malik AB (2002) PKCzeta
regulates TNF-alpha-induced activation of NADPH oxidase in endothelial cells.
Circ Res 90: 1012-1019.
73. Kitada M, Koya D, Sugimoto T, Isono M, Araki S, et al. (2003) Translocation
of glomerular p47phox and p67phox by protein kinase C-beta activation is
required for oxidative stress in diabetic nephropathy. Diabetes 52: 2603-2614.
74. Xia L, Wang H, Goldberg HJ, Munk S, Fantus IG, et al. (2006) Mesangial cell
NADPH oxidase upregulation in high glucose is protein kinase C dependent
and required for collagen IV expression. Am J Physiol Renal Physiol 290: 345356.
75. Studer RK, Craven PA, DeRubertis FR (1997) Antioxidant inhibition of protein
kinase C-signaled increases in transforming growth factor-beta in mesangial
cells. Metabolism 46: 918-925.
76. Asanuma K, Mundel P (2003) The role of podocytes in glomerular pathobiology.
Clin Exp Nephrol 7: 255-259.
77. Eremina V, Baelde HJ, Quaggin SE (2007) Role of the VEGF--a signaling
pathway in the glomerulus: evidence for crosstalk between components of the
glomerular filtration barrier. Nephron Physiol 106: 32-37.
78. Shibuya M, Claesson-Welsh L (2006) Signal transduction by VEGF receptors
in regulation of angiogenesis and lymphangiogenesis. Exp Cell Res 312: 549560.
79. Wang L, Kwak JH, Kim SI, He Y, Choi ME (2004) Transforming growth factorbeta1 stimulates vascular endothelial growth factor 164 via mitogen-activated
protein kinase kinase 3-p38alpha and p38delta mitogen-activated protein
kinase-dependent pathway in murine mesangial cells. J Biol Chem 279: 332133329.
80. Xiao Q, Zeng S, Ling S, Lv M (2006) Up-regulation of HIF-1alpha and VEGF
expression by elevated glucose concentration and hypoxia in cultured human
retinal pigment epithelial cells. J Huazhong Univ Sci Technolog Med Sci 26:
463-465.
81. Cooper ME, Vranes D, Youssef S, Stacker SA, Cox AJ, et al. (1999) Increased
renal expression of vascular endothelial growth factor (VEGF) and its receptor
VEGFR-2 in experimental diabetes. Diabetes 48: 2229-2239.
82. de Vriese AS, Tilton RG, Elger M, Stephan CC, Kriz W, et al. (2001) Antibodies
against vascular endothelial growth factor improve early renal dysfunction in
experimental diabetes. J Am Soc Nephrol 12: 993-1000.
83. Tilton RG, Chang KC, LeJeune WS, Stephan CC, Brock TA, et al. (1999) Role
for nitric oxide in the hyperpermeability and hemodynamic changes induced by
intravenous VEGF. Invest Ophthalmol Vis Sci 40: 689-696.

J Nephrol Therapeutic

84. Veron D, Bertuccio CA, Marlier A, Reidy K, Garcia AM, et al. (2011) Podocyte
vascular endothelial growth factor (Vegf) overexpression causes severe
nodular glomerulosclerosis in a mouse model of type 1 diabetes. Diabetologia
54: 1227-1241.
85. Lee EY, Chung CH, Kim JH, Joung HJ, Hong SY (2006) Antioxidants ameliorate
the expression of vascular endothelial growth factor mediated by protein kinase
C in diabetic podocytes. Nephrol Dial Transplant 21: 1496-1503.
86. Xia L, Wang H, Munk S, Frecker H, Goldberg HJ, et al. (2007) Reactive
oxygen species, PKC-beta1, and PKC-zeta mediate high-glucose-induced
vascular endothelial growth factor expression in mesangial cells. Am J Physiol
Endocrinol Metab 293: 1280-1288.
87. Mima A, Matsubara T, Arai H, Abe H, Nagai K, et al. (2006) Angiotensin IIdependent Src and Smad1 signaling pathway is crucial for the development of
diabetic nephropathy. Lab Invest 86: 927-939.
88. Uehara G, Suzuki D, Toyoda M, Umezono T, Sakai H (2004) Glomerular
expression of platelet-derived growth factor (PDGF)-A, -B chain and PDGF
receptor-alpha, -beta in human diabetic nephropathy. Clin Exp Nephrol 8: 3642.
89. Wilkes MC, Mitchell H, Penheiter SG, Doré JJ, Suzuki K, et al. (2005)
Transforming growth factor-beta activation of phosphatidylinositol 3-kinase is
independent of Smad2 and Smad3 and regulates fibroblast responses via p21activated kinase-2. Cancer Res 65: 10431-10440.
90. Samarakoon R, Higgins PJ (2008) Integration of non-SMAD and SMAD
signaling in TGF-beta1-induced plasminogen activator inhibitor type-1 gene
expression in vascular smooth muscle cells. Thromb Haemost 100: 976-983.
91. Dessapt C, Baradez MO, Hayward A, Dei Cas A, Thomas SM, et al. (2009)
Mechanical forces and TGFbeta1 reduce podocyte adhesion through
alpha3beta1 integrin downregulation. Nephrol Dial Transplant 24: 2645-2655.
92. Ziyadeh FN (2004) Mediators of diabetic renal disease: the case for tgf-Beta as
the major mediator. J Am Soc Nephrol 15: 55-57.
93. Strutz F, Zeisberg M, Renziehausen A, Raschke B, Becker V, et al. (2001)
TGF-beta 1 induces proliferation in human renal fibroblasts via induction of
basic fibroblast growth factor (FGF-2). Kidney Int 59: 579-592.
94. Tang SC, Leung JC, Lai KN (2011) Diabetic tubulopathy: an emerging entity.
Contrib Nephro 170: 124-134.
95. Sharma K, Jin Y, Guo J, Ziyadeh FN (1996) Neutralization of TGF-beta by
anti-TGF-beta antibody attenuates kidney hypertrophy and the enhanced
extracellular matrix gene expression in STZ-induced diabetic mice. Diabetes
45: 522-530.
96. Ziyadeh FN, Hoffman BB, Han DC, Iglesias-De La Cruz MC, Hong SW, et
al. (2000) Long-term prevention of renal insufficiency, excess matrix gene
expression, and glomerular mesangial matrix expansion by treatment with
monoclonal antitransforming growth factor-beta antibody in db/db diabetic
mice. Proc Natl Acad Sci U S A 97: 8015-8020.
97. Ha H, Lee HB (2005) Reactive oxygen species amplify glucose signalling in
renal cells cultured under high glucose and in diabetic kidney. Nephrology
(Carlton) 10: 7-10.
98. Kelly KJ, Burford JL, Dominguez JH (2009) Postischemic inflammatory
syndrome: a critical mechanism of progression in diabetic nephropathy. Am J
Physiol Renal Physiol 297: 923-931.
99. Dominguez JH, Mehta JL, Li D, Wu P, Kelly KJ, et al. (2007) Anti-LOX-1 therapy
in rats with diabetes and dyslipidemia: ablation of renal vascular and epithelial
manifestations. Am J Physiol Renal Physiol 294: 110-119.
100. Usui HK, Shikata K, Sasaki M, Okada S, Matsuda M, et al. (2007) Macrophage
scavenger receptor-a-deficient mice are resistant against diabetic nephropathy
through amelioration of microinflammation. Diabetes 56: 363-372.
101. Furuta T, Saito T, Ootaka T, Soma J, Obara K, et al. (1993) The role of
macrophages in diabetic glomerulosclerosis. Am J Kidney Dis 21: 480-485.
102. Sassy-Prigent C, Heudes D, Mandet C, Bélair MF, Michel O, et al. (2000)
Early glomerular macrophage recruitment in streptozotocin-induced diabetic
rats. Diabetes 49: 466-475.
103. Chow F, Ozols E, Nikolic-Paterson DJ, Atkins RC, Tesch GH (2004)

Diabetic Nephropathy

ISSN: 2161-0959 JNT, an open access journal

Citation: Soetikno V, Watanabe K, Lakshamanan AP, Arumugam S, Sari FR, et al. (2012) Role of Protein Kinase C-MAPK, Oxidative Stress and
Inflammation Pathways in Diabetic Nephropathy. J Nephrol Therapeutic S2:001. doi:10.4172/2161-0959.S2-001

Page 9 of 9
Macrophages in mouse type 2 diabetic nephropathy: correlation with diabetic
state and progressive renal injury. Kidney Int 65: 116-128.

adhesion molecule-1 expression in the renal interstitium of diabetic KKAy
mice. Diabetes Res Clin Pract 44: 1-8.

104. Persson F, Rossing P, Hovind P, Stehouwer CD, Schalkwijk CG, et al.
(2008) Endothelial dysfunction and inflammation predict development of
diabetic nephropathy in the Irbesartan in Patients with Type 2 Diabetes and
Microalbuminuria (IRMA 2) study. Scand J Clin Lab Invest 68: 731-738.

121. Riad A, Unger D, Du J, Westermann D, Mohr Z, et al. (2007) Chronic inhibition
of p38MAPK improves cardiac and endothelial function in experimental
diabetes mellitus. Eur J Pharmacol 554: 40-45.

105. Bending JJ, Lobo-Yeo A, Vergani D, Viberti GC (1988) Proteinuria and
activated T-lymphocytes in diabetic nephropathy. Diabetes 37: 507-511.
106. Chow FY, Nikolic-Paterson DJ, Ozols E, Atkins RC, Rollin BJ, et al. (2006)
Monocyte chemoattractant protein-1 promotes the development of diabetic
renal injury in streptozotocin-treated mice. Kidney Int 69: 73-80.
107. Soetikno V, Sari FR, Veeraveedu PT, Thandavarayan RA, Harima M, et al.
(2011) Curcumin ameliorates macrophage infiltration by inhibiting NF-κB
activation and proinflammatory cytokines in streptozotocin induced-diabetic
nephropathy. Nutr Metab (Lond) 8: 35.
108. Kikuchi Y, Ikee R, Hemmi N, Hyodo N, Saigusa T, et al. (2004) Fractalkine and
its receptor, CX3CR1, upregulation in streptozotocin-induced diabetic kidneys.
Nephron Exp Nephrol 97: 17-25.
109. Donadelli R, Zanchi C, Morigi M, Buelli S, Batani C, et al. (2003) Protein
overload induces fractalkine upregulation in proximal tubular cells through
nuclear factor kappaB-and p38 mitogen-activated protein kinase-dependent
pathways. J Am Soc Nephrol 14: 2436-2446.
110. Staunton DE, Marlin SD, Stratowa C, Dustin ML, Springer TA (1988) Primary
structure of ICAM-1 demonstrates interaction between members of the
immunoglobulin and integrin supergene families. Cell 52: 925-933.
111. Okada S, Shikata K, Matsuda M, Ogawa D, Usui H, et al. (2003) Intercellular
adhesion molecule-1-deficient mice are resistant against renal injury after
induction of diabetes. Diabetes 52: 2586-2593.
112. Yozai K, Shikata K, Sasaki M, Tone A, Ohga S, et al. (2005) Methotrexate
prevents renal injury in experimental diabetic rats via anti-inflammatory
actions. J Am Soc Nephrol 16: 3326-3338.
113. Ohga S, Shikata K, Yozai K, Okada S, Ogawa D, et al. (2007) Thiazolidinedione
ameliorates renal injury in experimental diabetic rats through anti-inflammatory
effects mediated by inhibition of NF-kappaB activation. Am J Physiol Renal
Physiol 292: 1141-1150.
114. Myers CL, Wertheimer SJ, Schembri-King J, Parks T, Wallace RW (1992)
Induction of ICAM-1 by TNF-alpha, IL-1 beta, and LPS in human endothelial
cells after downregulation of PKC. Am J Physiol 263: 767-772.

122. Navarro JF, Milena FJ, Mora C, León C, Claverie F, et al. (2005) Tumor
necrosis factor-alpha gene expression in diabetic nephropathy: relationship
with urinary albumin excretion and effect of angiotensin-converting enzyme
inhibition. Kidney Int Suppl 99: 98-102.
123. Thomson SC, Deng A, Bao D, Satriano J, Blantz RC, et al. (2001) Ornithine
decarboxylase, kidney size, and the tubular hypothesis of glomerular
hyperfiltration in experimental diabetes. J Clin Invest 107: 217-224.
124. Dalla Vestra M, Mussap M, Gallina P, Bruseghin M, Cernigoi AM, et al. (2005)
Acute-phase markers of inflammation and glomerular structure in patients with
type 2 diabetes. J Am Soc Nephrol 16: 78-82.
125. Navarro JF, Milena FJ, Mora C, León C, García J (2006) Renal proinflammatory cytokine gene expression in diabetic nephropathy: effect of
angiotensin-converting enzyme inhibition and pentoxifylline administration.
Am J Nephrol 26: 562-570.
126. Nakamura A, Shikata K, Hiramatsu M, Nakatou T, Kitamura T, et al.
(2005) Serum interleukin-18 levels are associated with nephropathy and
atherosclerosis in Japanese patients with type 2 diabetes. Diabetes Care 28:
2890-2895.
127. Mahmoud RA, el-Ezz SA, Hegazy AS (2004) Increased serum levels of
interleukin-18 in patients with diabetic nephropathy. Ital J Biochem 53: 73-81.
128. DiPetrillo K, Coutermarsh B, Gesek FA (2003) Urinary tumor necrosis factor
contributes to sodium retention and renal hypertrophy during diabetes. Am J
Physiol Renal Physiol 284: 113-121.
129. Hou C, Zhao M, Li X, Li YJ, Lin Y, et al. (2011) Histone H3 acetylation of tumor
necrosis factor-alpha and cyclooxygenase-2 in patients with type 2 diabetes.
Zhonghua Yi Xue Za Zhi 91: 1805-1808.
130. Baud L, Perez J, Friedlander G, Ardaillou R (1988) Tumor necrosis factor
stimulates prostaglandin production and cyclic AMP levels in rat cultured
mesangial cells. FEBS Lett 239: 50-54.
131. Koike N, Takamura T, Kaneko S (2007) Induction of reactive oxygen species
from isolated rat glomeruli by protein kinase C activation and TNF-alpha
stimulation, and effects of a phosphodiesterase inhibitor. Life Sci 80: 17211728.

115. Sengoelge G, Födinger M, Skoupy S, Ferrara I, Zangerle C, et al. (1998)
Endothelial cell adhesion molecule and PMNL response to inflammatory
stimuli and AGE-modified fibronectin. Kidney Int 54: 1637-1651.
116. Nagel T, Resnick N, Atkinson WJ, Dewey CF Jr, Gimbrone MA Jr (1994) Shear
stress selectively upregulates intercellular adhesion molecule-1 expression in
cultured human vascular endothelial cells. J Clin Invest 94: 885-891.
117. Lo SK, Janakidevi K, Lai L, Malik AB (1993) Hydrogen peroxide-induced
increase in endothelial adhesiveness is dependent on ICAM-1 activation. Am
J Physiol 264: 406-412.
118. Park CW, Kim JH, Lee JH, Kim YS, Ahn HJ, et al. (2001) High glucose-induced
intercellular adhesion molecule-1 (ICAM-1) expression through an osmotic
effect in rat mesangial cells is PKC-NF-kappa B-dependent. Diabetologia 43:
1544-1553.
119. Watanabe N, Shikata K, Shikata Y, Sarai K, Omori K, et al. (2011) Involvement
of MAPKs in ICAM-1 expression in glomerular endothelial cells in diabetic
nephropathy. Acta Med Okayama 65: 247-257.
120. Ina K, Kitamura H, Okeda T, Nagai K, Liu ZY, et al. (1999) Vascular cell

This article was originally published in a special issue, Diabetic
Nephropathy handled by Editor(s). Dr. Jian-Kang Chen, Vanderbilt
University, USA

J Nephrol Therapeutic

Diabetic Nephropathy

ISSN: 2161-0959 JNT, an open access journal

