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Abstract

Diabetic Nephropathy (DN) is a major cause of mortality in patients with Type 1 and 2 diabetes throughout the
world. This review draws attention to the important role of microinflammation and the complex pathways implicated
in the development and progression of DN. These pathways include the collaboration of metabolic, hemodynamic
and hormonal factors with oxidative stress in patients with genetic susceptibility to create an inflammatory milieu.
The key role of inflammatory cells in the kidney, particularly infiltrating macrophages and T-lymphocytes is
highlighted. The major inflammatory cytokines and chemokines, receptors, adhesion molecules as well as
transcription factors and transduction pathways involved in the pathogenesis of DN are also discussed.
Understanding of these inflammatory pathways guides important therapeutic appliances and improves the discovery
of new therapeutic targets that can be translated into clinical treatments for DN.
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Abbreviations:
AGE: Advanced Glycation End-Product; ACE: Angiotensin-
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CCL2: CC Chemokine Ligand 2 also known as MCP-1 (monocyte
chemoattractant protein-1); CCL5: RANTES; CCR chemokine
receptor 2; CD: Cluster Differentiation; CREB: cAMP-response-
element-binding Protein; CSF: Colony Stimulating Factor; CXCL:
CXC Chemokine Ligand; CX3CL1: CX3C Chemokine Ligand 1;
CX3CR1: CX3C Chemokine Receptor 1; DN: Diabetic Nephropathy;
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Glucose Transporter; ICAM1: Intercellular Adhesion Molecule 1;
IFNγ : Interferon γ ; IL: Interleukin; ILR: Interleukin Receptor; JNK: c-
Jun N-terminal Kinase; JAK2: Janus Kinase 2; LDL: Low-Density
Lipoproteins; LFA-1: Lymphocyte Function Associated Antigen-1;
MAPK: Mitogen Activated Protein Kinase; MCP-1: Macrophage
Chemoattractant Protein-1; MIP-1α/CCL3: Macrophage
Inflammatory Protein-1α; MMP: Matrix Metalloproteinase; MTHFR:
Methylenetetrahydrofolate Reductase; MyD88: Myeloid
Differentiation Factor 88; NFAT: Nuclear Factor Of Activated T-cells;
NF-κB: Nuclear Factor κB; PAI-1: Plasminogen Activator Inhibitor-1;
PDGF: Platelet Derived Growth Factor; PI3K: Phosphoinositide 3-
Kinase; PKC: Protein Kinase C; RAGE: Receptor for Age; ROS:
Reactive Oxygen Species; S100A8: S100 calcium binding protein A8;
SAPK-2: Stress-Activated Protein Kinase-2; Sp1: Stimulating Protein 1;
Sp-1:Specificity Protein-1; STAT: Signal Transducer and Activator of
Transcription; TGF: Transforming Growth Factor; Th: T helper; TIR:
Toll/IL-1 receptor; TLR: Toll-like receptor; TNF: Tumor Necrosis
Factor; VCAM1: Vascular Cell Adhesion Molecule 1; VEGF: Vascular
Endothelial Growth Factor

Introduction
Diabetes mellitus (DM) and its complications have become a public

health problem [1]. Diabetic nephropathy (DN) is a major cause of
mortality in patients with Type 1 and Type 2 diabetes throughout the
world [2] and between 20% and 40% of diabetic patients ultimately
develop nephropathy [3]. In human glomeruli, glomerular
hypertrophy, expansion of diffuse mesangial matrices, exudative
lesions, segmental nodular sclerosis (thickening of the glomerular
basement membrane) and/or podocyte loss with compensatory
expansion of the remaining podocyte foot processes are the main
pathological features of diabetic nephropathy which direct to the
ultimate development of glomerulosclerosis, tubulointerstitial fibrosis,
impairment of renal function and progression to end-stage renal
disease (ESRD) [3,4].

The recent thought of microinflammation as a
candidate for DN

Traditionally, multiple mechanisms were accredited to contribute
to the development and outcomes of DN, such as an interaction
between metabolic and hemodynamic factors, oxidative stress,
hormonal factors, adipokines and genetic susceptibility which sets a
continuous perpetuation for kidney injury [5-7]. However, new
perspectives in activated innate immunity and inflammation appear to
be important factors in the pathogenesis of DM and its associated
complications. Hence, recent studies disclosed that these conventional
mechanisms are only partially responsible for the development and/or
progression of DN [8], and that low-grade or subclinical
inflammation, termed ‘’microinflammation’’, plays a vital role in the
pathogenesis of this diabetic complication [2,8-10]. The relationships
between microinflammation and the pre-existing traditional factors
during the development and progression of DN involve complex
pathways with hyperglycaemia laying at upstream and
microinflammation and subsequent evolution of DN representing
downstream of these pathways addressed here in brief (Figure 1).
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Figure 1: Schematic illustration of various elements that contribute to the microinflammation in diabetic nephropathy. An interaction of
several factors creates an inflammatory milieu with a continuous perpetuation of injury progressing to end stage renal damage.
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Metabolic Factors
Chronic hyperglycemia has long been implicated as a major

contributor to several diabetic complications through three major
mechanisms: non-enzymatic glycosylation that generates Advanced
Glycosylation End (AGE) products, activation of Protein Kinase C
(PKC), and acceleration of the aldose reductase (polyol) pathway.
Oxidative stress seems to be a theme common to all three mechanisms
[11]. Mesangial cell expansion, increased mesangial cell matrix
production and mesangial cell apoptosis seem to be mediated in part
by an increase in the mesangial cell glucose concentration, since
similar effects can be induced in a normal glucose environment by
overexpression of glucose transporters, such as GLUT1 and GLUT4,
thereby increasing glucose entry into the cells [12,13]. Besides,
hyperglycemia induces mesangial fibrosis that requires activation of
interleukin (IL)-8. As a contributor in renal inflammation, high
glucose promotes mesangial production of macrophage
chemoattractant protein-1 (MCP-1 also known as CCL2, CC
chemokine ligand 2), IL-6, and tumor necrosis factor (TNF)-α, which,
together with adhesion molecules, favor leukocyte recruitment and
adhesion to endothelial cells [14,15].

Furthermore, AGE products and AGE-modified proteins may bind
to leukocytes, stimulating the synthesis and release of
proinflammatory cytokines in DN [16]. Hyperglycemia might also
upregulate Vascular Endothelial Growth Factor (VEGF) expression in
podocytes [17], which could markedly increase vascular permeability
[18].

The mechanism by which hyperglycemia leads to PKC activation
involves de novo formation of diacylglycerol, oxidative stress and
induction of the activity of Mitogen-Activated Protein Kinases
(MAPK) in response to extracellular stimuli [19]. The subsequent
events for this intracellular signaling in glomerular endothelial cells
include endothelial dysfunction, inflammation and microvascular
thrombosis [14,15].

Additionally, hyperlipidaemia represents another independent
metabolic risk factor for the progression of DN. Its molecular
mechanism involves toll-like receptor 4 (TLR4) interaction with its
potent ligand S100 calcium binding protein A8 (calgranulin A;
S100A8), in macrophages infiltrating the glomeruli of DN patients.
Also, activation of S100A8/TLR4 signaling was elucidated in an animal
model of diabetic glomerular injury accompanied with
hyperlipidaemia, which may provide a novel therapeutic target in
progressive diabetic nephropathy [20].

Hemodynamic Factors
It is highly probable that hemodynamic factors in DN may trigger

the inflammatory responses and cytokine production [21].
Hemodynamic factors imply the activation of various vasoactive
hormone systems, such as the renin-angiotensin-aldosterone and
endothelin systems. In response, the secretion of profibrotic cytokines,
such as transforming growth factor β1 (TGF-β1) is increased and
additional hemodynamic alterations ensue, such as increased systemic
and intraglomerular pressure. The increased intraglomerular pressure
entails decreased resistance in the afferent and-to a lesser extent-in the
efferent arterioles of the glomerului predisposing to glomerular
hyperperfusion. Many other factors have been reported to be involved
in this defective autoregulation, including prostanoids, nitric oxide
and VEGF. These early hemodynamic changes facilitate albumin
leakage from the glomerular capillaries and overproduction of

mesangial cell matrix, as well as thickening of the glomerular basement
membrane and podocyte injury [5,17].

Oxidative Stress
Accumulating evidence suggests that oxidative stress plays a central

part in the pathogenesis of DN [22]. For the source of oxidative stress,
vascular NADPH oxidase, uncoupled endothelial Nitric Oxide
Synthetase (eNOS) and mitochondria were the major candidates [23].
High glucose induces intracellular Reactive Oxygen Species (ROS)
directly via glucose metabolism and auto-oxidation and indirectly
through the formation of AGEs and their receptor binding [24]. ROS
mediate many negative biological effects in DM, including
peroxidation of cell membrane lipids, oxidation of proteins, renal
vasoconstriction and damage to DNA. The metabolism of glucose
through harmful alternate pathways, such as via PKC activation and
AGE formation, in the setting of hyperglycemia also seems partly
dependent on ROS [6]. In addition, ROS upregulates TGF-β1,
PAI-1(plasminogen activator inhibitor-1) and extracellular matrix
proteins (ECM) by glomerular mesangial cells, thus leading to
mesangial expansion. Also, ROS activate other signaling molecules,
such as PKC and MAPKs, and transcription factors, such as nuclear
factor (NF)-κB, AP-1 (Activator Protein-1), and Sp-1 (Specificity
Protein-1), leading to transcription of genes encoding cytokines,
growth factors and ECM proteins [24].

Hormonal Factors and Adipokines
Formerly, increased plasma pro-renin activity was noted as a risk

factor for the development of DN. Pro-renin binds to a specific tissue
receptor that promotes activation of MAPK [7]. Also, activated renin-
angiotensin-aldosterone system has been proven to be a crucial
determinant of leukocyte activation and cytokine expression in
generating proinflammatory and proliferative effects [25].

Currently, various adipocyte-secreted factors and hormones termed
adipokines including adiponectin, leptin, resistin, visfatin, chemerin
and vaspin have been identified and they may link the metabolic
abnormalities and microinflammation in Type 2 DM. An increase in
leptin and resistin or a reduction in adiponectin activity would be
potential participants in diabetes pathology [1].

The most well-known member of this family is ‘’leptin’’ which exert
several pro-inflammatory effects. It also impairs endothelial cell
functions, stimulates the proliferation of glomerular endothelial cells,
increases TGF-β1 synthesis and collagen type IV production and up-
regulates surface TGF-β type II receptors through signal transduction
pathways involving PI3K (phosphoinositide 3-kinase) [17]. In human
settings, several reports demonstrated that serum leptin levels
correlated with proteinuria in Type 2 DM [26]; however, others
reported no association of serum leptin levels and the presence of DN
[27]. Leptin also stimulates hypertrophy, but not proliferation of
cultured rat mesangial cells, and infusion of leptin for 3 weeks into
normal rats promotes the development of glomerulosclerosis and
proteinuria [17].

On the contrary, adiponectin has shown differential roles in the
various stages of diabetic nephropathy. At early stages of DN,
adiponectin suppresses the activation of NF-κB, TNF-induced
monocyte adhesion to aortic endothelial cells and the expression of
intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule (VCAM-1) and selectins in animal models. In addition,
ADIPORs (adiponectin receptors) coupled with intracellular signaling
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pathways involving AMPK and cAMP/PKA (cAMP-dependent
protein kinase) have been implicated in the function of endothelial
cells and inflammatory cells. Moreover, adiponectin is implicated in
the biology of podocytes and adiponectin-knockout mice exhibit
increased albuminuria and fusion of podocyte foot processes, and
therapeutic infusion of adiponectin increases the activity of MAPK,
reduces oxidative stress and reverses the albuminuria in these mice.
Nonetheless, in overt DN with macroalbuminuria or renal
insufficiency, serum adiponectin level was found to be increased and
positively correlated with the degree of insulin resistance in Type 2
DM [28].

Genetic Susceptibility
Familial clustering of diabetic nephropathy was also reported in

both Type 1 and Type 2 DM, strongly suggesting the association of
genetic factors with DN. Several candidate genes, such as those for the
renin-angiotensin system, genes for glucose and lipid metabolism,
genes for the PCK system and inflammatory cytokine genes (IL-1,
IL-6, IL-18, TNF-α and MCP-1) might be candidate genes for
conferring susceptibility to DN [8,29]. In addition there is an evidence
for the association of angiotensin-converting enzyme (ACE) gene I/D
polymorphism and the methylenetetrahydrofolate reductase
(MTHFR) gene C677T polymorphism with development of DN in
Type 2 DM [30].

Macrophage/Lymphocyte sharing & interaction
The recruitment of leukocytes is a key event in DN. Increased

infiltration of immune cells including monocytes/macrophages, T-
cells, B cells and masT-cells into the kidney, as well as augmented
expressions of inflammatory cytokines, chemokines, adhesion
molecules, receptors and transcription factors which modulate the
local inflammatory response in the kidneys, have been reported in
patients with DN [1,31-35].

It is generally accepted that chronic hyperglycemia results in
endothelial dysfunction and microvascular thrombosis in the
glomerular vessels and leads to mesangial expansion and
glomerulosclerosis. Concurrently, hyperglycemia hastens renal
inflammatory monocyte/macrophage infiltration and adhesion
provoked by the vascular pathological environment and by increasing
proinflammatory cytokine secretion from renal cells [14,15].

Accumulation and activation of monocytes/macrophages has been
demonstrated in renal biopsies in both experimental diabetes and
patients with diabetic nephropathy being aggravated with the duration
of diabetes and the severity of renal injury [36-38]. Disturbance in
proinflammatory CD14(+)CD16(+) monocytes was noted in Type
2DM and DN ureamic patients. Such immunological dysfunction may
be related to the activation of TLR4/NF-κB and STAT5 (signal
transducer and activator of transcription) signaling pathways [2].

The interaction of monocytes/macrophages with mesangial cells
drives monocytes/macrophages to migrate from the circulation to the
kidney in the early stages of DN. Increased renal expression of MCP-1
is considered to be important in the initiation of this process. In
addition to MCP-1, IL-6, TNF-α and a variety of other chemokines
produced by mesangial cells promote leukocyte recruitment and
adhesion to endothelial cells [15]. This adhesion is mediated through
mesangial activation of ICAM-1, VCAM-1, E-selectin, P-selectin and
integrin-1, with the resulting attachment of inflammatory cells to
vascular endothelial cells and their infiltration into both the glomeruli

and the interstitium [38]. Consequently, the infiltrating monocytes/
macrophages may induce or accelerate the mesangial cell proliferation,
glomerulosclerosis and injury in diabetic kidneys [14,15].

As an organ-specific autoimmune disease both activation of the T-
cell mediated immune system leading to insulitis and humoral B cell
response producing immunoglobulins against beta cell autoantigens
participate in the pathogenesis of Type 1 DM [39]. Developing a more
aggressive T-cell phenotype and changing the balance between
CD4+Th (T-helper) 1 cells and Th2 cells to confer a more
proinflammatory milieu (Th1 dominant) may be associated with the
progression towards overt diabetes. Furthermore, evidence
demonstrating the association of the CD4+Th17 and Tregs subsets
with pathogenesis of Type 1 DM is rapidly accumulating [40,41]. By
contrast, adipose tissue inflammation is now recognized as a crucial
process leading to the metabolic syndrome, insulin resistance and
Type 2 DM. Akin to macrophage, T-cell infiltration of adipose tissue
has been described in Type 2 DM [42,43], and the interaction between
T lymphocytes with macrophages can regulate the inflammatory
cascade in this disease [44]. Moreover, CD8+T-cells play essential roles
in the initiation and maintenance of adipose tissue inflammation and
systemic insulin resistance [45].

As T-cells express LFA-1 (lymphocyte function associated
antigen-1; the receptor for ICAM-1), and as ICAM-1 expression is
found on renal endothelial, epithelial, and mesangial cells, it is likely
that this interaction plays a significant role in T-cell migration into the
diabetic kidney [46]. Within the kidney, activated T-cells can cause
injury directly through cytotoxic effects and indirectly by recruiting
and activating macrophages. Proinflammatory cytokines secreted by T
(CD4+,CD8+) cells could activate neighboring macrophages directly
or indirectly by stimulating mesangial cell production of Colony
Stimulating Factor-1 (CSF) and MCP-1. Once macrophages have
activated, they can release nitric oxide, ROS, IL-1, TNF-α, complement
factors, and Metalloproteinases (MMPs), all of which promote renal
injury [47]. Besides, T-cells express the receptor for AGEs and the
activation of CD4+ and CD8+ T-cells by AGE can initiate Interferon
(IFN)-γ secretion by T-cells, which could induce further inflammation
and oxidative stress within the diabetic kidney [48]. Although, CD8+
cells may perform a cytolytic function in the diabetic kidney [49], the
function of CD8+ T-cells, however, becomes more significant at later
stages of the disease when tissue loss is evident [50].

The infiltration of Th1 cells in the glomeruli in patients with Type 1
DM was closely related with elevated levels of ICAM1, P-selectin and
IFNγ [46]. However, in Type 2 DM, little is known about the
mechanism of Th1 activation, although increased serum levels of IFNγ
and IL-2R (IL-2 receptor) have been reported in this disease [35].
Meanwhile, Th2 cells producing IL-4 and IL-10, can contribute to
suppress Th1 cell activation as IL-10 exerts anti-inflammatory and
immunosuppressive effects. Th17 is a distinct subset of helper T-cells
which is critically involved in the pathogenesis of autoimmune
diseases such as rheumatoid arthritis. Therefore, some studies have
suggested that Th17 cells promote inflammation through elevated
IFNγ and IL-17A in human Type 1 and 2 DM [51,52].

The Intrinsic Renal Cells
The intrinsic renal cells (endothelial, mesangial, podocyes,

glomerular, and tubular epithelial cells) are able to synthesize many
proinflammatory cytokines [53]. At high glucose levels, podocytes are
considered the major sources of IL-1α and IL-1β, and they may also
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produce MCP-1 [54]. Elements of the diabetic milieu such as high
glucose and advanced glycation end products (AGEs) act as potent
stimulators of renal cells to elaborate chemokines. In addition,
proinflammatory cytokines produced by leukocytes such as IL-1, TNF-
α and INF-γ can induce the intrinsic renal cells to produce a spectrum
of chemokines. These chemokines include: IL-8 (CXCL8), MCP-1,
INF-γ inducible protein (CXCL10), macrophage inflammatory
protein-1α (MIP-1α/CCL3), and RANTES (CCL5). The elaborated
chemokines then further direct the migration of additional leukocytes
into the kidney and set up an inflammatory cycle [48].

Cytokines and Chemokines
A described earlier, activated macrophages, lymphocyes as well as

the intrinsic renal cells elaborate a host of proinflammatory,
profibrotic, chemotactic and antiangiogenic factors which contribute
to the progression of renal injury either directly or indirectly [32]. In
the context of hyperglycemia, NF-κB is activated through PKC and
ROS to rapidly stimulate the expression of several cytokines [55].
Furthermore, AGE products and AGE-modified proteins can bind to
the receptor for AGE on macrophages and T-cells, stimulating
synthesis and release of proinflammatory cytokines in DM [16]. The
increase in the systemic and/or renal tissue expressions of these
cytokines was reported to correlate with the severity of DN or with
urinary albumin excretion [8].

Inflammatory cytokines including-but not limited to-TGF-β, TNF-
α, IL-1, IL-6, IL10, IL12, IL-18, PAI-1, MMPs, platelet-derived growth
factor (PDGF), angiotensin II and endothelin are critically involved in
pathogenesis of DN [32,49]. For example, increased secretion of TGF-
β by peripheral blood mononuclear cells has been reported in patients
with DN and seems to be responsible for fibrogenic and proliferative
effects on renal fibroblasts [56,57]. It is also a crucial pleiotropic
cytokine associated with the development of Tregs and Th17 cells [58].

Monocytes and macrophages are the primary source of TNF-α,
although intrinsic renal cells are also able to synthesize this cytokine.
Moreover, it has been shown that increased urinary TNF-α excretion,
as well as increased TNF-α levels in renal interstitial fluid, precede the
significant increase in albuminuria [59]. TNF-α significantly
contributes to sodium retention and renal hypertrophy, characteristic
alterations during the early stages of DN, whereas exposure of tubular
epithelial cells to TNF-α significantly increases the synthesis and
secretion of lymphocyte and neutrophil chemoattractant factors, as
well as the cell-surface expression of ICAM-1 [59]. Finally, TNF-α,
independent from haemodynamic factors or effects of recruited
inflammatory cells, promotes the local generation of ROS, with
alterations in the barrier function of the glomerular capillary wall
resulting in enhanced albumin permeability [1]. Similarly, it has been
demonstrated that IL-1 increases vascular endothelial permeability,
and it is involved in the proliferation of mesangial cells and matrix
synthesis, as well as in the development of intraglomerular
hemodynamic abnormalities related to prostaglandin synthesis [60].

It is likely that IL-6 affects ECM dynamics at the mesangial cell and
podocyte levels, contributing to both mesangial expansion and
glomerular basement membrane thickening. Renal IL-6 expression has
been related to mesangial proliferation, tubular atrophy and the
intensity of interstitial infiltrates in animal models of renal disease
[61]. In addition, elevated IL-10 levels were observed in the sera of the
patients with diabetic nephropathy, and a positive correlation of IL-10
and albuminuria was found [16,32].

High-glucose concentrations and AGE may induce macrophage
production of IL-12, which can stimulate CD4+ cell production of
IFN-γ and augments natural killer cell activity [62,63]. Likewise, IFN-γ
secretion by T-cells can initiate and further accelerates inflammation
by the activation of macrophages and vascular cells and exacerbation
of oxidative stress within renal tissues [32,16]. Besides, IL-18 levels
increase in diabetic patients with the development of urinary albumin
excretion [64]. So, elevated urinary excretion levels of IL-18 reported
in patients with diabetic nephropathy seems to be closely related to the
progression of diabetic nephropathy [63].

Chemotactic cytokines are also major factors that induce the
recruitment of inflammatory cells into the kidney, subsequently
amplifying the immune-mediated damage [65]. Studies suggest that
renal MCP-1 is involved in the direction of macrophage migration
into the diabetic kidney through interaction with its chemokine
receptor (CCR)-2 on macrophages [66]. MCP-1 is upregulated in
patients with DN and its expression levels correlate with the number
of infiltrating interstitial macrophages [67]. In addition, up-regulation
of kidney MCP-1 has been shown as a feature of human diabetic renal
injury associated urinary albumin excretion, tubulointerstitial injury
and disease progression; meanwhile proteinuria itself may contribute
to the upregulation of MCP-1 in DN [66].

Moreover, constitutive chemotactic RANTES expression directs
subset-specific homing of CD4+ T-cells in the kidney [68]. CXCL12
(CXC chemokine ligand12) is produced by podocytes, contributing to
podocyte loss [69]. CX3CL1 (CX3C chemokine ligand 1; also known
as fractalkine) exists in two forms as a membrane-anchored or as a
shed 95 kDa glycoprotein. The soluble CX3CL1 has potent
chemoattractant activity for T-cells and monocytes and induces
adhesion between activated endothelial cells, which express its
receptor CX3CR1 (CX3C chemokine receptor 1) [63].

Adhesion Molecules
In the patients with DN, soluble forms of VCAM1 and ICAM, P

and E-selectin are elevated during the progression from
microalbuminuria to overt nephropathy [9,70].

Increased expression of ICAM-1, which serves as a ligand for LFA-1
on monocytes and lymphocytes, was detected in animal models of in
Type 1 and 2 DM [71]. It has been shown that patients with both Type
1 and 2 DM complicated with DN have elevated concentrations of
ICAM-1 compared with subjects without renal injury, suggesting that
this molecule can be of pathogenic importance for the development of
renal damage [70]. ICAM-1 expression found on renal endothelial,
epithelial, and mesangial cells, plays a significant role in facilitating
leukocyte adhesion, transmigration and activation within the kidney
[71,72]. Previous studies demonstrated that mice deficient in ICAM-1
have defects in macrophages and leukocytes homing into renal tissues,
resulting in substantial reduction of renal injury [73].

In addition, cross-sectional clinical studies have shown an elevation
of circulating VCAM-1, P and E-selectin levels in patients with DN,
which may result from underlying systemic endothelial dysfunction,
increased production in damaged renal tubular or glomerular
epithelial cells and/or decreased renal clearance of this molecule,
depending on the stage of nephropathy [74]. More importantly,
clinical prospective investigations in individuals with Type 2DM have
shown that patients with increased albuminuria and high plasma
concentrations of soluble VCAM-1 had an increased risk of death [73].
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Receptors
In addition to the formerly addressed chemokine receptors,

increased expression of TLR4 but not of TLR2 was noticed in the renal
tubules of human kidneys with DN. In addition, TLR9 is expressed on
infiltrating antigen-presenting cells during immune injury. TLR-
mediated immune activation may occur during any type of renal
injury by exposure to an increasing number of exogenous or
endogenous molecules [75]. Interaction of the TIR (Toll/IL-1 receptor)
domain of TLR4 and the adapter protein MyD88 (myeloid
differentiation factor 88) triggers a downstream signaling cascade,
leading to activation of the NF-κB pathway, which then activates the
transcription of many pro-inflammatory genes that encode
inflammatory molecules, including cytokines, chemokines and other
effectors of the innate immune response [76]. The intensity of tubular
TLR4 expression correlates directly with interstitial macrophage
infiltration and hemoglobin A1c level and inversely with estimated
glomerular filtration rate. The renal tubules also upregulate the
endogenous TLR4 ligand high-mobility group box 1 in DN. In vitro,
high glucose induces TLR4 expression via PKC activation, resulting in
upregulation of IL-6 and chemokine ligands. Taken together, these
data suggest that a TLR4-mediated pathway may promote
tubulointerstitial inflammation in DN [77].

c-fms is the receptor for CSF-1, a major cytokine promoting
macrophage accumulation, activation, and survival. Administration of
a neutralizing anti-c-fms monoclonal antibody to diabetic mice with
established albuminuria suppressed inflammation in the diabetic
kidney, as evidenced by the reduction in macrophage accumulation,
activation and proliferation [48].

Transcription Factors and Transduction Pathways
Several transcription factors such as USF (upstream stimulatory

factor) 1 and 2, AP1 (activator protein 1), NF-κB, CREB (cAMP-
response-element-binding protein), NFAT (nuclear factor of activated
T-cells) and Sp1 (stimulating protein 1) are activated in
hyperglycaemic environments. These transcription factors regulate the
genes related to inflammation and ECM turnover [78]. Among the
transcription factors, NF-κB is the most important in the pathogenesis
of diabetic nephropathy. NF-κB is activated by a wide variety of
stimuli such as cytokines, oxygen radicals, inhaled particles, ultraviolet
irradiation and bacterial or viral products. In diabetic kidney disease,
proteinuria itself is the important activator for NF-κB [79]. NF-κB
binds to the promoter regions of several genes that play a pivotal role
in the pathogenesis of diabetic nephropathy, such as those encoding
TGF-β1, MCP-1 and ICAM1 [80]. NF-κB is also integrated in various
biological pathways that are functionally involved in the pathogenesis
of diabetic nephropathy, such as PKC [81], renin-angiotesin system
[82], AGE accumulation [83] and oxidative stress [84].

Furthermore, the JAK2 (Janus kinase 2), SAPK-2 (stress-activated
protein kinase-2) and STAT-1, -3 and -5 pathways are enhanced by
various stimuli within the diabetic milieu, such as high glucose
concentration, AGEs and angiotensin II, and various chemokines,
growth factors. It is worthy to note that, ECM proteins are STAT-
dependent genes and are closely related to mesangial cell proliferation
[85].

Other Factors
Immune complexes formed in response to abnormal proteins

generated in DM such as oxidized low-density lipoproteins (LDL)
have been shown in vitro to stimulate production of MCP-1 and
CSF-1, and promote glomerular fibrosis by stimulating collagen
production by mesangial cells. Oxidized LDL immune complexes are
also capable of activating the classical pathway of complement and
inducing proinflammatory cytokine production by human
macrophages, including IL-1, IL-6, and TNF-α. These responses occur
through the ligation of Fcγ receptors on mesangial cells and
macrophages and may involve the activation of the p38 MAPK, JNK
(c-Jun N-terminal kinase) and PKC pathways [86].

Therapeutic Appliances
Accordingly, a variety of therapeutic strategies involving

modulation of the inflammatory response are currently being
investigated in diabetic kidney disease [10,87]. Some authors have
shown that blockade of the renin-angiotensin system in patients with
Type 2 DM and DN is associated with a reduction in urinary MCP-1
levels as well as an improvement in renal function [88]. Combination
therapy with eicosapentaenoic acid (EPA), i.e. anti-microinflammation
effect, angiotensin converting inhibitors (ACE-I) and angiotensin II
type 1 receptor blockers (ARB), and 1,25-dihydroxyvitamin D3, i.e.
anti-hypertensive and anti-reactive oxygen species effects, have shown
efficacy in the treatment of diabetic nephropathy in experimental
animal models [4]. Injection with the anti-microinflammatory EPA
improved Type 2 diabetic nephropathy in experimental animal models
by decreasing hypertriglyceridemia and albuminuria and improving
glucose tolerance [4]. Glomerular mesangial matrix expansion and
segmental sclerosis, as well as interstitial fibrosis were markedly
decreased by EPA treatment. Diabetes induced up-regulation of
MCP-1 and TGF-β expressions were inhibited by EPA, together with a
reduction of glomerular macrophage infiltration and oxidative stress.
It appears that EPA might be an effective therapeutic agent for DN
[89].

Neutralizing MCP-1 activity could be an important therapeutic goal
in the treatment of DN. From this perspective, a recent experimental
study has shown that blockade of the MCP-1/CCR2 pathway
ameliorated glomerulosclerosis [90]. Also, the inhibition of JAK/STAT
pathways by AG-490, a specific JAK2 inhibitor ameliorated the
progression of diabetic neuropathy by improving inflammatory
responses by suppressing CCL2 and TGF-β [91]. Thus, understanding
of these inflammatory pathways guides important therapeutic
appliances and improves the discovery of new therapeutic targets that
can be translated into clinical treatments for DN.
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