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Abstract 

Microvascular disease following diabetes-induced hyperglycemia results in abnormalities in blood flow 

and increased vascular permeability, which affects renal glomeruli. Diabetic nephropathy is the most 

common cause of end-stage renal disease, characterized by metabolic and hemodynamic alterations 

that precede fibrosis and proteinuria. Diabetic nephropathy is regarded to be initiated by damaging 

metabolic end products and changes in the vascular tone, therefore receiving the most therapeutic 

attention. However, growing evidence indicates that there is an inflammatory component in the 

pathological process. In the diabetic milieu, activation of renal cells and circulating leukocytes results 

in the production of cytokines and chemokines that commence and sustain an inflammatory response 

and eventually causes renal injury. Classically, most research is focused on monocyte/macrophage 

recruitment and activation in glomerular disease. Monocyte chemoattractant protein-1 (MCP-1) 

produced by renal cells attracts monocytes to glomeruli and tubulointerstitium. Subsequently, 

hallmark proinflammatory molecules (e.g. TNF-α, TGF-β and IL-1) produced by recruited leukocytes 

augments chemokine production and fibrosis. These processes appear in a relatively small 

environment surrounding the glomerular basement membrane (GBM), mainly regulated by the 

glomerular endothelial cells and podocytes. Increasing knowledge indicates that more distant cell 

types participate in the progression of pathology as well. Tubular expression of Toll-like receptor 4 

(TLR4) promotes inflammation in an NF-κB related manner. Several processes are involved in 

perspective of fibrosis, varying from epithelial- and endothelial-to-mesenchymal transition to 

deposition of distant fibrocytes into renal tissue and even dysregulation of mesenchymal stem cells. 

The increasing body of evidence on the inflammatory component provides new possible targets for 

interventions in diabetes-induces kidney injury. Targeting transcription factors like NF-κB or 

downstream mediators such as VEGF has shown beneficial effects in previous studies. Therefore, this 

review provides a broad overview of the major inflammatory mediators and cellular contributors in 

diabetic disease and their role in the development and progression of diabetic nephropathy. 
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Introduction 

Patients suffering from either type 1 or type 2 diabetes mellitus are characterized by hyperglycemia 

and consequently micro- and macrovascular disease[1]. In the classical definition, microvascular disease 

is highly pathogenic to delicate vessel systems like the renal glomeruli due to abnormalities in blood 

flow and increased vascular permeability[2]. Dysfunction of the glomerular capillaries, resulting from 

multiple processes causing metabolic and hemodynamic changes, has been regarded as main origin of 

diabetic nephropathy[3][4]. Diabetic nephropathy is currently the most common cause of end-stage 

renal disease, characterized by morphological and functional alterations which lead to a progressive 

decline in renal function and glomerulosclerosis[5][6]. Even though metabolic and hemodynamic 

alterations accounting for the development of diabetic nephropathy are mostly treated by insulin 

treatment and blockade of the renin-angiotensin aldosterone system (RAS), 25% patients nevertheless 

progress to end-stage renal disease[7][8]. In diabetic conditions, the augmented metabolic behavior of 

renal cells causes oxidative stress. Excessive production of reactive oxygen species (ROS) has been 

linked to vasoconstriction and transforming growth factor (TGF)-β induced tissue fibrosis and 

extracellular matrix (ECM) production[3][9]. Furthermore, due to its high toxicity to cells, ROS accounts 

for vascular smooth muscle cell growth and migration, and endothelial dysfunction. Therefore, ROS 

are regarded as a major contributor in the development of diabetic kidney disease[9]. On the other 

hand, hemodynamic changes include hyperperfusion and hyperfiltration in the glomeruli, which 

facilitates protein leakage out of the capillaries[10]. Abnormalities in blood pressure occur during the 

development of diabetic nephropathy and hypertension is a critical factor in the progression of the 

disease[11]. Elevation of the glomerular vascular tone further develops glomerulosclerosis via podocyte 

injury, mesangial cell ECM overproduction and glomerular basement membrane (GBM) thickening. The 

hemodynamics in the diabetic environment are under regulatory control of multiple factors including 

vascular endothelial growth factor (VEGF)-A, nitric oxide (NO) and even the cytokine TGF-β[10]. The 

glomerular arteriolar tone is affected by multiple factors including NO and the RAS, of which its 

bioactivity is influenced by hyperglycemia[12]. Following hyperglycemia, a strong increase in intrarenal 

production of angiotensin II causes vasoconstriction of the efferent renal artery contributing to the 

progression of diabetic nephropathy[13][14].  

However, ROS overproduction fulfills a regulatory role as well, since it can initiate an 

inflammatory response by inflammasome activation[15]. The progression of diabetic nephropathy is 

under regulatory control of cytokines, which hints towards the involvement of an inflammatory 

component in the pathological process. Accordingly, research shifted its focus towards the inhibition 

of inflammation to slow the progression of diabetic kidney disease[16]. Nowadays, chronic inflammation 

is regarded as a key initiator of the development of diabetes-associated vascular pathology such as 

diabetic nephropathy[15]. Diabetic patients and animal models display an increased macrophage 

infiltration through overproduction of chemoattractants (e.g. monocyte chemoattractant protein-1 

(MCP-1), also known as chemokine (C-C motif) ligand (CCL)2) and leukocyte adhesion molecules (i.e. 

integrins) in their kidneys[3]. It is thought that the macrophage influx and the successive fibrosis result 

from a combination of proinflammatory cytokines, chemokines and growth factors[16]. Especially the 

effect of tumor necrosis factor (TNF)-α and TGF-β on macrophages, which both are upregulated by 

ROS, has extensively been studied. TNF-α produced by activated macrophages sustains the 

inflammatory response by stimulation of macrophage recruitment via MCP-1[17]. TGF-β produced by 

activated renal cells recruits fibroblasts, augments their proliferation via c-Myc overexpression, and 

stimulates differentiation to myofibroblasts, leading to fibrosis[18]. However, there are many more 

components and cellular contributors in the inflammatory pathways to consider. Instead of solely 
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focusing on the role of the inflammatory cells, which mainly consists of monocytes/macrophages, cells 

located around the GMB (being glomerular endothelial cells, podocytes and mesangial cells) are of 

major importance in the initiation and propagation of the inflammatory response. In response to high 

glucose, advanced glycation end products (AGEs) and mitochondrial ROS, glomerular endothelial cells 

and podocytes exert proinflammatory behavior, whereas mesangial cells accumulate extracellular 

mesangial matrix[15][19]. Mesangial cells alter phenotypically to an embryonic state that contributes to 

an mesangial expansion and glomerulosclerosis[20]. Besides the glomerular cells, the interstitial tubules 

participate in and get affected by inflammation as well. Tubular toll-like receptor (TLR)4 expression 

correlates with interstitial macrophage infiltration and hemoglobin A1c level, a hallmark of diabetes[5]. 

Furthermore, mice suffering from diabetic nephropathy show a reduction of potent stem cell 

populations, implicating a deteriorated repair capacity[21]. Among these stem cells are the 

mesenchymal stem cells that have the potency to differentiate into endothelial cells and to regulate 

the immune response, offering a possible applicability as a treatment in diabetic nephropathy[22]. 

However, resident mesenchymal stem cells frequently contribute to fibrosis via differentiation to 

myofibroblasts, regulated by local signaling molecules[23]. Altogether, diabetic inflammation seems a 

promising but complex therapeutic target that deserves better understanding. This review attempts 

to offer a broad perspective of the entire diabetic inflammatory response, from its circulating 

molecules to the host cellular response and the subsequent signal transduction, in order to better 

understand all of its components and contribution to diabetic nephropathy.  

 

 

Diabetes-induced inflammation in the glomerulus 

 

Traditionally, diabetic nephropathy is regarded as a glomerular disease with albuminuria as a 

prominent outcome measure preceding end-stage renal disease[24]. The classical classification of 

diabetic nephropathy describes several developmental stages, which are focused on characteristics of 

dysfunction of the glomerular filtration barrier (see Fig. 1)[26]. During the initiation of diabetic 

nephropathy, hyperglycemia is the biggest thread for the glomerulus, especially the endothelial cells. 

The endothelium of the microvasculature is the primary barrier between the blood and the subsequent 

tissue and serves as a modulator of the vascular tone, hemostasis, maintenance of smooth muscle cells 

and inflammation[24]. Endothelial dysfunction has always been described as the inability to initiate NO-

mediated vasodilation to relieve vasoconstriction. It was believed that, due to hyperglycemia, the level 

of endothelial NO synthase (eNOS) is reduced in diabetic nephropathy, resulting in a lower availability 

of NO and inducing endothelial dysfunction[27]. Furthermore, hyperglycemia upregulates the 

expression of the cannabinoid 1 receptor, which is suggested to play a critical role in diabetic 

nephropathy[28]. Mainly in podocytes, stimulation of the cannabinoid 1 receptor aggravates various 

pathological processes during glomerulopathy, including oxidative stress. When blood glucose levels 

are therapeutically reduced in diabetic nephropathy to normoglycemic levels, RAS signaling is implied 

to induce cannabinoid 1 receptor activation as well[28]. However, the pathogenesis of endothelial 

malfunctioning consists of a more complex metabolic syndrome and the upregulation of inflammatory 

markers[24].  

In response to high glucose, endothelial cells elevate the expression of TLR and adhesion 

molecules and start producing cytokines, resulting in macrophage infiltration[15][29]. TLRs are a subset 

of innate immune receptors that are expressed on both immune cells (e.g. macrophages and T-cells) 

and renal cells including endothelial cells, podocytes and tubular epithelial cells[30]. Of these TLRs, TLR2 
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and TLR4 are overexpressed in glomerular cells suffering from diabetic nephropathy. Even though TLR2 

is not directly upregulated by hyperglycemia, its expression is somehow elevated in diabetes-induced 

renal disease[15]. Stimulation of TLR2 enhances albuminuria and the production of IL-6 and TNF-α, while 

inhibition attenuates renal hypertrophy, podocyte loss and reduces pro-inflammatory behavior of 

macrophages. Similarly, TLR4 is associated with the upregulation of cytokines and chemokines and is 

regarded as a promising target to suppress inflammation in the glomeruli and loss of renal function[15]. 

Diabetic mice deficient for TLR4 are protected against inflammation, glomerular and tubular injury, 

interstitial fibrosis and albuminuria[30]. TLR activation, which generally occurs via bacterial or viral 

component recognition, can be induced in so-called sterile diseases such as diabetes via damage-

associated molecular patterns (DAMPs)[30][31]. TLR2 activation in podocytes, combined with 

hyperglycemia-induced cellular hypertrophy and cell cycle arrest, results in increased apoptosis and 

eventually proteinuria and fibrosis[15][20]. Cellular debris resulting from delayed and incomplete 

removal of apoptotic bodies can initiate an inflammatory response via TLR activation in progressive 

renal diseases like diabetic nephropathy[31].  

TLR activation and TNF signaling induce nuclear factor-kappa B (NF-κB) signal transduction 

when stimulated[15][32]. NF-κB is a transcription factor closely related to many processes occurring in 

diabetic nephropathy and fulfills a key regulatory role in the pathogenic production of chemokines, 

adhesion molecules and cytokines[32]. Chemokines interact with and recruit inflammatory cell, 

mediating cell migration and infiltration. The most infamous chemokine is MCP-1 which, as its name 

Figure 1 The structure of the glomerulus in (A) healthy conditions and (B) diabetic nephropathy. During diabetic 

glomerulopathy, extensive mesangial expansion and glomerular basement membrane thickening could be noticed. 

Meanwhile, general loss of podocytes and glomerular endothelial cells (GECs), accompanied by the glomerular 

endothelial glycocalyx, occurs. Adopted from Ref. [25]. 

A B 
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implies, predominantly interacts with monocytes and macrophages. In the glomerulus, MCP-1 is 

mainly produced by the mesangial cells and its production is increased by high levels of blood glucose, 

ROS and cytokines like IL-1, TNF-α and TGF-β[3][33]. Beside molecular components, MCP-1 excretion by 

mesangial cells can directly be induced via mechanical stretching and the consequent angiotensin II 

expression, that fortifies when mesangial expansion is displayed[32]. MCP-1 is upregulated in the 

hypertensive kidney and circulation monocytes exacerbate the protein expression[34]. Simultaneously, 

NF-κB signaling upregulates intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion 

molecule (VCAM)-1, which is strongly influenced by high glucose[35][36]. ICAM-1 and VCAM-1 are 

involved in the attachment of leukocytes to the vascular wall and infiltration into the subsequent 

tissue. Both adhesion molecules are overexpressed in the early development of nephropathy and the 

diabetic environment aggravates the adhesion of predominantly monocytes to the glomerular 

endothelial cells[35][36]. Animal models lacking ICAM-1 are resistant to diabetic nephropathy, while 

VCAM-1 expression correlates with the number of infiltrating leukocytes and severity of the disease[37]. 

Following tissue infiltration, leukocytes produce proteolytic enzymes which damage the renal tissue 

and cause organ damage via fibrosis. Figure 2 displays a simplified image of the processes involved in 

leukocyte infiltration in healthy conditions and diabetic nephropathy. 

Although most research focusses on macrophages when investigating infiltrating white blood cells in 

diabetic nephropathy, the consistance of the leukocyte subsets is more complex. Besides the 

proteolytic and pro-inflammatory cytokine producing M1 macrophages, the main subtype contributing 

to the renal pathology, anti-inflammatory M2 macrophages modulating tissue repair, remodeling and 

neovascularization are present as well[37]. M2 macrophages attempt to control the inflammatory 

Figure 2 The interactions of the glomerular filtration barrier with leukocytes in (A) healthy conditions and (B) diabetic 

nephropathy. In healthy circumstances, leukocytes (shown in grey) in the blood cannot attach to the glomerular 

endothelial cells (red) due to a thick glycocalyx (light blue), since the integrins (ICAM-1, VCAM-1; black) are covered by 

the proteoglycan layer. Neither leukocytes or albumin (dark blue) can surpass the glomerular basement membrane (GBM; 

orange), so these are not present in the pre-urine (yellow). In diabetic nephropathy, however, the glycocalyx is reduced, 

exposing the integrins and enabling adhesion. Simultaneously, cytokine production by endothelial cells activates 

leukocytes, upregulating integrin expression. Leukocytes and albumin are able to cross the thickened GBM and injured 

podocytes (green), and are abundant in the pre-urine.  

A B 
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response via production of IL-10, the commonly known anti-inflammatory cytokine, and TGF-β1. 

Macrophage differentiation is an actively regulated and reversible process, in which VEGF seems to 

play an important role. In pregnancy research, it was uncovered that VEGF polarizes macrophages 

towards the M2 phenotype[38]. Even though it was initially believed that VEGF was pathogenic in 

diabetic nephropathy, upregulated by inflammation-associated factors (AGE, TGF-β, ROS etc.), 

beneficial effects are frequently reported. Actually, anti-VEGF therapy in patients is deteriorating for 

kidney disease, contributing to hypertension and proteinuria[39]. Podocyte loss in diabetic nephropathy 

has a deteriorating effect on VEGF levels, since they are the predominant source of its production. On 

the other hand, CD4 and CD8 T lymphocyte accumulation in the glomerulus is associated with the 

development of proteinuria in diabetic nephropathy. Activated lymphocytes produce an 

endoglycosidase called heparanase, an enzyme that cleaves heparan sulphate, one of the major 

constituents of the GBM and the glomerular endothelial glycocalyx[32][40]. Enzymatic cleavage of 

heparan sulphate in the GBM does not directly lead to proteinuria[41]. Digestion of heparan sulphate in 

the glomerular endothelial glycocalyx, however, leads to reduction of glycocalyx thickness and the 

onset of albuminuria[42]. The glomerular endothelial glycocalyx is a complex surface layer consisting of 

polysaccharides and proteoglycans important for the modulation of vascular permeability, coagulation 

and inflammation[43]. A disrupted glycocalyx, which occurs in diabetic disease due to high glucose 

levels, results in leakage of macromolecules through the GBM and increased leukocyte adhesion to 

endothelial cells via enhanced exposure of adhesion molecules[43][44]. Sulfation of endothelial heparan 

sulfate facilitates binding to adhesion molecules[45]. Inhibition of heparan sulphate sulfation reduces 

macrophage accumulation despite high levels of MCP-1, preventing inflammation and fibrosis. 

 As previously stated, glomerular dysfunction and the consecutive NF-κB signaling aids to the 

production of cytokines. In combination with infiltrating leukocytes as a source of cytokine excretion, 

interleukins (e.g. IL-1, IL-6 and IL-18) and TNF-α are excreted, thereby sustaining inflammation. IL-1 is 

capable of inducing adhesion molecule expression and its presence is elevated in diabetic 

nephropathy[17]. It is believed that AGEs and mitochondrial ROS due to high glucose provoke 

inflammasome activity in endothelial cells and podocytes, thereby causing a rise in IL-1 production and 

initiating an innate immune response[15]. IL-1 is implicated to develop intraglomerular hemodynamic 

abnormalities[32]. IL-6, which is produced by both resident endothelial and mesangial cells as infiltrating 

leukocytes, accounts for glomerular endothelial cell abnormalities and mesangial proliferation and 

ECM production[32][46]. IL-6 serum levels are specifically upregulated in diabetic patients suffering from 

albuminuria and its mRNA expression correlates with the urinary albumin excretion, implicating that 

IL-6 plays a part in the later stages of diabetic nephropathy[3]. IL-18 is produced by infiltrating T-

lymphocytes, macrophages and monocytes, and proximal tubular cells[37]. Its most prominent effect is 

the stimulation of mesangial cells to produce chemokines and intensify the levels of IL-1, IL-6 and TNF-

α[3][37]. TNF-α is produced by monocytes and macrophages and initiates a local inflammatory response, 

recruiting macrophages and neutrophils to its site[46]. TNF-α is regarded as a pivotal contributor to 

diabetic nephropathy, since it has cytotoxic effects on renal cells itself and is involved in many 

regulatory processes of renal pathology[32]. Most of its executions function via NF-κB activation, which 

contributes cytokine production, the inflammatory response, leukocyte adhesion and apoptosis[46]. 

Thereby TNF-α sustains and exacerbates inflammation, resulting in a deterioration of the kidney 

damage in diabetic nephropathy[32]. 

 

Inflammation in diabetic nephropathy is not limited to cellular activity and production of inflammatory 

mediators. There are several pathways directly affected by the diabetic milieu, contributing to cell 
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dysregulation. The abundance of glucose availability causes a higher metabolic turnover and enhanced 

glycolysis in renal cells, resulting in cell injury[1]. Mitochondria of high glucose exposed cells produce 

excessive amounts of ROS, causing DNA damage. Indirectly, via the glycolysis intermediate glucose-6-

phospathe, glucose is converted into fructose by activation the polyol pathway[47]. Activation of the 

polyol pathway upregulates ROS and NF-κB activation and is recently uncovered as a pathogenic 

contributor in diabetic proximal tubule cells[48]. Further downstream, enhanced glucose catabolism 

elevates the levels of glycolysis intermediate protein kinase C, resulting in upregulation of NF-κB as 

well[1]. 

Substantial evidence dedicates a considerable role to the complement system in diabetic 

nephropathy. Activation of the complement system has extensive regulatory effects regarding 

inflammation, affecting apoptotic cell clearance, T-cell immunity and TLRs[49]. Hyperglycemia can 

directly and indirectly activate complement deposition, which functions pro-inflammatory via 

upregulation of protein kinase C and NF-κB[50]. Overactivation of complement is pathogenic, which 

predominantly occurs via the lectin pathway. Due to high glucose, mannose-binding lectin binds to 

advanced glycated proteins on the cell surface of renal cells[1].  Consequently, the complement cascade 

is activated which via cleavage of hallmark complement factors C3 and C5 triggers both inflammation 

and the formation of the membrane attack complex (MAC)[51]. In diabetic nephropathy, augmented 

glomerular levels of C3 and raised rRNA expression of C3 and C5 in the kidneys has been detected, 

along with the consecutive complement factors[1]. Activation of complement factors C5 to C9, which 

ultimately forms the MAC, are correlated with the severity of disease, as well as the abundance of 

deposition[50]. Furthermore, MAC deposition is increased in diabetic glomeruli. MAC insertion in the 

podocyte membrane results in cell injury and therefore is labeled as a major contributor to 

proteinuria[52]. 

 

 

Diabetes-induced inflammation in the tubulointerstitium 

 

As previously stated, the renal glomeruli have been the priority in diabetic nephropathy. However 

glomerular disease is present in only one-third of type 2 diabetes patients with albuminuria[53]. Several 

type 1 and type 2 diabetes patients, however, display more advanced interstitial lesions, in which the 

deterioration of kidney disease correlates better with the tubular and interstitial alterations than the 

glomerular pathology[53][54]. Even stronger, tubulointerstitial injury eventually determines the rate of 

regression of renal function in diabetic nephropathy[55]. Tubulointerstitial fibrosis and inflammation 

are considered hallmarks of the pathogenesis of diabetic nephropathy, and both associated with 

hyperglycemia[11]. Tubular cells are directly affected by hyperglycemia due to alterations in metabolic 

behavior[53]. The consequent production of vasoactive mediators induces systemic and intraglomerular 

hypertension, leading to tubular and interstitial dysfunction in a non-glomerular manner. 

Hyperglycemia worsens by upregulation of the sodium/glucose cotransporter 2 (SGLT2), which 

mediates glucose reabsorption in the proximal tubules[25]. Besides hyperglycemia, protein leakage out 

of the glomerular capillaries accounts for tubulointerstitial injury[56]. Albumin initiates an immune 

response via activation of TLR2 and TLR4, also upregulated by hyperglycemia in the tubulointerstitium, 

associated with renal injury and kidney disease. The tubulointerstitium, accounting for over 90% of the 

volume, encompasses several interacting compartments surrounded by ECM, being the tubular 

epithelium of different nephron segments, interstitium and peritubular capillaries (see Fig. 3A)[58][59].  
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Similar to the pathology in the renal glomeruli, the tubular epithelial cells display dysfunction in 

response to hyperglycemia in diabetic nephropathy. TLR activation is of major importance in the 

dysregulation of tubular epithelial cells as well. TLR2 may not be upregulated in renal tubules of 

diabetic nephropathy patients, inhibition of TLR2 significantly reduces NF-κB activation, implying an 

important mediatory role in the pathology[15][30]. TLR4, however, is upregulated in diabetic tubular 

epithelial cells, supporting the promotion of inflammation by mediation of inflammatory factors and 

kidney fibrosis[30]. Besides TLRs, Notch signaling is upregulated in the renal diabetic milieu. Notch 

signaling is essential during the development of tubular epithelial cells, however, causes pathogenicity 

when reactivated in adult tissue following high glucose, TGF-β, VEGF or ischemia[60]. In proximal tubular 

epithelial cells, Notch signaling promotes the development tubulointerstitial fibrosis via increased 

peritubular inflammatory cell infiltration and proliferation of fibroblasts. Besides, Notch signaling 

mediates TGF-β induced epithelial-to-mesenchymal transition (EMT) and gene regulatory processes, 

which accumulate ECM contributing to fibrosis[60][61]. Furthermore, hyperglycemia induces cellular 

senescence in tubular cells via p21-related cell cycle arrest[62].  These senescent tubular cells in the 

interstitium produce cytokines such as TNF-α that induce apoptosis and inflammation, thereby 

resulting in a reduced tubular function[63]. Expression of the TNF superfamily cytokines is the greatest 

in renal tubular epithelial cells and to some extent podocytes, and is linked to tubular atrophy and 

interstitial fibrosis accompanying the interstitial inflammation in diabetic nephropathy[32]. 

Activation of the NF-κB pathway in tubular epithelial cells by members of the TNF superfamily, 

which are implied in glomerular and tubulointerstitial inflammation, promotes the release of MCP-1 

and CCL5, also known as RANTES[64]. NF-κB signaling is also elevated in peripheral blood mononuclear 

cells of diabetic nephropathy patients, suggesting involvement of systemic inflammation in 

pathological process[65]. TNF-induced NF-κB signaling however could be inhibited via α7 nicotinic 

acetylcholine receptor (nAChR) stimulation, which reduces production of TNF-α by macrophages[66]. 

Agonists targeting the α7 nAChR have shown anti-inflammatory effects in proximal tubular cells[67]. 

MCP-1 overexpression, however, induces pathology in the tubulointerstitium in a similar way as in the 

glomerulus, resulting in macrophage infiltration[3]. Pro-inflammatory M1 macrophages amplify MCP-1 

abundance, worsening tubulointerstitial damage[34]. Whereas MCP-1 is of major importance in the 

glomeruli, CCL5 has a similar activation and macrophage recruitment activity in the tubulointerstitium 

suffering from diabetic nephropathy[65][68]. However, CCL5, presented on lymphocytes, fibroblasts, 

mesangial cells and renal tubular cells, has the potency to attract T lymphocytes as well, predominantly 

the CD4-positive subset[69]. However, the contribution of CCL5 to renal pathology remains unclear, 

since genetic deletion of CCL5 leads to increased glomerular and interstitial injury, and albuminuria[34]. 

How CCL5-directed T lymphocyte infiltration functions is still not completely understood, however, 

CCL5 is strongly upregulated in diabetic nephropathy patients and the increase correlates with disease 

severity[32]. In the tubulointerstitium, CXCL10, better known as interferon γ-induced protein-10 (IP-10), 

is upregulated by diabetes-induced endothelial cells damage and this leads to a stronger influx of T 

cells[69]. Reduction of IP-10 expression results in less T cell infiltration and improved renal function, 

without affecting macrophage behavior. 

Recruitment of macrophages and T lymphocytes combined with activation and injury of 

tubular epithelial cells, affects the constitution of the interstitium. The interstitium is described as 

intertubular space, with the exception of the glomeruli and the interstitial vasculature[57]. The 

interstitium harbors cells (mainly various types of fibroblasts), leukocytes, ECM and interstitial fluid. In 

physiological conditions, renal fibroblasts are relatively inactive cells, aiding to the structural support 
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through ECM deposition and direct cell-cell interactions. During pathophysiology, however, the 

interstitium significantly expands to over 60% of the kidney tissue, through accumulation of fibroblasts 

and their deposed ECM, and infiltrating mononuclear cells[57]. Furthermore, many resident cell types 

(e.g. endothelial cells and epithelial cells) dedifferentiate into ECM-producing fibroblasts, while there 

develops a disbalance between profibrotic and antifibrotic fibroblasts. EMT and endothelial-to-

mesenchymal transition (EndMT) account for the transition into fibroblasts[70]. Antifibrotic fibroblasts, 

like Epo-producing fibroblasts, are progressively lost during fibrosis (See Fig. 3B)[57].  

Besides attraction of leukocytes, the NF-κB pathway also stimulates the production of CCL21, 

a chemokine generally known for its role in the migratory behavior of dendritic cells towards the 

lymphatics[71]. Through endotoxins and cytokines such as TNF-α and IL-1, CCL21 guides dendritic cells 

to the appropriate location in draining lymph nodes, simultaneously influencing adhesion molecule 

expression. In renal injury, however, CCL21 also recruits fibrocytes, thereby contributing to the 

pathogenesis of interstitial fibrosis[64][72]. Similar to fibroblasts, infiltrated leukocytes stimulate 

fibrocytes to produce and depose an excess of ECM[31]. Fibrocytes are a unique kind of circulating cell 

A B 

Figure 3 The composition of the tubulointerstitium in (A) healthy conditions and (B) diabetes-induced fibrosis. In healthy 

circumstances, the interstitium consists of a balanced number of supportive fibroblasts and antifibrotic Epo-producing 

fibroblasts in ECM, surrounding the tubules and the peritubular capillaries. Perivascular cells, better known as pericytes, 

and renin-producing perivascular cells are located on the interstitial microvasculature. During fibrosis, fibroblasts 

proliferate and get activated, producing pathological amounts of ECM, and Epo-producing fibroblasts are lost. Renin-

producing perivascular cells number go up, upregulating RAS signaling and deteriorating microvascular complications, 

without affecting normal pericyte abundance. Adopted from Ref. [57]. 



11 
 

population capable of extensive collagen 1 synthesis, which display influenced migratory behavior due 

to CCR2, CCR5 and CCR7 expression, the complementary receptors for MCP-1, CCL5 and CCL21, 

respectively[31]. Basically, fibrocytes are a subset of circulating bone marrow-derived monocytes that 

display fibroblast-like characteristics, able to differentiate into fibroblasts[73]. When differentiated into 

fibroblasts, fibrocytes contribute to fibrotic process, in which fibroblasts become activated and display 

yet another phenotype. The subset of activated fibroblasts, referred to as myofibroblasts, are 

characterized by de novo expression of mesenchymal markers like alpha smooth muscle actin (α-

SMA)[70]. In general, myofibroblasts in the interstitium originate from activated resident fibroblasts and 

pericytes, expansion of perivascular fibroblasts, differentiation of fibrocytes and both EMT and 

EndMT[74]. Although EMT and EndMT do contribute to the overpopulation of myofibroblasts, these 

cells do not display migratory behavior which is typical for mesenchymal cells, in contrast to 

pericytes[75]. In diabetic nephropathy, myofibroblasts are regarded as principal effector cells of 

pathogenic fibrosis of which its number correlates with the deposition of interstitial ECM[61].  

Just like any other tissue, the tubulointerstitium requires provision of nutrients and oxygen. 

Peritubular capillaries are crucial for this supply and sustain a normal morphology and functionality of 

the renal tubules[53]. Therefore, chronic tubulointerstitial injury might be caused by the loss of these 

capillaries, resulting in ischemia. Ischemia can either result from excessive production of angiotensin 

II or a reduced bioactivity of NO[53]. Peritubular capillaries consist of two cell types, being peritubular 

endothelial cells and pericytes. In recent years, peritubular endothelial cells have been implied to fulfill 

a central role in renal fibrosis, since their repair process is required for fibrosis prevention[76]. 

Dysfunction or loss of peritubular endothelial cells increases endothelial permeability. In line, IL-1 

production by proximal tubular epithelial cells through diabetes-induced NF-κB signaling interferes 

with hyaluronic acid production, another main constituent of the endothelial glycocalyx, directly 

increasing endothelial permeability[32]. Furthermore, proximal tubular epithelial cells might regulate 

peritubular capillaries during the development of diabetic nephropathy by decreasing the vasodilating 

properties[27]. Also located in the peritubular capillaries are contractile pericytes, also called 

perivascular cells, that harbor both fibroblast and smooth muscle cell features[75]. Pericytes affect 

microvascular blood flow and the systemic blood pressure, and stabilize the endothelium via TGF-β 

signaling and ECM production. Some specialized pericytes, called renin-producing perivascular cells, 

accumulate in the interstitium during fibrosis and thereby overstimulate RAS signaling[57]. Due to their 

fibroblast-like properties, pericytes can differentiate into myofibroblasts in response to 

hyperglycemia-induced TGF-β signaling[75]. In kidney fibrosis, approximately 20% of the myofibroblasts 

originate from pericytes.  

  

 

Possible therapeutic approaches 

 

In recent years, extensive studies regarding the inflammatory response during the pathology of 

diabetic nephropathy created a much clearer image of all contributing components. This also provides 

many new possible therapeutic targets to ameliorate the development of the disease. In terms of 

improvement of vasoreactivity, targeting NO signaling with antioxidants might be beneficial since they 

maintain eNOS activity[77]. Intake of antioxidants like taurine, which is the most abundant sulfonic acid 

in humans, protects against glomerular hypertrophy, interstitial fibrosis and proteinuria in human 

renal tubuli and diabetic nephropathy animal models[77][78]. Furthermore, therapeutic provision of 

taurine seems to have systemic effects due to reduction of blood glucose levels, thereby improving 
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several metabolic processes and kidney function[78]. Taurine reduces inflammation by repression of 

TNF-α, MCP-1 and NF-κB activity and taurine-reactive byproducts exert anti-inflammatory properties 

as well[79][80].  

Since hyperglycemia is the initial driver of diabetic nephropathy, therapeutic glycemic control 

can slow its progression and reduce loss of renal function[28]. As described earlier, TLR2 and TLR4 

expression is glucose-regulated and responsible for the induction of NF-κB signaling and the 

consequent pathological processes. These receptors might be promising targets for interventions in 

diabetic nephropathy. Although there are clinical trials with TLR2 and TLR4 antagonists in diabetes, 

there are no trials focusing on nephropathy upcoming[15]. Nevertheless, silencing of TLR4 shows 

reduction of hyperglycemia-induced NF-κB activation and thereby inhibits IL-6 and MCP-1 synthesis of 

proximal tubular cells, making it a possible anti-inflammatory target[5]. Another possible target under 

hyperglycemic control is the cannabinoid 1 receptor, which is suggested to play a critical role in diabetic 

nephropathy[28]. Antagonistic repression of cannabinoid 1 receptor activation attenuates 

glomerulopathy due to the reversal of podocyte loss. Chronic blockade of the cannabinoid 1 receptor 

represses renal macrophage infiltration and the consequent release of IL-1 and IL-18. Insulin resistance 

induced by hyperglycemia of podocytes elevates VEGF-A production[25]. Even though the deteriorating 

effects of anti-VEGF therapy has been mentioned earlier, specifically targeting VEGF-A production in 

podocytes seems to be beneficial in diabetic nephropathy. VEGF-A disturbs the maintenance of the 

glomerular endothelial glycocalyx, resulting in renal complications[25]. Administration of soluble VEGF 

receptor-1, also known as sFLT-1, interferes with VEGF-A activity, thereby reversing previous kidney 

injury via reduced albuminuria, mesangial matrix and glomerular TNF-α levels[81]. Distribution of the 

inactive isoform of VEGF-A restores the glycocalyx, highlighting the pathogenic capability of 

dysfunctional VEGF signaling. Besides VEGF, endothelin-1 production by endothelial cells triggered by 

high glucose sheds the endothelial glycocalyx as well[25]. Triggering the endothelin receptor contributes 

to renal cell injury, inflammation and fibrosis and its inhibition has shown renoprotection in trials 

regarding diabetic nephropathy[82]. Blood glucose levels, however, can be relieved using SGLT2 

inhibitors, oral hypoglycemic agents that block sodium coupled glucose reabsorption, thereby 

improving diabetes control and blood pressure[25]. Although the underlying mechanisms are currently 

unknown, SGLT2 inhibitors show strong cardiovascular and renoprotective effects. SGLT2 inhibition 

functions anti-inflammatory as well, preventing macrophage accumulation and reducing expression of 

TLR4 and MCP-1 amongst others in diabetic nephropathy patients[83]. 

When blood glucose is reduced in diabetic nephropathy to normoglycemic levels, RAS signaling 

is implied to induce glomerular and interstitial inflammation. Angiotensin II and its NF-κB activation 

and ROS production induces IL-6 and IL-18 levels as well as complement activity, which makes it a 

promising therapeutic target. Indeed, diabetic patients treated with angiotensin II receptor blockers 

show reduced MCP-1 excretion and improved renal function[32]. In line, direct repression of MCP-1 via 

CCR2 inhibition reduces macrophage infiltration. Inhibition of CCR5, which is also upregulated by RAS 

and TNF signaling, affects the onset and progression of diabetic nephropathy by disturbance of 

monocyte/macrophage infiltration and activation[84]. Previously, the fundamental role of TNF signaling 

in the pathology of diabetic nephropathy has been highlighted. The expression of TNF receptor 1 is 

implied in the pathogenesis and serves as a tool of disease prognosis[85]. Administration of soluble TNF-

α antagonist ameliorates renal hypertrophy through reduction of TGF-β[86]. Intake of apigenin, which 

is a flavonoid present in fruits and vegetables, has antioxidant and anti-inflammatory properties, via 

reduction of TNF-α, NF-κB and IL-6, and attenuates renal function in diabetic nephropathy[87]. As 

mentioned earlier, using a proximal tubular cell-specific α7 nAChR agonist, TNF-induced NF-κB 
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signaling is blocked, protecting cells against renal injury in ischemia-induced acute kidney injury[67]. In 

diabetes, treatment with α7 nAChR agonist lowers TNF-α levels and normalizes blood glucose and 

levels[66].  

Targeting NF-κB directly or one of the subsequent inflammatory components (e.g. 

chemokines) could also be a therapeutic approach. Blockade of NF-κB inhibits ICAM-1, VCAM-1 and 

MCP-1 expression in renal epithelial cells exposed to high glucose and renal tissues of diabetic mice[35]. 

Although no studies regarding diabetic nephropathy exist, anti-ICAM-1 antibodies are able to prevent 

macrophage infiltration and thereby be beneficial in patients with diabetic vascular complications[15]. 

AGE-induced VCAM-1 inhibition in mesangial cells represses RAS activity and thereby enlightens the 

vascular complications in diabetic nephropathy as well[88]. While blocking of leukocytes has beneficial 

effects, attraction of potent regenerative cell types might stimulate the recovery of injured tissues. As 

hinted earlier, recruitment of mesenchymal stem cells to sites of tissue injury has been implicated as 

a possible regenerative treatment. This even though resident mesenchymal stem cells contribute 

considerably to the dramatic increased abundance of myofibroblasts[23]. Upon renal injury, resident 

mesenchymal stem cells located in the perivascular areas easily differentiate into fibroblasts, leading 

to local perivascular fibrosis[89]. However, admission of bone marrow-derived mesenchymal stem cells 

has proven to recover kidney function and glucose control, and downregulate MCP-1 and interleukin 

expression in diabetic nephropathy[22]. These mesenchymal stem cells reduce the influx of leukocytes 

into the kidney via downregulation of ICAM-1 and the consequent cytokine production of TNF-α and 

TGF-β[90]. Furthermore, mesenchymal stem cells inhibit EMT of tubular epithelial cells and have the 

potency to regenerate the epithelial and endothelial lining, making them a very potent therapeutic 

approach in the treatment of diabetic nephropathy.  

 

 

Discussion 

 

Diabetic nephropathy is a complication that many type 1 and type 2 diabetes mellitus patients face 

and the single most common cause of end-stage renal disease. Although initially diabetes-related renal 

disease has been dedicated to metabolic and hemodynamic alterations due to hyperglycemia, growing 

evidence indicates that there is a strong inflammatory component in the initiation and progression of 

kidney complications. Mainly high glucose-induced NF-κB and ROS signaling are hallmark regulators of 

leukocyte migration and activation, as well as vascular complication and fibrosis, resulting in 

proteinuria. This, however, does not suggest that the primary believe that regulation of cell behavior 

and the vascular tone was the origin of the microvascular pathology in diabetic nephropathy. On the 

contrary, many pathways involved in these processes are under regulatory control of both 

hemodynamic and inflammatory mediators. For example, hyperglycemia-mediated expression of 

angiotensin II, which has been a prime target for interventions in RAS signaling, induces both 

vasoconstriction in the renal arteries and production of interleukins and complement factors upon NF-

κB and ROS activation. Due to glomerulosclerosis, angiotensin II production rises through mesangial 

cells expansion-induced mechanical stretch, aggravating its pro-inflammatory effects. Moreover, 

oxidative stress following mitochondrial hyperactivity causes overexpression of ICAM and VCAM, as 

well as NF-κB and cytokine activity[91]. Altogether, it seems more likely that vascular and inflammatory 

complication accompany each other in diabetic nephropathy rather than there is one general initiator 

of pathogenesis. This might explain why the vast majority of the diabetes patients receiving insulin or 

RAS treatment still progress to end-stage renal disease. In line, combined therapy with endothelin-1 
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receptor antagonists, as an anti-inflammatory agent that protects the glycocalyx and prevents 

proteinuria, and RAS blockade, for hemodynamic control, has shown beneficial results in clinical 

trials[82]. 

 In this review, the pathology in diabetic nephropathy in the glomerulus and the 

tubulointerstitium have been discussed separately. Since diabetic nephropathy historically has been 

regarded as glomerular disease, primarily initiated by podocyte injury, abundant evidence on 

glomerular pathology is gathered over time. Recent research highlights the fundamental role of the 

tubulointerstitium in diabetic renal diseases, which contributes unquestionably to the glomerular and 

tubulointerstitial pathology. Therefore, therapeutic interventions in diabetic nephropathy should 

target both the glomerulus and the tubulointerstitium. TLR4 inhibition ameliorates the 

pathophysiology via glomerular cells as well as in the tubular epithelial cells, serving as a general target 

against kidney disease. Through its glomerulus conserving effects, TLR4 inhibition lowers proteinuria 

and thereby protects the tubulointerstitium from albumin-induced inflammation[30][56]. On the other 

hand, TLR4 repression in the tubular epithelial cells dramatically suppressed the excretion of cytokines, 

chemokines and adhesion molecules, which contributes to the alleviation of podocyte injury amongst 

others[5][92]. Inhibition of TLR4 in mice suffering from advanced diabetic nephropathy therefore shows 

significant renoprotective effects in both the glomerulus and the tubulointerstitium, even in eNOS 

knockout mice with the complementary vasoactive restrains[5]. 

Presence and maintenance of anti-inflammatory cells and the interference with migratory 

behavior of leukocytes and fibrocytes seems of major importance. Proteolytic enzyme and the 

consecutive proinflammatory cytokine production by infiltrated leukocytes exacerbates glomerular 

and interstitial injury, while fibrocytes aggravate kidney fibrosis. However, administration of bone 

marrow-derived mesenchymal stem cells suppresses inflammation in the appropriate conditions, 

thereby alleviating renal pathology. This implicates that local anti-inflammatory cell signaling through 

these stem cells transcends the proinflammatory behavior of renal cells. Mesenchymal stem cells can 

lose their anti-inflammatory characteristics and contribute to the pathological processes, so 

maintaining anti-inflammatory cell signaling is of major importance. The postulated disbalance 

between proinflammatory and fibroblasts that exert anti-inflammatory properties raises the question 

whether pathological cell types, like the in diabetes overabundant renin-producing perivascular cells, 

could be converted into beneficial cells[57]. Hypothetically, transformation into Epo-producing 

fibroblasts might attenuate hemodynamic control and restore the composition of the interstitium. 

 

Altogether, the growing knowledge on the inflammatory component resulted in an exponential rise in 

possible therapeutic approaches in the treatment of diabetic nephropathy. It is essential, nevertheless, 

that the main origin of the disease is rectified as well. Chronic hyperglycemia could be relieved by 

administration of SGLT2 inhibitors via prevention of glucose reabsorption, lowering blood glucose 

levels. Also, natural supplements such as taurine and apigenin, which are respectively abundant in 

mammals and fruits and vegetables, have antioxidant, anti-inflammatory and renoprotective 

properties, providing simply accessible agents. Therapeutic usage of such antioxidants, however, 

remains rather hypothetical, since the dosage in interventions strongly exceeds natural levels. They do 

imply that supplementary intake of antioxidants from natural or chemical origin might be an addition 

to the beneficial effects of diabetes-related interventions. Although there are increasing numbers of 

possible treatments, prevention of diabetes-induced renal disease still requires extra effort. Preclusion 

of diabetes incidence would result in a drastic decrease in kidney injury and relieve the health burden 

significantly.  



15 
 

Bibliography  

 
1. Flyvbjerg, A. (2017). The role of the complement system in diabetic nephropathy. Nature Reviews Nephrology; 13 (5): 

311-318. 

2. Brownlee, M. (2001). Biochemistry and molecular cell biology of diabetic complications. Nature; 414 (6865): 813-820. 

3. Elmarakby, A. A., and Sullivan, J. C. (2012). Relationship between Oxidative Stress and Inflammatory Cytokines in Diabetic 

Nephropathy. Cardiovascular Therapeutics; 30 (1): 49-59. 

4. Kelly, K. J., and Dominguez, J. H. (2010). Rapid Progression of Diabetic Nephropathy Is Linked to Inflammation and 

Episodes of Acute Renal Failure. American Journal of Nephrology; 32 (5): 469-475. 

5. Lin, M., Yiu, W. H., Wu, H. J., et al. (2012). Toll-Like Receptor 4 Promotes Tubular Inflammation in Diabetic Nephropathy. 

Journal of the American Society of Nephrology; 23 (1): 86-102. 

6. Yamamoto, Y., Kato, I., Doi, T., et al. (2001). Development and prevention of advanced diabetic nephropathy in RAGE-

overexpressing mice. The Journal of Clinical Investigation; 108 (2): 261-268. 

7. Wysocki, J., Ye, M., Khattab, A. M., et al. (2017). Angiotensin-converting enzyme 2 amplification limited to the circulation 

does not protect mice from development of diabetic nephropathy. Kidney International; 91 (6): 1336-1346. 

8. Fox, C. S., Matsushita, K., Woodward, M., et al. (2012). Associations of kidney disease measures with mortality and end-

stage renal disease in individuals with and without diabetes: a meta-analysis. The Lancet; 380 (9854): 1662-1673. 

9. Turkmen, K. (2017). Inflammation, oxidative stress, apoptosis, and autophagy in diabetes mellitus and diabetic kidney 

disease: the Four Horsemen of the Apocalypse. International Urology and Nephrology; 49 (5): 837-844. 

10. Wolf, G., and Ziyadeh, F. N. (2007). Cellular and Molecular Mechanisms of Proteinuria in Diabetic Nephropathy. Nephron 

Physiology; 106 (2): 26-31. 

11. Conway, B. R., Rennie, J., Bailey, M. A., et al. (2012). Hyperglycemia and Renin-Dependent Hypertension Synergize to 

Model Diabetic Nephropathy. Journal of the American Society of Nephrology; 23 (3): 405-411 

12. Sasson, A. N., and Cherney, D. Z. I. (2012). Renal hyperfiltration related to diabetes mellitus and obesity in human disease. 

World Journal of Diabetes; 3 (1): 1-6.  

13. Durvasula, R. V., and Shankland, S. J. (2008). Activation of a local renin angiotensin system in podocytes by glucose. 

American Journal of Physiology Renal Physiology; 294 (4): F830-F839. 

14. Ilatovskaya, D. V., Levchenko, V., Lowing, A., et al. (2015). Podocyte injury in diabetic nephropathy: implications of 

angiotensin II-dependent activation of TRPC channels. Scientific Reports; 5: 17637. 

15. Wada, J., and Makino, H. (2016). Innate immunity in diabetes and diabetes nephropathy. Nature Reviews Nephrology; 

12 (1): 13-26. 

16. Boels, M. G. S., Koudijs, A., Avramut., M. C., et al. (2017). Systemic Monocyte Chemotactic Protein-1 Inhibition Modifies 

Renal Macrophages and Restores Glomerular Endothelial Glycocalyx and Barrier Function in Diabetic Nephropathy. The 

American Journal of Pathology; 187 (11): 2430-2440.  

17. Lim, A. K. H., and Tesch, G. H. (2012). Inflammation in Diabetic Nephropathy. Mediators of Inflammation; 2012: 146154. 

18. Shen, Y., Miao, N., Wang, B., et al. (2017). C-Myc promotes renal fibrosis by inducing integrin αv-mediated transforming 

growth factor-β signaling. Kidney International; 92 (4): 888-899. 

19. Darisipudi, M. N., Kulkarni, O. P., Sayyed, S. G., et al. (2011). Dual Blockade of the Homeostatic Chemokine CXCL12 and 

the Proinflammatory Chemokine CCL2 Has Additive Protective Effects on Diabetic Kidney Disease. The American Journal 

of Pathology; 179 (1): 116-124. 

20. Wada, J., and Makino, H. (2013). Inflammation and the pathogenesis of diabetes nephropathy. Clinical Science; 124 (3): 

139-152. 

21. Baban, B., Liu, J. Y., Payne, S., et al. (2016). Status of stem cells in diabetic nephropathy: predictive and preventive 

potentials. The EPMA Journal; 7: 21. 

22. Hamza. A. H., Al-Bishri, W. M., Damiati, L. A., and Ahmed, H. H. (2017). Mesenchymal stem cells: experimental 

exploration for recession of diabetic nephropathy. Renal Failure; 39 (1): 67-76.  

23. Kuppe, C., and Kramann, R. (2016). Role of mesenchymal stem cells in kidney injury and fibrosis. Current Opinion in 

Nephrology and Hypertension; 25 (4): 372-377. 

24. Singh, D. K., Winocour, P., and Farrington, K. (2011). Oxidative stress in early diabetic nephropathy: fueling the fire. 

Nature Reviews Endocrinology; 7 (3): 176-184. 

25. Gnudi, L., Coward, R. J. M., and Long, D. A. (2016). Diabetic Nephropathy: Perspective on Novel Molecular Mechanisms. 

Trends in Endocrinology & Metabolism; 27 (11): 820-830. 

26. Schernthaner, G., and Schernthaner, G. H. (2013). Diabetic nephropathy: new approaches for improving glycemic control 

and reducing risk. Journal of Nephrology; 26 (6): 975-985. 



16 
 

27. Yamamoto, J., Sato, W., Kosugi, T., et al. (2013). Distribution of hydrogen sulfide (H2S)-producing enzymes and the roles 

of the H2S donor sodium hydrosulfide in diabetic nephropathy. Clinical and Experimental Nephrology; 17 (1): 32-40. 

28. Jourdan, T., Szanda, G., Rosenberg, A. Z., et al. (2014). Overactive cannabinoid 1 receptor in podocytes drives type 2 

diabetic nephropathy. PNAS; 111 (50): E5420-E5428. 

29. Kolati, S. R., Kasala, E. R., Bodduluru, L. N., et al. (2015). BAY 11-7082 ameliorates diabetic nephropathy by attenuating 

hyperglycemia-mediated oxidative stress and renal inflammation via NF-κB pathway. Environmental Toxicology and 

Pharmacology; 39 (2): 690-699. 

30. Ma, J., Chadban, S. J., Zhao, C. Y., et al. (2014) TLR4 Activation Promotes Podocyte Injury and Interstitial Fibrosis in 

Diabetic Nephropathy. PLoS ONE; 9 (5): e97985. 

31. Schlondorff, D. O. (2008). Overview of factor contributing to the pathophysiology of progressive renal disease. Kidney 

International; 74 (7): 860-866. 

32. Navarro-González, J. F., Mora-Fernández, C., Muros de Fuentes, M., and García-Pérez, J. (2011). Inflammatory molecules 

and pathways in the pathogenesis of diabetic nephropathy. Nature Reviews Nephrology; 7 (6): 327-340. 

33. Jha, J. C., Banal, C., Okabe, J., et al. (2017). NADPH Oxidase Nox5 Accelerates Renal Injury in Diabetic Nephropathy. 

Diabetes; 66 (10): 2691-2703. 

34. Rudemiller, N. P., and Crowley, S. D. (2017). The role of chemokines in hypertension and consequent target organ 

damage. Pharmacological Research; 119: 404-411. 

35. Pan, Y., Zhang, X., Wang, Y., et al. (2013). Targeting JNK by a New Curcumin Analog to Inhibit NFkB-Mediated Expression 

of Cell Adhesion Molecules Attenuates Renal Macrophage Infiltration and Injury in Diabetic Mice. PLoS ONE; 8 (11) 

e79084. 

36. Watanabe, N., Shikata, K., Shikata, Y., et al. (2011). Involvement of MAPKs in ICAM-1 Expression in Glomerular 

Endothelial Cells in Diabetic Nephropathy. Acta Medica Okayama; 65 (4): 247-257. 

37. Duran-Salgado, M. B., and Rubio-Guerra, A. F. (2014) Diabetic nephropathy and inflammation. World Journal of Diabetes; 

5 (3): 393-398. 

38. Wheeler, K. C., Jena, M. K., Pradhan, B. S., et al. (2018). VEGF may contribute to macrophage recruitment and M2 

polarization in the decidue. PLoS ONE; 13 (1): e0191040. 

39. Majumder, S., and Advani, A. (2017). VEGF and the diabetic kidney: More than too much of a good thing. Journal of 

Diabetes and its Complications; 31 (1): 273-279. 

40. Dane, M. J. C., Berg, B. M. van den, Lee, D. H., et al. (2015). A microscopic view on the renal endothelial glycocalyx. 

American Journal of Physiology-Renal Physiology; 308 (9): F956-F966. 

41. Miner, J. H. (2012). The Glomerular Basement Membrane. Experimental Cell Research; 318 (9): 973-978. 

42. Haraldsson, B., Nyström, J., and Deen, W. M. (2008). Properties of the Glomerular Barrier and Mechanisms of 

Proteinuria. Physiological Reviews; 88 (2); 451-487. 

43. Rops, A. L. W. M. M., Loeven, M. A., Gemst, J. J. van, et al. (2014). Modulation of heparan sulphate in the glomerular 

endothelial glycocalyx decreases leukocyte influx during experimental glomerulonephritis. Kidney International; 86 (5): 

932-942. 

44. Singh, A., Fridén, V., Dasgupta, I., et al. (2011). High glucose causes dysfunction of the human glomerular endothelial 

glycocalyx. American Journal of Physiology-Renal Physiology; 300 (1): F40-F48. 

45. Talsma, D. T., Katta, K., Ettema, M. A. B., et al. (2018). Endothelial heparan sulfate deficiency reduces inflammation and 

fibrosis in murine diabetic nephropathy. Laboratory Investigation; 98 (4): 427-438. 

46. Domingueti, C. P., Drusse L. M., Carvalho, M. das, et al. (2016). Diabetes mellitus: The linkage between oxidative stress, 

inflammation, hypercoagulability and vascular complications. Journal of Diabetes and its Complications; 30 (4): 738-745. 

47. Bjornstad, P., Lanaspa, M. A., Ishimoto, T., et al. (2015). Fructose and uric acid in diabetic nephropathy. Diabetologia; 58 

(9): 1993-2002. 

48. Beckerman, P., and Susztak, K. (2014). Sweet Debate: Fructose versus Glocose in Diabetic Kidney Disease. Journal of the 

American Society of Nephrology; 25 (11): 2386-2388. 

49. Li, X. Q., Chang, D. Y., Chen, M., and Zhao, M. H. (2018). Complement activation in patients with diabetic nephropathy. 

Diabetes & Metabolism; https://doi.org/10.1016/j.diabet.2018.04.001. 

50. Bus, P., Chua, J. S., Klessens, C. Q. F., et al. (2018). Complement Activation in Patients With Diabetic Nephropathy. Kidney 

International Reports; 3 (2): 302-313. 

51. Nauser, C., L., Farrar, C. A., and Sacks, S. H. (2017). Complement Recognition Pathways in Renal Transplantation. Journal 

of the American Society of Nephrology; 28 (9): 2571-2578. 

52. Ronco, P., and Debiec, H. (2015). Pathophysiological advances in membranous nephropathy: time for a shift in patient’s 

care. The Lancet; 385 (9981): 1983-1992.  



17 
 

53. Singh, D. K., Winocour, P., and Farrington. (2008). Mechanisms of Disease: the hypoxic tubular hypothesis of diabetic 

nephropathy. Nature Clinical Practice Nephrology; 4 (4): 216-226. 

54. Fioretto, P., Barzon, I., and Mauer, M. (2014). Is diabetic nephropathy reversible? Diabetes Research and Clinical Practice; 

104 (3): 323-328. 

55. Tang, S. C., and Lai, K. N. (2012). The pathogenic role of the renal proximal tubular cell in diabetic nephropathy. 

Nephrology Dialysis Transplantation; 27 (8): 3049-3056. 

56. Jheng, H. F., Tsai, P. J., Chuang, Y. L., et al. (2015). Albumin stimulates renal tubular inflammation through an HSP70-

TLR4 axis in mice with early diabetic nephropathy. Disease Models & Mechanisms; 8 (10): 1311-1321. 

57. Zeisberg, M., and Kalluri, R. (2015). Physiology of the Renal Interstitium. Clinical Journal of the American Society of 

Nephrology; 10 (10): 1831-1840. 

58. Nast, C. C. (2017). The Renal Tubulointerstitium. Advances in Chronic Kidney Disease; 24 (2): 55-56. 

59. Gilbert, R. E., and Cooper, M. E. (1999). The tubulointerstitium in progressive diabetic kidney disease: More than an 

aftermath of glomerular injury? Kidney International; 56 (5): 1627-1637. 

60. Bonegio, R., and Susztak, K. (2012). Notch Signaling in Diabetic Nephropathy. Experimental Cell Research; 318 (9): 986-

992. 

61. Sun, J., Wang., Y., Cui, W., et al. (2017). Role of Epigenetic Histone Modifications in Diabetic Kidney Disease Involving 

Renal Fibrosis. Journal of Diabetic Research; 2017: 7242384. 

62. Kitada, K., Nakano, D., Ohsaki, H., et al. (2014). Hyperglycemia causes cellular senescence via a SGLT2- and p21-

dependent pathway in proximal tubules in the early stage of diabetic nephropathy. Journal of Diabetes and its 

Complications; 28 (5): 604-611. 

63. Kitada, K., Nakano, D., Hitomi, H., et al. (2012). Aldosterone induces p21-regulated apoptosis via increased synthesis and 

secretion of tumour necrosis factor-a in human proximal tubular cells. Clinical and Experimental Pharmacology and 

Physiology; 39 (10): 858-863. 

64. Sanz, A. B., Sanchez-Niño, M. D., Izquierdo, M. C., et al. (2010). TWEAK activates the non-canonical NFkappaB pathway 

in murine renal tubular cells: modulation of CCL21. PLoS ONE; 5 (1): e8955. 

65. Yi, B., Hu, X., Zhang, H., et al. (2014). Nuclear NF-kB p65 in Peripheral Blood Mononuclear Cells Correlates with Urinary 

MCP-1, RANTES and the Severity of Type 2 Diabetic Nephropathy. PLoS ONE; 9 (6): e99633. 

66. Marrero, M. B., Lucas, R., Salet, C. et al. (2010). An α7 Nicotinic Acetylcholine Receptor-Selective Agonist Reduces Weight 

Gain and Metabolic Changes in a Mouse Model of Diabetes. The Journal of Pharmacology and Experimental Therapeutics; 

332 (1): 173-180. 

67. Kim, H., Kim, S. R., Je, J., et al. (2018). The proximal tubular α7 nicotinic acetylcholine receptor attenuates ischemic acute 

kidney injury through Akt/PKC signaling-mediated HO-1 induction. Experimental & Molecular Medicine; 50 (4): 40. 

68. Lin, M., Yiu, R. X., Wu, H. J., et al. (2013). The TLR4 antagonist CRX-526 protects against advanced diabetic nephropathy. 

Kidney International; 83 (5): 887-900. 

69. Ruster, C., and Wolf, G. (2008). The role of chemokines and chemokine receptors in diabetic nephropathy. Frontiers in 

Bioscience; 13: 944-955. 

70. Vanhove, T., Golschmeding, R., and Kuypers, D. (2017). Kidney Fibrosis: Origins and Interventions. Transplantation; 101 

(4): 713-726. 

71. Johnson, L. A., and Jackson, D. G. (2010). Inflammation-induced secretion of CCL21 in lymphatic endothelium is a key 

regulator of integrin-mediated dendritic cell transmigration. International Immunity; 22 (10): 839-849. 

72. Wada, T., Sakai, N., Matsushima, K., and Kaneko, S. (2007). Fibrocytes: a new insight into kidney fibrosis. Kidney 

International; 72 (3): 269-273. 

73. Kanasaki, K., Taduri, G., and Koya, D. (2013). Diabetic nephropathy: the role of inflammation in fibroblast activation and 

kidney fibrosis. Frontiers in Endocrinology; 4: 7.  

74. Barnes, J. L., and Gorin, Y. (2011). Myofibroblast differentiation during fibrosis: role of NAD(P)H oxidases. Kidney 

International; 79 (9): 944-956. 

75. Humphreys, B. D. (2012). Targeting Pericyte Differentiation as a Strategy to Modulate Kidney Fibrosis in Diabetic 

Nephropathy. Seminars in Nephrology; 32 (5): 463-470.  

76. Hohenstein, B., and Hugo, C. (2017). Peritubular capillaries: an important piece of the puzzle. Kidney International; 91 

(1): 9-11. 

77. Tessari, P. (2015). Nitric oxide in the normal kidney and in patients with diabetic nephropathy. Journal of Nephrology; 

28 (3): 257-268. 

78. Lin, S., Yang, J., Wu, G., et al. (2010). Preventive effect of taurine on experimental type II diabetic nephropathy. Journal 

of Biomedical science; 17 (Supplementary 1): S46. 



18 
 

79. Sarkar, P., Basak, P., Ghosh, S. et al. (2017). Prophylactic role of taurine and its derivatives against diabetes mellitus and 

its related complications. Food and Chemical Toxicology; 110: 109-121. 

80. Marcinkiewicz, J., and Kontny, E. (2014). Taurine and inflammatory diseases. Amino Acids; 46 (1): 7-20. 

81. Bus, P., Scharpfenecker, M., Wilk, P. van der, et al. (2017). The VEGF-A inhibitor sFLT-1 improves renal function by 

reducing endothelial activation and inflammation in a mouse model of type 1 diabetes. Diabetologia; 60 (9): 1813-1821. 

82. Gagliardini, E., Zoja, C., and Benigni, A. (2015). ET and Diabetic Nephropathy: Preclinical and Clinical Studies. Seminars in 

Nephrology; 35 (2): 188-196. 

83. Wang, X. X., Levi, J., Luo, Y., et al. (2017). SGLT2 Protein Expression Is Increased in Human Diabetic 

Nephropathy: SGLT2 PROTEIN INHIBITION DECREASES RENAL LIPID ACCUMULATION, INFLAMMATION, AND THE 

DEVELOPMENT OF NEPHROPATHY IN DIABETIC MICE. The Journal of Biological Chemistry; 292 (13): 5335-5348. 

84. Mokubo, A., Tanaka, Y., Nakajima, K., et al. (2006). Chemotactic cytokine receptor 5 (CCR5) gene promoter 

polymorphism (59029A/G) is associated with diabetic nephropathy in Japanese patients with type 2 diabetes: A 10-year 

longitudinal study. Diabetes Research and Clinical Practice; 73 (1): 89-94. 

85. Fernández-Juárez, G., Villacorta Perez, J., Luño Fernández, J. L., et al. (2017). High levels of circulating TNFR1 increase 

the risk of all-cause mortality and progression of renal disease in type 2 diabetic nephropathy. Nephrology; 22 (5): 354-

360. 

86. Awad, A. S., You, H., Gao, T., et al. (2015). Macrophage-derived tumor necrosis factor-α mediates diabetic renal injury. 

Kidney International; 88 (4): 722-733. 

87. Malik, S., Suchal, K., Khan, S. I., et al. (2017). Apigenin ameliorates streptozotocin-induced diabetic nephropathy in rats 

via MAPK-NF-κB-TNF-α and TGF-β1-MAPK-fibronectin pathways. American Journal of Physiology Renal Physiology; 313 

(2): F414-F422. 

88. Ishibashi, Y., Matsui, T., and Yamagishi, S. (2013). Olmesartan Blocks Advanced Glycation End Products-Induced VCAM-

1 Gene Expression in Mesangial Cells by Restoring Angiotensin-Converting Enzyme 2 Level. Hormone and Metabolic 

Research; 46 (6): 379-383. 

89. Boor, P., Ostendorf, T., and Floege, J. (2010). Renal fibrosis: novel insights into mechanisms and therapeutic targets. 

Nature Reviews Nephrology; 6 (11): 643-656. 

90. Nagaishi, K., Mizue, Y., Chikenji, T., et al. (2016). Mesenchymal stem cell therapy ameliorates diabetic nephropathy via 

the paracrine effect of renal trophic factors including exosomes. Scientific Reports; 6: 34842. 

91. Tang, L. Q., Ni, W. J., Cai., M., et al. (2016). Renoprotective effects of berberine and its potential effect on the expression 

of β-arrestins and intercellular adhesion molecule-1 and vascular cell adhesion molecule-1 in streptozocin-diabetic 

nephropathy rats. Journal of Diabetes; 8 (5): 693-700. 

92. Ding, Y., Yang, H., Xiang, W., et al. (2015). CD200R1 agonist attenuates LPS-induced inflammatory response in human 

renal proximal tubular epithelial cells by regulating TLR4-MyD88-TAK1-mediated NF-κB and MAPK pathway. Biochemical 

and Biophysical Research Communications; 460 (2): 287-294. 


