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Approaching epidemic levels, diabetic kidney disease (DKD) is now the leading cause of 
end-stage renal disease (ESRD). Microalbuminuria is an early clinical marker of DKD that 
results from damage to the glomerular filtration barrier at the level of the highly 
differentiated glomerular podocyte cells. Injury to these epithelial cells, podocytopathies, 
includes cellular hypertrophy, foot process effacement, detachment from the glomerular 
basement membrane, and apoptosis. Here we review the role of a number of recently 
identified factors that contribute to podocytopathies in DKD. These factors include 
members of the renin-angiotensin system (RAS), including angiotensin-converting 
enzyme (ACE) types 1 and 2, prorenin and its receptor, reactive oxygen species (ROS), 
prostanoids, peroxisome proliferator-activated receptors (PPAR), advanced glycation 
end-products (AGEs) and their receptors (RAGE), adiponectin, and microRNAs. As the 
number of therapeutic options that slow, but do not halt, the progression of DKD to 
ESRD remains limited, a more comprehensive understanding of the signaling events that 
contribute to this increasingly prevalent disease may identify novel avenues for 
treatment and prevention. 
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INTRODUCTION: DIABETIC KIDNEY DISEASE 

Diabetes mellitus (DM) now accounts for more cases of end-stage renal disease (ESRD) than any other 

cause of chronic kidney disease (CKD). In North America, four out of every 10 new cases of ESRD arise 

due to diabetic kidney disease (DKD), a proportion that has risen steadily over the past few decades and 

shows no signs of slowing. Roughly 30% of individuals with type 1 and 10% of those with type 2 

diabetes will develop DKD[1]. Glycemic control along with currently available pharmacotherapies slow, 

but do not stop, the progression of DKD towards ESRD[2,3,4,5]. For these patients, the only available 

solution is renal replacement therapy (i.e., transplantation or dialysis). Given the epidemic levels of 

obesity and type 2 DM in the populations of many Western nations, a comprehensive understanding of 

the etiology of DKD is urgently needed so that novel therapies can be developed. Along these lines, many 

efforts are being aimed at identifying the earliest signs of DKD so that treatments can be instituted before 

irreversible renal injury occurs. Indeed, it is now widely recognized that proteinuria, specifically 
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microalbuminuria, is one of the earliest clinically identifiable markers of diabetes-induced renal 

damage[6,7,8,9]. 

PROTEINURIA IN DIABETIC KIDNEY DISEASE 

The appearance of protein in the urine (predominantly the 67-kDa albumin) indicates a compromised 

glomerular filtration barrier. A strong correlation has been identified between the likelihood of 

progression to ESRD and the level of albuminuria. Albuminuria is now considered a continuous 

variable[10] in that even quantities of albumin that are in the upper end of what is considered the 

“normal” range (<30 mg/day) are associated with an increased risk for the development of later-stage 

CKD[11,12,13]. Not only does proteinuria predict the pace of renal decline, it is also an indicator of 

cardiovascular disease (CVD) progression[14]. Indeed, individuals with chronic kidney diseases, such as 

DKD, presenting with a high urinary protein excretion rate advance more quickly to ESRD than do those 

with low proteinuria[15]. Proteinuria-lowering interventions, such as angiotensin-converting enzyme 

inhibitors (ACEi) and angiotensin II receptor blockers (ARBs), along with strict glycemic control, are 

associated with a slower deterioration of renal function and a delayed onset of ESRD in those with 

established DKD[16]. However, recent clinical trial data may have tempered enthusiasm for rennin-

angiotensin system (RAS) blockade as a means for preventing DKD[17]. Mauer and colleagues showed 

that early RAS blockade with either losartan or enalapril were unable to prevent albuminuria or slow the 

progression of nephropathy in normalbuminuric patients with type 1 diabetes despite a significant 

reduction in the incidence of retinopathy. It is therefore possible that both the choice of target and the 

timing of the intervention are critical for effective prevention of DKD.  

It is thought that proteinuria is not simply an indicator of glomerular damage, nor just a predictor of 

CVD/CKD progression, but has causative effects on these disease processes[15]. Excessive albumin 

levels likely overwhelm the metabolic capacity of the renal tubules, thereby promoting inflammation 

leading to tubulointerstitial fibrosis and an ensuing reduction of glomerular filtration rate (GFR). 

Intervention prior to these events is critical since tubulointerstitial and glomerular scarring that account 

for this decline in renal function are currently irreversible. The ensuing activation of the RAS has well-

known effects on the vasculature and therefore contributes to the increased CVD risk. Additionally, the 

appearance of albuminuria may reflect widespread vascular endothelial glycocalyx dysfunction that may 

manifest similarly in the glomerulus[18]. However, the available ultrastructural evidence showing 

glomerular endothelial cell injury in the progression of DKD is currently lacking. Taken together, this 

emerging picture of DKD has made the identification of the cellular loci that yield proteinuria an 

important goal. Numerous studies over the past decade have increasingly pointed to the podocyte as a key 

target of injury at the outset of DKD progression (as reviewed in [19,20,21]).   

PODOCYTOPATHIES IN DIABETIC KIDNEY DISEASE  

Despite some recent studies that question the role of the glomerular capillary as the primary means for 

maintaining serum albumin levels[22], most data continue to point towards this remarkable architectural 

structure as the essential renal filtration sieve. According to this classical view, passage of albumin into 

Bowman’s space is overwhelmingly impeded by the size- and charge-selective glomerular filtration 

barrier consisting of three interdependent layers: the endothelial cells, the glomerular basement membrane 

(GBM), and the podocytes. The form and function of the glomerular filtration barrier has been reviewed 

extensively elsewhere[23,24,25]. The emerging picture is that the morphologically intricate podocyte and 

its slit diaphragm structure are of primary importance to the maintenance of the filtration barrier, and that 

injury to this cell is a key event in the initiation of DKD.   

Over the past few decades, mesangial cells and the GBM have tended to be the focus of many DKD 

studies. While glomerular hypertrophy, mesangial matrix expansion, and GBM thickening are classical 
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hallmarks of diabetic glomerular lesions, studies of diabetic patients and animal models reveal that the 

onset of albuminuria is most closely associated with podocytopathies, such as foot process effacement, 

podocyte hypertrophy, detachment, apoptosis, and perhaps epithelial-to-mesenchymal transition 

(EMT)[21]. The well-documented characteristics of diabetes-induced podocyte injury have been 

comprehensively reviewed elsewhere[19,20,21]. Therefore, we will only briefly highlight some key 

aspects of podocytopathies, while focusing on the most recent discoveries.  

In human and experimental DKD, both foot process effacement and a decreased number of podocytes 

per glomerulus upon biopsy are well documented[26]. Experimental evidence supporting these clinical 

observations is abundant. During the early stages of the Akita model of type 1 DKD, as well as the leptin 

receptor–deficient db/db mouse model of type 2 DKD, podocytes lose nephrin expression, become 

effaced, and detach from the GBM or undergo apoptosis, events that correlate with the emergence of 

albuminuria[27]. Similarly, more recent studies of OVE26 transgenic mice, a model of type 1 DKD, show 

reduced podocyte number and density, although such changes are only evident following the onset of 

microalbuminuria and may have emerged subsequent to more subtle podocyte injury (e.g., foot process 

fusion)[28]. Irrespective of these minor differences, podocyte effacement and loss appear to be key events 

in the early progression of DKD.   

Another possible route of podocyte loss in DKD is EMT. During this process, epithelial cells undergo 

morphological changes, resulting in loss of cell-cell contacts, alteration in cell polarity, and reorganization 

of the actin cytoskeleton. Cells often revert to an immature undifferentiated phenotype reminiscent of an 

earlier developmental stage. Transforming growth factor beta (TGF-β), a potent fibrogenic cytokine and 

EMT inducer, is up-regulated in the glomeruli and nephron segments in a number of kidney diseases, 

including DKD (as reviewed by [29]). Studies by Li et al. suggest that in podocytes, the actions of TGF-β 

suppress expression of key slit diaphragm proteins, induce extracellular matrix protein expression (e.g., 

fibronectin and collagen I), and lead to secretion of matrix metalloproteinase-9 (MMP-9). Together, these 

changes are consistent with the hypothesis that podocyte EMT contributes to a defective glomerular 

filtration barrier and albuminuria under pathological conditions[30]. More recently, Yamaguchi et al. 

assessed a role for EMT in DKD progression[31]. They examined levels of TGF-β–induced fibroblast-

specific protein 1 (FSP1), a member of the calmodulin S100 troponin C superfamily, and a fibroblast 

marker in human DKD[31,32,33]. It was previously shown that tubular epithelial cells overexpressing 

FSP1 displayed reduced cell adhesion,
 
along with up-regulation of cytokeratin and vimentin[32,34]. 

Using renal biopsy samples and urine sediment from patients with type 2 DM, they showed that FSP1 

levels in podocytes were associated with macroalbuminuria, greater podocyte detachment, and more 

severe glomerular pathology[31]. Thus, an EMT-like phenotype may arise in podocytes during DKD 

progression, resulting in detachment from the GBM and promoting podocytopenia.  

MEDIATORS OF PODOCYTE INJURY IN DIABETIC KIDNEY DISEASE 

A picture is now emerging of DKD-associated podocytopathies and how they account for alterations to 

the glomerular filtration barrier. Along with this more comprehensive understanding of the predominant 

role played by podocyte injury in DKD progression, additional studies aimed at identifying the 

mechanisms that give rise to these debilitating end-points have likewise contributed invaluable insights. 

The importance of this field to the nephrology research community is evident from the number of 

comprehensive reviews provided over the past few years, including, most recently, those discussing the 

role of vascular endothelial growth factor (VEGF)[35], mechanical stress[36], the NOTCH pathway[37] 

and TGF-β[38]. For the remainder of this review, we will therefore focus our attention on recent advances 

of our understanding of several other important mediators of podocyte injury in DKD (summarized in 

Fig. 1). 
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FIGURE 1. Mediators of podocyte injury in DKD. Several molecular pathways are known to contribute to podocyte 

injury in DKD. As depicted, these include, but are not limited to, the following: decreased adiponectin, production of 

advanced glycation end-products (AGEs), increased reactive oxygen species (ROS), activation of the RAS, and 

miRNA-192 all contribute to podocyte injury. Podocyte injury exhibits itself as foot process (FP) effacement, 

apoptosis, detachment, and EMT. Damage to the podocyte leads to increased albuminuria and exacerbates DKD. 

Agents known to inhibit this process include ARBs, ACEi, peroxisome proliferator-activated receptors (PPAR) 

agonists, and (pro)renin/prorenin inhibitors. 

The Renin-Angiotensin System 

The RAS has been implicated in the progression of DKD. ACEi and ARBs slow DKD 

progression[3,39,40,41]. For many years, ACEi and ARBs were thought to improve the clinical outcome 

in diabetic patients via their blood pressure–lowering effects, acting, in part, to mitigate hyperfiltration-

enhanced glomerular capillary pressure (Pgc). Indeed, the podocyte is susceptible to the mechanical 

forces brought about by elevated Pgc. Several studies showed that in vitro mechanical stretch, a mimic of 

elevated Pgc encountered in vivo, rendered podocytes more susceptible to a number of injurious end-

points, such as apoptosis and actin cytoskeleton reorganization[42,43,44,45], but these studies also led to 

subsequent discoveries of a podocyte-based, locally acting RAS that appears to induce apoptosis and 

TGF-β mRNA[42]. Under conditions that reproduce a diabetic milieu (e.g., high glucose, mechanical 

stretch), podocytes are driven to express several RAS components, including angiotensinogen, as well as 

both prorenin and AT1 receptors[42,46,47]. Furthermore, angiotensin I and II levels appeared to be 

enhanced by high glucose. Moreover, recent work by Xu et al., showing that inhibition of the 12-

lipoxygenase pathway reduces AT1 expression, lowers proteinuria, and decreases glomerular hypertrophy 

in a rat streptozotocin (STZ) model of type 1 DM, is consistent with the notion that a local glomerular 

RAS is directly implicated with filtration barrier injury[48]. Finally, results from recent clinical trials 
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revealed that combined administration of losartan and the rennin-selective inhibitor aliskiren reduce 

proteinuria in patients with type 2 DM, independent of the blood pressure–lowering effects of the 

drugs[49]. 

ACE2 is a novel monocarboxypeptidase member of the RAS family. As a homologue of ACE, it 

catalyzes the conversion of angiotensin II to Ang-(1-7). It appears that ACE2 activity buffers the 

deleterious actions of angiotensin II by limiting its levels and via the signaling of Ang-(1-7) through its 

cell surface Mas receptor[50]. A number of immunohistochemical studies of human and rodent cortical 

sections have localized ACE2 and the Mas receptor in podocytes and mesangial cells. Interestingly, 

glomerular ACE2 levels appear to be reduced in human[51,52] and rodent models of DKD[53,54,55], 

which may allow for enhanced AT1 signaling in podocytes. The impact of Ang-(1-7) signaling and ACE2 

activity on the known podocytopathies remains incompletely understood. However, administration of the 

ACE2 inhibitor MLN-4760 to either db/db mice[55] or STZ-induced diabetic mice[56], as well as 

targeted deletion of the ACE2 gene[57,58], exacerbates albuminuria. Taken together, this suggests that 

the glomerular cells, including mesangial cells and podocytes, may be an important renoprotective ACE2 

activity locale. 

Another potential therapeutic DKD target is the (pro)renin receptor. First identified in 2002, the 

(pro)renin receptor is highly expressed in the podocyte and can bind both renin and prorenin[59]. An 

interesting feature of the (pro)renin receptor is that binding of prorenin results in activation of two 

independent pathways: an angiotensin II–dependent pathway as well as an angiotensin II–independent, 

(pro)rennin receptor–dependent, intracellular, mitogen-activated protein kinase (MAPK) pathway[60]. 

Activation of the MAPK pathway results in increased phosphorylation of p42/44 MAPK[61]. To 

determine the predominant pathway in DKD, Ichihara and coworkers[60] studied both STZ-induced and 

db/db models of type 1 and type 2 DKD, respectively. The handle region of the (pro)renin receptor that 

binds the receptor and blocks prorenin activity was administered to diabetic animals. Overexpression of 

the (pro)renin receptor handle region peptide significantly inhibited the DKD progression and was more 

effective than ACEi in diabetic angiotensin II type 1a receptor–deficient mice[60]. Similar findings were 

reported when STZ rats were infused with the handle region peptide[60]. Altogether, these results suggest 

an important role for prorenin and the (pro)renin receptor in slowing the progression of DKD, and could 

prove a useful therapeutic target. 

Reactive Oxygen Species 

Within the kidney, as in other organs and tissues (i.e., vasculature), hyperglycemia and RAS activation 

promote oxidative stress, defined as damage to macromolecules caused by ROS (i.e., O2
–
, H2O2, NO, and 

ONOO
–
)[62,63]. Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, or Nox, is a rich 

source of ROS production in the kidney and indeed within the podocyte[64,65,66,67]. Nox catalyzes 

production of O2
–
 by the one electron reduction of O2 using NADH or NADPH as the electron donor: 2O2 

+ NAD(P)H → 2·O2
–
 + NAD(P)

+
 + H

+
. Seven Noxes have been identified (Nox1-5, Duox1, and Duox2). 

Although ROS generation undoubtedly has pleiotropic effects along the nephron and renal vasculature, a 

role for ROS in damaging the glomerular filtration barrier and, more specifically, the podocyte, is 

beginning to emerge from the experimental data. Inhibition of NADPH activity by apocynin in mice with 

STZ-induced diabetes reduces albuminuria, strongly suggesting a role for ROS in glomerular injury 

associated with type 1 DKD[27]. The identity of specific Nox isoform(s) accounting for glomerular ROS 

generation awaits confirmation. However, of the Nox isoforms, Nox4 is most abundantly expressed in the 

kidney and hence was originally termed renal oxidase (Renox)[68]. Nox4, which localizes within the 

renal vasculature, mesangial cells, tubular cells, and podocytes, appears to be the major renal ROS source 

and may therefore play a critical role in oxidative stress associated with kidney disease[63]. Recent in 

vivo studies support a role for Nox4 in DKD. In STZ-treated mice, mRNA expression of Nox4 was 

increased and renal production of ROS was enhanced[69]. A causative relationship between Nox4-

induced ROS production and DKD was demonstrated in STZ-induced diabetic rats that were treated with 
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antisense oligonucleotides to reduce Nox4 expression[64]. In these Nox4 antisense-infused animals, renal 

ROS production and albuminuria were reduced[64]. While these studies provide compelling initial 

evidence for a role for Nox4 in type 1 DKD, a comprehensive examination of Nox4 expression and 

downstream effects within podocytes has not been performed.  

The notion that podocyte-derived ROS are implicated in DKD was obtained in studies using db/db 

and Akita mice, where inhibition of Nox activation blunted podocyte apoptosis and detachment, lowered 

proteinuria, and reduced mesangial matrix expansion[70]. Similar findings were more recently reported in 

the OVE26 model of type 1 DKD[71]. In these studies, exposure of cultured mouse podocytes to high 

glucose promoted Nox-induced ROS generation, along with Nox1 and 4 up-regulation. Similarly, Nox1 

and 4 mRNA and protein expression were elevated in glomeruli of OVE26 mice. Whether one or both of 

these Nox isoforms contributes to the deleterious production of ROS in podocytes awaits investigation. 

Additionally, ROS generation in the podocyte may have other deleterious roles in addition to its 

proapoptotic actions. ROS could induce actin filament polymerization, leading to cytoskeletal dysfunction 

and resulting in structural changes to foot processes and slit diaphragms. Furthermore, podocytes exposed 

to high glucose generate ROS via Nox activity in a cytochrome P450–dependent manner. Treatment of 

OVE26 diabetic mice with N-hydroxy-N'-(4-butyl-2-methylphenol) formamidine (HET0016), an inhibitor 

of CYP4A, blocked Nox activity and expression, while reducing albuminuria [71].  

In addition to NADPH-dependent generation of ROS, the nitric oxide (NO) pathway has been 

implicated in the kidney as an important regulator of vascular tone and glomerular ultrafiltration 

coefficient. NO is generated from L-arginine via the enzyme nitric oxide synthase (NOS). There are three 

isoforms of NOS: neuronal (nNOS), inducible (iNOS), and endothelial (eNOS). Significantly, eNOS-

deficient db/db mice display severe glomerular lesions and albuminuria[72]. NO may abrogate VEGF-

mediated macrophage migration in DKD via inhibition of Flt-1 VEGF receptor expression, and its loss 

via eNOS deletion may contribute to glomerular injury[73]. However, further studies are required to 

determine whether podocytes are involved in the progression of this glomerular injury subsequent to local 

NO production.  

Cyclooxygenases and Prostanoids 

The prostanoids are comprised of prostaglandins E2, F2α, I2, and D2, along with thromboxane A2. These 

lipid mediators are derived from arachidonic acid via the sequential catalytic activities of 

cyclooxygenases (COX), of which there are two isoforms, COX-1 and COX-2, followed by that of 

specific synthases PGE, PGF, PGI, PGD, and thromboxane synthase. We have known for decades that 

COX inhibitors (nonsteroidal anti-inflammatory drugs, NSAIDs), which block prostanoid synthesis, 

reduce proteinuria in a number of glomerulopathies[74,75,76,77,78,79,80], including DKD[81]. Although 

COX inhibition delivers antiproteinuric effects, NSAIDs, including the gastrointestinal-sparing COX-2 

selective inhibitors, can be nephrotoxic for CKD patients[82,83]. By blocking the synthesis of 

vasodilatory prostaglandins, these drugs can elicit a precipitous decline in renal blood flow and 

GFR[84,85,86,87,88]. Clearly, if the beneficial proteinuria-lowering effects of COX inhibition are to be 

realized, we will need to identify the cellular targets that modulate the antiproteinuric effects of COX 

inhibitors. Furthermore, strategies must move downstream of COX blockade and differentiate between 

those prostanoids and their respective receptors, which deliver protective effects from those that impair 

renal function.  

COX-2 inhibitors decrease proteinuria and reduce the severity of glomerular lesions in STZ-induced 

DKD[89]. In several experimental models, as well as in human biopsy specimens, COX-2 expression 

becomes detectable in podocytes during early disease[90,91,92,93]. These data suggest that in addition to 

their effects on the renal vasculature, prostanoids may have direct interactions with the cells of the 

glomerular filtration barrier. Indeed, prostanoids act locally from their sites of synthesis to elicit a variety 

of actions via a set of classical G-protein coupled receptors (GPCRs). PGE2 and TXA2 are major renal 

prostanoids whose actions are mediated via specific GPCRs known as the E and T-Prostanoid receptors 
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(EP1-EP4, TP), respectively. The mesangium[94,95] and podocytes[96] express a number of prostanoid 

receptors, including EP1, EP4, and TP receptors, among others. EP1 receptors may modulate maladaptive 

aspects of DKD, such as glomerular hypertrophy, matrix expansion, TGF-β production, and 

proteinuria[97]. Makino and colleagues showed that an EP1 antagonist diminished glomerular damage 

and proteinuria in rats with STZ-induced type 1 diabetes[97]. Interestingly, glomerular expression of both 

EP1 and EP4 receptor mRNA both increased in these STZ rats. We have likewise observed enhanced 

glomerular EP4 and TP receptor mRNA levels in db/db mice (unpublished results). In addition, we 

recently uncovered a novel feedback loop in podocytes whereby an in vitro surrogate for glomerular 

capillary pressure (i.e., equibiaxial mechanical stretch), along with PGE2 stimulation of the prostaglandin 

EP4 receptor, induces COX-2 in a p38 MAPK-dependent manner, resulting in actin cytoskeletal 

rearrangements[45,98]. We speculate that PGE2-dependent stimulation of the EP4 receptor in podocytes 

exacerbates glomerulopathies, such as DKD, that are associated with enhanced Pgc.  

A role for the TP receptor in modulating the glomerular filtration barrier is suggested by several 

studies. Thromboxane levels rise in experimental DKD[99] and administration of a TP antagonist 

markedly reduces albuminuria in rodent models of DKD[100,101,102]. Inasmuch as these studies are 

consistent with a role for EP and TP receptors in filtration barrier dysregulation, whether podocytes are 

cellular targets for these deleterious actions of PGE2/TXA2 remains incompletely defined. Furthermore, 

the precise mechanisms that might account for these effects on the filtration barrier await identification.  

Peroxisome Proliferator-Activated Receptors 

A role for PPAR signaling in DKD progression has emerged from a number of studies. Belonging to the 

nuclear receptor superfamily, PPARs were first discovered by Issemann and Green in 1990[103]. Acting 

as transcription factors, PPARs modulate gene transcription by heterodimerizing with the retinoic acid 

receptor α (RXRα). Three PPAR subtypes (α, β, γ) have been cloned and characterized, all of which are 

encoded by specific genes. Potent synthetic ligands of PPARs are effective therapeutics for dyslipidemia 

as well as diabetes (reviewed in [104]). Specifically, PPARγ agonism with rosiglitazone improves insulin 

resistance, hyperinsulinemia, and hyperglycemia[105,106].  

Rosiglitazone has a direct and protective effect on glucose uptake in cultured human podocytes via 

up-regulation of the GLUT1 glucose transporter. This phenomenon was dependent on nephrin expression, 

as podocytes lacking nephrin were incapable of modulating glucose uptake[107]. Interestingly, studies by 

Benigni et al. showed that nephrin expression is regulated by the PPARγ agonist pioglitazone, which in a 

model of Heyman nephritis results in decreased proteinuria[108].  

Advanced Glycation End-Products 

AGEs are generated in diabetes through the interaction of glucose with protein or lipid molecules. These 

molecules have a number of toxic effects throughout the body, including the vasculature and within renal 

glomeruli, where they accumulate in the mesangium, endothelial cells, GBM, and podocytes of 

individuals with DKD[109]. The podocyte appears to be a sensitive target of AGE actions as it expresses 

the receptor for AGE (RAGE)[110]. Accordingly, Doublier et al. demonstrated that glycated albumin 

inhibited nephrin expression in cultured podocytes through engagement of RAGE, which is consistent 

with reduced levels of this key slit diaphragm component observed in human and experimental 

DKD[111]. Blockade of the AGE pathway with anti-AGE agents ALT-711, KIOM-79, and LR-90 slow 

the progression of DKD in Zucker diabetic fatty rats and db/db mice[112,113,114]. The mechanism of 

action for anti-AGE agents appears to involve, at least in part, a reduction in glomerular cytokine levels, 

as KIOM-79 administration to Zucker diabetic fatty rats reduced TGF-β levels and decreased podocyte 

apoptosis[114]. Other actions of AGEs in the podocyte were identified by Ruster et al., who showed that 

podocyte exposure to AGE-bovine serum albumin (AGE-BSA) induced activation of the cell cycle 
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regulatory protein p27(Kip1), leading to podocyte apoptosis[115]. Taken together, the AGE/RAGE 

system appears to contribute significantly to podocyte injury in DKD and could emerge as a definitive 

therapeutic target.  

Adiponectin 

Produced in adipose tissue, adiponectin is an important peptide hormone involved with glucose regulation 

and fatty acid catabolism. Decreased adiponectin levels result in oxidative stress, fusion of podocyte foot 

processes, and microalbuminuria[116,117,118]. Consistent with these findings, adiponectin knockout 

mice have increased susceptibility to podocyte injury in a subtotal renal ablation model of progressive 

CKD[119]. Based on such studies, some have suggested that adiponectin may be a biomarker for kidney 

disease and, due to its involvement in protecting the filtration barrier, a useful therapeutic target in 

slowing DKD progression[120]. Evidence to support a role for adiponectin in podocyte function is 

accumulating. A recent study by Cammisotto and Bendayan revealed that stimulation of the adiponectin 

receptor in podocytes yielded activation of AMP-activated protein kinase, which controls oxidative stress 

and apoptosis[121]. 

MicroRNA 

MicroRNAs (miRNAs) are single-stranded, noncoding, RNA molecules that regulate gene expression by 

interfering with protein translation of mRNA targets, resulting in the degradation of mRNA species. The 

role of miRNAs in the kidney was recently reviewed[122] and, thus, we will only provide a brief overview 

of this emerging field. Processing of miRNAs is facilitated by the enzyme Dicer, which when deleted from 

podocytes, leads to filtration barrier dysfunction in mice[123,124,125]. Furthermore, five kidney-specific 

miRNAs have been identified (miRNA-192, -194, -204, -215, and -216) and are further segregated into two 

classes: those found predominantly in the cortex and those present in the medulla[126,127]. When 

investigating the role of miRNA from isolated diabetic glomeruli, Kato et al. showed that miRNA-192 

levels were significantly higher in STZ-induced diabetic and db/db mice compared to nondiabetic 

controls[128]. Elevated miRNA-192 positively correlated with increased TGF-β and collagen 1α2 levels, 

which may have an impact on GBM thickness and podocyte health[128]. Clearly, our understanding of the 

role played by various miRNA species in not only the podocytes, but in the kidney as a whole, is at a 

nascent stage. Undoubtedly, future studies will continue to unravel the complex miRNA-based gene 

regulation in the context of the podocyte during DKD progression, and it is foreseeable that novel targets 

will be identified for therapeutic intervention with specific miRNA inhibitors.  

CONCLUSION 

The large number of factors that contribute to the etiology of podocyte dysfunction in DKD is indicative 

of the complexity of this condition. Nevertheless, as the number of therapeutic options that slow, but do 

not halt, the progression of DKD to ESRD remains limited, a more comprehensive understanding of the 

underlying signaling events that contribute to this increasingly prevalent disease is needed in order to 

identify novel avenues for treatment and prevention.  
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