1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Diab Rep. Author manuscript; available in PMC 2017 May 01.

Published in final edited form as:
Curr Diab Rep. 2016 May ; 16(5): 45. doi:10.1007/s11892-016-0735-5.

-, HHS Public Access
«

Podocytes: The Weakest Link in Diabetic Kidney Disease?
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Abstract

Diabetes is increasing in prevalence and is the leading cause of end-stage renal disease in the
United States. Diabetic kidney disease is considered a proteinuric glomerular disease. Although
the glomerulus is composed of various cell types, research suggests that podocytes are most
important to overall glomerular health. Podocyte injury has been identified as a pivotal event
resulting in proteinuric kidney disease, glomerulosclerosis, and loss of renal function. Thus,
understanding the signaling mechanisms that trigger podocyte injury in diabetic kidney disease
might allow for the development of targeted therapeutics to prevent or ameliorate progression to
end-stage renal failure. This review focuses on the role of podocytes in diabetic kidney disease.
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INTRODUCTION

Diabetic kidney disease (DKD) is the most common cause of kidney failure in the United
States, and is responsible for more than 40% of new end-stage renal disease cases [1-3].
DKD develops in 30-40% of patients with diabetes mellitus [1]. Due to the greater
prevalence of T2DM, these patients constitute the majority of DKD cases and represent the
bulk of diabetic patients on dialysis [4]. Poor glycemic control, hypertension, smoking, and
family history increase one’s risk of nephropathy development [5-8]. DKD, like diabetic
retinopathy, is a microvascular complication of diabetes [9-11].

Diabetes causes functional changes in the kidney including hyperfiltration, albuminuria, and
decline in glomerular filtration rate (GFR). Clinically, DKD is diagnosed by the presence of
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albuminuria in patients with long-standing histories of diabetes. Albuminuria is not only the
earliest marker of diabetic renal pathology, but is also independently associated with
increased cardiovascular morbidity and mortality and is possibly the best predictor of later
decline in GFR [12, 13].

DKD is a glomerular disease that disrupts the glomerular filtration barrier (GFB). This
barrier is a tripartite system that consists of fenestrated endothelial cells, the glomerular
basement membrane (GBM), and terminally differentiated epithelial cells termed podocytes
that work in tandem to allow for selective filtration of water and solutes, while restricting the
flow of large macromolecules like albumin (Figure 1a.). Histological changes in the
glomerulus are relatively specific for diabetes and they can be used to diagnose DKD. Early
changes to the glomeruli are characterized by basement membrane thickening, followed by
mesangial expansion and nodular sclerosis [14, 15]. Glomerulosclerasis is frequently
associated with tubulointerstitial fibrosis, arterial hyalinosis, and a progressive decrease in
GFR [16, 17].

DIABETIC MILIEU

The duration of diabetes strongly correlates with the risk of DKD development.
Hyperglycemia can be directly toxic to cells, primarily via the increased generation of
reactive oxygen radicals. In addition, prolonged hyperglycemia promotes the generation of
advanced glycation end products (AGES) which bind to AGE receptors (RAGES) opening
the floodgate of deleterious downstream signals including increased reactive oxygen species
(ROS) production, inflammatory cell activation, inappropriate increase of angiotensin |1
(Ang I1), and release of growth factors [18]. These products and factors, in various
permutations, contribute to DKD pathogenesis and associated loss of filtration capacity.

The renin angiotensin system (RAS) is one of the most important pathways in DKD
pathophysiology. Hyperglycemia, AGEs, and mechanical stress increase Ang |1, resulting in
proteinuria, vascular endothelial and transforming growth factor stimulation, and later,
decrease in GFR [19]. Treatment of DKD patients with angiotensin receptor blockers or
angiotensin converting enzyme inhibitors, which directly target the RAS, are currently the
only medical therapies available that can ameliorate proteinuria and delay the progression of
chronic kidney disease [20, 21].

One growth factor altered by the diabetic environment is vascular endothelial growth factor-
A (VEGF-A), a podocyte-derived signaling protein. VEGF-A is not only required for the
development of normal glomerular capillaries and their fenestrated endothelial phenotype,
but also necessary for podocyte maintenance via Akt signaling. In the early stages of DKD,
hyperglycemia inhibits endothelial cell production of nitric oxide, thus stimulating
podocytes to produce excess VEGF-A to induce growth and proliferation of mesangial and
endothelial cells as a compensatory mechanism. However, as DKD progresses, decreased
podocyte number results in reduced VEGF-A production, affecting endothelial fenestration,
GBM composition, and podocyte health [22-24].
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Transforming growth factor-beta (TGF-p) is a hypertrophic, pro-sclerotic cytokine that can
be stimulated by many elements of the diabetic milieu including hyperglycemia, Ang II,
AGEs, VEGF-A, and ROS [25]. Through Smad signaling, activation of TGF-p in mesangial
cells results in renal hypertrophy, accumulation of mesangial extracellular matrix (ECM)
components, GBM thickening, and podocyte detachment [26]. Furthermore, TGF-$ can
increase VEGF-A production perpetuating the cycle of glomerular damage [27]. Current
research is focused on therapies that specifically target these signaling pathways to deter the
progression of DKD [28].

GBM THICKENING: AN EARLY SIGN OF DIABETIC KIDNEY DISEASE

Glomerular basement thickening is one of the earliest histopathological findings in DKD,
and is attributed to the abnormal turnover of ECM proteins [15, 29]. This process, in
combination with mesangial expansion, contributes to glomerular hypertrophy [30]. In
patients with TIDM, GBM thickening could be detected as early as 1.5 years after TIDM
onset, followed by mesangial expansion at 5 years [29]. GBM changes are more
heterogeneous in T2DM patients. This has partially been attributed to various comorbid
conditions including atherosclerosis and hypertension [17, 31].

Normal GBM is composed of type-1V collagen (mainly a3, a4, and a5), laminin,
fibronectin, entactin, and proteoglycans [30, 32]. In DKD there is increased expression and
accumulation of type-1V a3 and a4 collagen, and decreased heparan sulfate proteoglycan
[33, 34]. Mouse podocytes cultured in high extracellular glucose directly increased specific
collagen mRNA and protein production, likely directly contributing to GBM thickening [27,
35]. Other mediators of DKD, such as Ang Il and TGF-B, have similar effects on matrix
production [35, 36]. In addition to direct synthesis of new collagen, alterations in collagen
turnover also contribute to GBM thickening. Matrix metalloproteinases (MMPS) play
essential roles in the degradation and remodeling of type-1V collagen. Urinary MMP-9 is
increased in DKD patients and correlates with the degree of albuminuria [37]. Ultimately,
hyperglycemia causes an imbalance between the synthesis and degradation of ECM
components. GBM thickening is not only an early DKD finding: it may also predict which
patients with diabetes will eventually develop progressive nephropathy [17, 38].

PODOCYTES

The role of podocytes in DKD pathogenesis became prominent after a landmark
observational study by Pagtalunan et a/. in which it was demonstrated that reduced podocyte
number correlated strongly with alouminuria and loss of GFR in Pima Indians with T2DM
[39]. Multiple other clinical studies have since confirmed the correlation between podocyte
loss, proteinuria, and glomerulosclerosis, indicating that podocyte loss is potentially a key
factor that contributes to DKD progression [23, 40, 41]. Podocytes are terminally
differentiated epithelial cells; their loss represents an irreversible event that leads to a decline
in GFB function [42].

Podocytes are highly specialized cells that consist of a cell body, primary processes, and
branching foot processes. Podocytes encircle glomerular capillaries while their foot
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processes interdigitate with neighboring podocyte foot processes, creating evenly spaced
areas covered by slit-diaphragm (SD) proteins that allow for podocyte-to-podocyte contact.
The SD is a multi-protein complex involved in blood filtration and podocyte signal
transduction [43]. Injury, stress, or changes in the environmental milieu can result in
podocyte cytoskeletal rearrangement reflected by foot-process flattening, widening, and
retraction. This phenomenon is termed “effacement” and signifies podocyte injury (Figure
1b) [44]. Foot process effacement (FPE) disrupts the tripartite GFB by weakening its
integrity, resulting in albuminuria. FPE is the sine qua non of albuminuria and is seen in all
conditions associated with it.

MECHANISM OF EFFACEMENT: NEPHRIN

Disruption of SD proteins such as nephrin in DKD has been suggested to play a role in
albuminuria. Nephrin is a transmembrane protein that functions as both a structural and
signaling protein in podocytes. Its extracellular domain forms the SD zipper-like structure,
while its intracellular domain functions as a signaling molecule. Nephrin is not only an
essential protein in the SD complex, but is also involved in podocyte survival [45]. Nephrin
mutation in humans causes congenital nephrotic syndrome of the Finnish type [46].
Acquired loss of nephrin is a sensitive marker of podocyte injury.

Nephrin may contribute to the pathogenesis of DKD in several ways. First, nephrin functions
as an intracellular signaling scaffold that recruits proteins, such as phosphoinositide-3-
kinase, the Src family kinase Fyn, and phospholipase C-y1 to its tyrosine phosphorylated
cytoplasmic tail [47-50]. Binding of these proteins allows nephrin to regulate the podocyte
cytoskeleton through Nck adaptor proteins [50-52]. In DKD patients, nephrin mRNA and
protein expression are decreased, and recent studies using fly-model systems suggest that
Ebf2 transcription plays an important role in hyperglycemia-induced nephrin regulation

[53]. This dysregulation of nephrin production might result in aberrant actin rearrangement
and breakdown of the SD with resulting FPE [54].

Second, nephrin may be important in regulating podocyte insulin sensitivity. Nephrin’s
cytoplasmic domain enables the docking of insulin receptors GLUT1 and GLUT4 with
vesicle-associated membrane protein-2, enabling insulin recognition and intracellular
signaling [55]. In normoglycemic conditions, podocyte-specific insulin-receptor knockout
mice developed albuminuria and histopathological features similar to DKD [54, 56].
Furthermore, Ang Il and VEGF have been shown to cause nephrin downregulation [54, 57].
In animal studies, irbesartan, an Ang Il type-1 receptor antagonist, was effective in
normalizing nephrin levels and decreasing albuminuria [50, 58]. Nephrin is functionally
important in podocyte cytoskeletal and insulin signaling, as well as in maintaining overall
podocyte health [45, 50, 58].

MECHANISM OF EFFACEMENT: RHO-GTPases

The actin cytoskeletal changes that take place in injured podocytes ultimately result in FPE.
The Rho-family of small GTPases, RhoA, Cdc42, and Racl, are key regulators of actin
cytoskeleton remodeling. They function as molecular switches, transitioning between active
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and inactive states to coordinate signaling to promote cell motility or inhibit cell migration
[59]. Imbalance of these small GTPases can result in an undesirable cellular phenotype. In
podocyte-specific Racl knockout mice, Racl deletion was protective in an acute podocyte
injury model [59]. Excessive Racl activity /in vivo caused rapid-onset proteinuria with FPE
[60], indicating that Racl is both sufficient and necessary for FPE. Manipulation of
upstream signaling pathways, such as phosphatase and tensin homolog, or mutations in
specific guanine nucleotide exchange factors and GTPase activating proteins of the Rho-
family GTPases, can also result in cytoskeletal rearrangement and FPE [61-63]. Components
of the diabetic milieu such as hyperglycemia, AGEs, ROS, activation of hexosamine
pathway, and oxidized LDL have all been shown to stimulate Rho-GTPase activity [64, 65].
Dysregulation of the Rho family GTPases through these stimuli may promote podocyte actin
remodeling and proteinuria in DKD [59].

PODOCYTE LOSS BY DETACHMENT

While foot process changes in podocytes are reversible, podocyte loss represents an
irreversible event. Both living and dead podocytes can be recovered from urine, indicating
that podocyte loss is a result of both detachment and death [66]. Podocytes normally adhere
to the GBM via a3p1 integrin and dystroglycans (DG) [67]. Studies showed that a3p1
integrin expression is decreased in patients with diabetes and in streptozotocin-induced
diabetic rats, resulting in focal detachment of podocytes from the GBM [68, 69]. Others then
demonstrated that integrin B1 subunit mRNA and protein expression were increased in high
extracellular glucose cultured podocytes exposed to Ang Il. While these results seem
contradictory, it is possible that after initial podocyte loss, there is increased adhesion of the
remaining cells.

PODOCYTE LOSS BY DEATH

Several cell-death pathways lead to podocyte death. In 2006 Susztak et a/. showed that
podocytes cultured under high-glucose conditions died via apoptosis [70]. Mechanistically
they showed that release of mitochondrial and plasma membrane ROS played an important
role in the p38MAPK process [70]. Future studies then suggested that the plasma membrane
NADPH oxidase (NOX) pathways were also involved. These studies confirmed that
podocyte apoptosis led to DKD progression, which preceded podocyte depletion, increased
urine albumin excretion, and mesangial matrix expansion in both type | and Il diabetic
animal models [71, 72].

The TGF-p pathway directly and indirectly results in podocyte apoptosis. Upregulation of
TGF-p in DKD induces podocyte apoptosis by activating caspase3 via p38MAPK and
Smad7 [73, 74]. Notch and Wnt/p-catenin are induced by TGF- [75]. Induction of these
developmental pathways increases the expression of target genes (e.g., Snaill, which
suppresses nephrin) as well as podocyte anti-apoptotic signaling. Alternative TGF-B-induced
podocyte apoptosis mechanisms have also been described [73, 76, 77].

Alterations in autophagy have recently been proposed to play a role in DKD. Autophagy is a
mechanism essential for protein and organelle turnover and quality control. In 2010
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Hartleben et a/. showed that autophagy flux in podocytes was lower in DKD [78]. Decreased
utilization of the autophagy-lysosome pathway shifts the degradation pathways toward the
ubiquitin-proteasome system (UPS). Due to podocyte longevity, a defect in autophagy and
inability for the UPS system to compensate, results in the accumulation of faulty proteins.
This increases susceptibility to injury and could contribute to podocyte death [79].

Recent studies indicate that inflammatory cell death pathways also likely contribute to
podocyte loss in diabetes [80]. DKD is an inflammatory disease and diabetic patients have
increased caspasel levels, a marker of inflammation [80]. Caspasel cleaves interleukin-1p,
resulting in inflammatory cell death, termed pyroptosis. Hyperglycemia and increased ROS
generation contribute to increased activation of nucleotide-binding domain and leucine-rich
repeat pyrin 3 domain (NIrp3) inflammasome [81]. Nlrp3-inflammasome activation
promotes DKD development, and neutralizing interleukin-1p in diabetic mice has been
shown to ameliorate diabetic nephropathy, suggesting that this pathway has a functional role
in DKD development [80, 82].

ADAPTATION: HYPERTROPHY AND DEDIFFERENTIATION

When podocytes are lost the remaining podocytes adapt to extend coverage over the newly
denuded GBM (Figure 1c). Activation of mammalian target of rapamycin (mTOR) appears
to be responsible for this podocyte hypertrophy [83]. In general, mTOR signaling is required
for cellular development and regeneration. Mammalian target of rapamycin complex 1
(mTORCY) regulates protein translation, ribosomal biogenesis, cell growth, and autophagy
[82, 83]. Mammalian target of rapamycin complex 2 (MTORC?2) regulates cell survival,
metabolism, and cytoskeletal rearrangement [82, 83]. In DKD patients and db/db mice,
increased mTOR activity is associated with autophagy and Notch reactivation [82].
Counterintuitively, genetically decreasing podocyte mTORC1 signaling in mice prevented
glomerulosclerosis and slowed the progression of DKD [82]. While it seems that
hypertrophy is essential for podocyte survival, limiting it might ameliorate disease.
Understanding the complex signaling resulting in mTOR over-activation or elimination may
be essential for podocyte health [82].

Increased expression and activity of Notch and Wnt/p-catenin genes have been described in
podocytes of DKD patients and animals. Notch and Wnt are developmental pathways that
regulate kidney development and nephron endowment. Interestingly, their expressions in the
adult kidney are near none-existent in healthy individuals, but are increased in proteinuric
diseases. Increased expression of Notch is both sufficient and necessary to induce
albuminuria and glomerulosclerosis via TGF-p [84]. This interaction creates a positive
feedback loop where TGF-p transcriptionally upregulates the Notch ligand Jagged1 and
Notch activation increases TGF-f expression [84]. In addition to TGF-B, VEGF is another
important regulator of Notch expression and activity. Treating diabetic rats with a -y-
secretase inhibitor decreased albuminuria, normalized VEGF and nephrin expression, and
ameliorated kidney disease /n vivo [85]. However, not all Notch proteins are functionally
similar. In a recent study by Sweetwyne et al., Notchl and Notch2 had varying involvement
in disease development [86]. Clarification of specific Notch roles will be necessary moving
forward to study their involvement in DKD.
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Wht signaling is equally important in podocyte development. Increased Wnt expression has
been observed in patients with DKD and diabetic mouse models. Mice with podocyte-
specific expression of stabilized B-catenin (Ctnnbl) presented with early DKD findings and
increased susceptibility to glomerulosclerosis [87]. However, increased Wnt activity is also
associated with resistance to apoptosis and dedifferentiation. Podocyte-specific Ctnnbl
knockout mice displayed increased podocyte differentiation markers WT1, nephrin,
podocalyxin, and synaptopodin [87]. Altogether, these studies suggest that the reemergence
of developmental genes in differentiated cells occurs as an adaptive mechanism to cell injury
and death. On the other hand, active Ctnnb1 and Notch expression inhibits terminal
differentiation of cells and indirectly promotes disease development.

GLOMERULOSCLEROSIS: THE VICIOUS CYCLE OF PODOCYTE LOSS

When podocyte loss reaches 20% the remaining cells die and glomerulosclerosis develops
even when the instigating factor is no longer present. In 2005 Ichikawa ef a/. showed that
podocytes not only transmit damage to other glomerular cells, but also from podocyte to
podocyte. Using chimeric mice made up of either NEP25 podocytes sensitive to
Pseudomonas immunotoxin or immunotoxin-insensitive wild-type cells, injection of the
recombinant immunotoxin revealed that both NEP25 podocytes and wild-type podocytes
were injured [88]. Similar depletion models demonstrated that adiponectin levels modulated
podocyte recovery and glomerular remodeling [89]. These depletion studies suggest that
there are delicate intra-glomerular cellular interactions. Severe podocyte damage results in
loss of cell-to-cell communication pathways. VEGF is a classic example of this concept.
VEGF is made by podocytes, but plays a critical role in endothelial cell maintenance [24].
As podocytes are unable to renew, therapeutics targeted at early phases of podocyte injury
will be crucial to prevent functional renal decline among diabetic patients.

CONCLUSION

Podocyte injury is a critical factor in DKD progression. Observational and cohort studies
suggest that glomerular podocyte density is a key determinant of albuminuria development
in patients with diabetes, and albuminuria is one of the best predictors of GFR decline in
DKD [39]. Albuminuria is not only important in assessing kidney function, but in 2010
Hemmelgarn et al. showed that higher levels of albuminuria were associated with increased
risks of myocardial infarction and mortality [90]. Patients with DKD and nephrotic-range
albuminuria are overrepresented in phase 2 and 3 clinical studies particularly since clinical
end points (such as doubling of serum creatinine or ESRD) are more likely to occur in
persons with higher albumin excretion rates. It is unclear, however, whether the pathogenesis
of DKD in patients with and without high-grade albuminuria is the same.

Human and mouse genetic studies have demonstrated beyond a reasonable doubt that
podocyte damage results in nephrotic-range albuminuria [60-63]. All identified mutations in
nephrotic syndrome patients localize to podocytes [91]. Genetic manipulations of specific
pathways in podocytes can both cause and lessen proteinuria. Since podocytes are one of
few cell types in the human body that have no regenerative capacity, once they are lost, the
remaining cells have increased susceptibility to stress and injury. Recently, studies have
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suggested that parietal cells might serve as a podocyte reservoir [92-97]. This might be
helpful in situations where the injury is limited, but it remains to be determined if parietal
epithelial cells can fully compensate for podocyte loss.

While podocyte injury appears to be a key factor in DKD pathogenesis, glomerular (7.e.,
endothelial, mesangial, and epithelial) cells are highly interdependent. For example,
endothelial health is determined by factors secreted by podocytes such as VEGF; whereas
hyperglycemia-induced mesangial production of TGF-p can directly and indirectly result in
podocyte loss, death, and dedifferentiation. Overall, there is overwhelming human and
diabetic animal model data that implicate podocyte injury and loss as a major mechanism in
the pathogenesis of DKD.

In conclusion, diabetes-induced podocyte injury results in several phenotypic changes
including FPE, hypertrophy, detachment, death, and/or dedifferentiation. Ultimately, these
signaling mechanisms appear to alter podocyte characteristics in an attempt to increase
podocyte survival (Figure 2). /n vivo models indicate that genetic manipulations of these
delicately balanced pathways can alter disease severity. Altogether, these data support
pharmacologically targeting mechanisms involved in podocyte remodeling as potentially
successful avenues in DKD treatment. All current evidence points to podocytes as being one
of the weakest links in DKD.
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Figure 1.
A. Tripartite glomerular filtration barrier includes fenestrated glomerular endothelial cells,

glomerular basement membrane, and podocytes. Foot processes interdigitate with
neighboring podocyte foot processes creating slit diaphragms. B. Diabetic kidney disease
results in glomerular basement membrane thickening and injury to the podocytes depicted
by foot process effacement, detachment, and disruption of the slit diaphragm resulting in
albumin leakage across the glomerular filtration barrier. C. Podocyte loss results in
hypertrophy and/or dedifferentiation, increase albuminuria, and functional kidney decline.
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Various complex inter- and intracellular signaling mechanisms have been described in
diabetes-induced podocyte injury.
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