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1.1. Structure and function of Kidney:  

Kidneys are the predominant excretory organs that lie retroperitoneally (behind the 

peritoneum) in the abdomen, either side of the vertebral column. The function of the 

kidneys is attributed to its smallest functional unit, the nephron. The human kidney is made 

up of approximately two million nephrons. The structure of the nephron was provided in 

Figure 1. A nephron consists of two regions: glomerulus and renal tubule. The glomerulus 

is responsible for filtering small molecules and water from the blood to form primary urine, 

whereas the tubular system ensures selective reabsorption and secretion. Thus, both 

glomerulus and tubule contribute to the final composition of urine. The tubule includes the 

proximal (PCT) and distal tangled tubules (DCT), connected by Henle's loop, which 

converges into a collecting tube. There are structures like pyramids called Bartolini 

pyramids in the kidney, consisting of several renal tubules and collecting ducts. Each 

pyramid's base connects to the renal hilum, which collects urine and transports it to the 

urinary bladder. 

The vertebrate kidney is essential in preserving homeostasis by coordinating the 

water balance, electrolyte balance, blood pressure, and ensuring excretion of ultra-filtrated 

urine [1]. Kidneys secrete erythropoietin and renin, thereby regulating the synthesis of red 

blood cells and blood pressure via renin-angiotensin-aldosterone system (RAS) 

respectively. Kidneys also regulate the metabolism of calcitriol, an active form of vitamin 

D [2]. In healthy conditions, kidneys rigorously regulate the concentration of proteins in the 

urine by ensuring ultrafiltration of glomerular filtrate and selective reabsorption [1]. Since 

albuminuria is the known marker for examining the renal condition, urinary protein 

concentration is measured by the albumin levels in 24 hours. Urinary excretion of varying 
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degrees of serum albumin is a well-known 

predictor of renal outcome [3]. Micro-

albuminuria (30 to 300 mg/24 h) followed 

by macro-albuminuria (≥300 mg/24 h) 

over months to years indicate progressive 

renal function loss. A panoply of cellular 

and molecular factors contributes to 

pathological proteinuria [4]. Clinical 

conditions, including preeclampsia, 

diabetes mellitus, cardiovascular disease, 

and hypertension, could provoke 

proteinuria [5]. Proteinuria for an 

extended period is referred to as chronic 

kidney disease (CKD), and the condition, 

if left untreated, often progresses to end-

stage kidney disease (ESKD) [6]. 

Glomerular diseases account for most 

CKD, which eventually goes to ESKD [7]. 

CKD affects about one in every ten people 

in the USA, and patients with CKD have a 

3 to 5-fold increased risk of mortality [8]. The progressive character of CKD is linked to 

ongoing tissue loss and replacement by extracellular matrix (ECM), which leads to renal 

fibrosis. Although ECM provides structural and biological support to neighboring cells, 

uncontrolled accumulation and excess deposition of ECM protein lead to the progressive 

loss of kidney architecture and compliance. 

Figure 1. Structure of human nephron. The blood is 

filtered in the glomerulus that is mainly concentrated in the 

cortex part of kidney. Whereas, medulla contains the 

tubule part which only participate in electrolyte and water 

reabsorption. Tubular part works against gradient across 

various segments. Collecting duct collects the 

concentrated urine and send it to the renal pelvis. 

(Source: Harrison principles of internal medicine, Edition 

19, Page. 332e-5). 
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1.2 Glomerulus and Glomerular Filtration Barrier:  

The glomerulus is a bunch of specialized renal capillaries lined with endothelial 

cells and covered by a glomerular basement membrane (GBM). Podocytes, a specialized 

visceral cells provide epithelial coverage to the capillaries and in turn to GBM. Together, 

endothelial cells, GBM, and podocytes form a size, shape, and charge selective 

glomerular filtration barrier (GFB). This complex arrangement is required for the filtration 

of whole plasma volume continuously [9].  Glomerulus ensures the size, shape, and 

charge selective filtration of blood components. This permselectivity is contributed by a 

three-layered GFB that allows the filtration of molecules smaller than 60 kDa [10]. The 

loss of protein in the urine during an early proteinuric kidney disease features indicates 

damage to the GFB [11]. Endothelial cells are 70-100 nm thick and cover up to half of the 

volume of the entire glomerular surface area. The GBM is 250-300 nm thick. It comprises 

extracellular components such as fibronectin, collagen, vimentin, α-smooth actin and 

glycosamine glycans, heparin sulfate, and chondroitin sulfate proteoglycans. The 

podocytes are terminally 

differentiated visceral 

epithelial cells with primary 

and secondary foot 

processes that enwrap the 

capillaries to provide 

epithelial coverage [12]. 

Besides being a critical 

player in attributing 

glomerular perm selectivity, 

podocytes seek greater 

attention as they account for 

Figure 2. Glomerular Filtration Barrier. A. Transmission Electron 

Micrograph of the podocyte, major processes, and foot processes (Scale-

2 µm). B. Morphology of an individual podocyte with enlarged nucleus C. 

The three anatomic layers of glomerular filtration apparatus: perforated 

endothelium, basement membrane, and foot processes of podocyte. 
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more than 30% of glomerular cells. In normal healthy conditions, filtration by GFB is 

regulated tightly.  Any damage in the GFB leads to the appearance of proteins in the urine, 

called proteinuria. In GFB, podocytes are very critical and have a significant role. The 

damage or loss of podocytes usually correlates with proteinuria. The architecture of GFB 

by Transmission Electron Micrograph was shown in Figure 2. 

1.2.1 Podocyte structure and function:  

Podocytes are the terminally differentiated specialized epithelial cells with a 

complex cytoarchitecture. They contribute at least 40% of the core components of the 

GBM [13]. They consist of a vast cell body with a high nuclear-cytoplasmic ratio and foot 

processes (FPs) [14]. FPs help podocytes adhere firmly to the GBM and provide epithelial 

coverage to the glomerular capillaries. Adjacent FPs are connected with the slit-diaphragm 

(SD), which is the sole contact between podocytes and plays a significant role in 

establishing size-selective permeability of the GFB to retain proteins in the plasma while 

disposing small solutes into the primary filtrate. 

Interestingly, SD is made up of both tight junction and adherent junction proteins 

[15]. The SD consists of certain extracellular domains of transmembrane proteins named 

podocin, nephrin, CD2AP, P-cadherin, Neph-1, etc. Podocytes oppose the glomerular 

hydrostatic pressure in the glomerular capillaries, which is the natural driving force that 

ensures macromolecular filtration [14]. The podocytes were always prone to detach from 

GBM and excreted through urine because they are attached to the GBM only with FPs 

[16].  Podocytes are frequently challenging to drugs, metabolic waste contents, and toxins 

that the kidney can excrete. 

VEGF (vascular endothelial growth factor) synthesized by podocytes is required to 

maintain endothelium and ECM components of GBM. Since podocytes are instrumental 

for glomerular filtration, podocyte injury induces a complex set of biological responses in 
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the glomeruli, leading to proteinuria [17]. Glomerular diseases, such as minimal change 

disease (MCD), diabetic nephropathy (DN), and focal segmental glomerulosclerosis 

(FSGS) are presented with podocyte damage and often end up with fibrotic phenotype, 

which could be triggered by mesangial cell activation, ECM overproduction, and scar 

formation [7, 17].  

The functions of podocytes are (i) to maintain the architecture of the glomerulus, 

(ii) to preserve the filtration unit throughout the SD, (iii) to monitor the charge & size, 

distinctive features of GFB, (iv) regulation of glomerular filtration rate (GFR). The 

podocytes also maintain the capillary wall and its loop tension. Podocyte acts as a unit for 

unified filtration, with a potent cross-talk among mesangial-endothelial cells and GBM. 

Damage to the podocytes causes flattening of the extensions of focal adhesions, and 

lamellipodial roots ultimately lead to foot processes effacement (FPE). According to the 

previous studies, FPE is the common pathway for every type of renal injury, in which 

reorganization cytoskeleton is most common [11]. 

1.2.2. GBM and Extracellular Matrix (ECM):  

The GBM is a layer of ECM components present between the fenestrated 

endothelium and FPs of podocytes. GBM is made with highly specialized ECM 

components forming layers to curb the cells and connecting the cells with the interstitial 

matrix [18]. The ECM is an extensive network of molecules such as glycoproteins, 

extracellular macromolecules, hydroxyapatite, and enzymes that give structural and 

mechanical support, crucial for holding to neighboring cells.  The GBM mainly contained 

type IV collagen, nidogen, laminin, and proteoglycan such as heparin sulfate. Along with 

those molecules, GBM also has general protein families such as collagen α3α4α5 (IV), 

laminin-521, and agrin. Matrix metalloproteinases (MMPs) and plasminogen/plasmin are 

the proteolytic enzymes that can degrade the ECM. Tissue inhibitors of matrix 
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metalloproteinase (TIMP) and plasminogen activator inhibitors can inhibit the proteolytic 

enzymes, thus help accumulate ECM. The proteolytic enzymes and their inhibitors are the 

primary reasons for maintaining the homeostasis of ECM. Fibrotic scars, deformities of 

normal renal tissue, and a reduction in healthy nephrons are symptoms of excessive ECM 

accumulation. Both, overproduction and accumulation of ECM proteins promote 

uncontrolled ECM buildup in renal fibrosis. Fibrosis is the uncontrolled accumulation and 

excess deposition of ECM protein that leads to the progressive loss of tissue architecture 

and compliance.  Renal fibrosis is a well-known common mechanism that leads to the 

degradation of kidney tissue and renal failure in a wide range of CKDs. 

1.3. Risk factors for compromised renal function:  

1.3.1. Renal fibrosis and ECM Remodeling:  

Fibrosis in the kidney is an inevitable consequence of failed kidney repair during 

chronic or sustained injury or stimulus. Kidney fibrosis, measured by the expression levels 

of collagen and fibronectin, does not limit the glomerular and tubular compartments but 

continues to expand to the entire kidney, including the renal pelvis, leading to complete 

shutdown of kidney function [19]. During kidney fibrosis, the collagens and fibronectins 

are the ECM proteins excessively produced and sometimes due to the decrease in the 

ECM catabolizing enzymes such as MMPs or increase of TIMPs [20].  Glomerulosclerosis 

is a term that nominates ECM accumulation in the glomerulus only due to structural 

alterations such as thickening of GBM and formation of glomerular synechiae due to the 

detachment of podocytes. Therefore, damage to the glomerular compartment results in 

the gradual loss of functional nephrons. This is particularly interesting because the 

nephrons' tubular structures can regenerate, but the glomerular cells, particularly, 

podocytes are lost once they are injured [21, 22]. 
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While kidney fibrosis is paramount and culminates in kidney function loss in CKD 

or DKD, the molecular mechanisms and cell types involved in both kidney diseases are 

different from the animal models developed [23-25]. Several mouse and rat models were 

developed to study glomerular fibrosis (sclerosis) and tubular fibrosis individually to study 

the mechanism of fibrosis. Unilateral ureteral obstruction, folic acid injury, and repetitive 

doses of cisplatin or aristolochic acid can be used to study the fibrosis of kidney injury, 

particularly for tubular fibrosis [24, 25]. Whereas for the glomerular fibrosis, fewer models 

developed, such as puromycine aminonucleoside, uninephrectomy, and streptozotocin 

with uninephrectomy [26, 27]. Although these models can induce fibrosis and severe 

damage to the kidney, many underlying mechanisms were identified [28]. A body of 

evidence indicates that these mechanisms can converge into common pro-fibrogenic and 

pro-inflammatory pathways [29, 30]. Therefore, therapeutic options against fibrosis could 

successfully prevent kidney injury regardless of the mechanism of disease.  

1.3.2. Mechanism of renal fibrosis: 

Aggressive extension of the normal wound healing process culminates in tissue 

scarring or fibrosis. Epithelial-to-mesenchymal transition, epithelial cell injury, and 

inflammatory cell infiltration are the central mechanisms that interest the progression of 

kidney fibrosis [31]. Several immune cell types were reported to play a crucial role in the 

advancement of renal fibrosis, which include, fibroblasts, myofibroblasts, and epithelial 

cells [32]. A recent single-cell study revealed that myofibroblasts are the significant cell 

type responsible for ECM deposition and accumulation [33]. Although this study 

highlighted myofibroblasts are the primary cell type for fibrosis, these cells need a series 

of differentiation events that generate fully mature myofibroblasts from fibroblasts. Other 

cell types, including mesangial, endothelial, and epithelial cells, can transform into 

myofibroblast development (Figure 3). Therefore, predominant cells are still glomerular 
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and tubular epithelial cells injured during kidney injury, secrete some cytokines and growth 

factors. Cytokines can recruit immune cells, and growth factors can support the 

differentiation and proliferation of fibrotic cells during sustained damage.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Mechanism of renal fibrosis. The myofibroblasts are the principle cells of fibrosis that originate 

from different sources by various mechanisms of differentiation. The myofibroblasts synthesize a huge 

amount of collagens, fibronectin other precursors. Upon active secretion of these ECM components are 

cross-linked by the TGM2 that becomes stable in disease conditions.These crosslinks cannot be reversed 

by any proteases in the ECM niche leading to irreversible fibrosis. 
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1.4. Hypoxia is the risk factor for the progression of renal fibrosis:   

1.4.1. Hypoxia sensing machinery: 

The hypoxia-inducible factor (HIF) pathway is the crux of oxygen sensing 

machinery, and the transcription factors HIF1&2 are the central molecules of this pathway. 

HIF1 is a heterodimer and consists of an inducible subunit HIF1α and a constitutively 

expressed HIF1β. HIF1α interacts with HIF1β via the shared PAS (Per-ARNT-Sim) 

domain [34]. The structural details of HIF1 are depicted in Figure 4. The basic-helix-loop-

helix (bHLH) domain located at the N-terminus of both these subunits helps in DNA 

binding. In comparison, the C-terminal transactivation domain (C-TAD) is required to 

induce target gene expression [35]. The oxygen sensitivity of HIF1α is mediated by the 

oxygen-dependent degradation (ODD) domain, which includes two prolines (P402 and 

P564) and lysine (K532). Hydroxylation of prolines by iron co-factor containing prolyl 

hydroxylase (PHD) and acetylation of K532 by acetyltransferase (arrest-defective-1) 

recruit pVHL (von Hippel–Lindau tumor suppressor) [36]. The pVHL serves as a 

recognition molecule for the ubiquitin-protein ligase complex, which ends up targeting the 

HIFɑ subunits for ubiquitin-mediated degradation [37]. Neither hydroxylation of prolines 

nor acetylation of lysine occurs during hypoxia; thus, HIF1α evades ubiquitination and can 

dimerize with HIF1β to form HIF1.  The Oxygen-dependent regulation of HIF1 is shown in 

Figure 5. Therefore, HIF1 heterodimer binds to hypoxia-responsive elements (HREs) in 

target gene promoters and their transcriptional enhancers that contain the core sequence 

(RCGTG)  [38]. 
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Indeed, cooperative binding of C-TAD of HIF1α with co-activator CBP/p300 is also 

required for the transcriptional activation of HIF1 target genes [39]. While in normoxia, 

oxygen-dependent hydroxylation of asparagine (N803) residue by FIH1 (factor inhibiting 

HIF1), an asparaginyl hydroxylase, prevents the interaction of C-TAD with CBP/p300, thus 

abrogating HIF1-mediated gene transcription [40]. However, Geng et al. reported that 

p300 specifically acetylates HIF1α at Lys-709 and contributes to HIF1α stability, and 

decreases ubiquitination in normoxia and hypoxia [41]. The popular targets of HIF1 

include EPO, VEGFA, PAL-1, TIMP-1, CTGF, WT1, and ZEB2 [37, 42, 43]. Besides HIF’s 

direct gene targets, there are second-order target genes regulated by hypoxia, including 

gene targets of transcription factors encoded by first-order HIF1 targets, epigenetic 

regulators, ion-channels, and regulatory non-coding RNAs [37, 44]. 

 

Figure 4: Structural details of HIF1α and HIF1β subunits. The N-terminal of HIF1α consists of bHLH and 

PAS domains. Domain bHLH is important for the heterodimerization of HIF1α with HIF1β. PAS domain helps 

in binding with DNA. ODD domain determines the HIF1α stability during normoxia and hypoxia. The ODD 

domain contains the proline residues (402&564) that are susceptible to hydroxylation during normoxia. N-TAD 

and C-TAD are responsible for the transcription of HIF1 target genes. The TADs are interspersed by an 

inhibitory domain (ID). The N-TAD overlays the ODD domain, linking the transcriptional activity of HIF1α with 

its stabilization. HIF1β subunit is devoid of the ODD domain, and thus it is not susceptible to degradation during 

normoxia.  
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1.5 Role of hypoxia in glomerular pathology: 

1.5.1 Hypoxia and podocyte epithelial-to-mesenchymal transition:  

Epithelial-to-mesenchymal transition (EMT) is a highly coordinated cellular event 

that predominantly occurs during development, wound healing, and metastasis. During 

this phenotypic switch, epithelial cells dedifferentiate, lose cell-cell contacts, compromise 

adherence nature, become motile, and acquire the ability to traverse the extracellular 

matrix [45]. Epithelial cell transformation to motile fibroblast-like cells is accompanied by 

repression of epithelial surface markers and induction of mesenchymal markers. 

Podocytes are originated from the metanephric mesenchyme through mesenchymal to 

Figure 5. Oxygen-dependent regulation of HIF1 formation. HIF1α undergoes hydroxylation during 

normoxia by prolyl hydroxylases (PHDs) that use oxygen as a co-substrate. This hydroxylation recruits VHL 

protein. VHL is an E-3 ubiquitin ligase, and thus, hydroxylated HIFs undergo ubiquitination. During hypoxia, 

PHDs unable to hydroxylate HIF1α and facilitate HIF1α dimerization with HIF1β to form a transcriptionally 

active HIF1 complex. In contrast, sumoylation at lysine 377, 391, and 477 of HIF1α reduces its transcriptional 

activity.  



13 
 

epithelial transdifferentiation (MET) [46]. It is now primarily considered that podocytes are 

visceral epithelial cells, not a typical epithelial cell, due to mesenchymal markers' 

expression and epithelial cell markers [47]. Because of the expression of dual-specificity 

markers, podocytes are at high risk of EMT occurring during injuries. EMT and detachment 

of podocytes from underlying GBM have been considered cellular events that contribute 

to loss of kidney function during glomerular diseases and DN [6]. The presence of viable 

podocytes in urine from experimental and clinical studies of glomerular diseases suggests 

detachment of intact podocytes [48, 49]. In rodents exposed to normobaric hypoxia, 

induction of HIF1⍺ is accompanied by podocyte EMT [50]. 

It should be noted that hypoxia prevails in diabetic tissues, and elevated HIF1⍺ 

was reported in biopsy sections from patients with DN and CKD [51]. ZEB2 is a 

predominant transcription factor that drives EMT of podocytes, being recently identified as 

a direct of HIF1⍺. Indeed, ZEB2 is associated with the EMT of podocytes in stroke-induced 

ischemic injury [44]. ZEB2 is the δEF1 family transcription factor with both repressor and 

activator functions. Induction of ZEB2 drives repression of epithelial markers (E- and P-

cadherin) and expression of mesenchymal markers (e.g., N-cadherin), so-called cadherin 

switch, and a hallmark of EMT. As podocytes EMT manifests in a reduced number of 

podocytes, the residual cells can not compensate for the filtration function and eventually 

result in glomerular dysfunction, proteinuria, and glomerulosclerosis [17]. EMT is 

considered the primary mechanism of podocyte depletion and pathogenesis of DN [52]. 

Nevertheless, HIF1α-independent decrease in epithelial markers such as E-cadherin and 

kidney-specific cadherin 16 was observed [53]. 

1.5.2 Hypoxia and podocyte cytoskeletal rearrangements: 

The cytoskeleton is essential to maintain the structure, shape, and function of 

podocytes. Podocyte has a unique shape, and it is crucial for its functions that are solely 
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supported by the dynamic reorganization of actin- cytoskeleton [54]. Chang et al. 

demonstrated that podocytes, when exposed to hypoxia, induced B7-1 gene expression 

along with HIF1⍺ [55]. B7-1 is an essential driver of podocyte stress fiber formation. Co-

expression of these two proteins is accompanied by the interaction of the cytoplasmic 

domain of B7-1 with the ODD domain of HIF1⍺, leading to the disruption of an orderly 

arrangement of actin fibers and increased motility of podocytes. B7-1 knockdown blunted 

both hypoxia-induced derangement of stress fibers and motility. 

Since podocytes are motile [56], altered motility due to derangement of stress 

fibers could disrupt these cells’ barrier function. Podocyte cytoskeleton remodeling 

manifests the loss of the sub-podocyte space [57]. Sub-podocyte space imparts 

ultrafiltration and hydraulic resistance to ensure glomerular permeability [58]. Filtration 

dynamics of the sub-podocyte space are expected to be altered in clinical conditions that 

elicit remodeling of the podocyte cytoskeleton. Furthermore, the dimensions of sub-

podocyte space are affected by the foot process effacement [59]. The apical surface of 

podocytes facing Bowman’s space possesses the negative charge of proteins such as 

podocalyxin and podoplanin. This surface’s anionic charge maintains separation between 

adjacent foot processes, thus maintaining glomerular architecture and its function. Since 

the cell surface is associated with the actin cytoskeleton via protein-protein interactions, 

altered cytoskeletal interactions during hypoxia could influence the podocyte’s 

architecture in total [60]. 

In a recent study, HIF1⍺/ZEB2 axis was shown to induce TRPC6. This cationic 

channel has a preference for calcium, which leads to the increased calcium influx and 

resultant activation of RhoA. RhoA-dependent phosphorylation of focal adhesion kinase 

(FAK) resulted in cytoskeletal rearrangement in podocytes when exposed to hypoxia [44]. 

Podocytes, in addition to providing epithelial coverage to pulsating glomerular capillaries, 
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apply static forces to maintain the glomerular filtration barrier by remodeling the actin-

based cytoskeleton [61]. It is believed that derangement in the actin cytoskeleton and 

injury to focal adhesions could adversely affect podocyte shear stress and disconnect 

podocytes from the basement membrane. Furthermore, to sustain the complex cellular 

morphology and cytoskeletal dynamics, podocytes rely on a constant ATP supply. It is 

very well-known that during hypoxia, HIF1⍺ shut-downs aerobic respiration and favors 

anaerobic glycolysis; nevertheless, how a podocyte is coping with energy needs during 

hypoxia remains to be explored. 

1.5.3 Hypoxia and glomerulosclerosis:  

Altered renal tissue oxygenation is closely associated with the development of 

renal fibrosis [62]. Under hypoxic conditions, HIF-1α accelerates tissue fibrosis by 

upregulating the profibrogenic genes such as TIMP1, CTGF, and PAI-1 [51, 63]. HIF 

influences most ECM genes, and their expression is correlated with glomerular fibrosis 

[64, 65]. Col1A2 (α2 (I) collagen), a significant component of fibrotic tissue, is under direct 

transcriptional control of HIF-1α [66]. HIF-1α knockout significantly reduces the 

development of glomerulosclerosis in the NEP25 podocyte injury model [66]. Both 

podocytes and tubular epithelial cells express FIH1 [67]. FIH1 disrupts the interaction 

between HIF1α and co-activators p300/CBP, impairing HIF1 transcriptional activity. Like 

PHD, FIH1 activity is also inhibited by hypoxia resulting in HIF1α stabilization [40]. FIH1 

silencing in podocytes enhanced transcription of hypoxia-inducible genes in a HIF-

independent manner [67]. A gradual decrease of glomerular FIH1 expression was 

paralleled by the induction of profibrotic molecule CXCR4 in the anti-Thy-1 rat model of 

glomerulonephritis [67]. Hypoxia induces transglutaminase 2 (TGM2) through a HIF1-

dependent pathway [68]. TG2 is involved in fibrosis by the cross-linking of ECM 

components [63]. TGF-β is the master regulator of tissue fibrosis, and HIF1⍺ was shown 
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to regulate TGF-β expression in many cell types. It is not known whether HIF1⍺ induces 

TGF-β in podocytes. 

1.6 Transglutaminase 2 and renal fibrosis:  

1.6.1 Transglutaminases:  

The ECM homeostasis is controlled by MMPs, TIMP, and a specialized group of 

enzymes that support ECM balancing called transglutaminases (TGases). TGases are a 

vast group of enzymes containing nine members in the family, out of eight, which actively 

regulate different cellular processes [69]. They are involved in the skin-barrier formation, 

coagulation of blood, fertilization envelope hardening, assembly of  ECM [70]. The 

dominant role of TGases is to cross-link proteins in cellular processes ranging from tissue 

repair to strengthening tendons, cartilages, and the fertilization envelope [70]. The TGM2 

establishes an isopeptide bonds between carboxamide group of the glutamine and amino 

group of lysine residue  [71]. These isopeptide bonds are formed sometimes within the 

protein but vastly between proteins such as crosslinking of fibronectin with collagens or 

integrins [72]. TGases are conserved from microorganisms to humans. Vertebrate TGases 

are calcium-dependent enzymes [73]. Interestingly, several ECM proteins (e.g., collagen) 

are substrates of TGM2 [70, 74, 75]. Nevertheless, TGM2 could be a therapeutic target to 

combat fibrotic diseases, including kidney fibrosis; therefore, understanding the 

mechanism of TGM2 regulation is of great importance. 
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Table 1: Transglutaminase family members and their expression localization and function. 

Protein Other name MW 
Localisation 

of the 
protein  

Expressed 
in 

Function 

TGM1 TGK 90 
Membrane, 

cytosolic 

brain and 
Keratinocyte

s 

Formation of 
Cell-envelope 

TGM2 Tissue TG 80 Ubiquitous Ubiquitous Multiple 

TGM3      Epidermal TG 77 Cytosolic 
Squamous 
epithelium, 

brain 

 
Formation of 
cell-envelope 

TGM4 Prostate TG 77 Unknown prostate 
 

Condensation 
of semen 

TGM5 TGX 81 Unknown 

Ubiquitously 
expressed 
but not in 
CNS and 

lymph tissue 

Unknown 

TGM6 TGY Unknown Unknown Unknown Unknown 

TGM7 TGZ 81 Unknown Ubiquitous Unknown 

Band 
4.2 

ATP-binding 
erythrocyte 

membrane protein 
band 4.2 

72 Membrane 

Bone 
marrow, fetal 

liver and 
RBCs 

Skeletal 
membrane 
component 

Factor 
XIIIA 

Fibrin-stabilizing 
factor 

83 
Cytosolic, 

extracellular 

Astrocytes, 
dermal 

dendritic 
cells, 

chondrocytes
, Platelets, 

plasma, 
synovial fluid 

placenta 

Coagulation of 
blood 

 

1.6.2.1 Structure and functions of TGM2:  

Transglutaminase 2 (known as tissue transglutaminase) is an extracellular 

calcium-dependent transferase enzyme (EC: 2.3.2.13) [76]. Besides present in the 

nucleus, TGM2 is also localized to plasma membrane, cytosol, and importantly it secreted 

into extracellular space [77]. Calcium allosterically regulates TGM2 activity. Since low 
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calcium levels and high GTP levels in the cytosol, the TGM2 will be predominantly inactive 

under normal situations. 

 

Human TGM2 is 76 KDa protein and consists of 686 amino acids. TGM2 is a 

ubiquitous member of the TGM family, and it has the ability to hydrolyze both GTP & ATP. 

Calcium allosterically activates TGM2 while GTP allosterically deactivates it. [78]. Crystal 

structure of  TGM2 in a complex with an inhibitor at 2-Å resolution (PDB ID: 2Q3Z) 

revealed that TGM2 has four distinct domains; N-terminal β-sandwich (1-139), catalytic 

core (140-454), and couple of C-terminal β-barrel domains (479-585 & 586-687) are 

connected by the loop (455-478) [79]. The catalytic core of TGM2 comprises the residues 

of Cys277, His335, and Asp358 (the catalytic triad) and a conserved tryp241. The 

structure of TGM2 was shown in Figure 6. TGM2 exists in two states: open or active; and 

closed or inactive, which are controlled by calcium and guanosine nucleotide-binding, 

respectively [80, 81]. The catalytic domain and C-terminal β-barrels interact heavily in 

closed conformation (GTP bound), limiting access to catalytic site [81]. In contrast, 

calcium-binding (open) conformation pushes the β-barrels apart and let the catalytic site 

exposed. During Ping-Pong reaction catalyzed by TGM2, when an active site residue 

Cys277 attacks the substrate particularly an acyl-donor e.g., glutamine, ammonia will be 

released. Then, nucleophilic attack on an acyl-acceptor substrate (e.g., lysine) helps to 

Figure 6.  Structure of TGM2.  The four structural domains are indicated by different color: 

Blue for the β-sandwich, red for catalytic core, yellow for β-barrel1 and green for β-barrel2 domain. 
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regenerate free enzyme, which releases an iso-peptide product, which delaminates the 

glutamine. The iso-peptide cross-linking mechanism by TGM2 was shown in Figure 7.  

The proprietary nature of forming the iso-peptide bond between ECM components, 

TGM2, is implicated in the pathogenesis of several disorders, such as neurodegenerative 

disorders, Huntington's disease, diabetes, liver cirrhosis, pulmonary fibrosis, and CKD [76, 

82]. A body of evidence indicates that TGM2 expression is highly increased in melanoma 

and glioblastoma cancer conditions. Exalted expression of TGM2 is also reported to be 

correlated with chemotherapeutic resistance of pulmonary and breast cancer [83]. It is 

noteworthy that Huntington protein, polyglutamine repeats, and ⍺-synuclein, which form 

aggregates in neurodegenrative diseases are the substrates for TGM2. TGM2 can also 

affect cell-cell communications and cell signaling by integrins and seven transmembrane-

containing receptors [84]. TGM2 has been shown to involve in cell-mediated and antibody-

dependent immune responses [82].  

 

 

 

 

 

 

 

 

 

 

 

 

 

     

  

Figure 7: Cross linking activity of TGM2. The crosslinking reaction of TGM2 

involves the isopeptide bond between glutamine and lysine of two proteins. 
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Table 2: Substrates of TGM2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.6.2.2 Regulation of TGM2 expression and activity:  

 TGM2 is broadly distributed in the cell's nucleus, cytosol, plasma 

membrane, and ECM [70]. Therefore, TGM2 is detected in both cytosolic, ribosomal, and 

nuclear fractions in cell fractionation studies. It was reported that nuclear translocation of 

TGM2 by importin-3 in cells undergoing apoptosis suggesting that TGM2 could be 

associated with cell death signaling.  In the cell, relative calcium concentrations can 

facilitate TGM2 mediated posttranslational modifications and are essential for forming pro-

S.No 
Substrate 
for TGM2 

TGM2 
Localization 

The Amino 
acid which 
is involved 

Role in the 
disease 

condition 

 
1. 

αB 
crystalline 

Intracellular Lysine 
Protein 

stabilization 

 
2. 

Crystalline 

(βA3, βB3, 
βBp) 

Intracellular Glutamine 
Protein 

stabilization 

 
3. 

Fibronectin Extracellular Glutamine 
ECM interaction 
& stabilization 

 
4. 

Fibrinogen A 
alpha 

Extracellular 
lysine and  
Glutamine 

ECM interaction 
& stabilization, 
inflammatory 

diseases 

 
5. 

Glutathione 
S-

transferase 
Intracellular 

Lysine,  
Glutamine, 

and 
fluorescein 

ECM interaction 
and stabilization 

 
6. 

Microtubule-
associated 
protein tau-
isoform Tau-

F (Tau-4) 

Intracellular 
lysine and  
Glutamine 

Neurological 
diseases 

 
7. 

Nidogen Extracellular Glutamine 
ECM interaction 
and stabilization 

8. 
Osteonectin 

& 
Osteopontin 

Extracellular Glutamine 
Autoimmune and 

inflammatory 
diseases 
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peptides and growth factors [79]. TGM2 can bind to guanosine triphosphate (GTP) and 

hydrolyze. Therefore, TGM2 can involve in G-protein coupled receptor signaling [85, 86]. 

Beta-adrenergic receptors, thromboxane, and oxytocin receptors utilize G-protein coupled 

signaling, enhancing TGM2 activity by increasing intracellular calcium levels [84].  

1.6.2.3 Inhibitors of TGM2: 

With the range of pathologies in which catalytic activity of TGM2 is implicated, 

including CKD, there is an urgent need for potent TGM2 specific inhibitors. Several 

investigators developed irreversible inhibitors such as halomethyl carbonyls, 3-Halo-4, 5-

dihydroisoxazole, and competitive inhibitors resembling acyl-donor substrate tested in 

vitro and in vivo models. Cystamine is a competitive inhibitor of TGM2. Indeed, reducing 

cystamine to cysteamine or 2-mercaptoethylamine (MEA) can inhibit TGM2 competitively 

[87]. There are pieces of evidence that cystamine can irreversibly inhibit TGM2 at a longer 

incubation time [71]. This irreversible inhibition could be by forming disulfides between 

cysteamine and the cysteine residue present in the active site of TGM2 [71, 88]. However, 

cysteamine, on the other hand, has been found to have off-target effects on the protease 

caspase3 and to produce an increase in glutathione production. [89]. Inhibition of TGM2 

activity can be achieved by employing reversible inhibitors that abolishes access of active 

site to substrates, which can be done without modifying the enzyme’s property.  

TGM2 cofactors, GTP & GDP, can execute both reversible and allosteric inhibition 

[90]. Analogs of GTP, such as GTPγS & GMP-PCP, were showed to inhibit TGM2 activity 

reversibly. Divalent cations such as Zn2+ can reversibly inhibit TGM2 activity by replacing 

Ca2+ from the metal-binding site of the enzyme [71, 91]. In an inhibitor screening library, 

few chemical compounds reacted with TGM2 with slow binding kinetics but specific to 

TGM2. Irreversible inhibitors have also been developed for TGM2, including 

carbobenzyloxy-L-glutaminylglycine (CBZ), 3-halo-4,5-dihydroisoxazoles, gluten 
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peptides, and iodoacetamide [82]. CBZ has been widely used to study the enzymatic 

activity of TGM2 in in vitro systems. Idoacetamide forms a strong thioether bond with 

cysteine residues of TGM2 and irreversibly inactivates TGM2. Since iodoacetamide is a 

small molecule, it has a non-specific interaction with cysteine residues of TGM2 away from 

the active site. Nevertheless, there have no specific inhibitors been developed for TGM2 

for human trials. Regardless, a clinically validated TGM2 inhibitor is yet to be obtained for 

human use. 
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1.7 Hypothesis:  

TGM2 is considered a therapeutic target to combat fibrotic diseases, including 

kidney fibrosis and CKD [92]. Understanding the mechanism of TGM2 regulation is of 

great importance. Hypoxia is the predominant stimuli that provoke renal injury and fibrosis, 

whereas HIF1⍺, but not other HIFs, significantly transduces the cellular effects of hypoxia. 

Since elevated expression of TGM2 was observed in CKD, where hypoxia is a dominant 

factor, we hypothesize that HIF1α could elicit glomerular manifestations via regulating 

TGM2 expression and activity. A recent study from our group established that 

HIF1α induces ZEB2 in podocytes and subsequent podocyte injury and proteinuria in 

ischemic rats [44]. The mechanism of HIF1α dependent TGM2 and glomerulosclerosis is 

investigated with the following objectives.  

Objectives: 

 Does HIF1α induced ZEB2 regulate TGM2 expression in glomerular podocytes? 

 Does inhibition of HIF1α accumulation prevent TGM2 dependent adverse effects 

on glomerular biology? 

 We are designing and validating the inhibitors against TGM2 to combat renal 

fibrosis. 
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2. Results 
 
 
2.1 ZEB2/TRPC6 axis transduce HIF1α dependent 

regulation of TGM2 in glomerular podocytes 
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2.1.1 Abstract: 

Glomerular podocytes are instrumental in ensuring glomerular permselectivity and 

regulating the integrity of glomerular biology. Podocytes are vulnerable to noxious stimuli 

such as hypoxia, and podocyte injury progresses to glomerulosclerosis and impaired 

kidney function. The mechanism of hypoxia-induced podocyte injury vis-a-vis 

glomerulosclerosis has remained enigmatic. Hypoxia-inducible factor 1α, which 

transduces hypoxic adaptations, induces TGM2, a calcium-relying enzyme that catalyzes 

the intra-molecular ε-(γ-glutamyl) lysine cross-links of ECM molecules and implicates in 

fibrosis. In this study, we explored the regulatory mechanism of TGM2 by HIF1α. 

Stabilization of HIF1⍺ by FG4592 (Roxadustat), leading to the increased ZEB2 expression 

and its downstream target TRPC6. ZEB2 transcriptionally activates TGM2 expression, 

whereas, via TRPC6, it induces calcium influx, thus increase TGM2 activity. Blocking the 

TRPC6 action or suppressing its expression only partially attenuated FG4592 induced 

TGM2 activity, whereas suppression of ZEB2 expression significantly abolished TGM2 

activity. This study demonstrates that stabilization of HIF1α stimulates both TGM2 

expression and activity, whereas abrogation of HIF1⍺ by metformin prevented HIF1⍺ 

regulated TGM2 and consequent glomerular injury. 
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2.1.2 Introduction:  

Glomerular diseases are devastating, and the consequence is massive proteinuria 

frequently leads to CKD, which eventually progresses to ESKF [7]. CKD is linked to 

continual tissue loss, ultimately replaced by ECM, resulting in renal fibrosis. Even though 

ECM provides mechanical and biological support to the surrounding cells, undisciplined 

accumulation and excess deposition of ECM protein lead to the progressive loss of kidney 

architecture and consent.  

The TGM2 enabled ε (γ-glutamyl) lysine iso-peptide cross-linking facilitates 

inappropriate deposition of ECM proteins and is resistant to proteolytic degradation [73]. 

Several ECM proteins (eg: Collagen) are substrates of TGM2 [74]. Although TGM2 is 

implicated in scarring of the liver [93] and lung [94], the enzyme has been widely explored 

in kidney fibrosis [95]. A strong association between TGM2 levels (R2 = 0.92), ε (γ-

glutamyl) lysine iso-peptide cross-linking (R2 = 0.86), and the advancement in scarring of 

tissue were reported in the early 20th century, suggesting that there is a lot to understand 

its role in the kidney diseases [95]. Since TGM2 is considered a therapeutic target to 

combat fibrotic diseases, including kidney fibrosis and CKD, understanding the 

mechanism of TGM2 regulation is of great importance. Hypoxia is among several noxious 

stimuli that provoke tissue injury and fibrosis, and HIF1⍺ transduces the cellular effects of 

hypoxia. This chapter investigated the mechanism of regulation of TGM2 in the settings 

of elevated HIF1⍺ and found that HIF1⍺ /ZEB2 axis control both TGM2 expression and 

activity.  
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2.1.3 Materials & Methodology  

2.1.3.1 Reagents and Materials: The primary antibodies are as following: Fibronectin 

(#PAA037) and Vimentin (#PAB040) antibodies were procured from Cloud-clone 

Technologies. α-SMA (#19245), β-Actin (# 4970), N-Cadherin (#13116), and E-cadherin 

(#3195) were acquired from CST.  TGM2 (NBP2-54633), HIF-1α (NB100-105), and ZEB2 

(NBP1-82991) antibodies were purchased from Novus Biologicals.   Anti-TRPC6 (#PA5-

20256) antibody and Alexa Fluor® 555 streptavidin were obtained from Thermo. 

Florescence-based Alexa labeled secondary antibodies were obtained from Vector Labs. 

Secondary antibodies were procured from Jackson Laboratories. Nitrocellulose 

membrane (#10600001) from GE healthcare. Protein marker and ECL reagent was 

purchased from Bio‐Rad Laboratories. RPMI 1640 media (#R8758), DMEM media, FBS, 

RPMI1640, and antibiotic solutions were obtained from Gibco Laboratories. Metformin 

(# PHR1084), Fluo-3AM (#39294), 2-APB (#D9754), 5-BP (#914134), Z-gln-gly (#C6154), 

L -Glutamic acid γ-monohydroxamate (#G2253), tremeGENE 9 reagents such as siRNA 

and transfection reagents were procured from Sigma-Aldrich. FG-4592(Roxadustat) 

(#HY-13426) and TRPC6 antagonist BI-749327 (#HY-111925) were purchased from 

MedChemExpress, India. RNA purification reagents were purchased from Qiagen. cDNA 

Synthesis Kit (#6110A) from Takara and SYBR Green Master Mix reagents from Bio‐Rad 

Laboratories. TRPC6 siRNA, ZEB2 siRNA were obtained from Santa Cruz Biotechnology. 

ChIP grade Protein-G agarose beads were purchased from CST. ProLong™ Diamond 

Antifade Mountant (P36961) purchased from Life Technologies. The primers used in the 

thesis were synthesized from Integrated DNA Technologies.  

2.1.3.2 Animal handling and Hypoxia induction procedures: 

The University of Hyderabad's Institutional Animal Ethics Committee accepted the 

animal study's experimental protocols. In this study, we employed Swiss albino male mice 
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that were 6 weeks old and weighed almost 30±5g. Water & food were provided to mice, 

ad libitum and mice were maintained at 37°C with 12/12 hrs light and dark cycles. These 

mice were randomly assigned to four groups (n=6): 1) control group, 2) FG4592 group, 

and 3) FG4592+Metformin group, 4) Metformin group. Experimental mice received a 

single i.p dose of FG4592 (5mg/kg/day) on each day for three months, whereas control 

mice have received an equal volume of PBS. The FG4592+Metformin treated group was 

received metformin (250mg/kg/day) per day through i.p, three hrs before FG4592 

treatment, whereas the metformin group received metformin, only. After completing the 

experimental period, the mice's urine was collected to examine the proteinuria and 

estimate albumin and creatinine levels. After analyzing the urine, we have sacrificed the 

animals for further experiments. Under anesthesia, mice were perfused with saline. 

Organs were frozen immediately or fixed for histopathological investigation. Among both 

kidneys, one of the kidneys from each mouse is used to prepare the glomerular extract. 

Another is for staining and transmission electron microscopy imaging for morphological 

studies.   

2.1.3.3 Silver staining: 

Spot urine samples were collected from total mice and performed SDS-PAGE 

analysis and stained with silver nitrate as described earlier [50, 96]. One microliter of 

1mg/ml of BSA is used as a standard, and 5 microliters of urine from Control, FG4592, 

and FG4592+Merformin group mice (n=6) were utilized for SDS-PAGE (10%) analysis 

and the silver staining was performed essentially as described earlier [50].  

2.1.3.4 Human podocyte Cell Culture: 

 Immortalized human podocytes were gifted by Prof. Moin A Saleem (UoB, Bristol, 

UK) and were cultured as described earlier [50, 96]. Initially these podocytes were cultured 

at 33oC and 5% CO2 in RPMI-1640 and 10% FBS and these conditions known as growth 
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permissive conditions. To induce differentiation, these cells were shifted to 37oC and 5% 

CO2 and maintained for 14 days. Differentiated podocytes were used in all experimental 

procedures. 10mM stock of FG4592 was prepared in DMSO (treated with 10µM final 

concentration), and 1M stock of metformin was prepared in PBS (treated with 1mM final 

concentration).  

Alternatively we also employed HEK293T cells for several experiments as these 

podocytes were difficult for transfection. HEK293T cells were cultured in DMEM media + 

10% FBS. HEK293T cells were always cultured at 37°C with 5% CO2. Experiments 

involved in treating both compounds, metformin was first treated for 3h and then treated 

with FG4592. 

2.1.3.5 Immunoblotting: 

An equal amount of total podocyte cell  or glom lysate from control and 

experimental conditions was subjected to SDS-PAGE and performed immunoblotting 

essentially as described earlier [97]. After Immunoblotting, membranes were subjected to 

primary (1:1000) and secondary antibodies (1: 20000) and developed the blots using the 

Bio-Rad developing reagents. Image J software (NIH) was used to calculate band 

intensities. 

2.1.3.6 Isolation of RNA and synthesis of cDNA: 

RNA was isolated using Trizol reagent as manufacturer’s protocol (Sigma) at room 

temperature (RT). Briefly, cells washed with PBS (ice-cold) and scrapped with PBS and 

subjected to brief centrifugation at 1000xg for 4 minutes. Trizol was added to the cell 

pellets and incubate for 5min at RT. 200 μl of chloroform was added and mixed vigorously. 

Samples were spun down at 12000 rpm for 15min at 4ºC and collected the upper 

transparent layer into a fresh tube. RNA was precipitated by adding half of the Trizol 

volume of propanol to the samples. Then, samples were spin down at 10000 rpm for 20min 
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at 4ºC to obtained RNA pellet. RNA pellets were washed with 75% ethanol and dried at 

37ºC for 30min and resuspended in DEPC-treated water. Total RNA concentration was 

estimated by nanodrop, and one microgram of RNA was used as an input for cDNA 

synthesis. Similarly RNA was isolated from glomerular extracts of mice used in the study.  

2.1.3.7 Quantitative Real-time PCR analysis: 

  Isolated RNA was used for cDNA synthesis using Takara kit and performed qRT- 

using the Kapa SYBR green master mix. The expression levels were normalized to either 

18s rRNA or β-Actin, and the expression levels were quantified as a comparative (ΔΔCT) 

quantification method. 

2.1.3.8 Immunofluorescence 

Human podocytes were grown on coverslips up to 60% confluence, followed by 

treatment with FG4592 and metformin. After treatment, these podocytes were fixed with 

4% paraformaldehyde, permeabilized with 0.1% Triton X‐100 and blocked with 3% BSA 

in 1X PBS. Then, these podocytes were incubated with TGM2 antibody (1:100 dilution) 

and then Alexa labeled secondary antibody (1:200 dilution). Mounting was done by using 

the Prolong gold anti-fade DAPI. Fluorescence images were acquired with a trinocular 

microscope (Leica) with ×63 and ×100 magnification. 

2.1.3.9 Histological Examination 

4µM thickness paraffin sections were used and performed several stainings such 

as Masson’s trichrome staining, PAS, and H&E staining.  PAS and Masson trichrome 

staining show glomerular sclerosis and fibrosis, respectively. PAS and Masson trichrome 

staining show glomerular sclerosis and fibrosis, respectively. Renal cortex from control, 

FG4592, and FG4592, along with metformin-treated tissue samples, were fixed in 2.5% 

glutaraldehyde for 24 h, after washing with 1X PBS for four times, cortical tissues were 

fixed in 1% osmium tetroxide for 2 hours, and ultrathin sections (60 nm) were cut and 
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mounted on 200 mesh copper grids. These copper grids were stained on a Leica EM 

AC20 with 3% aqueous uranyl acetate and 3% lead citrate solution, and TEM analysis 

was performed as described earlier [50, 96].  

2.1.3.10 Chromatin immunoprecipitation assay 

 Chromatin immunoprecipitation (ChIP) assay was performed as detailed earlier 

[50, 98]. Podocytes were treated with or without FG4592 for the stipulated duration. 

Following experimentation duration, chromatin was cross-linked using glutaraldehyde, 

and these crosslinks are revealed by glycine. The fragment size was 500bp and incubated 

with protein A beads/ ZEB2 antibody and pull down was purified and subjected to RT-

qPCR using following primers. Forward 5′-GACCTAAGAGTCCACATCTG-3′ and Reverse 

5′- CACAACTAGCCCAGGATAC-3′. 

2.1.3.11 Fluo3-AM Staining for Ca2+ influx assay 

As previously described, intracellular Ca2+ levels were measured in podocytes by 

staining calcium with Fluo-3AM dye [99]. Human podocytes were grown in 6-well plates 

(1X106 cells/well) and treated with or without 2-aminoethoxydiphenyl borate (2-APB) for 

2 h. After cells were treated with FG4592 for 4h, the Fluo3-AM dye was added into each 

well at a concentration of 4uM and incubated for 0.5 hr. Cell lysates were prepared in 

calcium-free HBSS solution and spinned at 500 × g for 5 min and collected the 

supernatant. The supernatant was used to assess the fluorescence at λ485nm 

(excitation); λ538 (emission). The fluorescence maximum (Fmax) was achieved by adding 

1% NP-40 to release maximum calcium bound dye from cells, and EGTA (0.5 M) was 

added to cell lysate to quench calcium and considered this as fluorescence minimum 

(Fmin). Intracellular free calcium was quantified by the formula ; 

[Ca2+] = Fbasal − (Kd × ((F − Fmin)/(Fmax − F))) where Kd for Fluo3-AM is 390 nM.  The 

data expressed as relative calcium fold change. 
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2.1.3.12 TGM2 activity assay  

We measured TGM2 activity in podocyte lysate as described earlier [100]. TGM2 

activity assay utilizes the deamidation reaction of the transglutaminase enzyme with a 

donor and acceptor substrate resulting in the formation of a hydroxamate product.  In this 

assay, CBZ-Gln-Gly, an amine donor, and hydroxylamine as an amine acceptor were used 

for the transglutamination reaction. In the presence of calcium and glutathione, TGM2 

carries out a deamidation reaction and forms CBZ-glutaminyl-glycyl-hydroxamate, and 

can be measured at 525nm in a spectrophotometer.  Briefly, the assay was conducted by 

incubating 100ug of total cell lysates containing no CaCl2 with 0.23mL incubation solution 

containing 31 mM CBZ-L-glutaminyl-glycine, 174 mM Tris, 4 mM CaCl2, 8.7 mM 

glutathione (GSH), and 87 mM hydroxylamine at final concentrations. After 10 min of 

incubation at 37OC, 0.5 mL of 12% V/V TCA was added to precipitate the protein and 

substrate complexes for 5 min. After high-speed centrifugation, the final clear supernatant 

was measured at 525nm. The TGM2 activity is expressed in units/mg of protein catalyzes 

the formation of 1.0 µmole of hydroxamate per minute at pH 6.0 at 37°C. 

2.1.3.13 Transfection of Plasmid DNA and siRNA 

As discussed above, we employed HEK293T cells for transfection protocols as 

podocytes are resistant for transfection protocols. Before the day of transfection 

HEK293T, cells were seeded as monolayers at 1X105 cells/well in 6-well plates and grown 

overnight at 37oC in a 5% CO2 incubator using DMEM media with 10% FBS. These cells 

were subjected to transfection with ZEB2 overexpression plasmid. Alternatively, HEK cells 

were transfected with ZEB2 siRNA and TRPC6 siRNA, respectively. The transfections 

were carried out using X-tremeGENE transfection reagents.  Following 6h of transfection 

these HEK293T cells were treated with 10µM FG4592 for 24h. Cell lysates were analyzed 

by western blotting after transfection completion.  
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2.1.3.14 Statistical analysis 

The data presented in this study as mean ± S.E. of at least three independent 

experiments. The data were analyzed using Prism software (GraphPad Software Inc.). 

One-way ANOVA was used to compare the groups. p < 0.05 was used to evaluate 

statistical significance. 

2.1.4 Results 

2.1.4.1 Expression of HIF1α and TGM2 in glomerular podocytes  

Figure 8. Stabilization of HIF1α by FG4592 stimulates TGM2 expression in podocytes. HIF1α, ZEB2, TGM2, 

and TRPC6 expressions were analyzed between healthy volunteers (n=3) versus chronic kidney disease patients 

(n=5) in the validated set group of Nakagawa CKD kidney database in Nephroseq (www.nephroseq.org) (A). 

Immunoblotting analysis showing the expression of HIF1α, TGM2, and β-Actin in human glomerular podocytes 

treated with 1,5,10, and 15 µM of FG4592 for 12h (B) and with 10µM FG4592 for 3,6,12, and 24h (C). 

Immunofluorescence detection of TGM2 in control vs. FG4592 treated podocytes. Scale bar 20μm (D). Nephroseq 

data was validated in human podocytes exposed to 10µM of FG4592 for 24h by immunoblotting (E) and qRT-PCR. 

Error bars indicate mean ± SE; n=3. *, p < 0.02; **, p <0.001; ***, p < 0.0002; ****, p < 0.0001 by student t-test (F). 

 

 

http://www.nephroseq.org/
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We employed Nephroseq (https://www.nephroseq.org; UM, Ann Arbor) revealed 

co-expression of HIF1α, ZEB2 (Zinc finger E-box-binding homeobox 2), TRPC6 (Transient 

receptor potential channel 6), and TGM2 in Nakagawa CKD dataset (Fig.8A). To assess 

the specific role of HIF1α on TGM2 expression, we treated podocytes with FG4592 (known 

as Roxadustat, a prolyl hydroxylase inhibitor) in both dose (1-15uM; Fig.8B) and time-

dependent manner (3-24h; Fig.8C) and found that stabilization of HIF1α by preventing 

hydroxylation resulted in elevated expression of TGM2. Intracellular localization of TGM2 

in FG4592 treated podocytes was demonstrated by immunofluorescence (Fig.8D). 

Furthermore, we validated Nephroseq data and found that in addition to HIF1α, we noticed 

induction ZEB2, TRPC6, and TGM2 in podocytes treated with FG4592 (Fig.8E&F).   

2.1.4.2 Elevated intracellular calcium levels associate with increased TGM2 activity 

TGM2 is a calcium-dependent enzyme. Since we observed co-expression of 

TRPC6, a nonselective cation channel, and identified it as a component of store-operated 

calcium entry, we assessed calcium levels and TGM2 activity in FG4592 treated 

podocytes. We measured intracellular calcium using calcium-sensitive Fluo-3 AM dye and 

observed elevated calcium levels in podocytes treated with FG4592 (Fig.9A). Podocytes 

treated with 2-APB, an inhibitor of TRP channels, abrogated FG4592 induced calcium flux 

into podocytes (Fig.9A). Alternatively, FG4592 induced calcium influx was attenuated in 

human podocytes with where TRPC6 expression was abolished (Fig.9A). We next 

assessed TGM2 activity in podocytes in which TRPC6 expression was attenuated using 

siRNA, or TRPC6 activity was inhibited with 2-APB. Increased TGM2 activity was 

observed with FG4592 treatment, only partially reduced when podocytes were either co-

treated with 2-APB or siTRPC6 (Fig.9B). We determined TRPC6 and TGM2 levels in 

podocytes treated with siTRPC6 by immunoblotting (Fig.9C&D). The data suggest 

reduced expression of TRPC6 by siRNA did not wholly abolish TGM2 expression in 

https://www.nephroseq.org/
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FG4592 treated cells; this could explain the presence of residual TGM2 activity in cells 

with compromised TRPC6 expression. These observations suggest that, though 

increased intracellular calcium levels via TRPC6 elicits TGM2 activity, elevated TGM2 

expression during hypoxia settings could further increase TGM2 activity. 

 

 

Figure 9.  HIF1α promotes the TGM2 activity by inducing the calcium influx. Enhanced calcium influx was 

observed in FG4592 treated podocytes, whereas 2-APB and TRPC6 knockdown abrogated FG4592 induced 

calcium flux. Error bars indicate mean ± SE; n=3. **, p < 0.001; ***, p < 0.0005; ****, p < 0.0001 by one-way 

ANOVA after Tukey’s multiple comparison test (A). TGM2 activity was measured in podocyte lysates from 

FG4592, 2-APB, and TRPC6 knockdown conditions. Error bars indicate mean ± SE; n=3. ****, p < 0.0001 by one-

way ANOVA after Tukey’s multiple comparison test (B). TRPC6 and TGM2 expression was assessed in 

podocytes treated with or without FG4592 and FG4592 along with the TRPC6 knockdown condition and 

quantified. Densitometric analysis of western blots was normalized to β-actin expression. Data presented as mean 

± SE; n=3. *, p < 0.01; ***, p < 0.0005; ****, p < 0.0001 by one-way ANOVA after Tukey’s multiple comparison 

test (C&D). 
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2.1.4.3 The essential role of ZEB2 in HIF1α induced TGM2 expression and activity 
 

Since we observed TRPC6 knockdown does not eliminate TGM2 activity despite 

reduced intracellular calcium levels, we hypothesize that TGM2 expression is regulated 

differentially during hypoxia. It was shown earlier that ZEB2 is a bona fide target of HIF1α, 

and ZEB2 expression was induced in ischemic conditions [44]. We investigated the 

mechanistic insights since we observed co-expression of ZEB2 and TGM2 in the 

Nephroseq database and podocytes exposed to FG-4592 (Fig.8A&D) of this temporal 

association. We found three ZEB2 binding sites (E-box-binding region) upstream to the 

transcription start site of TGM2 in the range of -202 to -207; -238 to -243; -309 to -314 

proximal promoter region of TGM2 (Fig.10A). Further, we performed a ChIP assay that 

revealed the binding of ZEB2 to the TGM2 promoter region (Fig.10B). N-cadherin 

promoter was utilized as a positive control as it possesses a putative ZEB2 binding site, 

and IgG acts as a negative control. Ectopically over-expressed ZEB2 resulted in elevated 

TRPC6 & TGM2 in HEK293T cells; in contrast, knockdown of ZEB2 abolished TRPC6 and 

TGM2 expression (Fig.10C). Interestingly, ZEB2 overexpression resulted in elevated 

intracellular calcium levels, while ZEB2 knockdown manifested in decreased intracellular 

calcium levels (Fig.10D), which is in tandem with TRPC6 expression. We next assessed 

TGM2 activity in podocytes in which ZEB2 ectopically overexpressed and ZEB2 silencing 

conditions.  Increased TGM2 activity was observed with FG4592 treatment as well as in 

ZEB2 overexpressed conditions. Contrastingly, the ZEB2 silencing condition resulted in 

diminished TGM2 activity (Fig.E). The data suggests ZEB2 regulates TGM2 expression 

directly and its activity via inducing TRPC6 dependent calcium flux.   
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Figure 10. ZEB2 regulates the TGM2 expression directly and activity through TRPC6.  The promoter 

region of TGM2 with ZEB2 binding E-box regions and region amplified following ChIP is indicated (A). ChIP 

analysis with chromatin fractions from podocytes exposed to FG4592. DNA from each of ChIP samples were 

PCR amplified for ZEB2 in the TGM2 promoter. E2-box in N-cadherin promoter serves as a positive control for 

ZEB2 interaction. Data presented as mean ± SE; n=3. ****, p< 0.0001 by one-way ANOVA after Tukey’s multiple 

comparison test (B). Immunoblotting analysis showing protein levels of ZEB2, TRPC6, and TGM2 in HEK293T 

cells which are ectopically expressed ZEB2 and ZEB2 knockdown conditions (C). Enhanced calcium influx was 

observed in FG4592 treated podocytes along with ZEB2 overexpression and knockdown condition. Data 

presented as mean ± SE; n=3. ***, p < 0.0005; ****, p < 0.0001 by one-way ANOVA after Tukey’s multiple 

comparison test (D). TGM2 activity was assessed in podocyte lysate treated with FG4592, ZEB2 

overexpression, and ZEB2 knockdown conditions. Data presented as ± SE; n=3. **, p < 0.001; ***, p < 0.0005; 

by one-way ANOVA after Tukey’s multiple comparison test (E). 

 

2.1.4.4 Metformin suppresses HIF1α dependent TGM2 expression in vitro and in 

vivo 

Since we observed stabilization of HIF1α resulted in accumulation of TGM2 and 

enhanced TGM2 activity, we assessed whether preventing HIF1α stabilization does affect 
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TGM2 expression and activity. In a recent study, Hart et al. demonstrated that metformin 

activates prolyl hydroxylases and ensures the degradation of HIF1α in mesothelial cells 

[101]; Metformin was shown to reverse hypoxia-induced migration by targeting the 

HIF1α/VEGF pathway in gall bladder cancer cells [102]. FG4592 induced stabilization of 

HIF1α and consequent accumulation of ZEB2 & TGM2 was attenuated in podocytes 

treated with metformin (Fig.11A&12A).  Immunofluorescence data revealed the reduced 

TGM2 expression in podocytes that were treated with metformin (Fig.11B). Together, the 

data suggest that metformin prevents HIF1α accumulation and abolishes FG4592 induced 

activation of ZEB2/TRPC6/TGM2 axis in podocytes. 

 

Figure 11. Metformin abrogates ZEB2 induced TGM2 expression. Metformin abolished FG4592 induced HIF1α, 

ZEB2, and TGM2 expression in human podocytes as analyzed by immunoblotting (A) and immunofluorescence. 

Scale bar 10μm (B). 
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2.1.4.5 Metfromin ameliorates hypoxia-induced renal fibrosis 
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Further, we investigated the effect of stabilization of HIF1α on TGM2 in vivo. Similar to in 

vitro studies, we observed elevated protein expression and mRNA expression of HIF1α, 

TRPC6, and TGM2 in glomerular lysate from mice administered with FG4592 (5mg/Kg 

b.w for 3 months) (Fig.12A&12B). In contrast, co-administration of metformin (250mg/Kg 

b.w for 3 months) prevented the activation of ZEB2/TRPC6/TGM2 axis in protein and 

mRNA level (Fig.12C&12D) and attenuated vimentin, fibronectin, and ⍺-SMA expression 

both at protein and mRNA level (Fig.12E&12F). These three markers represent 

mesenchymal phenotype. We assessed the histological features by Masson’s trichrome, 

H&E, and PAS staining in mice kidney sections (Fig.12G). Glomerular injury score 

analysis revealed metformin attenuated FG4592 induced fibrosis and altered histological 

features in glomerular and periglomerular regions as evidenced by glomerular injury score 

(Fig.12H).  

2.1.4.6 Metformin prevents the hypoxia-induced proteinuria 

Fibrosis causes the stiffening of the basement membrane that counteracts podocyte 

interactions with GBM leading to retraction of foot processes, called FPE. We performed 

transmission electron microscopy analysis in mice injected with FG4592 with or without 

metformin to study the foot process effacement. Our results show that metformin protected 

Figure 12. Metformin prevents hypoxia-induced glomerulosclerosis. Immunoblotting analysis of HIF1α, TRPC6, 

and TGM2 in glomerular lysate from mice administered with FG4592 in protein level (A) and qRT-PCR. Error bars 

indicate mean ± SE; n=3, ***, p < 0.0002; ****, p < 0.0001 by student t-test (B). Co-administration with or without 

metformin diminished the HIF1α, ZEB2, TRPC6, and TGM2 in immunoblotting (C) and qRT-PCR. Error bars indicate 

mean ± SE; n=3, *, p < 0.02; **, p <0.001; ****, p < 0.0001 by student t-test (D). Immunoblotting analysis of fibrotic 

markers in glomerular lysate from mice administered with FG4592 and treated with or without metformin (E) qRT-

PCR. Error bars indicate mean ± SE; n=3, **, p <0.001; ***, p < 0.0002; ****, p < 0.0001 by student t-test (F). Masson's 

Trichrome Staining (MTS), PAS, and H&E staining of glomerular regions of mice were administered with FG4592 and 

treated with or without metformin. Scale bar 20μm (G). Glomerular damage analysis was performed as described in 

the methods section. Data presented as mean ± SE; n=9. ***, p < 0.0005; ****, p < 0.0001 by one-way ANOVA after 

Tukey’s multiple comparison test (H). 



41 
 

the mice from FG4592 induced podocyte foot process effacement (Fig.13A). Metformin 

administration improved kidney function in FG4592 treated mice as evidenced by 

attenuation of proteinuria and UACR (Fig.13B&13C). These results suggest that 

metformin prevents renal fibrosis and foot process effacement in FG4592 treated mice, 

thus protecting them from proteinuria.  

 

Figure 13. Metformin improves hypoxia-induced proteinuria. TEM images of podocytes from mice 

administered with FG4592 and treated with or without metformin. Arrow marks indicate the podocyte foot 

process effacement. Scale bar 1μm (A). Silver staining of urinary proteins from mice administered with 

FG4592 and metformin (B). Urine albumin to creatinine ratio (UACR) from mice administered with FG4592 

and treated with or without metformin. Data presented as mean ± SE; n=6. ****, p < 0.0001 by one-way 

ANOVA after Tukey’s multiple comparison test (C).  

 

2.1.5 Discussion  

Fibrosis represents a complex process where excessive deposition and cross-

linking of ECM proteins occurs in concert with resistance of ECM components to 

breakdown by matrix matalloproteases. It has been known that TGM2 plays a vital role in 

cross-linking matrix proteins. Podocytes are instrumental for glomerular integrity and 

kidney function but localized conveniently to various noxious stimuli, including hypoxia, 
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hyperglycemia, and growth factors. HIF1⍺ is implicated in several detrimental effects on 

podocytes [103]. In this particular chapter of my thesis, I investigated the mechanism of 

TGM2 regulation in clinical conditions that mimic hypoxia. Stabilization of HIF1⍺ by 

FG4592 resulted in the accumulation of ZEB2 and its downstream target TRPC6. ZEB2 

transcriptionally activates TGM2 expression, whereas, via TRPC6, it induces calcium 

influx, thus increase TGM2 activity. Blocking the TRPC6 action or suppressing its 

expression only partially attenuated FG4592 induced TGM2 activity, whereas suppression 

of ZEB2 expression significantly abolished TGM2 activity. This study demonstrates that 

stabilization of HIF1α stimulates both TGM2 expression and activity, whereas abrogation 

of HIF1⍺ by metformin prevented HIF1⍺-regulated TGM2 and consequent glomerular 

injury. 

 HIF1α orchestrate the adaptive response of cells and tissue to the hypoxic 

environment by transcriptional activation of over a hundred of immediate and indirect 

downstream targets. The HIF1α targets regulate several vital biological processes such 

as erythropoiesis, angiogenesis, cell survival, cell metabolism, and epithelial-

mesenchymal transition. ZEB2, an E-box binding homeobox 2 transcription factor, was 

reported to be a HIF target gene, and it induces TRPC6 expression in podocytes [44]. In 

this present study, we identified that ZEB2 regulates TGM2 expression directly. TGM2 

promoter has E-box regions, and interaction of ZEB2 with TGM2 promoter is evidenced 

by chromatin immunoprecipitation, whereas ZEB2 knockdown significantly abolished 

TGM2 activity. On the other hand, inhibition of TRPC6 activity did not altogether abolish 

TGM2 activity. This study reports the complex and multi-level regulation of TGM2 by the 

ZEB2/TRPC6 axis in hypoxic conditions. 

 Besides catalyzing protein cross-linking and polyamination, TGM2 is an important 

mediator in gene regulation at various levels. In metastatic tumors detected in lymph 
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nodes and drug-resistant malignancies, increased TGM2 expression is linked to the 

development of EMT and stem cell-like features. [104, 105]. Interestingly, co-expression 

of ZEB2 and TGM2 was observed in the CKD dataset (Fig 8A) and metastatic cells [106]. 

TGM2 controls the transcription of genes by regulating the activity of NF-κB [107, 108]. 

Earlier reports showed that TGM2 regulates protein quantity by modifying and 

sequestrating proteins such as BAX-binding protein, caspase 3, and nucleophosmin [107, 

109, 110]. A recent study showed that TGM2 regulates mRNA translation via enhancing 

mTORC1-mediated phosphorylation of 4EBP1 and cap-dependent translation in response 

to hypoxic stress [111]. The accumulating evidence suggests that targeting TGM2 could 

be a practical approach to combat EMT and metastasis or dealing with hypoxia-induced 

adverse manifestations. Therefore an adequate understanding of TGM2 regulation helps 

in dealing with clinical conditions in which TGM2 is implicated. 

 Earlier reports showed increased TGM2 activity and expression in hypoxic 

conditions. TGM2 expression was significantly up-regulated in chronic hypoxic rats and 

associated with right ventricular hypertrophy [112], whereas Hypoxia-induced pulmonary 

hypertension is linked to elevated TGM2 activity [113]. In contrast, studies showed that 

TGM2 is upstream of HIF1α and regulates the expression of HIF1α and its cellular targets. 

TGM2 interacts with p65/RelA, and this complex binds to the HIF1α promoter and induces 

its transcriptional activation [106]. Interestingly, inhibition of TGM2 abolished HIF1α 

expression and attenuated ZEB2 expression [106]. Though it is debatable whether TGM2 

is upstream or downstream of HIF1α, ZEB2 appears to be a transcriptional target of HIF1α 

[44, 50, 96].  

ZEB2, a SMAD-interacting transcription factor (known as SIP1) that plays a role in 

Mowat-Wilson syndrome, a congenital condition associated with kidney abnormalities 

[114]. Although studies reported that ZEB2 is necessary for normal nephron development 
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in mice [114], elevated ZEB2 levels were implicated in the EMT of podocytes suppressing 

E-cadherin expression [115]. ZEB2 induction is correlated with overexpression of 

transforming growth factor-beta-induced protein (TGFBI) in growth hormone (GH) treated 

podocytes and proteinuria in rats administered with GH [116]. TGFBI is an integral 

component of ECM, and it interacts with ECM proteins such as integrins and induces 

stabilization of microtubules [117]. Cerebral ischemia induces the HIF1α/ZEB2 axis in the 

glomerular podocytes and contributes to proteinuria [44]. The deleterious effects of the 

HIF1α/ZEB2 axis attributed to increased TRPC6 expression and resultant calcium influx 

into podocytes that resulted in aberrant activation of focal adhesion kinase [44]. 

Therapeutically inhibiting ZEB2 expression or TRPC6 expression is not a suggested 

option. Inhibition of ZEB2 expression suppresses TRPC6 expression and calcium 

conductance into a cell. It was recently reported that decreased TRPC6 expression in 

TRPC6 −/− podocytes resulted in calpain mislocalization and considerable down-

regulation of calpain activity, which resulted in the modified cytoskeleton of podocyte and 

its motility & adhesion [118]. Therefore, blocking HIF1α accumulation or targeting TGM2 

active site inhibitors appears to be therapeutic options. 
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2.2 Screening inhibitors for TGM2 
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2.2.1 Abstract:  

Transglutaminases are enzymes that catalyze the alteration of proteins after they have 

been translated. TGM2 is the widely studied member of this family, which catalyzes the 

cross-linking via N-ε-(γ-glutamyl) lysine bonds between the side chains of peptide-bound 

Glutamine and Lysine residues. Accumulation of TGM2 client proteins is found in renal 

fibrosis. In this study, we screened chemical compounds structurally similar to the GTP, 

an allosteric inhibitor of TGM2. We screened 1985 compounds from the PubChem 

database against TGM2 GTP binding pocket. There are three compounds we selectively 

identified that show the highest binding energy and obeyed Lipinski’s properties. These 

compounds did not show any structural deviations in the peptide backbone of TGM2. 

Further, our analysis suggests that they show better interaction in comparison to the GTP 

molecule, thereby may act as potential therapeutic inhibitors against TGM2 and abate the 

progression of renal fibrosis. 
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2.2.2 Introduction:  

 TGM2, widely known as tissue transglutaminase, is an extracellular calcium-

dependent transferase enzyme (EC: 2.3.2.13) that catalyzes the formation of N-ε-(γ-

glutamyl) lysine cross-links between peptide side chains [76]. Transglutaminase (TGM2) 

ensures the formation of a stable dipeptide bond that results in proteolytic-resistant, intra 

and intermolecular cross-links of client proteins. TGM2 client proteins include several ECM 

proteins, including collagen, laminin, osteopontin, fibronectin, and fibrinogen. TGM2 

dependent cross-linking of ECM proteins enables the stabilization of collagen fibrils, 

reduced proteolysis, thus results in the accumulation of ECM proteins. The potential 

character of TGM2 is to catalyze the iso-peptide bond formation and cross-linking of ECM 

components and thus renal fibrosis [76, 82]. Since the accumulating evidence suggests 

that the catalytic activity of TGM2 is implicated in the pathobiology of an array of diseases, 

inhibition of the TGM2 activity could be a therapeutic strategy to combat an array of 

diseases in which elevated activity of TGM2 is implicated. 

 Accumulating evidence suggests that the catalytic activity of TGM2 is implicated 

in the pathobiology of an array of diseases and inhibition of the TGM2 activity could be a 

potential strategy to combat these diseases. Several research investigators developed 

irreversible inhibitors such as Halomethyl carbonyls, 3-Halo-4, 5-dihydroisoxazole, and 

competitive inhibitors resembling acyl-donor substrate were tested in both cell culture (in 

vitro) and in vivo models. Nevertheless, a clinically validated TGM2 inhibitor is yet to be 

obtained for human use.   

This study screened reversible inhibitors for TGM2 using a GTP-Structure 

similarity-based approach and a combination of both protein-ligand docking and molecular 

dynamic techniques. Based on the structural similarities with GTP, we screened 1985 

compounds that best fit the GTP binding pocket of TGM2. Structure prediction and 
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molecular dynamics simulations identified three potent chemical compounds with the 

highest binding affinity and most minor or no degree of alterations in the protein backbone 

after binding. These three inhibitors could be further validated to treat pathologies in which 

TGM2 is implicated. 

2.2.3 Methods: 

2.2.3.1 Ligand retrieval, validation, and preparation:  

To find potential TGM2 inhibitors, we screened and considered compounds similar to the 

GTP to mimic the TGM2 enzyme inactivation by GTP (open conformation). We manually 

searched for the ligands in the PubChem database using the following parameters 

(Table.3). The shortlisted compounds from the PubChem were further screened as 

follows. The SMILES information of the shortlisted compounds was submitted to the 

SwissADME server (http://www.swissadme.ch/). This server analyzed the compounds 

physicochemical, lipophilicity, water-solubility, pharmacokinetics, drug-likeness, and 

medicinal chemistry features. 

        Table.3: Parameters used in PubChem for searching ligands for inhibiting TGM2. 

Parameters Values 

Molecular Weight 200-1100 g/mol 

Rotatable Bond Count 0-20 

Heavy Atom Count 10-60 

H-bond Donor Count 2-15 

H-bond Acceptor Count 5-34 

Polar Area 100-600 Å 

Complexity 300-2200 

XLogP (-10) -1 

 

Further, we verified whether the ligands followed Lipinski's rules at pH 7.0 using 

the supercomputing facility (http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp) 

http://www.swissadme.ch/
http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp
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located at for Bioinformatics and Computational Biology server of IIT Delhi Toxicology 

screening was also done using the vNN-ADMET Webserver (https://vnnadmet.bhsai.org/) 

to assess the ligand's mutagenicity, cytotoxicity, microsomal stability, hepatotoxicity, 

cardiotoxicity, and drug-drug interactions. Only the compounds that passed these criteria 

were selected for docking with the TGM2 enzyme. 

2.2.3.2 Molecular docking of compounds with TGM2:  

We next docked the GTP and the shortlisted compounds that could bind to the GTP pocket 

of the TGM2 enzyme. The 3D coordinates of the TGM2 enzyme were gathered from the 

RCSB protein data bank (PDB ID: 2Q3Z). The GTP and compounds were prepped by 

detecting their torsion roots, and polar hydrogen atoms were added using the Avogadro 

software. GTP and the shortlisted compounds were docked to the GTPase pocket of the 

TGM2, which consist of the residues Arg476, Arg478, Arg580, Phe174, Met483, and 

Val479.  

2.2.3.3 Molecular Dynamic (MD) simulations: 

Only the compounds that showed a better docking score than the GTP were considered 

for MD simulation using Gromacs 5.1.4. We performed MD simulations for the empty 

TGM2 and TGM2 docked with the GTP as controls. The topology of the ligands was 

generated in the CGenFF (https://cgenff.umaryland.edu/), and the CHARMM36 force field 

was used to run the simulations. The complexes were centered in 5.073 x 5.831 x 16.180 

nm boxes and solvated with the Simple point charge (SPCE) water system.  18 Na+ ions 

neutralized the systems' total net charge. The steepest descent minimization method was 

then used to do energy minimization and system equilibration. At a steady temperature 

and pressure of 300K and 1atm, the system was equilibrated for 100 picoseconds. We 

next used the long-range electrostatics were then treated with particle-mesh Ewald 

approach, following which the simulations were carried out for 100 nanoseconds. After the 

https://vnnadmet.bhsai.org/
https://cgenff.umaryland.edu/
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MD simulations, we analyzed the protein-ligand interactions using the PDBsum server and 

LigPlot. Also, we plotted the root mean square deviation (RMSD), root mean square 

fluctuation (RMSF), and the radius of gyration (Rg) of the complex using XMGrace. 

2.2.3.4 Molecular docking of selected compounds with other enzymes GTP binding 

pocket:  

We further docked the GTP and the shortlisted compounds with the GTP pocket of other 

proteins such as Ras homolog gene family, member A (Rho A), Ras associated with 

diabetes (Rad), Small GTP binding protein Gem. The 3D coordinates of the selected 

proteins were gathered from the RCSB protein data bank (PDB ID: 1A2B, 2DPX, 2CJW 

respectively). By measuring the torsion roots of the GTP and selected compounds, polar 

hydrogen atoms were added. The selected proteins GTPase pockets were docked with 

GTP and the shortlisted compounds. The docking was performed in auto dock vina. 

2.2.4 Results: 

2.2.4.1 Screening and validation of potential TGM2 inhibitors:  

  

Figure 14: Superimposition of all molecules. The superimposition of three finalized 

molecules along with GTP.  GTP (Green), C9560 (Yellow), C4215 (Red), C4959 (Blue). The 

structures of ligands were obtained from the PubChem database. 

 

Based on the structural similarity and parameters submitted to the PubChem, a total of 
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1985 compounds that were either similar or had a sub-structure of GTP were identified. 

Further, screening these compounds by the SwissADME server shortlisted 150 

compounds with a bioavailability score of ≥0.55 and obeyed Lipinski’s rules were selected. 

Toxicology analysis of these 150 compounds revealed 86 compounds safe and suitable 

for further studies. We next docked these 86 compounds and the GTP molecule into the 

GTPase site of the TGM2 and predicted their docking scores. A docking score of -7.0 

Kcal/mol for GTP was chosen as the threshold to shortlist the compounds further. Four 

novel compounds with PubChem IDs, namely, CID_137274215, CID_136349560, 

CID_135600340, and CID_64959 (from here on referred to as C4215, C9560, C0340, and 

C4959) that showed the structural similarity with the GTP (Fig.14, Table.4) showed 

docking scores ≥ GTP. 

Table 4: Accession numbers, IUPAC names, and structures of TGM2 inhibitors. 

PubChem ID IUPAC Name Structure Abbreviated 
 Name 

CID_135398633 

[[(2R,3S,4R,5R)-5-(2-

amino-6-oxo-1H-

purin-9-yl)-3,4-

dihydroxyoxolan-2-yl] 

methoxy-

hydroxyphosphoryl] 

phosphono hydrogen 

phosphate 
 

GTP 

 

CID_136349560 

2-amino-9-

[(2R,4S,5R)-5-

(cyclopentyloxymethy

l)-4-hydroxyoxolan-2-

yl]-1H-purin-6-one 

 

C9560 



52 
 

 

CID_137274215 

2-amino-9-

[(3R,4S,5S)-3-fluoro-

4-hydroxy-5-

(hydroxymethyl) 

oxolan-2-yl]-1H-

purin-6-one 

 

C4215 

CID_64959 

9-[(2R,3R,4S,5R)-

3,4-dihydroxy-5-

(hydroxymethyl) 

oxolan-2-yl]-3H-

purine-2,6-dione 

 

C4959 

 

2.2.4.2 Docked complexes of TGM2 with ligands:  

We performed Molecular Docking for the TGM2 protein with selected ligands. We have 

docked to the GTP binding pocket of the TGM2 Protein. All ligands are docked to the GTP 

binding pocket. We took the GTP molecule as a positive control. The docking score of 

TGM2+GTP is -7.0. We have selected the ligands more than -7.0. The docked complexes 

are shown in (Fig.15). These Compounds are delivering the best fit to the GTP binding 

pocket of TGM2. 
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Figure 15: TGM2 and ligand docked complexes. TGM2 Protein in green colour and ligands in red colour. 

A. Empty TGM2 Protein B. TGM2+GTP docked structure C. TGM2+C9560 docked structure D. 

TGM2+C4215docked structure E. TGM2+C4959 docked structure. 
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2.2.4.3 Molecuar Simulatons: 

 

 

 

Figure 16: RMSD graphs of TGM2 and ligand complexes after simulation. The simulation run time 

was 100ns.  A. Empty TGM2 Protein B. TGM2+GTP RMSD graph C. TGM2+C9560 RMSD graph D. 

TGM2+C4215 RMSD graph E. TGM2+C4959 RMSD graph. 
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We performed MD simulations for the TGM2 protein, and TGM2 docked with GTP, C4215, 

C9560, and C4959 complexes. To understand the stability of the complexes, we plotted 

RMSD vs. time plots for TGM2 and TGM2-ligand complexes (Fig.16A-E). The RMSD of 

TGM2 fluctuated between 0.2-0.4 nm (Fig.16A), whereas the TGM2-GTP complex 

showed an initial RMSD fluctuation between 0.2-0.4nm until 30ns, after which it increased 

to 0.6-0.8nm until ~92ns followed by a drop to 0.4-0.5ns until 100ns (Fig.16B). In the case 

of the TGM2-C4215 complex, the RMSD fluctuation until 80ns was between 0.25-0.4nm, 

after which it increased to 0.5-0.7nm (Fig.16C). Unlike the TGM2 bound to GTP or C4215, 

the RMSD fluctuation of the TGM2-9560 and TGM2-C4959 complexes was constant 

between 0.2-0.3nm throughout the simulation (Fig.16D & E). These results suggest that 

the complexes TGM2-9560 and TGM2-4959 showed the least RMSD compared to the 

enzyme and other complexes suggesting that C9560 and C4959 may form stable 

complexes with TGM2. 

Similarly, we plotted RMSF per residue plots for TGM2 and TGM2 complexes. The data 

suggest that RMSF for residues 1-600 was constant at ~0.15nm (Fig.17A-E), nevertheless 

significant jumps in RMSF for the residues 601-686 with peaks reaching up to 0.6-0.7nm 

for TGM2 and TGM2 complexes (Fig.17A-E). This data may suggest that the C-terminal 

segment (residues 601-686) was flexible throughout the simulation. 
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Figure 17: RMSF graphs of TGM2 and ligand complexes after simulation. The simulation run time was 100ns.   A. 

Empty TGM2 Protein B. TGM2+GTP RMSF graph C. TGM2+C9560 RMSF graph D. TGM2+C4215 RMSF graph E. 

TGM2+C4959 RMSF graph. 
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Figure 18: Rg graphs of TGM2 and ligand complexes after simulation. The simulation run time was 100ns. A. 

Empty TGM2 Protein B. TGM2+GTP Rg graph C. TGM2+C9560 Rg graph D. TGM2+C4215 Rg graph E. 

TGM2+C4959 Rg graph. 

Similarly, we plotted Rg vs. time plots for TGM2 and TGM2 complexes (Fig.18A-E). The 

Rg measures the compactness of the protein/protein-complexes as the simulation 

progress, thus giving an insight into the protein/protein-complexes stability. 
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Our results showed that the Rg plots of TGM2 and TGM2 complexes did not show any 

significant fluctuations. However, a slight dip in Rg was detected in the case of the TGM2-

GTP complex for the initial 20ns, after which the Rg was similar to the rest of the TGM2 

and TGM2 complexes. Collectively our data suggest that the novel compounds formed 

stable complexes with the TGM2 enzyme. 

2.2.4.4 C9560 formed a stable complex with TGM2:  

Our results suggest that the unique compounds show greater affinity towards TGM2 in 

comparison to GTP (Table.3). Further, we observed that C9560 showed the highest 

affinity (-8.0 Kcal/mol) towards TGM2, followed by C4215 and C4959. Interestingly, the 

interacting residues of TGM2 with the novel compounds and the GTP differed significantly 

(Table.5). Apart from the predicted hydrogen bonds, several non-bonded contacts are 

present between the TGM2 and the novel compounds. The hydrogen bonds with TGM2 

protein with ligands showed in the lig plots (Fig 19). 

Table 5: The hydrogen-bonded residues involved in the interactions with the ligands after 

MD simulations. 

Compound 

Name 

Before 

Simulation 
After Simulation 

Docking score 

with  TGM2 

(Kcal/mol) 

Docking 

score with 

TGM2 

(Kcal/mol) 

Compound 
atom 
name 

TGM2 
residues 

TGM2 
atom 
name 

Distance 
(Å) 

GTP -7.0 -7.0 

O6 

O2B 

O3G 

Arg317 

Phe392 

Asn573 

NE 

O 

OD1 

2.82 

1.27 

1.95 

C4215 -7.3 -7.2 

O3 

O3 

O1 

Phe394 

Ile572 

Leu576 

O 

O 

N 

2.99 

3.33 

2.96 

C9560 -7.0 -8.0 O4 Ser574 O 2.43 

C4959 -7.0 -7.0 N3 Ser574 N 2.01 
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Figure 19: Ligplots of TGM2 with ligand complexes after simulation. Ligplot shows the interacting binding 

residues between TGM2 Protein and ligands. Green colour labeled residues are involved in the hydrogen bonding 

with TGM2 Protein. Green colour dotted lines show the distance between TGM2 Protein and ligands. A. 

TGM2+GTP Ligplot B. TGM2+C9560 Ligplot C. TGM2+C4215 Ligplot D. TGM2+C4959 Ligplot. 
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2.2.4.4 Verification of interaction of ligands with GTP binding pocket of related 

enzymes: 

In order to verify the specificity and selectivity of the inhibitors i.e ligands what we screened 

for TGM2, we performed the docking with few related enzymes (RhoA, RAD, and GEM) 

that possess GTP binding pockets. Our analysis suggest that the shortlisted three 

compounds have predominantly greater affinity towards TGM2 in comparison to other 

selected proteins as revealed by docking score (Table.6). The only exception we noticed 

was with C9560, which showed the slightly higher affinity (-8.1 Kcal/mol) for RAD over 

TGM2. The results suggest that screened and shortlisted compounds (C4215, C9560, and 

C4959) are giving the best fit to the GTP binding pocket of TGM2 when compare to other 

small GTP binding proteins. 

Table 6: Docking scores of selected ligands with selected proteins. 

 

 

 

 

 

 

 

 

2.2.5 Discussion:  

The activity of TGM2 is believed to be up-regulated and is implicated in the pathology of 

number of diseases. Although the involvement TGM2 in the pathology of cancer, celiac 

neurological diseases, and renal diseases was investigated, the precise molecular 

mechanism by which TGM2 contributes to these diseases has not been elucidated.  Based 

on its involvement researchers suggested that TGM2 could be a potential therapeutic 

Compound 
Name 

Docking score (Kcal/mol) 

TGM2 Rho A RAD GEM 

GTP -7.0 -8.9 -12.7 -9.1 

C4215 -7.3 -5.9 -6.7 -5.8 

C9560 -7.0 -6.4 -8.1 -7.0 

C4959 -7.0 -5.2 -6.2 6.1 
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target against an array of ailments including fibrosis during chronic kidney disease [82]. 

Researchers strongly believe that inhibition of TGM2 offers significant protection against 

hypoxia-induced maladaptive tissue repair. Therefore, my study is aimed to investigate 

the possible inhibitors against TGM2.  In this study, we screened large number of inhibitors 

for TGM2 to the GTP binding pocket and short-listed only three compounds as TGM2 

inhibitors. These compounds were filtered according to the GTP structure using the 

docking and simulation studies.  

Although the precise in vivo function of TGM2 remains enigmatic, multiple pieces 

of evidence revealed its role in various etiologies, and inhibition of TGM2 was suggested 

as a target from a therapeutic perspective. Among different modes of inhibition, reversible 

inhibitors may help to block the enzyme under physiological conditions. Therefore, in this 

study, we used strategies to screen many inhibitors and found that the compounds were 

identical to GTP, screened them using the pharmacophore approach, and validated their 

interaction and inhibition with the allosteric site of TGM2. We also verified that the three 

compounds that were short-listed showed enhanced interaction than GTP.  

Both GTP and GDP are cofactors for TGM2, acting as allosteric and reversible 

inhibitors [90]. The GTP analogs such as GMP-PCP and GTPγS reversibly inhibit TGM2 

[90]. Since reversible inhibition of enzymes shown to be effective [76], we used a similar 

strategy to screen the inhibitors that could interact with TGM2 identical to that of GTP.  

Interacting capacity analysis revealed that the short-listed molecules (C9560, C4215, and 

C4959) that resemble GTP and differ from each other in side-chain modification could 

interact with TGM2 more effectively than GTP.  Like GTP, we predict that our selected 

molecules can work as allosteric and reversible inhibitors for the TGM2 enzyme. We have 

performed a simulation for 100ns with the selected ligands with the TGM2 enzyme to 

strengthen our data.  Our simulation data revealed that the selected compounds are more 
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stable than GTP in RMSD, RMSF, and Rg.  

Like GTP, our selected molecules also will show the allosteric and reversible 

inhibition towards TGM2. TGM2 reversible inhibitors prevent the TGM2 activity by halting 

the substrate availability to the catalytic site without modifying the enzyme 

covalently.  These inhibitors have delayed binding kinetics, implying that they bind to TG2 

independently of GTP, possibly via competing for the same binding site. Recently, the 

Case group has identified the unique set of reversible & allosteric inhibitors with the 

backbone of thieno [2,3-d]pyrimidin-4-one acyl hydrazide. They have shown that their 

molecules are extensively binding with the GTP binding pocket of TGM2 based on their 

kinetic analysis [119, 120]. 

Further studies are required to validate whether these GTP analogs could inhibit 

TGM2 and prevent TGM2 associated pathologies. Owing to COVID-19 restrictions we 

were unable to perform synthesis of these compounds and pre-clinical research in mice. 

However, few days ago our lab initiated in vivo studies to investigate the therapeutic 

potential of identified inhibitors. It is noteworthy that the shortlisted compounds are less 

likely interacting with other enzymes that possess GTP binding pocket.  
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3. Summary 

 

 

 

 

 

 

 

 

 



64 
 

The kidneys are vital organs that regulate water and electrolyte balance, thereby 

maintains the body's homeostasis. These organs continuously exposed to body fluids and 

are thus vulnerable to various noxious stimuli and physiological factors that curb human 

physiology. It is largely considered that kidney fibrosis is the final common insult that leads 

to end-stage kidney failure. Kidney is composed of several cell types including podocytes, 

endothelial cells, mesangial cells, and tubular cells. Due to the high cell-type 

heterogeneity, targeting kidney fibrosis becomes exceptionally challenging. Glomerular 

podocytes are one of the essential cell types that play a crucial role in regulating 

glomerular filtration and also help to maintain integrity of the glomerulus by contributing to 

the glomerular basement membrane and endothelial cells. Interestingly, podocytes 

express both epithelial and mesenchymal cell markers at healthy states, however these 

cells switch to a mesenchymal state when they injured, particularly during nephropathic 

conditions that present with proteinuria. Increasing evidence indicates that podocytes are 

at extreme risk during chronic kidney injury. Noxious milieu during chronic kidney disease 

(CKD) conditions including hypoxia drives podocyte injury and resulting in varying degrees 

of proteinuria.  

The continuous glomerular filtration and tubular reabsorption are energy required 

processes. Since energy requirement by renal cells is very high, the demand for 

synthesizing sufficient ATPs is very high. Therefore, the demand for ATP is met by 

oxidative phosphorylation. Together, the high demand for oxygen supply for the 

glomerular and tubular function renders kidneys to hypoxic exposure, making kidneys 

more susceptible to damage in diseases particularly involved with glomerular dysfunction. 

Hypoxia has been characterized to play a crucial role in driving fibrosis, which is implicated 

in the end-stage kidney dysfunction. Besides fibrosis, hypoxia is implicated in the several 

cellular phenomenon such as epithelial-mesenchymal transition and angiogenesis, which 
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in turn influence the renal health and implicate in the kidney disease, which are mediated 

by HIF1α. A Blood oxygen level-dependent magnetic resonance imaging study 

demonstrated that low tissue oxygenation is an independent predictor of lowering kidney 

function [121]. A recent method using a lifetime phosphorescence imaging probe BTPDM1 

(benzothienylpyridine dimethylamino) identified hypoxic in chronic kidney disease 

condition [122].   

Relative renal hypoxia exists in adolescents with type1 diabetes mellitus 

associated with albuminuria, suggesting hypoxia is a common factor in chronic kidney 

disease and diabetic kidney disease [123]. Hypoxia is also related to cardiovascular 

disease and patients with chronic vascular complications develop chronic kidney disease 

over time. Indeed, hypoxia has been associated with stroke-induced proteinuria. However, 

the mechanism of stroke-induced proteinuria was initially being solved in our lab. We 

showed that HIF1α transcriptionally induces ZEB2 in podocytes of rats with middle 

cerebral artery occlusion (MCAO), an ischemic model widely used to generate stroke in 

rodents [50].  ZEB2 suppresses the expression of E-cadherin and ZO-1 tight junction 

proteins and induces mesenchymal markers, including N-cadherin and Vimentin, in one 

arm. On the other hand, ZEB2 expression induces TRPC6, a calcium channel activity that 

facilitates hyper calcium influx into podocytes resulted in podocyte structural changes 

leading to proteinuria in MCAO [44].  Therefore, the HIF signaling is considered a dominant 

factor in cerebrovascular, cardiovascular, diabetic kidney disease conditions. 

The classic view that targeting hypoxia could prevent fibrosis progression has been 

the paradigm for several decades. In recent advance investigations suggesting that the 

consequences of targeting hypoxia signaling using HIF1α inhibition to treat kidney disease 

showed varying outcomes in murine models. In contrast, inhibition of HIF1 hydroxylases 

is also protective against experimental fibrosis [124]. Moreover, oral administration of 

Roxadustat, a HIF1 activator, is being used in clinical trials for anemic patients with CKD 
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[125]. Therefore, the elements directly involved in the progression of ECM stabilization or 

kidney fibrosis would be helpful for patients with acute or chronic renal failure. TGM2 is an 

extracellular matrix cross-linking and stabilizing enzyme whose expression was highly 

correlated with kidney fibrosis. TGM2, along with several ECM proteins, have been 

characterized to be the direct targets of HIF1α. Moreover, several ECM proteins are the 

direct substrates for TGM2 transamination activity, suggesting that HIF1α partially relies 

on TGM2 expression and activity in the process of kidney fibrosis.  

 Given the importance of HIF signaling in kidney injury, our lab longed an interest 

in understating the hypoxia-driven mechanisms in podocyte injury. Although our prior 

publications showed elevated calcium levels in hypoxia, the main focus was completely 

different. In this thesis, I demonstrated that ZEB2 transcriptionally induces TGM2 

expression and increases activity by TRPC6 expression and mediated intracellular 

calcium pools in podocytes exposed to hypoxic conditions. The Abrogation of HIF1α 

improved renal function by suppressing TGM2 expression and activity in ZEB2/TRPC6 

manner. 

The salient findings of my study are: 

 

 Stabilization of HIF1α by FG4592 stimulates TGM2 expression in glomerular 

podocytes in vitro and in vivo. There is a temporal association between the 

expression of HIF1α and TGM2. 

 ZEB2, a downstream target of HIF1α, also regulates TGM2 expression (via 

interacting with promoter) and activity via elevated intracellular calcium levels via 

TRPC6. 

 Knocking down of ZEB2 expression could able to prevent TGM2 activity only partially. 

This could be due to HIF1α induced TRPC6 expression, which sequesters Calcium, 

a co-factor for TGM2.  
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 Inhibition of HIF1α by metformin abolished ZEB2 and, in turn, TGM2 expression.  

 Metformin prevents hypoxia-induced glomerulosclerosis and improved kidney 

function.  

 Out of the 1985 compounds screened, we short-listed only three compounds that 

showed the highest binding energy with TGM2 by obeying Lipinski’s physicochemical 

properties, ADME, and Toxicology profile. 

 Our study also revealed that the seleted ligands are more specific for TGM2 only, and 

are not interacting with GTP binding pockets of other enzymes of matrix such as 

RhoA, and GEM. 

 In summary, our study revealed that stabilization of HIF1α stimulates TGM2 

expression & activity, whereas abrogation of HIF1α protected from TGM2 induced 

renal manifestations and improved kidney function. Targeting TM2 with the selected 

ligands could be the potential strategy to combat hypoxia-induced renal 

complications. Further studies will work with the selected compounds targeting TGM2 

and test their potency on renal fibrosis mouse models. 

 

 

Figure 20: A schematic representation of metformin action on FG4592 induced podocyte 

pathogenesis. 
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The findings detailed in this thesis was publishing as follows: 

1. Kolligundla LP et al., ZEB2/TRPC6 axis transduce HIF1α dependent regulation 

of Transglutaminase 2 in glomerular podocytes. (Manuscript submitted to JCP and 

ID. JCP-21-1091).  

2. Kolligunlda LP et al., Identification of potent reversible inhibitors for 

Transglutaminase 2. (Manuscript communicated to International Journal of 

Simulation Modelling).  

Related manuscripts: 

3. Singh AK*, Kolligundla LP* et al., Detrimental effects of hypoxia on glomerular 

podocytes. JPB, 2021; doi -10.1007/s13105-021-00788 (*Equal contribution). 

 

4. Nakuluri K, Nishad R, Mukhi D, Kumar S, Nakka P.V, Kolligundla LP et al., 

Cerebral ischemia induces TRPC6 via HIF1alpha/ZEB2 axis in the glomerular 

podocytes and contributes to proteinuria. Sci Rep, 2019; 9(1): p.17897. 

 
5. Mulukala SK, Nishad R, Kolligundla LP et al., In silico Structural characterization 

of podocin and assessment of nephrotic syndrome‐associated podocin mutants. 

IUBMB Life, 2016; 68(7):578-88. 
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Abstract
Hypoxia-inducible factor1 (HIF1) plays a pivotal role in ensuring cells adapt to low-oxygen conditions. Depletion of oxygen, 
a co-substrate during hydroxylation of prolyl (P402 and P564) residues of HIF1⍺, evades HIF1⍺ ubiquitination and ena-
bles its dimerization with HIF1β to mediate global transcriptional response to hypoxia. Though HIF1 is largely considered 
eliciting a protective role during physiological or pathological hypoxia or ischemia, elevated HIF1 during chronic hypoxia 
contributes to glomerular diseases’ pathology and proteinuria. The glomerulus is responsible for renal permselectivity and 
excretion of ultra-filtrated urine. Podocytes are the glomerulus’ major cell types and are instrumental for glomerular filtration, 
permselectivity, and glomerular basement membrane maintenance. Podocyte injury is expected to impair the efficiency of 
glomerular filtration and manifestation of glomerulosclerosis and proteinuria. Accumulated evidence suggests that podo-
cytes are susceptible to various insults during chronic hypoxia, including podocyte EMT, slit-diaphragm dysfunction, foot 
process effacement, and cytoskeletal derangement due to accumulation of HIF1. This review discusses how hypoxia/HIF1 
signaling regulates various features and function of podocytes during exposure to chronic hypoxia or inducing HIF1 by 
various chemical modulators.

Keywords  Hypoxia · HIF · Podocyte · EMT · Slit-diaphragm · Proteinuria

Abbreviations
CKD	� Chronic kidney disease
EMT	� Epithelial-to-mesenchymal transition
EPO	� Erythropoietin
ESRD	� End-stage renal disease
GBM	� Glomerular basement membrane
GFB	� Glomerular filtration barrier
HIF	� Hypoxia-inducible factor
MET	� Mesenchymal to epithelial transdifferentiation

PHD	� Prolyl hydroxylase
PKD	� Polycystic kidney disease
SD	� Slit-diaphragm

Introduction

Kidneys regulate several functions, including erythropoiesis, 
electrolyte, water, and acid–base balance, and are thus indis-
pensable in ensuring the body’s homeostasis. Human kid-
neys elicit these functions with the collective effort of ~ 2.0 
million nephrons [27]. Nephron, the functional unit of the 
kidney, consists of two regions: glomerulus and tubule. The 
glomerulus is responsible for filtering water and small mol-
ecules from the blood to form primary urine. Whereas the 
tubular system ensures selective reabsorption and secretion, 
thus fine-tune the final composition of urine. Under normal 
conditions, kidneys help excrete ultra-filtrated urine with a 
tightly regulated composition [1]. 

Urinary excretion of albumin at varying degrees is a 
well-known predictor of renal outcome [2]. Microalbumi-
nuria (30 to 300 mg/24 h) followed by macroalbuminuria 
(≥ 300 mg/24 h) over months to years indicate progressive 
renal function loss. Proteinuria for an extended period is 

Key Points  • Podocytes, which regulate glomerular 
permselectivity, are susceptible to hypoxic injury.

• Accumulation of HIF1⍺ results in epithelial-mesenchymal 
transition of podocytes.

• HIF1α suppresses podocyte slit-diaphragm proteins and thus 
impairs their permselectivity.

• Podocyte compromises their shape due to cytoskeletal 
deformities induced by HIF1α.
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Cerebral ischemia induces 
TRPC6 via HIF1α/ZEB2 axis in 
the glomerular podocytes and 
contributes to proteinuria
Krishnamurthy Nakuluri1,5, Rajkishor Nishad1,5, Dhanunjay Mukhi1, Sireesh Kumar2, 
Venkata P. Nakka3, Lakshmi P. Kolligundla1, Parimala Narne2, Sai Sampath K. Natuva4, 
Prakash Babu Phanithi2* & Anil K. Pasupulati   1*

Podocytes are specialized cells of the glomerulus and key component of the glomerular filtration 
apparatus (GFA). GFA regulates the permselectivity and ultrafiltration of blood. The mechanism by 
which the integrity of the GFA is compromised and manifest in proteinuria during ischemic stroke 
remains enigmatic. We investigated the mechanism of ischemic hypoxia-induced proteinuria in a middle 
cerebral artery occlusion (MCAO) model. Ischemic hypoxia resulted in the accumulation of HIF1α in the 
podocytes that resulted in the increased expression of ZEB2 (Zinc finger E-box-binding homeobox 2). 
ZEB2, in turn, induced TRPC6 (transient receptor potential cation channel, subfamily C, member 6), 
which has increased selectivity for calcium. Elevated expression of TRPC6 elicited increased calcium 
influx and aberrant activation of focal adhesion kinase (FAK) in podocytes. FAK activation resulted in 
the stress fibers reorganization and podocyte foot process effacement. Our study suggests overactive 
HIF1α/ZEB2 axis during ischemic-hypoxia raises intracellular calcium levels via TRPC6 and consequently 
altered podocyte structure and function thus contributes to proteinuria.

Extreme physiological and pathological conditions impose challenges on human physiology. The normal func-
tioning of the human body demands both continuous and adequate supply of oxygen whereas relative (hypoxia) 
and the absolute deficiency (anoxia) of oxygen are a risk to human health. Human organs vary in their oxygen 
dependency and susceptibility to oxygen deficiency. Brain and kidney are most hypoxia-sensitive organs. Oxygen 
is involved in the formation of ATP from ADP and ATP-dependent active salt reabsorption in kidney demands 
high oxygen supply1. Kidney carries out its functions within a narrow range of partial pressure of oxygen, which is 
very low in the inner medulla (5 mmHg) compared with the outer cortex (50 mmHg)2. Furthermore, renal vascu-
lature despite its low-resistance subjected to continuous perfusion3,4. Vascular architecture of the kidney and sur-
plus demand for oxygen together let the kidneys highly sensitive to oxygen-deprived conditions1,5,6. Limitations 
in oxygen supply impose kidneys to undergo hypoxia-induced maladaptation, which likely reflects in the patho-
physiology of acute kidney injury and proteinuria6–12.

The vertebrate kidneys regulate homeostasis predominantly by controlling acid-base, electrolyte, and water 
balance. Kidneys are also instrumental in ultrafiltration of plasma components and regulating the composition of 
urine. Proteinuric condition suggests abnormalities in the glomerular filtration apparatus (GFA)13. Three layers of 
GFA are podocytes, glomerular basement membrane (GBM), and perforated endothelium13. Clinical conditions 
such as stroke and sleep apnea are associated with proteinuria and are presented with reduced renal perfusion 
and moderate to severe hypoxia12,14. Accumulated evidence suggests that hypoxia contributes to the proteinuria 
and pathogenesis of chronic kidney disease (CKD)6,7,10,15–17. The prevalence of CKD is more than 30% among 
stroke subjects18. Renal dysfunction is a worse clinical outcome in patients with ischemic stroke19,20 and it is an 
independent predictor of stroke mortality18.
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Abstract

Nephrotic syndrome (NS) is manifested by hyperproteinuria,

hypoalbuminemia, and edema. NPHS2 that encodes podocin

was found to have most mutations among the genes that are

involved in the pathophysiology of NS. Podocin, an integral

membrane protein belonging to stomatin family, is expressed

exclusively in podocytes and is localized to slit-diaphragm

(SD). Mutations in podocin are known to be associated with

steroid-resistant NS and rapid progression to end-stage renal

disease, thus signifying its role in maintaining SD integrity

and podocyte function. The structural insights of podocin are

not known, and the precise mechanism by which podocin con-

tributes to the architecture of SD is yet to be elucidated. In this

study, we deduced a model for human podocin, discussed the

details of transmembrane localization and intrinsically unstruc-

tured regions, and provide an understanding of how podocin

interacts with other SD components. Intraprotein interactions

were assessed in wild-type podocin and in some of its

mutants that are associated with idiopathic NS. Mutations in

podocin alter the innate intraprotein interactions affecting the

native structure of podocin and its ability to form critical com-

plex with subpodocyte proteins. VC 2016 IUBMB Life, 68(7):578–

588, 2016

Keywords: nephrotic syndrome; proteinuria; podocytes; podocin; slit

diaphragm; molecular modeling

Introduction
The kidneys are vital organs that help to maintain body home-
ostasis by regulating blood pressure, acid–base, electrolyte,
and water balance. Human kidney constitutes a million neph-
rons that collectively perform three key events including (a)

glomerular filtration of water and small molecules from renal
plasma; (b) tubular reabsorption of glomerular filtrate; and (c)
tubular secretion of metabolic waste products into the filtrate.
Thus, glomerulus in concert with tubular region of the neph-
ron tightly regulates the composition of glomerular filtrate and
ensures almost protein-free ultrafiltrated urine. Glomerulus,
where initiation of filtration occurs, contains a tuft of capilla-
ries and several resident cell types that include mesangial
cells, endothelial cells, and glomerular visceral epithelial cells,
also known as podocytes.

Proteinuria is a hallmark of renal damage in several glo-
merular diseases due to the alterations in glomerular filtration
barrier (GFB; refs. 1 and 2). The three components that consti-
tute GFB include fenestrated glomerular endothelial cells, glo-
merular basement membrane (GBM), and glomerular visceral
epithelial cells, known as podocytes. A wealth of literature
highlighted that podocytes are critical for glomerular filtration
(3,4). Podocytes are terminally differentiated epithelial cells
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