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Abstract

Studies have demonstrated that protease activated receptors (PARs) with four subtypes (PAR1-4) are mainly expressed in the
renal epithelial, endothelial and podocyte cells. Evidently, the PAR-1 and PAR-2 have shown differential therapeutic outcomes
in rodent models of type-1 and type-2 diabetic kidney diseases due to distinct etiological basis of each disease type. Both
PAR-1 and PAR-2 blockers/knock-out have abolished the drug-induced nephrotoxicity in rodents by suppression of tubular
inflammation and fibrosis. Notably, PAR-2 inhibition was found to improve autophagy in the urethral obstruction model. Only
the PAR-1/4 subtypes have emerged as a therapeutic target for the treatment of experimentally induced nephrotic syndrome
where their respective antibodies attenuated the podocyte apoptosis. So far the PAR-2/PAR-4 subtypes involvement has been
tested in sepsis acute kidney injury and renal ischemia-reperfusion model. This review discusses the existing gaps, therapeutic
advances and future perspectives related to the roles of different PARs in kidney diseases.
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Abstract

Studies have demonstrated that protease activated receptors (PARs) with four subtypes (PAR1-4) are mainly
expressed in the renal epithelial, endothelial and podocyte cells. Evidently, the PAR-1 and PAR-2 have
shown differential therapeutic outcomes in rodent models of type-1 and type-2 diabetic kidney diseases due
to distinct etiological basis of each disease type. Both PAR-1 and PAR-2 blockers/knock-out have abolished
the drug-induced nephrotoxicity in rodents by suppression of tubular inflammation and fibrosis. Notably,
PAR-2 inhibition was found to improve autophagy in the urethral obstruction model. Only the PAR-
1/4 subtypes have emerged as a therapeutic target for the treatment of experimentally induced nephrotic
syndrome where their respective antibodies attenuated the podocyte apoptosis. So far the PAR-2/PAR-4
subtypes involvement has been tested in sepsis acute kidney injury and renal ischemia-reperfusion model.
This review discusses the existing gaps, therapeutic advances and future perspectives related to the roles of
different PARs in kidney diseases.

Keywords: Protease activated receptors (PARs), diabetic kidney disease (DKD), diabetic nephropathy
(DN), acute kidney injury (AKI), diabetes mellitus (DM), endogenous proteases, endothelial nitric oxide
synthase (eNOS)

Abbreviations

PARs- Protease activated receptors

I/R- Ischemia reperfusion

AKI- Acute kidney injury

PASD- Periodic acid- Schiff diastase

WT- Wild type

KIM-1- Kidney injury molecule-1

MCP-1- Monocyte chemoattractant protein-1

UUO- Unilateral ureteral obstruction

TEM- Transmission electron microscopy

LC3-II- Light chain 3-II

HE- Hematoxylin and eosin staining

PAN- Puromycin aminonucleoside

NS- Nephrotic syndrome

DIN-Drug induced nephropathy

ESRD-End stage renal disease

TF-Tissue factor

PLA- Proximity ligation assays
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ERK- Extracellular signal-regulated kinase

RT-PCR- Real-Time polymerase chain reaction

IHC- Immunohistochemistry

eNOS- Endothelial NO synthase

uPA- Urokinase plasminogen activator

uPAR- Urokinase plasminogen activator receptor

PTC-Proximal tubule cells

Introduction

PARs are cell surface receptors, of the family G-protein- coupled receptors (GPCRs) with extracellular
amino terminus domain, and consisting of four identified subtypes namely; PAR1, PAR2, PAR3, and PAR4
[1-3]. Although the pathological role of PAR1 and PAR2 is well described in certain experimental kid-
ney injury models, less information is available on PAR3 and PAR4. Notably, some endogenous proteases
such as trypsin, tryptase, cathepsin, urokinase, and kallikreins are activators of PARs that regulate renal
homeostasis, inflammation, and tissue remodeling as both are interlinked with the pathogenesis of acute
kidney injury (AKI) [4-8]. Similarly, during disease conditions such as sepsis-induced glomerulonephritis
or septic shock, PARs can also be activated by clotting factors namely thrombin, FVIIa, and FXa. These
pathological conditions might involve hyper-coagulability, and inflammation which can lead to clotting factor-
dependent up-regulation of PAR receptor expressions and this further induce(s) glomerular fibrin deposition
and macrophage infiltration [9-10]. Moreover, during the diseased conditions, activation of PARs by pro-
teolytic cleavage at the extracellular amino terminus domain results in the formation of tethered ligand.
Later, this newly formed tethered ligand binds to the receptor body and can activate the transmembrane
signaling molecules involving MAPKs, NF-kB and PI3K/AKT/mTOR, which are responsible for producing
various pathophysiological responses such as mesangial cell proliferation, extracellular matrix production,
renal fibrin deposition, podocyte apoptosis and also necrosis in kidney disease [1-3, 11-14]. Both PAR1 and
PAR2 subtypes are expressed in the kidney and known to promote fibro-proliferative disorders and exacer-
bate diabetic nephropathy (DN) [6, 15-18]. Additionally, PAR1 and PAR2 are also responsible for initiating
podocyte cell injury, tubular epithelial cell inflammation and mesangial cell expansion in the kidney [5, 19,
20]. Moreover, few studies have reported that the PAR2 receptor subtype contributes to the progression
of kidney damage in cisplatin and also IgA-induced nephropathy, which suggests the disease’s specific in-
volvement of particular subtypes [21-23]. This review summarizes the various findings which have tested the
role of PAR’s in the pathophysiology of kidney diseases, provides in-depth insights into the mechanisms and
discusses the standing challenges in therapeutic testing of these receptor subtypes in kidney diseases.

A PubMed based literature survey was performed using the following phrases in all possible combinations
mainly: “protease activating receptor subtypes in kidney diseases” (43 results), “role of PAR-1 in renal
injuries” (09 results), “role of PAR-2 in kidney disease” (12 results), “role of PAR-3 in renal disease” (5
results), “PAR in glomerular and tubular injury” (10 results), “PAR in drug-induced nephrotoxicities” (27
results), “PAR in kidneys inflammation and fibrosis” (27 results), “effects of PAR in diabetic kidney disease”
(25 results), “role of PAR 1 and PAR2 in ischemia injury in rats” (4 results) This survey resulted into a total of
162 published articles and after scrutinization only 13 original research evidence focused on the involvement
of PARs in renal diseases, published between 1995-2021. The selected studies tested the role of different
PAR subtypes in diverse renal injuries including ischemia-reperfusion injury, type I/II diabetic nephropathy,
sepsis-induced acute kidney injury, nephrotic syndrome, biologicals based renal injury, obstructive injury,
drug-induced nephrotoxicities, podocytopenia, in-vitro and ex-vivo findings, glomerular as well as tubular
diseases. Evidence pertaining to the impact of PARs subtypes in co-morbidities, other organ injuries, and
clinical manifestations were excluded from the present review.

Evolutionary background of PAR subtypes

3
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. The major breakthrough came in the 1990s when it was first discovered that in a wide variety of tissues
some membrane-spanning proteins do exist on the cell surfaces and are known as protease-activated receptors
(PAR) that belong to the G protein-coupled receptor family. In the year 1991, the first member of PAR
receptors was identified and cloned known as protease-activated receptor-1 (PAR-1) [24]. To date, four
members of PARs have been identified, of which PAR1, PAR3, and PAR4 are known as thrombin receptors,
and on the other hand PAR2 is known as serine receptor [25]. Notably, a study in PAR1 knockout mice
lead to the discovery of PAR3 and PAR4 receptors which showed a similar response to thrombin receptor
on platelet as that of PAR1 [26]. In the later year, PAR2 was discovered serendipitously and was found
to be activated only by a serine receptor protein called trypsin [25]. Presently Vorapaxar and atopaxar
are available PAR-1 antagonists that have undergone extensive clinical development and are approved as
antiplatelet agents [27].

Expression of PARs in the kidneys

In the kidneys, the expression of PAR1 and PAR2 is most abundant in contrast to that of other receptor
subtypes [2, 28-30]. Previous in vitro studies using the RT-PCR technique have detected the transcripts
of PAR1, PAR2, and PAR4 in both isolated endothelial and epithelial cells of humans and rodent kidneys.
However, mRNA for PAR3 was found to be absent in two of these studies [2, 29]. The PAR receptors
are endogenously activated by serine proteases which are also part of the clotting system, where thrombin
is responsible for PAR1, PAR3, PAR4 activation, and trypsin activates PAR2. Moreover, some urinary
proteases including urokinase, kallikrein can also activate PAR1 and PAR2 and have been summarized in
table 1 [1, 2, 28]. The Urokinase enzyme is also called a urokinase plasminogen activator (uPA). It is
synthesized in the kidneys by proximal and distal tubular epithelial cells and is secreted in the urine. Other
sources which also synthesize urokinase are monocytes (macrophages), fibroblast, and myofibroblasts [31,32].
Moreover, it is believed that urokinase is released during inflammation or injury as confirmed by experimental
studies in mice [33]. This study showed that mRNA expression of urokinase plasminogen activator receptor
(uPAR) was absent in normal kidneys whereas, it was up-regulated in the kidneys of UUO induced chronic
kidney injury in mice. Another urinary protease, kallikrein is also released in the kidneys from the distal
convoluted tubular cells and secreted into the urine. It is also reported that renal kallikrein plays an
important role in the regulation of renal hemodynamics and in glomerular filtration [34, 35]. Moreover, the
up-regulation of tissue factor upon injury or inflammatory state leads to activation of PAR1 and PAR2 by
involving FXa [36, 37], which subsequently, activates various signaling pathways including PKC, MAPK,
NF-kB, thus making PARs responsible for triggering several inflammation processes [4, 12, 13]. Eventually,
the activation of these signaling molecules increases the release of pro-inflammatory markers such as TNF-α,
IL-1β, IL-6/8; which alter the renal hemodynamics including GFR and also fluid reabsorption [4, 13, 29, 37].
Apart from endogenous proteases and FXa, there are some synthetic peptide activators of PAR1 (TRAP-6,
TFLLR-NH2) and PAR2 (SLIGKV-NH2, SLIGL-NH2) [2, 38], and an endogenous protein called activated
protein C (APC) which also acts as an agonist for both PAR1 and PAR2 [4, 36, 39].

Table.1: A summary of PAR activators

Activators PAR1 PAR2 PAR3 PAR4 Reference

Serine proteases Thrombin,
cathepsin G

trypsin,
tryptase,
cathepsin S

Thrombin Thrombin,
cathepsin G

1, 2, 3, 59

Urinary
proteases

Urokinase Kallikrein-
2,4,5,6

kallikrein-14 2, 22, 60, 61

Coagulation
proteases

FXa, APC,
TF-VIIa,
Plasmin

FXa, TF-VIIa,
APC

FXa, APC FXa, TFVIIa,
Plasmin

3, 59,60

Synthetic
peptides

TRAP-
6,TFLLR-NH2

SLIGKV-NH2,

SGLGL-NH2

AYPGKF-
NH2

2, 23
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. Physiological and pathophysiological role of PARs in kidney(s)

Several studies have reported the physiological and pathophysiological role of PARs in the kidneys and the
main study highlights include:

1) In the renal cortical collecting duct cells, PAR2 activation increases the intracellular calcium ion and
regulates the calcium-dependent chloride secretion [2, 40].

2) Activation of PAR2 also regulates fluid reabsorption by facilitating sodium reabsorption in the cortical
collecting duct cells, whereas it also prevents potassium secretion via activating the ERK pathway [29, 30,
41]. This was evident from the experimental study, which showed that administration of trypsin, which is a
known activator of PAR2 induced sodium reabsorption in the cortical collecting duct cells of WT mice but
was not observed in PAR2-/- mice. Furthermore, based on the fact that the expression of ERK is up-regulated
by the PAR2 activation, the mechanism involved was investigated, which revealed that phosphorylation of
ERK is increased upon the activation of PAR2. Moreover, inhibition of ERK by U0126 significantly reduced
the trypsin-dependent PAR2 induced sodium reabsorption. Additionally, potassium homeostasis was found
to be regulated by PAR2 and potassium secretion was inhibited in cortical collecting duct cells of mice with
trypsin-induced PAR2 activation [41].

3) PAR2 is also involved in the regulation of inflammation, cell growth and repair [30]. This was noticeable
from the previous investigations [42-44], which showed that in primary cultures of human proximal tubule
cells (PTC), activation of PAR2 by its activating peptide SLIGKV-NH2 resulted in increased monocyte
chemoattractant protein-1(MCP-1) levels, which is a pro-inflammatory molecule, and in together with its
chemotactic actions, it also promotes inflammatory responses with the production of IL-6, IL-8 in the tubular
cells. Additionally, activation of PAR2 also promotes the proliferation of epithelial and endothelial cells,
thereby suggesting the role of PAR2 in cell growth and repair. [42-44].

4) The subtypes PAR1 and PAR2 are demonstrated to be involved in the regulation of renal hemodynamics.
Notably, an in-vitro study using an isolated rat kidney perfusion model showed the opposite effects of PAR1
and PAR2 in the regulation of renal hemodynamics. The activation of PAR1 by agonist TFLLR or thrombin
produced renal vasoconstriction and decreased both renal perfusion flow rate (RPF) and glomerular filtration
rate (GFR), which was completely diminished by inhibition of protein kinase C. On the other hand, PAR2
activation by agonist, SLIGRL-NH2 or trypsin does not show any effect on the basal RPF (renal plasma
flow) and GFR, but with the administration of angiotensin II (ANG II) prior to agonist treatment, abolished
Ang-II induced vasoconstriction and resulted in renal vasodilation and improved GFR [2, 29]. This indicates
that PAR2 activation regulates renal perfusion by counteracting the Ang II effects on renal hemodynamics.
During pathological conditions many proteases gets activated, which induce up-regulation in the expression
of PARs, indicating that these receptors have a prominent pathological roles in the progression of kidney
disease [29, 36]. Various experimental studies on PARs in kidney diseases have been summarized in table 2,
and also flow diagram summarizing the pathophysiological role PAR receptors in kidney disease progression
is shown in figure 1 [37, 45].

Table 2. A summary on the role of PARs in various kidney disease models

S.No Experimental models Species used Involvement Outcome Reference

1 PAR 1 deficient STZ induced diabetic nephropathy model in mice C57BL/6 mice PAR1 antagonist p1pal-12 Mesangial proliferation and fibronectin production was reduced upon co-administration of PAR1 antagonist p1pal-12 4
2 PAR1 inhibition in type-2 diabetic nephropathy model in mice BTBRob/ob mice PAR1 antagonist vorapaxar Vorapaxar treatment did not correct the glomerular damage but mesangial expansion was significantly reduced 14
3 eNOS deficient diabetic nephropathy model in mice C57BL/6J mice anti-TF antibody AF3178 Administration of anti-TF antibody AF3178 has significantly reduced TF dependent PAR2 induced kidney dysfunction by correcting increase in urinary albumin, thickening of glomerular basement membrane (GBM), glomerulosclerosis and fibrin deposition 63
4 Role of FXa and PAR2 interaction in diabetic nephropathy model in mice Akita mice FXa inhibitor edoxaban Inhibition of FXa by edoxaban retarded the invasion of macrophages in glomeruli by PAR2 inactivation. It also ameliorated the diabetic nephropathy by reduction in urinary albumin excretion, mesangial matrix production and also reduced PAR2 mediated inflammation 59
5 Role of PAR 2 in STZ induced diabetic nephropathy model in mice C57Bl/6 mice PAR 2 gene knockout PAR2 deficiency resulted in reduced albuminuria but it was accompanied by increased mesangial expansion and collagen deposition in the glomeruli 64
6 Role of PARs in thrombin induced podocyte injury in NS (nephritic syndrome) model in rat Wistar rat Thrombin inhibitor hirudin Administration of hirudin has attenuated the thrombin induced podocyte injury by inhibition of ERK1/2 phosphorylation and correcting increased proteinuria levels 68
7 Role of PAR1 in podocyte injury in doxorubicin induced nephropathy in mice model BALB/c and C57BL/6 mice PAR 1 antagonist Q94 Administration of Q94 has improved the doxorubicin induced loss of podocin and nephrin proteins, and also corrected the increased albuminuria, plasma creatinine, oxidative stress and glomerulosclerosis levels 49
8 Role of PAR 2 in renal tubular epithelial inflammation in UUO mice model Male CD-1 mice PAR 2 antagonist FSLLRY-Amide, mTOR inhibitor rapamycin and its activator MYH1485 Inhibition of PAR 2 by FSLLRY-Amide has attenuated the UUO induced renal tubular epithelial inflammation via activation of mTOR signaling pathway 1
9 Role of PAR 4 in acute renal ischemia reperfusion injury induced AKI model in mice C57BL/6J and PAR4KO mice PAR 4 gene knockout Post I/R injury insult deletion of PAR4 gene facilitated the progression of I/R induced renal injury while contrarily protecting the podocyte damage. 114
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. S.No Experimental models Species used Involvement Outcome Reference

10 Role of PAR2 in mediating focal segmental glomerulosclerosis in drug induced nephrotoxicity model Male Sprague-Dawley rats Adriamycin (ADR) and PAR2 inhibitor FSLLRY-NH2 (FSL) Administration of adriamycin resulted in nephropathy with increased cytokine levels and also podocyte damage which was corrected by PAR2 inhibitor FSLLRY-NH2 (FSL) 87
11 Role of PAR2 blockade in mediating renal injury in a lipopolysaccharide (LPS) induced endotoxemic rat model Male wistar rat Lipopolysaccharide (LPS) and PAR2 blocking peptide sc-9278 P Blockade of PAR2 by peptide sc-9278 P has attenuated the LPS induced elevated TNF-α, ET-1 levels and also iNOS protein expression 109
12 Beneficial effect of PAR2 in VEGF inhibitor induced glomerular and podocyte injury in mice model C57BL/6J B20–4.1.1(a mouse anti-VEGF Ab), PAR2 agonist( 2f-LIGRLO) PAR2 knockout and eNOS knockout PAR2 has attenuated the damage of renal tissue induced by the VEGF inhibitor 81
13 Protective effects of dual blockade of PAR1 AND PAR2 in DKD eNOS deficient Akita diabetic mice PAR1 agonist (TFLLR-NH2) and PAR2 agonist (2f-LIGRLO) DUAL blockade by PAR1 and PAR-2 attenuates DKD by distinct mechanisms 65

Involvement of PAR’s in progression of diabetic kidney disease

Diabetic kidney disease is one of the most common complications in patients suffering from diabetes mellitus
which may lead to chronic kidney disease (CKD) and end-stage renal disease (ESRD) [3,12,46]. Initially, in
nephropathic conditions hyperglycemia leads to renal hemodynamic changes including abnormal substrate
delivery (glucose, free fatty acid) for energy production in the mitochondria [2, 11, 47]. There is also an
overproduction of electron donors NADPH and FADH2 which disturbs the electron transport chain in the
mitochondria. As a result of mitochondrial dysfunction, there is increased reactive oxygen species (ROS)
production which promotes oxidative stress resulting in podocyte and renal tubular cell apoptosis [46-48].
Moreover, hyperglycemic stress increases the production of inflammatory cytokines (TNF-α, IL-6) result-
ing in glomerular changes including an increased proliferation of mesangial cells. The diabetic condition
also results in afferent vasodilation and hyperaminoacidemia which promotes glomerular hyperfiltration and
hyperperfusion. However, the high production of angiotensin-II at the efferent arteriole leads to vasoconstric-
tion [5, 48, 49]. Notably, consistent vasoconstriction of efferent arteriole produces effacement of podocyte
foot processes due to increased intraglomerular pressure and induces destruction of the glomerular filtration
barrier which further leads to albuminuria [5, 49]. Evidence from earlier studies has suggested that both
type-1 and type-2 diabetes conditions up-regulate thrombin generation [38]. Since thrombin is a PAR1 acti-
vator as mentioned above thus it is possible that PAR1 activation might play a key role in the development
of glomerular injury in diabetic kidneys.

6. Differential role of PARs in type 1 and type 2 diabetic kidney disease

6.1 Role of PAR1 in progression of diabetic nephropathy

Experimental studies have suggested that PAR1 plays a pivotal role in diabetic kidney disease, where it
is responsible for activation of fibroblast proliferation and extracellular matrix production resulting in pro-
gression of renal injury [2, 5]. The pathological role of the PAR1 receptor has been investigated in both
type-1 and type-2 diabetic animal models [5, 12]. In the streptozotocin (STZ) induced type-1 diabetic mice
model, the renal expression of PAR1 mRNA was higher in comparison to non-diabetic mice [4]. Subse-
quently, this study also revealed that cultured MES13 (mouse mesangial cells) cells exposed to high glucose
medium showed higher transcripts of PAR1 than low glucose medium environment exposure. Furthermore,
this study showed that in MES13 addition of thrombin resulted in the mesangial proliferation and fibronectin
production mediated by PAR1 dependent activation of MEK and p38 signaling pathways. MEK and p38
are important components of the MAPK signaling pathway [50]. Interestingly, western blot analysis also
showed that their expressions were higher in diabetic rats as compared to non-diabetic rats [51]. More-
over, studies have documented that MEK and P38 signaling are activated by high glucose levels, oxidative
stress, and also inflammation and are responsible for various pathological events including cell prolifera-
tion, differentiation, and apoptosis, which further promote the progression of diabetic nephropathy [50,51].
Notably, in STZ induced type-1 diabetic mice model, the fibrin-mediated mesangial proliferation was abol-
ished upon co-administration of PAR1 antagonist (p1pal-12) or by direct inhibition of MEK/p38 signaling
indicating that thrombin and PAR1 are interlinked in the development of glomerular injury. Additionally, im-
munohistochemical evidence from PAR1 deficient diabetic mice showed a reduction in mesangial expansion,
proliferation, fibronectin deposition, and also the absence of tubular atrophy compared to wild-type (WT)
diabetic mice. Moreover, in WT diabetic mice increased plasma cystatin C levels and also proteinuria was
observed due to hyperglycemia-induced hyperfiltration, podocyte apoptosis, and glomerular filtration barrier
damage. So far studies have reported that the generation of plasma thrombin (PAR1 agonist) is increased in
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. patients suffering from diabetes [52-54]. This evidence suggests that inhibition of thrombin-mediated PAR1
activation could be a novel therapeutic target for the prevention of type-1 diabetic nephropathy.

Another experimental study has tested the pathological involvement of PAR1 in the development of type-2
diabetic nephropathy [12]. BTBRob/ob mice are leptin-deficient obese mice that served as a diabetic group,
whereas wild types (WT) are considered as a non-diabetic control group. BTBRob/ob diabetic mice were
treated with vorapaxar, a PAR1 antagonist which produced an increased body weight. In this study, the
type-2 diabetic mice exhibited renal pathological changes such as increased kidney weight, albuminuria,
neutrophil-gelatinase-associated lipocalin (NGAL) excretion, and also increased plasma insulin levels. More-
over, BTBRob/obdiabetic mice showed glomerular injury with mesangial expansion, capillary dilation, and
glomerulosclerosis. Notably, vorapaxar treatment did not correct the glomerular damage, but mesangial
expansion was significantly reduced in comparison to non-treated diabetic BTBRob/ob mice. During the
disease progression in BTBRob/ob mice, diabetic nephropathy was accompanied by inflammation as illus-
trated by increased IL-6, IL-1β, TNF-α, and MCP-1 in both vorapaxar treated and non treated diabetic
mice. Importantly, these findings are in contrast to a previous study in which inhibition of PAR1 receptor
prevented nephropathy in type 1 diabetes model [55]. The most reasonable explanation for distinct out-
comes observed due to PAR1 blockade in the above studies could be based upon etiological differences in the
development of type 1 and type 2 diabetic kidney diseases. In diabetic nephropathy, both hemodynamic and
structural changes are interlinked with each other. Studies showed that in type-1 diabetic nephropathy, the
earliest hemodynamic abnormality observed is renal hyperfiltration which leads to increased intra-glomerular
pressure, followed by glomerular injury with podocyte effacement and also tubular dilation. These patho-
logical events are also accompanied by microalbuminuria and a progressive decline in glomerular filtration
rate (GFR) [56]. However, type-2 diabetic nephropathy is an inflammatory prominent disease, where other
pathogenic factors including obesity, hypertension with compensatory hyperinsulinemia could exacerbate the
metabolic disturbance [57]. Moreover, renal hypertrophy is observed post-development of glomerulosclerosis
and tubulointerstitial fibrosis in DN (diabetic nephropathy). Of note, hemodynamic changes are commonly
observed in both type 1 and 2 DN patients [58]. Thus it might be possible that PAR 1 inhibition could not
influence the pathological manifestations accompanying the type-2 DN due to the complex etiological basis
of this disease type. However, in type 1 DN, the PAR 1 inhibition exhibited renoprotection by improving
renal dysfunction and ameliorating proliferative changes in glomerular regions.

6.2 Involvement of PAR2 in progression of diabetic nephropathy

After PAR1, the expression of PAR2 was found to be abundant in kidneys [2, 28-30]. The activity of PAR2
is tissue factor (FXa) dependent [36, 27, 59, 60] and its activation exacerbates the renal tissue injury [61,
62]. Furthermore, a study has demonstrated the involvement of tissue factor-mediated inhibition of eNOS
signaling as the pathological mechanism responsible for the progression of diabetic nephropathy [63]. In
this study both eNOS-/- and WT mice were made diabetic by 5 consecutive i.p injections of low-dose STZ
(40 mg/kg). It was observed that after 5 weeks of diabetes induction, the kidneys of eNOS-/- mice showed
higher tissue factor (TF) mRNA expression than the kidneys of WT diabetic mice, thereby suggesting
the eNOS deficiency mediated up-regulation of TF expression. Additionally, immunohistochemical analysis
revealed that in kidneys of eNOS-/- mice, tissue factor is mainly expressed in the macrophages which involved
the kidney glomeruli. Moreover, the mouse mesangial cell line (CRL-1927) showed increased inflammation
upon treatment with mouse factor VIIa as depicted by an increase in monocyte chemoattractant protein-
1(MCP-1) levels, which suggests the TF dependent activation of inflammation. Notably, in this study renal
disease was exacerbated in high fat (HF) diet-fed eNOS-/- diabetic mice which lead to TF up-regulation, and
development of functional and morphological changes in the kidneys as marked by an increase in urinary
albumin, thickening of glomerular basement membrane (GBM), glomerulosclerosis, fibrin deposition, and
also increase in various inflammatory and fibrogenic genes such as IL-6, TNF-α, MCP-1, TGF-β and type IV
collagen expression. However, the administration of the anti-TF antibody, AF3178 has significantly reduced
these manifestations in the kidney of HF-fed eNOS-/-diabetic mice. Therefore, these findings suggest that
lack of eNOS and subsequent TF up-regulation is responsible for the development and progression of DN
in additional fat-fed eNOS-/-diabetic mice by promoting inflammation. However, it needs to be determined
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. whether direct inhibition of PAR2 could exhibit similar renoprotective effects in eNOS-/- diabetic mice.

More studies have been performed to find out the pathological role of coagulation factor Xa and PAR2
interaction in experimental type-2 diabetic nephropathy model using Akita mice [59]. In diabetic Akita
mice, mutation of insulin 2 gene results in pancreatic β-cell destruction and hyperglycemia, followed by
insulin resistance and metabolic disturbance along with the development of albuminuria. Notably in this
study, the eNOS-/- mice showed higher plasma FXa levels as compared to eNOS+/+ mice, regardless of
the status of DM. Furthermore, this study also showed that in diabetic conditions, carbonyl stress was
elevated in the peritoneal macrophages, which further up-regulated the expression of FXa in the peritoneal
macrophage. Moreover, in eNOS-/- DM mice macrophage infiltration increased rapidly in the glomeruli
and co-localized with FXa that lead to glomerular damage and nephropathy. Further inhibition of FXa by
edoxaban retarded the invasion of macrophages in glomeruli of both eNOS+/- and eNOS-/- mice and resulted
in amelioration of diabetic nephropathy as observed by a reduction in urinary albumin excretion, mesangial
matrix production along with a reduction in PAR2 mediated inflammation evidenced by decreased expression
of pro-inflammatory cytokines (Tgfb, Tnf-α), and profibrotic genes (Pai1, Col1). Similarly, knockout of
PAR2-/- gene in AKITA mice with reduced FXa expression attenuated diabetic nephropathy by suppressing
the release of inflammation. This finding suggested that clotting FXa dependent PAR2 activation promotes
DN by inducing glomerular macrophage infiltration and inflammation.

Similarly, the impact of PAR2-/- knockout on the development of renal injury has been evaluated in
streptozotocin-induced type-1 diabetic mice [64]. In this study, type-1 diabetes was induced by five con-
secutive injections of STZ at a dose of 50 mg/kg body weight. Six months after diabetes induction in PAR2
deficient mice reduced albuminuria was observed, but it was accompanied by glomerular injury as marked
by increased mesangial expansion and collagen deposition in the glomeruli. In this case, these findings are
opposite to the glomerular outcomes observed in PAR2 deficient type-2 diabetic Akita mice [59]. Further,
histological analysis showed that PAR2 deficiency did not influence the podocyte number, and strikingly
multiplex ligation-dependent probe amplification (MLPA) analysis using apoptosis, inflammation, and co-
agulation gene panels, showed increased expression of other subtypes PAR1 and SERPINE1 genes in PAR2
deficient diabetic mice as compared to wild type diabetic mice. SERPINE1 is a gene, encoding for plas-
minogen activator inhibitor 1(PAI-1), which belongs to the family of serine protease inhibitors, and regulates
controlled blood clot resolution. Notably, the increasing compensatory level of PAR1 transcription in PAR2
deficient type-1 diabetic mice might be one of the possible reasons for the increased mesangial expansion
in these d/iabetic mice. Certainly, it could be concluded from these findings that the PAR2 subtype is not
involved in mediating the pathophysiology of type-1 diabetic nephropathy. These discrepancies could partly
be explained based on different expression profiles of PAR1 subtype in PAR2 knockout AKITA mice and
STZ induced type 1 diabetic mice. However, the direct cross-talk between PAR1 and PAR2 receptors in
the pathogenesis of type-1 DN needs further exploration.

6.3 Dual blockade of PAR1 and PAR2 in type-1 DKD

The initial studies have addressed the individual roles of PAR1 and PAR2 antagonism in an experimental
model of DKD. So far, the beneficial effects of PAR1 and PAR2 blockade alone have been conclusively
known to abrogate the pathological events associated with experimental diabetic nephropathy by preventing
structural alterations such as glomerulosclerosis, collagen deposition, mesangial expansion and attenuating
the release of pro-inflammatory and pro-fibrotic mediators [52-54,59]. Recently, attention has also been
focused on inhibiting both the receptor subtypes concurrently in the development of diabetic nephropathy
(Figure-02). Interestingly, an experimental study conducted by Mitsui et al [65] investigated the impact of
both PAR-1 and PAR-2 inactivation in eNOS deficient type I diabetic Akita mice that is a well-characterized
animal model of renal complication underlying diabetes [63]. These eNOS depleted diabetic mice present
distinct features of progressive DN, particularly elevated mean blood glucose and creatinine levels, pro-
nounced albuminuria, mesangial expansion, CD68+ macrophage infiltration and collagen type IV deposition
in glomeruli leading to deleterious nephropathic changes. This eventually resulted into critical upregulation
of pro-inflammatory mediators such as TNF-α, MMP-1, EGF-like module-containing mucin-like hormone
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. receptor-like 1 (Emr1) mainly expressed on murine macrophages and significantly enhanced the expressions
of TGF-β, plasminogen activator inhibitor-1 ( Pai-1), Collagen type-1 (Col1) which contributes to the
development of tissue fibrosis. In this study, diabetic mice were administered with PAR1 inhibitor E5555
(60mg/kg/p.o ) and PAR2 antagonist FSLLRY-NH2 (60mg/kg/i.p ) either alone or in combination contin-
ually for four weeks. Although, it was observed that co-administration of E5555 + FSLLRY-NH2 did not
improve creatinine and glucose levels in diabetic rats but appeared to produce a marked decrease in albu-
minuria, collagen IV deposition that halted the fibrotic events as confirmed by downregulation of TGF-β,
Pai-1, Col1 gene expressions. The upregulation of these genes has pathological implications in glomeru-
losclerosis and renal interstitial fibroma [65]. Aside from this, the combination E5555 + FSLLRY-NH2 also
diminished pro-fibrotic biomarker Emr1 resulting in reduced infiltration of CD68 positive macrophage cells,
TNF-α, MMP-1. It is worth highlighting that synergistic effects of dual blockade of PAR subtypes are
more prominent as compared to their individual effects in DKD. Additionally, in consideration of the wide
localization of PAR subtypes on endothelial cells [2, 28-30] authors examined the independent and additive
effects of PAR1 agonist (TFLLR-NH2) and PAR2 agonist (2f-LIGRLO) in cultured human endothelial cells
in vitro. This treatment resulted in a remarkable rise in mRNA expression of macrophage chemoattractant
protein 1 (MCP-1) or plasminogen activator inhibitor (PAI-1). The role of MCP-1 and PAI-1 has been well
documented in triggering the migration of leukocytes and acts as a fibrosis-promoting molecule collectively
leading to degrading renal functions [66, 67]. Apparently, PAR1 agonist-mediated increase was found to be
completely subsided when Bay11-708 the inhibitor of NF-kB was pre-added to the endothelial cells. Whilst
PAR2 agonist triggered elevation in MCP-1 and PAI-1 levels was blocked by MAPK inhibitor U-0126. In
summary, it can be presumed that PAR1 and PAR2 mediated up-regulation in MCP-1 and PAI-1 expres-
sions follow distinct mechanistic pathways in producing injury. Nevertheless, findings from the present study
suggest the synergistic effects of PAR1 & PAR2 antagonism in type-1 diabetes-induced kidney disease which
is mediated by attenuating fibrosis, inflammatory cascades, and infiltration of macrophages [65]. However,
the exploration of PAR1 and PAR2 additive renoprotective effects in type2 diabetes are still lacking and
needs prompt investigation.

7. Potential therapeutic effects of PAR2 in glomerular and podocyte injury

A study has demonstrated the role of PARs in mediating podocyte injury in a puromycin aminonucleo-
side (PAN) rat model of nephrotic syndrome (NS) [68] Pathologically, NS contributes to podocyte damage
associated with high proteinuria. The persistent rise in proteinuria is one of the common causes of ESRD [69-
72]. In PAN-induced nephrotic rats, the immunofluorescence histology of glomeruli showed co-localization
of thrombin in podocytes, which is parallel with the proteinuria development during the disease progres-
sion. Moreover, this study revealed that inhibition of thrombin by hirudin significantly reduced the level
of proteinuria as compared to control-treated nephrotic rats, which is probably by inhibition of ERK1/2
phosphorylation. From previous studies, it is evident that extracellular signal-regulated kinase (ERK) is
an important sub-family of the MAPK signaling pathway, and it is mainly stimulated by growth factors
and hormones. In disease conditions such as nephropathic conditions, the activated ERK is responsible
for the induction of mitochondrial dysfunction, renal inflammation, and tubular apoptosis [73]. Notably,
more studies have confirmed the expression of all PAR receptors in podocytes via RT-PCR and western blot
techniques [74,75]. In addition, the study by Sharma et al [68] also revealed that in PAN induced nephrotic
rats thrombin induced podocyte injury is by PAR1/PAR4 dependent manner, which is different in human
podocytes (PAR3/PAR4 dependent). These findings were obtained by proximity ligation assays (PLAs),
which showed cross-talk between PAR1/PAR4 and PAR3/PAR4 in cultured rat podocyte cells in presence
of thrombin. Thrombin-induced podocyte injury was reduced upon pre-incubation with anti-PAR1 or anti-
PAR4 antibody and additionally, thrombin-dependent ERK signaling was also inhibited. On the other hand,
in cultured human podocyte cells, PLA assay revealed reduced podocyte injury on pre-incubation with anti-
PAR3 or anti-PAR4 antibodies. Thus, these findings suggested the interactions between PAR1 and PAR4
in rat podocytes, whereas PAR3 and PAR4 in human podocytes [68].

Another study has investigated the role of PAR1 in the development of podocyte injury in a mouse model
of drug-induced nephropathy (DIN) [49]. Gene expression studies showed that doxorubicin increased the
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. expression of PAR1 mRNA in the isolated glomeruli, which was accompanied by increased albuminuria and
also increased plasma creatinine levels. However, the administration of PAR1 antagonist, Q94 retarded
the development of albuminuria and elevation of plasma creatinine levels in the DIN mice model. Addi-
tionally, Q94 treatment also prevented doxorubicin-induced glomerulosclerosis, renal oxidative stress, and
also increased the immunostaining for podocin and nephrin (surface marker proteins of podocytes). Previ-
ously, studies have reported the involvement of calcium dyshomeostasis, such as persistent Ca2+ influx in
the development of podocyte injury [2,76-79]. Moreover, thrombin is reported to activate PAR1 dependent
calcium influx in the endothelial cells [80]. Furthermore, the addition of PAR1 antagonist (Q94) in cultured
podocytes attenuated the doxorubicin-induced caspase 9/3 activation and increased intracellular calcium
levels in the podocytes, thus suggesting the role of PAR1 in regulating intracellular calcium signaling and
apoptosis in the podocytes [49]. Thus it could be concluded that at least PAR1 might be a novel target
for the protection of podocyte damage in drug-induced renal injury, however further studies are required in
other drug-induced nephrotoxicity models.

The previous study has demonstrated that inhibition of PAR1 is protective against podocyte injury in
drug-induced nephrotoxicity models [49]. Another study has investigated the beneficial effect of PAR2 in
VEGF inhibitor-induced glomerular and podocyte injury in mice [81]. Vascular endothelial growth fac-
tor (VEGF) is a glycoprotein and is mainly expressed in the cells such as endothelial cells, podocytes,
fibroblasts, macrophages, and certain tumor cells, where it is mainly responsible for maintaining homeosta-
sis, cell proliferation, and differentiation, cell growth survival, regulation of angiogenesis and prevention
of apoptosis [82,83]. VEGF inhibitors are used together with chemotherapy for the treatment of various
metastatic cancers. However, the increased use of VEGF inhibitors in cancer patients has led to the develop-
ment of renal injuries as the most common side effect. These renal injuries include proteinuria, thrombotic
microangiopathy, and glomerular injury, and podocyturia [84]. Additionally, inhibition of VEGF is accom-
panied by hypercoagulability, and fibrin deposition in the glomeruli [85]. It was observed that inhibition of
VEGF by anti-VEGF antibody at a dose of 58.6±16.4 μg/mg creatinine has shown no effect on urinary albu-
min excretion, as well as in glomerular histology in wild type mice. However, in the eNOS-/- mice anti-VEGF
administration elevated the urinary albumin excretion and histological damage depicted by open capillary
area. The endothelial nitric oxide synthase (eNOS) is known to mediate the proliferation and migration
of endothelial cells during injury. Moreover, deletion of PAR2 subtype in eNOS-/-mice leads to further
worsening of renal dysfunction and structural changes upon anti-VEGF treatment. The immunohistochem-
ical analysis showed that deletion of PAR2 resulted in reduced immunopositive CD31 area (an endothelial
marker of differentiation) in the glomeruli of VEGF inhibitor administered eNOS-/- mice, thus indicating
impaired glomerular endothelial cells repair which resulted in albuminuria. Moreover, deletion of PAR2 also
reduced the level of podocyte-specific protein called nephrin, podocyte foot process effacement in the VEGF
inhibitor administered eNOS-/-mice, which indicated the development of podocyte cell damage. Notably, it
was found out in the study that deletion of PAR2 has reduced the expression of glomerular VEGF protein
expression and other pro-angiogenic factors such as VEGF-A, and Tie2 as compared to PAR2 positive VEGF
inhibitor administered eNOS-/- mice. In addition, administration of VEGF inhibitor leads to a reduction
in pro-angiogenic cytokines Ccl2, Ccr2, Cxcl1, and Cxcr2 release in PAR2 deficient eNOS-/- mice. More-
over, cell line study in human endothelial cells (EA.hy926) also showed that the addition of PAR2 agonist,
2f-LIGRLO has significantly elevated the expressions of pro-angiogenic factors such as VEGF-A via MAPK
and PI3K signaling pathways, thus indicating the crosstalk between PAR and growth factors. Thus, PAR2
regulates the expression of growth-promoting cytokines which induces repair and attenuates damage, thus
PAR2 deficiency is partially responsible for inducing renal damage during anti-angiogenic inhibitor therapy
and thus PAR levels should be carefully monitored in cancer patients undergoing anti-VEGF therapy.

8.1 PAR2 mediates renal tubular epithelial inflammation via inhibition of autophagy

A study has depicted the pathogenic role of PAR2 mediated inflammation using in-vitro cellular models
and experimental obstructive renal injury models in mice [1]. In HK-2 cells up-regulation of PAR2 induced
a decline in autophagy which promoted renal inflammation. These changes were attenuated by silencing
the PAR2 expression which enhanced the autophagy process and subsequently lowered inflammation in
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. these cells. Similar findings were confirmed in experimental unilateral obstructive injury in which higher
renal inflammation (IL-1β, TGF-1β, MCP-1, and TNF-α) was observed due to reduced autophagy markers
namely (Atgs) autophagy-related genes and (LC3): Microtubule-associated protein 1A/1B-light chain 3
and increased PAR2 protein levels. Further improvement of autophagy by administering mTOR inhibitor
rapamycin or PAR2 antagonist attenuated renal inflammation in the UUO model. These outcomes reveal
that PAR2 activation during obstructive renal injury reduces the autophagy process and thereby enhances
inflammation, cellular and tissue damage.

8.2 PAR2 mediates glomerular injury and renal dysfunction in FSGS model

Focal segmental glomerulosclerosis (FSGS) is a glomerular disease that is manifested as elevated proteinuria,
podocyte injury, and immune cell infiltrations [86]. A study has investigated the role of PAR2 in mediating
focal segmental glomerulosclerosis in drug-induced nephrotoxicity models [87]. In this study, nephropathy
was induced by giving adriamycin (ADR) intravenously for six weeks which resulted in elevated PAR2
protein expression in the renal tissues along with the increased expression of phosphokinase A (PKA) and
phosphokinase C (PKC). Among various signal transduction pathways, PKA and PKC are members of the
cAMP-dependent serine-threonine kinase family that undergoes a series of phosphorylation and initiates
a wide range of intracellular target proteins [88]. In turn, activation of these enzymes are likely to be
responsible for vascular pathologies along with ECM synthesis and fibrosis, ROS generation, apoptosis,
activation of monocytes, cell migration, dysregulation of cytokines accelerating inflammatory cascades in
the development of nephropathy [89,90]. Also, past evidence suggests that direct pharmacological inhibition
of PKA and PKC pathways attenuates the progression of renal injuries [91,92]. Moreover, ADR injection
elevated the levels of pro-inflammatory cytokines in the renal tissues which were significantly attenuated
by blocking PAR2 with FSLLRY-NH2. Notably, the elevated expression of PKA, PKC, and inflammation
was attenuated upon administration of PAR2 blocker FSLLRY-NH2 (FSL). Furthermore, this study also
suggested that PAR2 activation was involved in increasing the renal expression of pro-fibrotic TGF-β1,
caspase-9 responsible for apoptosis execution and desmin which is a cytoskeletal muscle-specific protein
and key subunit of type III intermediate filament essential for tensile strength and structural integrity of
myofibrils [93]. In kidneys, intermediate filament proteins are expressed in glomerular podocytes and desmin
acts as an important marker of podocyte injury and excretion of this protein reflects heavy proteinuria
as well [94,95]. Moreover, activation of PAR-2 down-regulated podocyte slit-diaphragm structural protein
nephrin expression in the renal tissues of adriamycin injected rats. Interestingly, it was observed that
administration of PAR2 blocker FSL corrected the levels of these pathological molecular mediators. Studies
have reported that TGF-β1 is a key mediator in renal inflammation and fibrosis. It also plays key roles in
cell proliferation, differentiation, apoptosis, migration, and ECM production [96]. In glomerular diseases;
TGF-β1 is secreted by mesangial cells and is stored and transported to the podocyte surface where it is
responsible for mediating inflammation, apoptosis, and podocyte injury via activating downstream signaling
pathways such as Smad, MAPK, ERK, and PI3K [97-99]. Thus, in the same study, further investigations
were conducted on TGF-β1 treated cultured podocyte cells and it was observed that there was an increase in
the level of the caspase-9 enzyme, indicating podocyte apoptosis along with depleted nephrin and elevated
desmin levels. However, administration of PAR2 blocker in podocyte cell line has corrected the altered
caspase-9, nephrin, and desmin levels, thus indicating the involvement of PAR2 in mediating the TGF-β1
induced podocyte damage. Histological studies also showed that administration of adriamycin has to lead to
glomerular injury as manifested by the expansion of the mesangial matrix. Also in adriamycin injected rats
elevated urinary proteins and serum creatinine levels, together with increased kidney weight to body weight
ratio were noted which are important markers of glomerular injury and hypertrophy. However, all these
manifestations were attenuated by the administration of the PAR2 blocker. This study clearly suggested
that blocking of PAR2 is beneficial in the prevention of focal segmental glomerulosclerosis by suppression
of pro-inflammatory cytokines release and TGF-β1 inactivation. It is worth mentioning here that presently
the treatment for FSGS relies on ACE inhibitors or ARBs which may not completely block the development
of kidney diseases in FSGS patients [100,101]. Thus it is important to further investigate the therapeutic
potential of PAR2 in other FSGS models.
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. 9. Possible role of PAR2 blockade in sepsis associated kidney injury

Sepsis is a life-threatening condition that might involve the amplified immune response of the body towards
the invaded pathogen resulting in multiple organ failures including AKI [102]. In general, it appears that
the early phase of sepsis follows dramatic hyper-responsiveness towards pro-and anti-inflammatory cytokines
that are liberated in the blood circulation, and exposure of local adhesion receptors to surface of activated
endothelial cells resulting in platelet aggregation, microthrombi formation accompanied with enhanced re-
cruitment of immune cells [103,104]. However, the later stage of sepsis is characterized by immunosuppression
of the immune system [105]. Lipopolysaccharide (LPS), mainly produced by gram-negative bacteria, is one
of the widely used toxins to provoke an immune response that initiates kidney injury [106]. Endothelin-1
(ET-1) is an important vasoconstrictor peptide that is produced abundantly by the segments of the nephron
mainly by mesangial cells, juxtaglomerular cells, renal endothelial, and principle cells of collecting duct and
also by tubular region [107]. Up-regulation of renal endothelin-1 level leads to renal injury mainly by dam-
aging podocytes, also promoting ER-stress and apoptosis induced tubular injury [108]. Specifically, the role
of ET-1 has been shown to be pivotal in the inflammatory response involved in endotoxemia-related AKI.
Notably, a study has investigated the effects of PAR2 blockade in lipopolysaccharide (LPS) induced elevation
in the endothelin-1 peptide. (Figure-03) [109-111]. In the endotoxemic rat model [109], LPS was intraperi-
toneally administered as a single dose of 15 mg/kg. This toxin challenge resulted in altered hemodynamic
and impaired renal functions as depicted by reduced mean blood pressure and gradual increase in creatinine
and BUN in the serum when observed at 1hr, 3hr, 6hr, and 10th hr. Furthermore, both serum and tissue
levels of iNOS, TNF-α, and ET-1 expressions were found to be elevated during the initial 1 and 3 hours fol-
lowed by a significant decline in these levels in later hours of study after LPS administration. Moreover, the
histopathological analysis showed focal tubular dilation accompanied by mild swelling and change in thick-
ness of epithelial cells after LPS administration, which are indications of a septic kidney injury. Notably,
administration of PAR2 blocker peptide (sc-9278 P) 30 minutes prior to LPS infusion could not normalize
the renal dysfunction in LPS induced endotoxemic rats as depicted by unchanged levels of elevated serum
creatinine and BUN levels after 3 hr. However, PAR2 blockade has effectively reduced the elevated renal
tissue level of ET-1 and TNF-α levels, and also iNOS protein expression after 3 hours of sc-9278 P in LPS
subjected rats [109]. This clearly suggested that PAR2 contributes to LPS induced renal dysfunction partly
by the production of vasoconstrictive peptide ET-1, iNOS, and inflammatory cytokines release by possibly
activating the NO pathway. However, PAR2 inhibition is not sufficient to attenuate functional alterations
in septic rats perhaps due to a lack of binding specificity for renal tubular regions.

10. PAR4 as a dual player in acute kidney injury

Acute kidney injury (AKI) is one of the most common complications in hospitalized patients with an increased
risk of mortality [112]. AKI can be contributed by various factors such as renal ischemia-reperfusion (I/R),
with the activation of the coagulation system and inflammatory processes resulting in renal tissue remodeling
and dysfunction [70,71]. Previously, studies revealed that PAR4 is present in both mice and human podocytes
and also in proximal tubular epithelial cells [53,113]. Jansen et al [114] has investigated the role of PAR4
in the renal I/R injury model. In this study, post-renal IR insult resulted in up-regulation of PAR 4 gene
expression in WT mice. However, it was observed that renal I/R injury resulted in the production of thrombin
protease in both the WT and PAR4 knockout mice subjected to I/R injury. In addition, the expression of
renal injury markers, KIM-1 and NGAL remained up-regulated in PAR 4 knockout mice post I/R injury
insult, and also protein cast formation was evident in the tubular lumen. Previous studies have reported that
inflammation is implicated in the pathology of renal I/R injury [70]. Jansen et al [114] in their study has
demonstrated that PAR4 deletion following I/R injury decreased the neutrophil accumulation in renal tissue
without having any impact on the pro-inflammatory cytokines, monocyte chemoattractant protein 1(MCP-
1), or keratinocyte-derived chemokine expression. However, renal I/R injury in PAR4 absence resulted in
podocyte effacement which produced proteinuria. As a whole PAR4 has exhibited a dual role in mediating
renal I/R injury, as it has facilitated the progression of I/R induced renal injury by promoting neutrophil
invasion and in contrast also responsible for maintaining the renal filtration barrier integrity. The observed
discrepancies related to distinct effects of PAR4 on renal pathological outcomes in the I/R model could be
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. explained by the fact that PAR4 triggers leukocyte recruitment during the diseased conditions, but might
exhibit distinct effects on renal tissue [76]. Furthermore, the findings pertaining to the distinct effects of
PAR4 subtype during I/R injury need to be confirmed in other renal disease models.

11. Summary

Activation of PARs is responsible for the progression of diabetic nephropathy. In STZ induced type-1
diabetic mice, thrombin-dependent PAR1 activation aggravated the progression of diabetic nephropathy
and its inhibition appeared to be nephroprotective. But in the case of type-2 diabetic kidney diseases, PAR1
inhibition failed to normalize the kidney dysfunction although it decreased the blood glucose levels. Strikingly
in STZ induced diabetic nephropathic model, deletion of PAR2 led to increased mesangial expansion which
happened to be due to increased compensatory renal PAR1 expression. Notably, Par-2 blockade was sufficient
to attenuate kidney disease in AKITA mice a type-2 diabetes model. It appears that PAR-1 has a direct role
in the regulation of renal perfusion and glomerular filtration rate and thus interference with its activation
might counter the renal hemodynamic impairments which are encountered in the early period of type-1
diabetes. On the other hand, the PAR-2 receptor is a known regulator of inflammatory mediators which
might be involved in the induction of glomerular and tubular injury in type-2 diabetes. Therefore inhibition
of PAR-2 can be considered as an effective strategy for ameliorating the pathogenesis of type-2 diabetic
kidney diseases. Though dual PAR blockade therapy has emerged as a promising therapy, in this case, a
complete understanding of the role of PAR1 and PAR2 in different diabetic kidney diseases models needs
to be done. It has been observed that in a renal I/R injury model, PAR4 exhibited a dual role, as the
up-regulation of PAR4 exacerbated the I/R induced renal damage while maintaining the renal filtration
barrier. Reasonably these effects might be explained based upon the distinct physiological and pathological
influences of PAR-4 subtype in kidneys. Notably, both PAR-1 and PAR-2 have proven efficacy against the
drug-induced nephrotoxicities in rodent models but the non-availability of oral inhibitors for PAR-2 and
other subtypes poses a challenge to its translational application in the management of drug-associated renal
injury. Limited evidence also suggests that targeting the PAR-1/4 subtypes could abolish experimentally
induced podocyte injury but more investigations targeting other PAR subtypes in these set of diseases
are highly desirable. Lastly, some hope has emerged regarding the anti-inflammatory potential of PAR-2
blocker therapy against renal inflammation in LPS induced sepsis model but it failed to improve various
renal functional parameters. Therefore, exploring the protective effects of other PAR subtypes inhibitors in
AKI associated with sepsis is much required. Nevertheless, it is well evident that PARs have a pivotal role
in the development and progression of diverse renal injuries and once we answer the existing experimental
and therapeutic challenges then their clinical potential could be unraveled in near future.
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Figure 01: Role of PAR-I AND PAR-II represented against diabetic kidney disease 

(DKD).  Diabetes is characterized by hyperglycemia, urine albuminuria, and hemodynamic 

alterations that result in type-1 and type 2 diabetic nephropathy. The level of PAR-1 has 

increased in type-1 DKD that primarily leads to MAPK activation causing fibrosis and 

tubular structural damage in nephrons. On the other hand, the level of PAR2 is increased in 

eNOS deficient type-2 DKD that further raises the tissue factor and in turn increases collagen 

deposition, pro-inflammatory, and pro-fibrotic mediators respectively. Furthermore, this 

results in glomerular damage in the kidneys. Note: Inhibition of all these pathogenic events 

has been shown in red.  
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Figure 02: Role of PAR1 and PAR2 in kidney injury from different etiological basis. In 

I/R injury, deletion of PAR4 leads to infiltration of leukocytes. In the adriamycin-induced 

AKI and UUO model of rats, the levels of PAR2 were increased which resulted in reduced 

autophagy accompanied with increased proteinuria, inflammation, and fibrosis via 

upregulated PKA/PKC/cAMP signaling and PI3K/Akt/mTOR pathway that collectively 

contributed to podocyte damage. Administration of PAR2 antagonist significantly corrected 

these events. In nephrotic syndrome, levels of PAR-1/PAR-4 were increased via upregulated 

ERK/MAPK signaling. This resulted in renal oxidative stress, mitochondrial dysfunction, 

tubular apoptosis leading to glomerular damage and in turn podocyte injury. However, 

antibodies of PAR1/PAR4 and thrombin inhibitor resolved the respective pathological 

features. In drug-induced nephropathy, PAR1 antagonist reduced the increased levels of 

PAR1 along with increased calcium influx and prevented renal functional parameters that 

further lead to oxidative stress, glomerular damage, and podocyte damage. All these renal 

pathophysiological features contribute to AKI to CKD transition.   
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Figure 03: In the endotoxemic model of rats, LPS treatment resulted in increased expressions 

of endothelin in serum/tissue. This further triggered inflammation, vasoconstriction and 

increased PAR2 impression contributing to acute tubular degeneration, dilatation of tubular 

cells resulting in AKI. Administration of PAR2 blocking peptide prevented these 

manifestations in LPS subjected rats. 
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