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There is clinical evidence that increased urinary serine
proteases are associated with the disease severity in the
setting of diabetic nephropathy (DN). Elevation of serine
proteases may mediate [Ca2+]i dynamics in podocytes
through the protease-activated receptors (PARs) path-
way, including associated activation of nonspecific cation
channels. Cultured human podocytes and freshly isolated
glomeruli were used for fluorescence and immunohisto-
chemistry stainings, calcium imaging, Western blot analy-
sis, scanning ion conductance microscopy, and patch
clamp analysis. Goto-Kakizaki, Wistar, type 2 DN (T2DN),
and a novel PAR1 knockout on T2DN rat background rats
were used to test the importance of PAR1-mediated sig-
naling in DN settings. We found that PAR1 activation in-
creases [Ca2+]i via TRPC6 channels. Both human cultured
podocytes exposed to high glucose and podocytes from
freshly isolated glomeruli of T2DN rats had increased
PAR1-mediated [Ca2+]i compared with controls. Imaging
experiments revealed that PAR1 activation plays a role in
podocyte morphological changes. T2DN rats exhibited a
significantly higher response to thrombin and urokinase.
Moreover, the plasma concentration of thrombin in T2DN
rats was significantly elevated compared with Wistar rats.
T2DNPar12/2 rats were embryonically lethal. T2DNPar1+/2

rats had a significant decrease in glomerular damage as-
sociated with DN lesions. Overall, these data provide evi-
dence that, during the development of DN, elevated levels
of serine proteases promote an excessive [Ca2+]i influx in
podocytes through PAR1-TRPC6 signaling, ultimately

leading to podocyte apoptosis, the development of
albuminuria, and glomeruli damage.

The National Diabetes Statistics Report in 2022 found that
nearly 37.3million Americans (just over 1 in 10) have diabetes
and 96 million American adults (approximately 1 in 3) have
prediabetes. Diabetes-associated kidney diseases (DKDs), such
as diabetic nephropathy (DN), are potential complications
characterized by a gradual decrease in renal function (1,2). DN
is the leading cause of end-stage renal failure, increasing as a na-
tional and global care problem. The characteristic pathological
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• Increased urinary serine proteases are associated with
diabetic nephropathy.

• During the development of diabetic nephropathy in type 2
diabetes, the elevation of serine proteases could oversti-
mulate protease-activated receptor 1 (PAR1).
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prevent or slow the progression of diabetes-associated
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changes of DN include severe albuminuria, renal hyperfiltra-
tion, glomerular basement membrane (GBM) thickening,
and glomerulosclerosis (3). Albuminuria is associated with
pathological damage to the glomerular filtration barrier,
which comprises three layers: glomerular endothelial cells,
GBM, and glomerular visceral epithelial cells (podocytes)
(4,5). Podocytes are terminally differentiated glomerular epi-
thelial cells whose interdigitating foot processes form a sig-
nificant component of the GBM. Therapeutic interventions
targeting podocytes have become a major focus for diseases
like DN because of their crucial role in regulating glomerular
permeability andmaintaining glomerular structures through
interactions with other glomerular parenchymal cells, in-
cluding endothelial cells (6).

Intracellular calcium ([Ca21]i) signaling is involved in
multiple mechanisms, including podocyte foot process for-
mation and retraction, cell motility, and cells’ ability to regu-
late the glomerular filtration barrier. The ability of [Ca21]i
signaling in podocytes to regulate glomerular tuft contrac-
tion and capillary albumin permeability was previously re-
ported (4,7). Changes in podocytes [Ca21]i can be initiated
by G protein–associated signaling cascades such as activa-
tion of protease-activated receptors (PARs).

The four known members of the PAR family are the
G protein–coupled receptors (GPCRs) that are activated by
N-terminal proteolytic cleavage. This cleavage can be cata-
lyzed by traditional serine proteases such as thrombin (for
PAR1, PAR3, and PAR4) and trypsin (PAR2), as well as kalli-
krein or urokinase (8–10). Coagulation protease and PARs
are widely expressed in renal cell types, such as tubular epi-
thelial cells or podocytes (11,12). PARs are attractive, new
therapeutic targets with pharmacological inhibitors cur-
rently available, such as vorapaxar, which the Food and
Drug Administration approved in 2014 to reduce the risk of
myocardial inflation, stroke, and cardiovascular death (13).
Recent studies demonstrated that PARs could play a role in
the glomerular, microvascular, and inflammatory regulation
of renal function in normal and pathological conditions
(11,14). Additional studies have also shown that PAR1 defi-
ciency protects against streptozotocin (STZ)-induced DN
and plays an essential role in developing DKD (15). Aberrant
PAR signaling could potentially result in pathological [Ca21]i
levels, leading to podocyte damage and death. Furthermore,
there is clinical evidence that urinary serine protease levels
are increased during diabetes, which likely activates PAR sig-
naling; however, the downstream effect of signaling through
PARs is not well established.

It was proposed that the downstream PAR signaling cas-
cade, as well as other GPCRs, could involve transient receptor
potential canonical (TRPC) channel activation, b-arrestin re-
cruitment, Rho-dependent cytoskeleton rearrangement, acti-
vation of protein kinase C, and more (16,17). Furthermore,
it was reported that inhibition of PAR1 ameliorated podocyte
injury in a mouse model of nephropathy via reduced TRPC-
mediated calcium entry, suggesting TRP channel opening
may be triggered by PAR activation (18). Recent studies further

revealed that podocyte PAR1 activation is a key initiator of
human nephrotic syndrome circulating factor and that the
PAR1 signaling effects were partly modulated through
TRPC6 (19). The contribution of podocyte integrin-b3 and
activated protein C in PAR1-dependent RhoA activation in
podocytes was also recently demonstrated (20). However,
further investigation into the molecular pathogenesis of
PAR activation in podocytes and its role in DN is needed to
determine whether PARs antagonism may be a treatment
option for DKD.

Here we used several unique rat models, including a
type 2 DN (T2DN) rat and a novel PAR1 knockout in
T2DN background and podocyte culture, to explore the
functional role of PAR1 in podocytes under DN settings.
We found that PAR1 is highly expressed in podocytes, and
its activation results in GPCR-induced extensive calcium
influx in podocytes via TRPC6 channels. In conclusion, our
results suggest that increased PAR1 activity via TRPC6-
mediated [Ca21]i overload contributes to pathological re-
modeling in DN, and inhibition of this pathway may be a
valuable clinical strategy to improve patient outcomes.

RESEARCH DESIGN AND METHODS

Animals
The animal use and welfare procedures adhered to the Na-
tional Institutes of Health Guide for the Care and Use of
Laboratory Animals, following protocols reviewed and ap-
proved by the Medical College ofWisconsin (MCW) Institu-
tional Animal Care and Use Committee, Milwaukee, WI.
Goto-Kakizaki (GK) (type 2 diabetic), Wistar (nondiabetic),
and T2DN rats were used for experiments. The T2DN
PAR11/� rat (T2DN-F2rem1Mcwi; Rat Genome Database ID:
5887111) was created at the MCW Gene Editing Rat Re-
source Center using CRISPR/Cas9 gene editing on the
T2DN rat strain background. The gene editing resulted in a
2–base-pair frame shift deletion in exon 7 (Supplementary
Fig. 1). Rats were maintained on an in-house standard diet
(no. 50001, LabDiet; Purina), and water and food were pro-
vided ad libitum. At the age of 12 and >48 weeks, rats were
anesthetized, and kidneys were flushed with phosphate-
buffered saline via aortic catheterization as previously de-
scribed. Terminal experiments were performed at the same
time of day, between 12:00 P.M. and 3:00 P.M. For each rat,
the left kidney was either snap-frozen or used for glomeruli
isolation and Western blot analysis. The right kidney was
placed in 10% formalin for histological studies. Urine sam-
ples were used to determine albumin levels by a fluorescent
assay (Albumin Blue 580 dye; Molecular Probes, Eugene, OR)
or urokinase (ELISA Kit #LS-F40596; LSBio, Seattle, WA). All
rats used in the experiments were male, with the exception
of a few instances where female groups were used and noted
in the results.

Histological Staining and Analysis of Kidney Injury
Rat kidneys were formalin fixed, paraffin embedded, sec-
tioned, and mounted on slides as previously described (21).
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Slides were stained with Masson trichrome stain and used
to detect fibrosis and glomerular damage. Fibrosis was as-
sessed using color deconvolution and thresholding in Fiji im-
age processing package (ImageJ 1.51u; National Institutes of
Health). A glomerular damage score was performed using
morphometric analysis based on a scale of 0–4, and an aver-
age score was calculated for each as described previously
(22). For experiments with human tissue, human kidneys
were obtained from an organ procurement company, where
they were harvested with the intent to be used for transplan-
tation, but were not used and were destined to be discarded.
The kidneys were stored in a transplant preservation Univer-
sity ofWisconsin Solution (UW) solution (ViaSpan) on ice be-
fore the glomeruli isolation as described (23).

For immunofluorescence labeling, freshly isolated human
or rat glomeruli was collected using a vibrodissociation ap-
proach (23) or sieving methods (24). These glomeruli were
then fixed with chilled 4% paraformaldehyde in PBS with
1 mmol/L CaCl2 and 2 mmol/L MgCl2 for 20 min and then
gently washed three times with ice-cold PBS. Next, the glo-
meruli were probed with PAR1 (1:100, #251324; Abbiotec,
Escondido, CA) and nephrin (1:100; #sc-377246; Santa Cruz
Biotechnology, Dallas, TX) antibodies. The following day,
the glomeruli were washed three times with cold PBS and in-
cubated with Alexa fluorophore–labeled secondary antibody
(1:500; ThermoFisher, Pittsburgh, PA) in 2% BSA-PBS at
room temperature in the dark. After three PBS washes, the
glomeruli were incubated with 0.5 mg/mL Hoescht nuclear
stain in PBS for 10min at room temperature in the dark. After
five final washes with PBS, the tissue was preserved, and the
coverslip wasmounted with Fluoromount-G (SouthernBiotech,
Birmingham, AL). Z-stack images with 2-mm z-steps were cap-
tured on a confocal Nikon A1R inverted microscope using a
Plan Apo 40×/NA 0.95 DICMN2 objective by Nikon Elements
AR software (Nikon, Tokyo, Japan). Postimage processing was
performedwith the Fiji image processing package.

Western Blotting
Isolated glomeruli or cultured human podocyte lysates were
prepared as previously described. The glomeruli or cells were
pulse sonicated in Laemmli buffer in the presence of a prote-
ase and phosphatase inhibitor cocktail (Roche, Mannheim,
Germany) to achieve a final protein concentration of 20mg/mL,
and spin cleared at 10,000g for 10 min. The supernatant
was subjected to SDS-PAGE, and transferred onto nitrocellu-
lose membrane (Millipore, Bedford, MA) for antibody hy-
bridization. Changes in protein expression were assessed
using primary antibodies against PAR1 (1:100, #251324;
ABBIOTEC, Escondido, CA); TRPC6 (1:1,000, #sc-515837;
Santa Cruz Biotechnology), p-ERK1/2 (1:1,000, #36-8800;
Thermo Fisher Scientific, Waltham, MA), and PLC-g1
(1:1,000, #sc-7290; Santa Cruz Biotechnology). The second-
ary antibody was Goat Anti-Mouse (#1706516) or Goat
Anti-Rabbit (#1706515) IgG (H 1 L)-HRP conjugate anti-
bodies (1:1,000; Bio-Rad, Hercules, CA). Immunoreactive
proteins were detected by the ChemiDoc imaging system

(Bio-Rad). Quantification ofWestern blot bandswas performed
by densitometry using Image Lab 6.1 Software (Bio-Rad) and
normalized to loading controls actin (I-19) (1:1,000, sc-1616,
1:10,000, #G1316; Santa Cruz Biotechnology, Dallas, TX) and
b-tubulin (1:10,000, No. AC030; ABclonal, Woburn,MA).

Intracellular [Ca2+]i Measurements in Cultured Human
Podocytes and in Podocytes of Freshly Isolated
Glomeruli
For confocal microscopy, we used conditionally immortalized
human podocyte cell line AB 8/13 provided by M. Saleem
(University of Bristol, Bristol, U.K.) that has been described
previously (25). Cells were cultured on glass-bottomed dishes
(no. 0 coverslip; Mattek) in an RPMI-1640 (Gibco) medium
supplemented with 10% heat-inactivated FBS (Corning) and
insulin-transferrin-selenium supplement (Gibco), with peni-
cillin-streptomycin (Cytiva). Cells were taken 12–14 days after
thermoswitching. For high-glucose treatment, 20 mmol/L
glucose was added to cell media for 12 h to get the final glu-
cose concentration in media of 30 mmol/L (26). Then cells
were loaded with Fluo-8 (#21090; AAT Bioquest) fluorescent
dye and incubated at 37�C for 1 h. Cells were rinsed, and me-
dia was replaced with bath solution (145 mmol/L NaCl,
4.5 mmol/L KCl, 2 mmol/L CaCl2, 2mmol/LMgCl2, 10mmol/L
HEPES, pH 7.35). Records were obtained using the laser
scanning confocal microscope system (Leica HCX PL APO CS
40×/NA 1.25 Oil) and analyzed using the Fiji image process-
ing package.

Calcium levels in glomeruli podocytes were determined
by using a laser scanning confocal microscope (Nikon A1-R,
Plan Apo 20×/NA 0.75 and 60×/NA 1.4 Oil) as described
previously (27). Freshly isolated, decapsulated glomeruli of
perfused kidneys were incubated with Fluo-4 (5 mmol/L; ex-
citation 488, emission 520/20 nm; #20190588; Invitrogen,
Waltham, MA) and Fura 2-TH (5 mmol/L; excitation 488,
emission >600 nm; #7196; Setareh Biotech, Eugene, OR)
fluorescent dyes for 40 min at room temperature on a rotat-
ing shaker. Fluorescence intensity ratios (Fluo-4/Fura 2-TH)
recordings and changes in intracellular [Ca21]i influx in po-
docytes were calculated. PAR1-activating peptides TFLLR-
NH2 or TRAP-6 (#1464 and #3497; Tocris Bioscience), PAR1
selective inhibitor RWJ 56100 (#2614; Tocris Bioscience),
thrombin (#T6884; Sigma-Aldrich), urokinase (#ab92604;
Abcam), and TRPC6 blocker SAR7334 (#5831; Tocris Biosci-
ence) were applied to the podocytes of freshly isolated glo-
meruli in diabetic T2DN, GK, and control Wistar rats or
cultured human podocytes to test changes in [Ca21]i influx.

Patch Clamp Recordings
Patch clamp electrophysiology was used to assess channel ac-
tivity in freshly isolated glomeruli. Single-channel current
data were acquired as described previously (28). All electro-
physiological recordings were performed using a physiological
saline solution as the extracellular bath. Solution composition
was (in mmol/L) 126 NaCl, 1 CaCl2, 2 MgCl2, 10 glucose, and
10 HEPES (pH 7.4). TRPC activity was recorded on the glo-
meruli using patch pipettes filled with a solution of the
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following composition (in mmol/L): 126 NaCl, 1.5 CaCl2, 10
glucose, and 10 HEPES (pH 7.4); 100 mmol/L niflumic acid
or DIDS (4,40-diisothiocyanato-2,20-stilbenedisulfonic acid
disodium salt), 10 mmol/L TEA (tetraethylammonium chlo-
ride), 10 nmol/L iberiotoxin, and 10 mmol/L nicardipine
were added directly before the patch clamp experiment to
block the activity of endogenous channels, which are not rel-
evant for the studies. Resistance of patch pipettes ranged
from 8 to 10 mol/LV. Gap-free single-channel current data
from giga-ohm seals in principal cells were acquired and sub-
sequently analyzed with Clampfit 10.7 software (Molecular
Devices).

Scanning Ion Conductance Microscopy
The effect of PAR1 receptor agonists on podocyte structure
was visualized by scanning ion conductance microscopy
(SICM). For this purpose, the custom-modified scanner
ICNano (ICAPPIC Ltd., London, U.K.) was used, and scan-
ning was performed as described (29). Briefly, fine-tipped
scanning nanopipettes were pulled from borosilicate glass
(outer diameter/internal diameter: 1/0.5 mm) with the
horizontal laser puller P-97 (Sutter Instruments). The pi-
pette resistance was 80–100 mol/LV, corresponding to an
estimated 90- to 120-nm tip diameter. Nanopipettes were
held in voltage clamp mode with an Axopatch 700B patch
clamp amplifier (Axon Instruments). The scan system was
mounted on a Nikon TE2000-U inverted microscope (Nikon
Instruments). Raw data were processed using SICM Image-
Viewer microscopy analysis software (ICAPPIC).

Statistics
Data are presented as mean ± SEM. In the box plot graphs,
the box represents the mean ± SEM. Data were tested for
normality (Shapiro-Wilk) and equal variance (Levene homo-
geneity test). Statistical analysis consisted of one- or two-
way ANOVA or Student t test (OriginPro 9.0 or GraphPad
Prism 9.0), with a P value of <0.05 considered significant.
In addition, when an ANOVA test was significant, post hoc
Holm-Sidak multiple comparison was performed.

Data and Resource Availability
All data used in the study are available in this article. Raw data
may be provided by the corresponding author upon request.

RESULTS

PAR1 Is Expressed in Human Podocytes
Here, we first tested the expression of PAR1 in freshly isolated
human glomeruli. Figure 1A shows a representative micropho-
tograph of a human glomerulus with immunofluorescent la-
beling of the podocyte marker nephrin colocalizing with
PAR1. To further explore the possible involvement of PAR1
signaling in diabetes, we used immunostaining of the kidney
samples from patients without diabetes and with type 2 diabe-
tes. Figure 1B shows that PAR1 expression was increased in
the diabetic kidney and, overall, reveals higher expression
in podocyte and distal tubules. We have performed a

semiquantitative analysis of PAR1 staining by estimating
changes in expression using samples from three subjects in
each group. Our analysis revealed increased protein expression
levels in the group with diabetes compared with the group
without diabetes (11.2 ± 3.7 vs. 21.7 ± 6%, n$ 29 regions of
interest,N = 3 samples, P< 0.001).

Hyperglycemia-Induced Increase in PAR1 Response in
Cultured Human Podocytes
We use human podocyte cells exposed to high glucose to
estimate the changes in PAR1-mediated signaling in hypergly-
cemic conditions. After 12-h incubation in control or high-
glucose solutions, cells were loaded with the fluorescent dye,
and live-cell calcium imaging was performed. High-glucose–
treated cells demonstrated a significant increase of [Ca21]i in
response to a PAR1-specific agonist (TFLLR-NH2) (Fig. 2A
and B). The increase in amplitude and total [Ca21]i response
(determined by the area under the curve) suggests a substan-
tial calcium overload, which is a key determinant of podocyte
apoptotic response (Fig. 2C). Experiments with iso-osmolar
control for the high-glucose condition (mannitol) confirmed
that the increase in osmolarity, specifically the 20-mOsm/kg
difference, does not affect the calcium response in podo-
cytes. Additionally, we found that calcium response was sig-
nificantly lower in both the control group and the high-
glucose group in the calcium-free solution. These findings
suggest that PAR-mediated calcium responses are predomi-
nately mediated via activation of the plasma membrane cal-
cium channels (Supplementary Fig. 2A and B). Furthermore,
we observed no significant alterations in PAR1 expression in
podocytes following a 12-h incubation under high-glucose
conditions (Supplementary Fig. 2C). The specificity of the
PAR1 signaling activation in podocytes was confirmed by
the addition of PAR1 receptor blocker RWJ 56100 (Fig. 2D).
As shown in Fig. 2D, PAR1 antagonist blocked the PAR-
mediated calcium response (1,650 ± 129 vs. 368 ± 67 arbi-
trary units [a.u.], for TFLLR vs. TFLLR1RWJ, n $ 25 cells,
***P< 0.001), confirming direct PAR1 involvement in Ca21

flux in podocytes.

PAR1-Mediated Remodeling of Podocyte Structures
The following experiments revealed significant changes in
cell structure in response to PAR1-mediated intracellular
Ca21 influx. The transmitted light images from experiments
show rapid podocyte cell junction retraction in response to
PAR1 agonist application (Fig. 3A). To quantify structural
changes in cultured human podocyte lamellipodium growth
and retraction, we used SICM. SICM allowed us to record
nanometer-resolution 3D topographical images of lamellipo-
dium at different time points before and after activation of
PAR1 signaling (Fig. 3B and Supplementary Video 1). The
normal growth of the lamellipodia is altered by the PAR1 ac-
tivation; moreover, it led to significant retraction of the la-
mellipodium and a decrease in cell surface area (151 ± 46
vs. �15 ± 8 mm2, 30 min after application of vehicle or
TFLLR-NH2, respectively; n = 5, P < 0.05) (Fig. 3C). These
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data provide evidence that PAR1 activation plays a role in
podocyte morphological changes.

Downstream Signaling Changes in Cultured Human
Podocytes After PAR1 Activation
Activation of PARs and transient receptor potential ca-
nonical type 6 (TRPC6) channels can trigger different
downstream signaling involved in cytoskeletal reorgani-
zation (29,30). Moreover, it was reported that different
mitogen-activated protein kinases (MAPK) could be in-
volved in the progression of various glomerulopathies
and podocyte injury. Specifically, activation of p38 MAPK
is a critical upstream mechanism for podocyte injury (31).
Thus, in order to determine specific signaling pathways
involved in PAR1 activation, we measured the expression

of key proteins and their phosphorylation over time in
cultured human podocytes following PAR1 activation.
These experiments were conducted on cells not pretreated
with high glucose. Figure 4 depicts the Western blots and
summarized changes in the expression of PAR1, TRPC6,
phosphorylated extracellular signal-regulated kinase 1/2
(p-ERK1/2), and phospholipase C g (PLC-g1). Stimulation
of the PAR1 receptor intracellular cascade via the specific
peptide TFLLR-NH2 promoted a remodeling in the activa-
tion and/or expression of proteins proposed to be down-
stream of PAR1 signaling (Fig. 4). Treatment with a PAR1
agonist resulted in an initial elevation of PAR1 expression
within the first 30 min, followed by internalization and
lysosomal degradation in 2–4 h (typical for PARs). This
decrease in PAR1 was accompanied by an increase in

Figure 1—PAR1 expression in human glomeruli. A: Expression of PAR1 in human podocytes. Representative microphotograph of decap-
sulated human glomerulus freshly isolated from kidney cortex. Immunolabeling demonstrates colocalization of PAR1 (green) and nephrin
(red; podocyte-specific marker) proteins. Cell nuclei are blue. Merged and separate confocal images for PAR1 and nephrin are shown
(top: scale bar is 50 mm; bottom, scale bar is 25 mm). B: Immunostaining for PAR1 expression of control and diabetic samples (top, scale
bar is 100 mm; bottom, scale bar is 25 mm). Black rectangles in the top images highlight the specified areas, which are zoomed-in in the
bottom images, demonstrating the PAR1 expression in glomeruli. Summary of protein expression levels in the group without diabetes
compared with the group with diabetes (11.2 ± 3.7 vs. 21.7 ± 6%, n$ 29 regions of interest, N = 3 samples, ***P < 0.001).
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TRPC6 expression. Activation of PAR1 with TFLLR-NH2

also caused time-dependent changes in p-ERK1/2 and
PLC-g1.

Acute Application of Serine Proteases in T2DN Rat
Glomeruli Promotes Activation of Intracellular Calcium
in Podocytes
To evaluate changes in [Ca21]i levels in response to serine
proteases under the setting of DN, we conducted live-cell
Ca21 fluorescence imaging experiments in podocytes of
isolated rat glomeruli. Changes in [Ca21]i in response to
acute applications of thrombin or urokinase were tested in

glomerular podocytes from Wistar and T2DN rats. Figure 5A
shows representative images of the glomerulus from a T2DN
rat loaded with fluorescent dye before and after thrombin ap-
plication. The experiment confirmed our data in human po-
docyte culture and revealed a rapid elevation in Ca21 in
response to PAR receptor activation. Importantly, diabetic
rats exhibit a significantly higher response to thrombin (Fig.
5B). Moreover, the plasma concentration of thrombin in
T2DN animals was significantly elevated compared withWis-
tar (Fig. 5C). In addition, we evaluated changes in calcium dy-
namics in response to acute urokinase application. Urokinase
produced rapid transient activation of [Ca21]i in podocytes,

Figure 2—Hyperglycemia-induced increase in PAR1 response in cultured human podocytes. A: Representative microphotographs show in-
tracellular calcium ([Ca21]i) changes (Fluo-8 AM) in response to PAR1 selective agonist TFLLR-NH2 (10 mmol/L) in control and high-glucose
conditions (30 mmol/L for 12 h). Scale bar is 100 mm. B: High-glucose–induced significant elevation in [Ca21]i response to PAR1 activation
(red line) to compare with control (black line); a.u., arbitrary units. C: The statistical summary shows the maximum amplitude and total cal-
cium (area under the curve [AUC] in individual podocytes (n$ 35 for each group, t test, ***P< 0.001). D: Changes in intracellular calcium af-
ter PAR1 agonist application (TFLLR-NH2, 10 mmol/L) in the presence or absence of PAR1 receptor blocker RWJ 56100 (5 mmol/L). The
statistical summary shows a significant difference between the maximum amplitude of the control response and the response with the pres-
ence of RWJ (n$ 25 cells, t test, ***P< 0.001).
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as shown in Fig. 5D. A summary graph shows [Ca21]i in-
crease in response to 0.1 and 2.7 mg/mL urokinase applica-
tion. Also, old male T2DN rats exhibit significantly elevated

urinary urokinase levels compared with young T2DN and
Wistar control rats (Fig. 5E), confirming that late-stage DKD
is associated with increases in serine protease levels. Old
T2DN female rats had significantly higher thrombin com-
pared withWistar control rats. Interestingly, urokinase levels
were significantly lower in old T2DN females than in males,
consistent with their less severe renal damage, which has
been reported previously (32). It is necessary to consider the
possibility that the observed changes in protease levels in
our study might be due to aging. Regrettably, we are unable
to examine this directly because of a lack of samples from
aged Wistar rats for comparison, which serves as a limita-
tion of our study.

To confirm elevated PAR1 expression in the development
of DN, we isolated glomerular fractions from control and di-
abetic animals at different stages of diabetic kidney disease.
Thus, analyzed protein levels represent specific glomerulus
expression. We included 12-week-old Wistar rats as a non-
diabetic control and 12-week-old GK rats as a diabetic con-
trol. As shown in Fig. 5F, while PAR1 expression in the
young T2DN rats is minimal and comparable to GK andWis-
tar controls, there is a dramatic increase in its expression in
old T2DN rats with the later stage of DKD.

PAR-Mediated TRPC6 Activation in Glomerular
Podocytes
TRPC6 channels are essential mediators of [Ca21]i signaling
in podocytes (4). TRPC6 channel opening is predominantly
activated through GPCR-mediated cascades, including

Figure 3—PAR1-mediated remodeling of podocyte structures. A:
Representative light microscopy imaging of PAR1-mediated remodel-
ing of tight junctions in cultured human podocytes after TFLLR-NH2

(20mmol/L) application. Scale bar is 50 mm.B: Effect of PAR1 receptor
agonist TFLLR-NH2 on podocyte structures assessed with SICM. An
example of podocyte lamellipodia before and after application of
TFLLR-NH2 (20 mmol/L). The arrows show the direction of lamellipo-
dium changes over time. Scale bar is 5 mm. C: Summary graph dem-
onstrating that activation of PAR1 signaling promotes retraction of
podocyte lamellipodium. Data are shown as a cell area deviation nor-
malized to the time of TFLLR-NH2 application (0 min). The graph dem-
onstrates significant retraction of the lamellipodium and a significant
decrease in cell surface area (n = 5, t test, P< 0.05). The arrows show
the direction of lamellipodium changes over time.

Figure 4—Downstream signaling changes in cultured human podo-
cytes after PAR1 activation. Stimulation of PAR1 receptor cascade by
the specific peptide TFLLR-NH2 promotes time-dependent remodeling
in intracellular signaling pathways of the cultured human podocytes.
A: Western blot analysis of PAR1, TRPC6, p-ERK1/2, and PLC-g1 in
cultured human podocytes following activation of PAR1 signaling.
B: The summary of time-dependent changes in PAR1 and TRPC6 ex-
pression in podocytes stimulated by the 10 mmol/L TFLLR-NH2. Data
were normalized to the baseline expression level of the corresponding
pathway before PAR1 activation.
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Figure 5—Acute serine protease application promotes activation of intracellular calcium in T2DN rat glomerular podocytes. A: The representative
confocal imaging showed an application of thrombin (10 mmol/L) and a corresponding elevation of intracellular calcium (3 min between images) indi-
cated as the ratio of Fluo-4 (green) and Fura 2TH (red) fluorescent dyes. Scale bar is 20 mmol/L. B: Summary of the [Ca21]i amplitudes in response to
thrombin in Wistar and T2DN rats (n$ 21, ***P< 0.001). C: Thrombin concentration in plasma of young Wistar (n = 8) and T2DN (n = 12) rats, and
>48-week-old T2DNmale (n = 12) and female (n = 8) rats (ANOVA, *P< 0.05).D: Summary of the [Ca21]i amplitudes in response to different concen-
trations of urokinase inWistar and T2DN rats (0.1mg/mL,Wistar n = 10 vs. T2DN n = 20 cells, t test, ***P< 0.001; 2.7mg/mL,Wistar n = 51 vs. T2DN
n = 16 cells, t test, ***P< 0.001). E: Urokinase concentration in urine of 12-week-oldWistar and 12- and 48-week-old male and 48-week-old female
T2DN rats (ANOVA, *P< 0.05). F: Western blot analysis of PAR1 expression in GK (n = 6), Wistar (n = 4), and young (n = 4) and old (n = 5) T2DN rats.
Each band represents a fraction of freshly isolated glomeruli from one rat. Data are mean ± SEM, ANOVA, **P < 0.01, ***P < 0.001; a.u. arbitrary
units.
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Angiotensin II receptor and k-opioid receptor signaling in
podocytes (24,33). As was described above, cultured human
podocytes increase TRPC6 expression in response to PAR1

activation (Fig. 4). Here we used isolated glomeruli to reveal
PAR1/TRPC6-mediated Ca21 influx in podocytes in the set-
ting of DN. Western blot analysis revealed that TRPC6

Figure 6—PAR-mediated TRPC6 activation. A: The progression of DN in T2DN rats (>48 weeks old) strongly correlates with increased
TRPC6 expression (Wistar n = 3 vs. GK n = 3 vs. T2DN n = 6; mean ± SEM, ANOVA, **P < 0.01); a.u., arbitrary units. B: Changes in [Ca21]i
in podocytes of freshly isolated glomeruli activated by acute application of selective PAR1 agonist TRAP-6 (10 mmol/L) after
10 min of preincubation with vehicle (DMSO; black) or TRPC6 blocker (20 mmol/L, SAR7334; red). The summary shows changes in maximum
fluorescence amplitude (Fluo-4 AM) in response to PAR1 activation rat freshly isolated glomeruli (n$ 7, t test, ***P< 0.001). C: The maximum
amplitude ratio of [Ca21]i response in the podocyte of the freshly isolated glomerulus after PAR1 activation by TRAP-6 (10 mmol/L) was signifi-
cantly higher in T2DN rats compared with Wistar (n $ 22, t test, ***P < 0.001). In Wistar rats, both fast and slow calcium responses were ob-
served (55% vs. 45%, respectively), but, in T2DN rats, only a slow, sustained response was present. D: Thrombin activates TRPC-like channels
in the podocytes of the freshly isolated rat glomeruli from the Wistar rat. Microphotograph of the patch clamp experiment on the podocyte of
the freshly isolated glomerulus (the white rectangle highlights the specified area shown on the photo below, showcasing the details of the
patch-clamp procedure on the podocyte) and representative current trace from a cell. The application of thrombin (10 mmol/L) promoted a tran-
sient increase in channel activity. The close state is indicated as “c,” and the open state is indicated as “o.”
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expression is increased in T2DN but not Wistar or GK rats
(Fig. 6A). These data demonstrate a strong correlation be-
tween the progression of DN and the increase in TRPC6
expression.

To investigate TRPC6 contributions to PAR1-mediated
calcium response, we conducted calcium imaging experi-
ments in freshly isolated glomeruli from T2DN rats. The ap-
plication of PAR1 agonist (TRAP-6) promoted the sustained
elevation of [Ca21]i in isolated glomeruli from T2DN rats
(Fig. 6B). This response was blunted in the presence of
SAR7334, a specific TRPC6 inhibitor. Additionally, similar
to the ratiometric calcium imaging experiments, we ob-
served high and sustained TPRC6 single-channel activation
in response to PAR1 stimulation in podocytes. Figure 6D il-
lustrates a representative activity of endogenous TRPC6
channels following the addition of thrombin (10 mmol/L).
There is considerable evidence that the absence of a normal
transient calcium response correlates with pathological
conditions. The duration of calcium influx determines
whether cells survive or die by apoptosis or necrotic lysis
(34,35). In podocytes of freshly isolated glomeruli fromWis-
tar rats, we observed both transient and sustained calcium
level changes in response to the acute application of TRAP-6
(Fig. 6C). However, in T2DN rats, we observed only slow,
sustained activation. Moreover, the amplitude of the [Ca21]i
response was significantly higher in T2DN rats than in
Wistar rats.

T2DNPAR1+/2 Rats Have Attenuated Development of
Microalbuminuria and Glomerular Damage
To test our hypothesis in vivo, we genetically ablated PAR1 us-
ing CRISPR/Cas9 gene editing on the T2DN rat background.
The deletion eliminates functional PAR1 expression. We used
heterozygous rats in our study, as the homozygous rats were
embryonically lethal. mRNA expression of PAR1 estimated by
RT–quantitative PCR in >48-week-old T2DNPar11/� rats was
significantly comparedwith T2DN rats (Supplementary Fig. 3).
We determined the physiological consequences of knocking
out PAR1 in T2DN rats by examining the renal function and
the progression of DN complications (Fig. 7). The attenuation
of glomerular pathology and damage is suggested by signifi-
cantly lower albuminuria in T2DNPar11/� rats (Fig. 7A). Blood
electrolytes analysis showed no difference between groups,
confirming the comparable progression of diabetes (Supple-
mentary Tables 1 and 2). Moreover, we found significantly at-
tenuated glomerular injury in T2DNPar11/� compared with
T2DN rats. Semiquantitativemorphometric analysis of glomer-
ular injury score revealed a significant decline in glomerular pa-
thology in T2DNPar11/� rats, with only 7% of T2DNPar11/�

glomeruli having the most severe injury score compared with
24% of T2DN (Fig. 7B). Other clinically associated glomerular
damages were attenuated in T2DNPar11/�. Capillary microa-
neurysm, prominent thickening of the basement membrane,
glomerular nodules, and glomerular hyalinosis were relativity
lower, by 12%, 35%, 50%, and 14%, respectively (Fig. 7C–E).

DISCUSSION

In this study, we present compelling evidence that serine
proteases and PAR1 signaling are involved in the develop-
ment of DN via TRPC6-mediated intracellular calcium sig-
naling (Fig. 8). Different disorders and pathologies can
provoke coagulation cascade activity and increase endoge-
nous proteases’ levels. Multiple clinical studies reported
that increasing serine protease activity, particularly throm-
bin, is associated with DN (36–38). We found that T2DN
rats exhibit significantly elevated urinary urokinase levels
and increased expression of PAR1, which supports previous
findings that PAR1 can be involved in normal and patho-
logical processes in the kidney (11,14). Furthermore, we
demonstrated that activation of PAR1 by serine proteases
or pharmacological agents activates TRPC6 channels and
leads to prolonged elevated calcium flux in podocytes. Pre-
vious studies focused on PAR1 signaling in type 1 diabetes,
and models of nephropathy demonstrated the role of PAR1
in podocyte damage, as well as the renoprotective effects
of blocking PAR1 in type 1 diabetes (18,19,39). Thus, our
studies confirmed previously established mechanisms. Fur-
thermore, the current studies examined PAR1 signaling in
the context of type 2 diabetes, which has never been ex-
plored. To address the significance of this pathway and un-
cover potential mechanisms, we have generated a novel
PAR1 knockout rat model on a genetic type 2 diabetic back-
ground (T2DNPar11/�). Our results provide strong evidence
that heterozygous mutation of PAR1 in T2DN rats attenu-
ates the development of microalbuminuria and glomerular
damage. This therapeutic effect could be caused by decreas-
ing extensive calcium signaling in podocytes due to the loss
of PAR1.

PAR1 has a complex, context-specific G-protein signaling
involved in various cellular processes, including calcium level
management and cytoskeleton rearrangement (40,41). This
knowledge is consistent with our findings that serine pro-
teases and pharmacological agents promote activation of
PAR1 in podocytes, which triggers a rapid elevation of [Ca21]i
and leads to the remodeling of podocytes’ structure. Also, our
data demonstrate the functional presence of PAR1-GPCR sig-
naling in rat and human podocytes, which is increased under
diabetic conditions. Furthermore, it was reported that PAR1
antagonism ameliorates podocyte injury in a mouse model of
nephropathy via TRPC-mediated elevation of [Ca21]i (18).
Our experiments with specific TRPC6 blockers confirmed
that this type of channel is involved in the PAR1-mediated
calcium response. This agrees with the common consensus
that TRPC channels are mostly potentiated by tyrosine kinase
receptor-mediated activation of phospholipase C or GPCR
pathways (42). Further, our studies have revealed that these
signaling pathways are highly upregulated in T2DN rats.

Interestingly, a prolonged high level of serine proteases
could lead to constitutively active PAR-mediated signaling
cascades (43–45). In our experiments, we observed slow,
sustained calcium activation in T2DN animals, probably re-
sulting from the continuous activation of TRPC6 channels.
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Figure 7—Attenuated development of microalbuminuria and glomerular damage in T2DNPAR11/� rats. A: The progression of albuminuria was
significantly lower in old T2DNPAR11/� rats (24-h metabolic cages/urinary albumin normalized to creatinine, n = 6 each group, two-way ANOVA,
*P< 0.05, factor 1: 12 vs. 48 weeks of age, factor 2: T2DN vs. T2DNPAR11/�). B: The glomerular injury score (0–4, where 0 denotes no damage)
was assessed by semiquantitativemorphometric analysis for>48-week-old T2DNPAR11/� and T2DN rats. (top) The cumulative probability distri-
butions of the obtained glomerular scores. (bottom) Numbers of glomeruli per score are shown on the y axes. The percentage of glomeruli within
the selected score range defined from cumulative distribution is shown. The prevalence of observed glomerular damage was clinically associ-
ated with DN in both groups (n$ 100,N$ 3, two-way ANOVA, *P< 0.05, **P< 0.015). Note relativity attenuation in the presence of glomerular
pathology in T2DNPAR11/� rats (D). Results show a significant decrease in the prominent thickening of basement membrane (t test,
*P < 0.05), while other parameters exhibit a noticeable, yet nonsignificant trend toward reduction: capillary microaneurysm (35% vs. 31%;
reduction 12%); glomerular nodules (6% vs. 3%; reduction 50%); glomerular hyalinosis (16% vs. 14%; reduction 13%). C: Renal fibrosis
obtained by picrosirius red staining correlates with a significant decrease in kidney injury markers shown above. E: Masson trichrome-stained
images show examples of glomerular damage in T2DN rats, as indicated by arrows.
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Previous studies reported the possibility of PAR signaling
leading to a sustained increase in [Ca21]i through the acti-
vation of ion channels (46). One of the proposed constitu-
tively active GPCR pathways is mediated by b-arrestin
(47). The recruitment of b-arrestins plays an essential role
in the internalization or accumulation of the PAR1 recep-
tor on the cell surface. It was also shown that PARs could
induce b-arrestin–dependent endosomal ERK1/2 signaling
in the cytoplasm (48). We found time-dependent changes
in p-ERK1/2 and PLC-g1 expression following PAR1 activa-
tion, which may be involved in the sustained calcium re-
sponse in podocytes resulting from constitutive activation
of GPCR. Evidence suggests that ERK may play a role in
the upregulation of TRPC6 expression. A study by Yu et al.
(49) demonstrated the possible involvement of ERK in

TRPC6 upregulation in the context of TGF-b1–induced po-
docyte injury. The authors showed that TGF-b1 induced
significant activation of p-ERK, and ERK inhibitor reduced
the increment of TRPC6 protein and the flux of cytosolic
free calcium. This observation implies that ERK may play a
role in the upregulation of TRPC6 protein expression in
this specific context.

Most of the current studies of PAR signaling pathways
in diabetes focus on type 1 diabetes mellitus using STZ
models (15,50). Also, most of these studies used PAR-defi-
cient mice. Here, we demonstrate that rats with T2DN
background with PAR1 knockout are a valuable model for
studying the role of PAR1 in DKD development and, in the
future, could be used for studying PARs signaling pathways
in vivo. Our experiments with the T2DNPar11/� animal

Figure 8—The proposed PAR1-mediated signaling cascade in the diabetic kidney’s podocytes. Serine proteases, like thrombin, cause
proteolytic cleavage of PAR1 and further activation of intracellular signaling in glomerular podocytes. The signaling mechanism, mediated
by the canonical G protein coupling or engagement of b-arrestin–dependent pathways, promotes rapid transient calcium influx through
TRPC6 channels. Diabetic disease, characterized by marked elevation of serine proteases and hyperglycemia, causes constitutive activa-
tion of PAR1, stimulates TRPC6 activity and expression, and leads to calcium overload and subsequent podocyte injury.
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model support the hypothesis that PAR1 contributes to the
development of albuminuria and glomeruli damage. These re-
sults expand previous findings that PAR1-deficient mice had
a reduction in proliferation and fibronectin deposition (15) in
STZ-induced DN and presented less kidney damage and fibrin
deposits in experimental glomerulonephritis (51). It is impor-
tant to highlight the difference between homozygous PAR1
knockout between species and models. Homozygous PAR1
knockout mice are viable, but it was not the case with ho-
mozygous T2DNPAR1�/� rats. This difference may originate
from species- or model-specific variations in PAR1 function
during development. In T2DN rats, PAR1 may have a more
critical function during embryogenesis, which is not as es-
sential in the nondiabetic mouse model. Furthermore, it
should be noted that potential pitfalls exist when using
T2DNPar11/� rats because they are heterozygous rats, and
they might not have as profound a phenotype as the
T2DNPar1�/� rats. However, there is mounting evidence
that heterozygous models (both mice and rats) with reduced
but not abolished protein functions can provide models
with greater relevance to the genetics of human disorders
(52,53).

In conclusion, these data support our hypothesis that, in
conditions of elevated levels of serine proteases during the de-
velopment of DN, overstimulation of PARs promotes exces-
sive [Ca21]i levels in podocytes, ultimately leading to podocyte
apoptosis, development of albuminuria, and glomeruli dam-
age. This study provides fundamental knowledge that can be
used to develop efficient therapeutic approaches based on
PAR and the corresponding serine proteases as potential ther-
apeutic targets to prevent or slow the progression of DKDs.
Future work should focus on identifying the molecular mecha-
nisms underlying the activation of PAR-mediated signaling
and understanding how these pathways regulate podocyte
damage and DN development.
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