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Abstract

Mesangial cells offer structural support to the glomerular tuft and regulate glomerular capillary flow through their
contractile capabilities. These cells undergo phenotypic changes, such as proliferation and mesangial expansion, resulting
in abnormal glomerular tuft formation and reduced capillary loops. Such adaptation to the changing environment is
commonly associated with various glomerular diseases, including diabetic nephropathy and glomerulonephritis.
Thrombin-induced mesangial remodeling was found in diabetic patients, and expression of the corresponding
protease-activated receptors (PARs) in the renal mesangium was reported. However, the functional PAR-mediated signaling
in mesangial cells was not examined. This study investigated protease-activated mechanisms regulating mesangial cell
calcium waves that may play an essential role in the mesangial proliferation or constriction of the arteriolar cells. Our
results indicate that coagulation proteases such as thrombin induce synchronized oscillations in cytoplasmic Ca?*
concentration of mesangial cells. The oscillations required PAR1 G-protein coupled receptors-related activation, but not a
PAR4, and were further mediated presumably through store-operated calcium entry and transient receptor potential
canonical 3 (TRPC3) channel activity. Understanding thrombin signaling pathways and their relation to mesangial cells,
contractile or synthetic (proliferative) phenotype may play a role in the development of chronic kidney disease and requires
further investigation.
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Introduction

Mesangial cells (MCs) are specialized contractile cells, which
abut the glomerular vasculature and basement membrane
establishing the central stalk of the glomerulus.>? MCs generate
an extracellular matrix that joins together the basement mem-
brane, glomerular capillaries, and the contractile machinery of
MCs.? Aside from structurally supporting the glomerular capil-
laries, this intertwining network forms a contractile biomechan-
ical unit, allowing for fine-tuning of the intraglomerular blood
volume and filtration surface. Indeed, the mechanisms of acute
regulation of glomerular blood flow, including the response
to changes in the concentration of NaCl in the lumen of the
cortically thick ascending limb of Henle or tubuloglomerular
feedback mechanism, strongly depend on extraglomerular MC
function and the corresponding constriction of intraglomerular
afferent arterioles.*> Moreover, MCs remove molecular aggre-
gates and debris from the basement membrane by phagocy-
tosis, further contributing to maintenance of ultrafiltration. In
healthy glomeruli, MCs secrete and respond to numerous sig-
naling molecules, including vasoactive agents, cytokines, and
hormones, allowing them to perform a range of physiological
functions.¢

MCs have been assiduously studied in relation to the patho-
genesis of chronic kidney diseases, such as diabetic nephropathy
(DN). Hyperfiltration in the early stages of DN has been associ-
ated with functional abnormalities in glomerular mesangium,
including decreased contractility and increased surface area.”
Excessive proliferation of MCs and deposition of extracellu-
lar matrix in the mesangium is a consistent glomerular hall-
mark of advanced DN.2 The resulting mesangial expansion
decreases blood flow in glomerular capillaries, and matrix accu-
mulation results in basement membrane thickening and reduc-
tion of the glomerular filtration rate.® Ultimately, DN leads
to glomerulosclerosis and tubulointerstitial fibrosis character-
ized by persistent fibrin deposition. Thrombin, a serine pro-
teinase that cleaves fibrinogen into fibrin, is a potent profi-
brotic factor and a major pathogenetic determinant of DN.? 10
In addition to its key role in blood coagulation, thrombin
is a potent vasoconstrictor, mitogen, proinflammatory agent,
and a powerful activator of several cell types in the glomeru-
lus, including MCs.11-13 Thrombin has been shown to stim-
ulate MC proliferation and synthesis of prostaglandins, nitric
oxide, endothelin-1, extracellular matrix components, and
chemokines.'**> This wide array of functions is achieved by
the activation of a G-protein coupled receptor (GPCR), known as
protease-activated receptor 1 (PAR1), expressed on the surface
of MCs.1®

PARs are activated by proteolytic cleavage of their extracellu-
lar N-terminus."” Thrombin or other serine proteases cleave the

receptor at a specific site that acts as a tethered ligand activating
the signal transduction through G-proteins. TFLLR-NHj is a syn-
thetic peptide mimicking the tethered ligand, specifically acti-
vating PAR1 without thrombin cleavage.'® Similarly, other short
peptides could be used for activation and allow the study of spe-
cific signaling pathways and physiological responses mediated
by PAR receptors family.

Activation of PAR1 signaling reportedly contributes to DN.
PAR1 expression is upregulated in glomeruli isolated from dia-
betic db/db mice and streptozocin-induced diabetic rats.®:2°
Genetic knockout, knockdown, or pharmacological inhibition
of PAR1 attenuates DN in streptozotocin-induced diabetic mice
and rats.?l:?> Our recently published data indicate that ele-
vation of serine proteases and PAR1 signaling directly medi-
ate intracellular calcium dynamics in glomerular podocytes.??
Moreover, the pathological activation of serine proteases in dia-
betes further promotes PAR1-TRPC6 (transient receptor poten-
tial canonical 6) channel activation, leading to podocyte apopto-
sis and the development of albuminuria.?* It was also reported
that PAR1 blockade ameliorates DN and reduces mesangial pro-
liferation in type I diabetic Akita mice with reduced expres-
sion of endothelial nitric oxide synthase.?? Yet, the specific
molecular determinants and the relation of PAR1 signaling
to MC function, calcium influx, and corresponding ion chan-
nels activation modulating MC contractility are poorly under-
stood. Here, for the first time, we report that the activation
of PAR1 mediates intracellular calcium oscillations in primary
human renal mesangial cells (HRMCs). Confocal fluorescent
microscopy and patch-clamp electrophysiology were combined
with pharmacological approaches to dissect the contribution
of specific membrane channels to PAR1-mediated calcium sig-
nals.

Materials and Methods
Cell Culture

Primary HRMCs [male (lot #12445) and female (lot #17554)]
were purchased from the ScienCell Research Laboratories (San
Diego, CA, USA). In our experiments, we used both male and
female cell lines. We did not find significant sex differences
in confocal microscopy experiments, and most of the statis-
tical datasets were shown for the male cell line. Cells were
cultured in RPMI-1640 medium (Gibco, #11875085), contain-
ing Insulin-Transferrin-Selenium (Gibco, #41400045), penicillin
streptomycin (Cytiva, #SV30010), and 10% fetal bovine serum
(Corning, #35011CV), in a 5% CO, incubator at 37°C. HRMCs in
the passages between 4 and 10 were sub-cultured at 90% con-
fluence and used for further experiments. Seeding density was
6 x 103 cells/cm?.
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Pharmacological Tools

Thrombin receptor agonist peptide (Tocris, #1185) (water-
soluble) at a concentration of 5 uM was used in confocal
imaging experiments.?> TFLLR-NH, (Tocris, #1464) (water solu-
ble), an established PAR1 selective agonist,?® was used in the
study to mimic thrombin signaling in HRMCs. Thrombin pep-
tide concentrations used in experiments were slightly higher
since, according to the manufacturer, TFLLR-NH; ECso= 1.9
uMm and thrombin peptide ECso = 4 um. AY-NH, (Tocris, #1487)
(water soluble), was used as a selective PAR4 receptor ago-
nist peptide.?® For PAR1 inhibition, we preincubated cells with
10 uM PARI1 selective inhibitor RWJ 56110 (Tocris Bioscience,
#2614) (water soluble).?”’ To inhibit PAR4, cells were preincu-
bated with 50 pm tcY-NH, (Tocris, #1488) (water-soluble).?® Cell
preincubated for at least an hour with AZ 3451 (100 nm, DMSO
soluble), a potent PAR2 antagonist EC5p=23 nM (MedChemEx-
press, #HY-112558), to detect PAR2 involvement in thrombin-
mediated signaling.?® For the inhibition of store-operated cal-
cium entry (SOCE)-related calcium channels (STIM1/Orail),
cells were pretreated with 5 um of pyrazole compound Pyr6
(DMSO soluble; Sigma-Aldrich, #SML1241).%° The Pyr6 concen-
trations of 15 pM or higher were used to inhibit STIM1/Orail
and TRPC3 activity.3! The selectivity between STIM1/Orail and
transient receptor potential canonical (TRPC) subfamily chan-
nels for the pyrazole compounds was based on the previ-
ous reports.??3® The selectivity and concentrations of TRPC
3 and 6 inhibitor GSK 2833503A 20 pum (DMSO/ethanol solu-
ble) (Tocris Bioscience, #6497) and specific TRPC6 inhibitor BI-
749327 1 uMm (DMSO soluble) (MedChemExpress, #HY-111925,
Monmouth Junction, NJ, USA) were used according to pre-
vious reports.>®3* Purinergic responses were tested with the
acute applications of ATP (water soluble) (Thermo Scientific,
#R0441).

Confocal Microscopy

HRMCs were cultured on glass-bottom dishes (Mattek, #P35G-
0-14-C, 35 mm dish, No. 0 coverslip, 14 mm glass diameter,
uncoated) until reaching 90% confluence, before being utilized
for confocal experiments. The cells were loaded with a 5 pum
Fluo-8H, AM fluorescent dye (AAT Bioquest, #21090) and incu-
bated at 37°C for 1 h in a CO; incubator. For the RWJ 56110,
GSK 2833503A, and tcY-NH; preincubation, the drug or corre-
sponding vehicle were added to the cell media 1 h before the
confocal imaging experiments. Before performing the confocal
imaging, cells were washed to remove unincorporated dye, and
the media was replaced with a 2 mwm (or zero) Ca?* extracellular
solution (NaCl 145 mwM, KCl 4.5 mm, CaCl, 2 (or zero) mm, MgCl,
2 mm, HEPES 10 mM, pH = 7.35). RWJ 56110, GSK 2833503A, tcY-
NH,, or vehicle were also added to the bath solution after the
media was replaced. Pharmacological inhibitors (Pyr6 #SML1241,
Sigma-Aldrich; BI-749327 #HY-111925, MedChemExpress, Mon-
mouth Junction, NJ, USA) or vehicle were added to the bath
solution 10 min before starting the recording. Confocal imag-
ing was obtained at room temperature using the Leica TCS
SP5 (HCX PL APO CS 40x/NA 1.25 QOil) laser scanning confo-
cal microscope system (Leica Microsystems Inc., Deerfield, IL,
USA) with dye excitation and emission FITC filter set (488 and
525/25 nm, respectively), and a recording frequency of 0.4 Hz per
image. Records were analyzed using Image] software (Fiji pack-

age).
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Electrophysiology

All electrophysiological experiments were performed at room
temperature (22°C-24°C) in the cell-attached voltage-clamp con-
figuration using a MultiClamp 700B Microelectrode Amplifier
and Digidata 1550B analog-to-digital signal converter (Molecu-
lar Devices, San Jose, CA, USA). The extracellular bath solution
consists of 140 mm NacCl, 1.2 mMm MgCl,, 2.5 mm CaCly, 4.5 mm
KCl, 12 mm glucose, 10 mm HEPES; pH 7.4. The patch pipettes
(10-12 M) were pulled with a horizontal puller (Sutter P-97; Sut-
ter Inst.) and filled with pipette solution containing 80 mm CsCl,
15 mm EGTA, 1 mMm MgATP, 1 mmM GTP, 4.6 mmM CaCl,, 10 mMm
HEPES, 5 mmM glucose, 0.1 mMm DIDS (Tocris Bioscience, #4523,
Minneapolis, MN, USA), 10 nM iberiotoxin (Tocris Bioscience,
#1086, Minneapolis, MN, USA), 10 um nicardipine (Enzo Life Sci-
ences, #ALX-550-273, Farmingdale, NY, USA); pH = 7.4. Record-
ings were digitized at —60 mV holding potential and a sampling
rate of 1 kHz in the Clampex 11.2 software and current activity
was analyzed using Clampfit 11.2 software (Molecular Devices,
San Jose, CA, USA). Channels activity were determined during
the 100 s recording period at baseline and after the acute appli-
cation of TFLLR-NH, or corresponding pharmacology. The total
number of events were used to measure the channels activity
within a patch and total current through the clamped mem-
brane were calculated as an integral for the 100 s intervals before
and after drug application, as previously reported.®

Glomeruli Volume Dynamics Assay

Sixteen-week Wistar Kyoto male rats were obtained from
Charles River and were kept in a light-controlled environment
with a 12:12-h light/dark cycle and given free access to water (fil-
tered, RO water) and food (5V75-PicoLab Verified 75 IF, LabDiet,
USA). All animal procedures were approved by the Institutional
Animal Care and Use Committee at the Medical University of
South Carolina in accordance with the Guide for the Care and
Use of Laboratory Animals and followed the ARRIVE guidelines.

Experimental procedures were performed as previously
described.®® Briefly, male Wistar rat kidneys were harvested,
decapsulated, and used to isolate glomeruli by differential siev-
ing. Freshly isolated glomeruli were collected and stored on ice
in a 15-mL tube with a 5% BSA (Sigma-Aldrich, # A8327)/RPMI-
1640 solution with non-permeable 150 kDa TRITC-dextran
(1 mg/mL, TdB Labs, #TD150, Uppsala, Sweden). Glomeruli vol-
ume changes were measured using fast confocal 3D imaging
before and after acute application of 60 um of Angiotensin II
(Bachem, #4006473) or 10 um of TFLLR-NH,. Glomeruli were
attached to poly-L-lysine covered glass-bottom dishes and cov-
ered with the extracellular solution containing 150 kDa TRITC
dextran. Z-stacks with 18 consecutive focal planes (3 um each)
were collected every 1 min, allowing glomeruli volume recon-
struction. Output files were imported into Imaris Software
(Oxford Bitplane, version 9.6.1), reconstructed in 3D, and pro-
cessed to calculate glomerular volume.

Statistics Analysis

Changes in Ca?* fluorescence were calculated for individual
cells, with approximately 10 cells per dish analyzed. Each exper-
iment was repeated a minimum of 4 times on the new unex-
posed cells. For representative Figures, the responses from one
single experiment were summarized. The statistical graphs rep-
resent an individual cell responses and mean =+ SE values. For
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Figure 1. Functional basal activity of STIM1/Orail, TRPC3, and TRPC6. (A) Representative trace showing inhibition of store-operated calcium entry (SOCE) and TRPC3
baseline activity in human renal mesangial cells (HRMCs) by the acute application of pyrazole derivative Pyr6 (15 nm) (holding potential is —60 mV). (B) The total number
of events (top, single channel openings) and total current (bottom, calculated as an integral for the 100 s intervals before and after STIM1/Orail+TRPC3 inhibition).
Shown individual data points (left) and summary graphs (right). Data were analyzed using a one-way RM ANOVA (*P < 0.05). (C) Representative trace showing partial
inhibition of baseline activity by TRPC6 channel blocker BI-749327 (1 nM) and strong inhibition of baseline activity by pyrazole derivative Pyr6 (15 um) in HRMCs (holding
potential is —60 mV). Expanded fragments show baseline activity, inhibition of TRPC6 channel after application of BI-749327, and inhibition of STIM1/Orail+TRPC3

currents after application of Pyr6, respectively.

normalized maximum [Ca’?"]; amplitudes shown in Figure 6:
corresponding vehicle response was taken for 100% and each
cell response to drug was normalized to mean vehicle value.
Corresponding non-normalized values and statistics for Figure 6
data are shown in Supplemental Figure S1. Data were analyzed
with ANOVA, and multiple-comparison adjustments (Tukey post
hoc test) were conducted only if the ANOVA F value was signif-
icant. P-values of <0.05 were considered significant. The dose-
response curve with variable Hill slope fit was generated by a
Nonlinear Curve Fit (DoseResp) module with the correspond-
ing Levenberg-Marquardt algorithm, as recently described.?”
The generated model was adjusted to improve the adj.R-
Square >0.98. All statistical analyses were performed in Origin-
Pro 2021b software (Microcal Software, Northampton, MA, USA).

Results

Basal Activity and Pharmacological Modulation of Ion
Channels in HRMCs

There are several types of ion channels expressed in MCs.*®
However, the knowledge about signaling pathways mediated by
GPCR PAR and the activation of corresponding ion channels in
MCs is limited. To build a strong foundation for our study about
the PAR1-mediated calcium influx, we initially explored basal
single-channel activity in HRMCs using single-channel elec-
trophysiology. The experiments presented in Figure 1 demon-
strated that STIM1/Orail complex and TRPC3 channels predomi-
nantly contributed to baseline activity, which represent multiple
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Figure 2. PAR1 response in cultured HRMCs. (A) Representative confocal imaging of intracellular [Ca?*]; concentration (Fluo-8H, AM fluorescence) before and after
acute application of the PAR1 selective agonist TFLLR-NH, (50 nm). The scale bar is 100 pm. (B) Peak values of PAR1 [Ca?*]; release (store release, first peak) fitted by

Hill’'s equation with half maximal effective concentration (ECso) 3.0 + 0.8 nm.

events from different ion channels on the membrane. Inhibition
of STIM1/Orail and TRPC3 channels with a high concentration
of pyrazole derivative Pyr6 (see the “Materials and Methods” sec-
tion for details) resulted in a significant decrease in basal current
activity (Figure 1A and B). In addition, the application of the spe-
cific TRPC6 blocker BI-749327 revealed that this channel plays a
minor but detectable role in basal activity in HRMCs (Figure 1C).

PAR1-mediated Calcium Flux in Cultured HRMCs

To explore PAR1-mediated Ca?* flux, we used live cell confo-
cal imaging. HRMCs displayed high sensitivity to a specific PAR1
agonist peptide TFLLR-NHj; (Figure 2A). The ECso values were in
the nanomolar range of 3.0 + 0.8 and 6.3 & 0.2 nm for male- and
female-derived cultured cells, respectively. Shown in Figure 2B
is the dose-response curve for male HRMCs. The observed sen-
sitivity to a PAR1 agonist peptide was much higher (nanomolar
versus tens of micromolar concentration range) in comparison
with our reports in other glomerular cells, like podocytes,?* or
brain cells like astrocytes.® In contrast, Ca?" response to ATP
and the activation of corresponding purinergic receptors were
in the range of 100 um (different reports show a 10-100 um ATP
ECso values for MCs*%:4!), which is comparable with previously
reported values for podocytes.*?

PAR1 Signaling Promotes Intracellular Ca?* Oscillations
in HRMCs

We further decided to explore PAR-mediated calcium oscilla-
tions in MCs, given the smooth muscle-like nature of these cells.
It is known that smooth muscle cells’ functional contractility
is mediated by periodic pulses of cytosolic Ca?* trigger oscilla-
tions, which may be responsible for contraction and membrane
depolarization that couples the individual oscillators together,
mediating the synchronization.*® First, the acute application of
TFLLR-NH, in the nanomolar range resulted in a single cal-
cium peak, which could be blocked by preincubation with a spe-
cific PAR1 signaling antagonist, RWJ 56110 (Figure 3A). However,
when we increased the TFLLR-NH, concentration up to satu-
ration levels of 1 um and achieved maximum PAR1 signaling
activation (see Figure 2B), the initial increase in cytosolic Ca?*
levels was followed by synchronized, damped Ca?* oscillations
(repeated calcium peaks appeared after the initial one) with a lag

of 6.74 + 0.84 minutes between first and second peaks (Figure 3B
and Supplemental Video S1). Notably, the oscillation pattern
was absent in extracellular zero calcium solutions, suggesting
a crucial role for ionotropic Ca?* entry and resident ion chan-
nel activation (Figure 3B and C). To make a more direct connec-
tion between the Ca?* oscillations and presumed cellular con-
tractions we performed glomerular volume changes assay using
freshly isolated Wistar rat glomeruli. The acute application of
Ang Il result in strong contraction of the mesangium matrix and
reduce glomerular volume up to 20.7% (Figure 4A). The applica-
tion of PAR1 activating peptide TFLLR-NH, resulted in the vol-
ume reduction up to 7.6% (Figure 4B).

Intracellular Ca?* Oscillations in Response to Thrombin
and Role of PAR1

Beyond the coagulation functions, thrombin is a crucial activator
of PARs signaling, which primarily activates PAR1 and PAR4 on
platelets and endothelial cells, initiating a cascade of intracel-
lular signaling pathways. To test if thrombin promotes cytoso-
lic Ca?" oscillations, we performed confocal imaging experi-
ments using acute applications of thrombin peptide. As shown
in Figure 5A, the application of thrombin promotes synchro-
nized Ca?* oscillations, similar to PAR1 agonist peptide TFLLR-
NH, (see Supplemental Video S2). Interestingly, preincubation
of cells with specific PAR1 antagonist RWJ 56110 significantly
inhibits the first peak (store release, see Figure 3B) and elimi-
nates the second peak, responsible for the extracellular influx
and oscillations (Figure 5A and B, and Supplemental Video S3).
We perform the following experiments to explore further if the
PAR4 signaling cascade may be involved in MC signaling. HMRCs
were preincubated in RWJ 56110 to block PAR1 response on the
acute application of TFLLR-NH, peptide. The following applica-
tion of PAR4 activating peptide AY-NH, promotes robust intra-
cellular Ca®* release (Figure 6A), confirming the functional pres-
ence of PAR4 in MCs. In the prolonged recording, the same con-
centrations of PAR4 activating peptide did not promote synchro-
nized Ca®* oscillations and can be efficiently blocked by the
application of PAR4 antagonist tcY-NH, (Figure 6B). Moreover,
the applications of thrombin in the presence of tcY-NH, and
corresponding PAR4 blockade successfully produce Ca®* oscil-
lations, as evidenced by statistical data showing the presence of
a second peak in Figure 6C.
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Figure 3. PAR1 signaling promotes intracellular Ca?* [Ca?*]; oscillations in human renal mesangial cells. (A) Confocal imaging experiment (Fluo-8H, AM fluorescence)
show a small dose (5 nM) of PAR1 (TFLLR-NH,) agonist peptide promotes fast [Ca?*]; response (black line/single-peak line). The preincubation of cells with the specific
PAR1 inhibitor (RW] 56110, 10 puM) eliminated PAR1-mediated [Ca%*]; release (flat line). (B) Confocal imaging experiment shows a saturated concentration of TFLLR-NH,
(1 nM, see dose response in Figure 2) promotes synchronized damped Ca?* oscillations (black line/multiple-peak line). The oscillations disappeared in a zero Ca%*
extracellular solution (single-peak line). (C) Summary for confocal experiments shown mean (bars) and individual cell (data points) of maximum [Ca?*]; amplitudes
for first (store release, first peak, white bar/closed circle) and second (extracellular influx, second peak, gray bar/open circle) peaks in response to TFLLR-NH; (1 um).
One way ANOVA, **P < 0.001 between different Ca?* extracellular solution concentrations (2 or 0 mm of Ca?*).
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Figure 4. The contraction of the glomerular mesangial matrix in response to
Ang I and PAR1 agonist acute applications. (A) Fast confocal 3D imaging shows
changes in glomerular volume in response to acute application of AngII (60 pMm).
(B) Fast confocal 3D imaging shows changes in glomerular volume in response
to acute application of PAR1 agonist peptide TFLLR-NH, (10 um). The volume
changes were calculated using the Imaris Image Analysis Software package.

In addition, we performed a series of experiments to test
the possible involvement of PAR?2 in the described Ca?* oscilla-
tion behavior in response to thrombin. As shown in Figure 6D,
thrombin-mediated oscillations in individual cells are not
affected by the application of the PAR2 agonist AZ 3451. The sta-
tistical analysis (Figure 6E) indicates that preincubation with AZ
3451 also does not affect the first (store release) peak.

Pharmacological Inhibition of PAR1-mediated
Oscillations

PARs are G protein-coupled receptors and may adopt dis-
tinct active conformations and signal to diverse effectors in
many cells.** According to the data above, PAR1 signaling
in HRMCs consists of initial intracellular store release and
synchronized oscillations mediated by plasma membrane ion
channels. To dissect the contribution of the store-operated
(Orail) and second messenger-operated (TRPC) plasma mem-
brane channels to the calcium oscillations, we performed con-
focal imaging experiments in the presence of specific phar-
macological blockers (see the “Materials and Methods” sec-
tion for detailed information about drugs and vehicle). We
measured the changes in the intracellular Ca?* amplitude of
the first response (depo release) and the amplitude of the
second peak (representing ionotropic influx) after applying 1
uM TFLLR-NH; in the presence of a vehicle or correspond-
ing drugs (Supplemental Figure S1). Pyr6, which inhibits the
store-operated calcium (SOCs) channels at the low (5 um)
concentration, significantly attenuated the oscillation ampli-
tudes (represented as the maximum amplitude of the sec-
ond calcium peak; Figure 7A). Similarly, the TRPC3/6 inhibitor
(GSK 2833503A), reduced the oscillation amplitude up to 40%
(two-way ANOVA, *P < 0.0001 compared to vehicle). The
simultaneous application of both drugs resulted in an addi-
tive effect with a total of 65% blockade of the second peak
amplitude (two-way ANOVA, *P < 0.0001 compared to vehi-
cle) (Figure 7A). Further experiments shown in Figure 7B
include high Pyr6 concentration (over 15 um) with or with-
out a TRPC3/6 inhibitor (GSK 2833503A) to simultaneously
block STIM1/Orail + TRPC3 channels and blockade TRPC6
with a selective inhibitor BI-749327. Note, that preincubation
with high Pyr6 concentration (Figure 7B) also cause signifi-
cant inhibition of first response, and then may reflect on over-
all deficit in intracellular Ca?* pool, which later may signifi-
cantly inhibit oscillations amplitudes. These studies indicate
that oscillation is presumably mediated by the activation of
STIM1/Orail and TRPC3 channels and does not depend on TRPC6
activity.
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Figure 7. Pharmacological inhibition of PAR1-mediated oscillations in human renal mesangial cells. (A) Summary for confocal experiments shown mean (bars) and
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Single Channel Activity in Response to PAR1 Signaling
Activation in HRMCs

We used patch clamp electrophysiology to confirm our find-
ings to reveal ion channel activation in response to acute PAR1
agonist application. The addition of saturated concentrations
of TFLLR-NH, (1 M) into the bath solution promoted a rapid
increase in a number of events and overall current density
(Figure 8A and B), suggesting the presence of ion channel-
mediated calcium influx which was observed in the confocal
microscopy experiments in Figure 3B. Similarly, PAR1-mediated
ion channels activity could be significantly reduced by appli-
cation of a high concentration of Pyr6 (15 pum) and blockade of
STIM1/0rail+TRPC3 channels (Figure 8C).

Discussion

The seminal studies from the 90’s highlighted that thrombin
is a potent regulator of MC function, influencing not only the
contractile behavior of these cells but also their role in matrix
production and overall renal physiology.'**> Thrombin’s actions
are multifaceted, impacting cellular processes ranging from con-
traction to biochemical mediator synthesis, which are essential
for the normal and pathological states of the kidney’s filtering
mechanism. Importantly, the high sensitivity of MCs to throm-
bin observed in our studies with specific PAR1 agonist peptide
(Figure 2) was supported by the similar thrombin applications,
where significant Ca?* response was detected at concentrations
around 0.1 U/mL (approximately 1 nm).'446 As mentioned above,
podocytes express PARs but require much higher concentrations
for the intracellular Ca?* transient. The other cells with known
functional expression of PARs are platelets, endothelial, vascu-
lar smooth muscle, monocytes and macrophages, and neuronal
cells could be divided into three groups for their sensitivity to
thrombin:

Some cell types, such as platelets, are highly sensitive to
thrombin. Even low concentrations (0.1 to 1 U/mL) are sufficient
to induce Ca?* mobilization in these cells, leading to platelet
secretion and aggregation.*’

Moderate sensitivity. Concentrations around 0.5 to 2 U/mL
are often required to activate endothelial and vascular smooth
muscle cells.*® Endothelial cells utilize thrombin to regulate bar-
rier function and inflammatory responses through Ca?* signal-
ing.*® Vascular smooth muscle cells primarily use PAR signal-
ing for contraction and proliferation, which is also an important
property for mesangial cells.

Other cell types, such as monocytes and neuronal cells,
demonstrate a lower sensitivity to thrombin. These cells gener-
ally require higher thrombin concentrations (1-5 U/mL) to acti-
vate intracellular Ca?* signaling. This activation plays a role in
monocyte adhesion and migration, which is crucial for inflam-
matory responses.” In the nervous system, thrombin can influ-
ence neuron and glial function, as we have also described in
our previous studies,?? impacting cell survival and inflammatory
processes.”!

Our data suggest that MCs appear to have high sensitivity,
similar to platelets, to promote initial Ca?* response but require
higher close to moderate range concentrations to reveal Ca?*
oscillations.

Intracellular calcium is an essential second messenger reg-
ulating multiple aspects of MC function, modulating responses
to vasoactive hormones, polypeptide growth factors, and
cytokines.?38:52 Importantly, changes in intracellular calcium
concentration are the key requirement for cell contractil-
ity. Thus, calcium flux and corresponding MC contraction
can directly modulate glomerular blood flow and renal
hemodynamics.” Thrombin and PARs are known to medi-
ate intracellular calcium signaling and activate a variety of
intracellular cascades.?’>>3 An activation of the PAR1 receptor
can stimulate Gq protein and trigger subsequent IP3-dependent
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Figure 8. G-protein-coupled receptors PAR1 signaling activate TRPC3 and STIM1/Orail channels in human renal mesangial cells (HRMCs). (A) Representative elec-
trophysiological recording of channels activity in HRMCs before and after application of PAR1 agonist peptide TFLLR-NH; (1 um). The top left corner shows a pho-
tomicrograph of the electrophysiological experiment. The single-channel trace insets show expanded recording intervals. (B) The total number of events (top, single
channel openings) and total current (bottom, calculated as an integral for the 100 s intervals before and after PAR1 activation) changes in response to TFLLR- NH, (1
um) application. Shown individual data points (left) and summary graphs (right). One-way RM-ANOVA, *P < 0.05. (C) Representative trace showing the activation of
PAR1 by the specific agonist peptide TFLLR-NH, (1 puM) and inhibition of PAR1-mediated STIM1/Orail+TRPC3 channels activity by pyrazole derivative Pyr6 (15 um).
Expanded fragments show baseline activity, increased current activity after application of TFLLR-NH,, and inhibition of currents after application of Pyr6, respectively.

All traces were recorded at —60 mV holding potential.

calcium release from the reticulum
(SR/ER).5*

Calcium mobilization depletes the intracellular stores and
triggers the opening of calcium channels on the plasma
membrane. The resulting calcium influx from the extracel-
lular compartment allows replenishment of intracellular
stores and is termed SOCE. Numerous findings support the
presence of SOCE in MCs,*? where it can be mediated by
a highly calcium-selective ORAI1 channel or nonselective
transient receptor potential canonical channels, such as
TRPC1, 3, 4, and 6.3 However, TRPC channels can be acti-
vated independently as receptor-operated calcium channels
by various ligands, including via the PAR1 pathway.?*>> Our
data suggest that PAR1 activation in MCs triggers calcium
release from the SR/ER at nanomolar concentrations. More-
over, saturated PAR1 agonist concentrations, in addition to
SR/ER calcium release, activate ionotropic calcium influx from
STIM1/Orail and TRPC3 channels and mediate intracellular

calcium oscillations (Figure 9). The observed spontaneous

sarco/endoplasmic

cellular oscillations are synchronized between cells in the
monolayer and may represent a typical smooth muscle
contractility phenotype.** MC oscillations can be characterized
by a quick spike in Ca?* followed by a more extended phase of
oscillations, which takes minutes (our recordings usually take
up to 20 min; see supplemental video for more information). It
is important to note that MC may possess properties similar to
vascular smooth muscle cells, and cytosolic Ca?* oscillations
may lead to cell contraction or proliferation. Moreover, under
pathophysiological conditions, this type of cells may develop
either contractile or synthetic (proliferative) phenotype.*® The
questions are essential for understanding the physiology and
pathophysiology of mesangial cells since both mesangial matrix
contractility and proliferation are the basis of most glomerular
diseases.

Our data suggest the selective role of PAR1, and not PAR4
or PAR?, in triggering cytosolic Ca?* oscillations in MCs. While
both receptors engage distinct GPCR mechanisms, PAR1 medi-
ates its effects through interactions with Gaq, Gei, and Ga12/13
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Figure 9. Saturated PAR1 agonist concentrations, in addition to SR/ER calcium release, activate ionotropic calcium influx from STIM1/Orail and TRPC3 channels,

mediating intracellular calcium oscillations.

proteins, facilitating rapid and versatile cellular responses.
Conversely, PAR4, which primarily associates with Gaq and
Ga12/13, exhibits a slower activation response but maintains
signaling over a longer period.”” This prolonged activation is cru-
cial for sustained thrombin signaling in the context of chronic
disease progression and role of PAR4 required further detailed
investigation. Our study contributes to the broader understand-
ing of GPCR-mediated calcium signaling oscillations, illustrating
its complexity and diversity across different cell types, including
MCs.>8

Mounting evidence links SOCE in MCs to extracellular matrix
protein synthesis and deposition.59-62 Changes in SOCE paral-
lel mesangial expansion and the fibrotic glomerular phenotype
in DN.>2:61 Moreover, PAR1 overactivation and high activity
of serine proteases have recently been linked to glomerular
pathologies like FSGS and DN.?*> Interestingly, the above-
mentioned studies emphasize the key role of TRPC6 channels in
PAR1-mediated podocyte and glomerular damage. In contrast,
MCs mediate contractility through the STIM1/Orail and TRPC3
channels, where the expression of TRPC6 plays a minor role and
does not significantly contribute to the observed phenomenon.
Our data indicate high sensitivity of MCs to the PAR-1 activating
peptide, which may contribute to both physiological and patho-
physiological functions. For instance, high serine proteases
activity may induce frequent cytosolic oscillations and changes
in membrane potential in MCs, which can lead to hyperfiltration
and glomerular blood flow disturbance or mesangial matrix
accumulation and consecutive aberrant mesangial cell prolifer-
ation leading to glomerulosclerosis. Our study provides direct
evidence of the possible role of PAR1 receptors in glomerular
and MC pathology and raises the question about the poten-
tial use of PAR1 as a therapeutical target in glomerular
diseases. Therefore, further investigation of this path-
way, including research using various animal models, is
required.

Acknowledgment

Graphical abstract and Figure 9 were created using the BioRen-
der.com. The authors thank summer student Ethan Anderson
(South Carolina Governor’s School for Science and Mathematics)
for editing support.

Author Contributions

M.S.: conceptualization, data curation, formal analysis, investi-
gation, methodology, writing — original draft, writing — review
and editing; M.E.: conceptualization, data curation, formal anal-
ysis, investigation, methodology, writing — original draft, writ-
ing — review and editing; M.M.: data curation, formal analy-
sis, investigation, methodology, writing — original draft, review
and editing; M.S.: methodology, writing — review and edit-
ing; TK.N.: methodology, writing — review and editing; J.H.L.:
supervision, funding acquisition, writing — review and editing;
O.M.: supervision, methodology, writing — review and editing;
A.S.: supervision, funding acquisition, methodology, writing —
review and editing; O.P.: conceptualization, resources, formal
analysis, supervision, funding acquisition, writing — original
draft, writing — review and editing.

Supplementary Material

Supplementary material is available at the APS Function online.

Funding

This research was supported by the National Institutes of Health
[grant numbers RO1 DK126720 (to O.P.); R0O1 DK135644 (to A.S.);
RO1 DK129227 (to A.S. and O.P.); and RO1DK125464 (to M.M.)[; the
US Department of Veteran Affairs [grant numbers 101BX000820
and 101CX002391 (to J.H.L.); and 101BX004024 (to A.S.)], and the


art/zqae030_f9.eps
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae030#supplementary-data

MUSC College of Medicine-Program Project Grant (to O.P); the
Department of Defense (DoD) Congressionally Directed Medical
Research Programs (W81XWH-22-1-0330 awarded to T.K.N.), and
Dialysis Clinic, Inc (to J.H.L.). The contents do not represent the
views of the Department of Veterans Affairs or the United States
Government.

Conflict of Interest

The authors declare no conflict of financial interests.

Data Availability

The data underlying this article are available in the arti-
cle and from the corresponding author upon reasonable
request. Supplemental Video S1 PAR-1 mediated synchronized
non-periodical [Ca%*]; (Fluo-8H, AM) oscillations in HRMCs
in response to application of specific short peptide activa-
tor TFLLR-NH, https://doi.org/10.6084/m9.figshare.25748973.v1;
Supplemental Video S2 PAR-1 mediated synchronized non-
periodical [Ca?"]; (Fluo-8H, AM) oscillations in HRMCs in
response to thrombin peptide application https://doi.org/10.6
084/m9.figshare.25748976.v1; Supplemental Video S3 mediated
the absence of synchronized non-periodical [Ca?*]; (Fluo-8H,
AM) oscillations in HRMCs in response to thrombin applica-
tion in the presence of specific PAR1 antagonist RWJ 56110
https://doi.org/10.6084/m9.figshare.25748979.v1 are also avail-
able at Figshare.

References

1. Ebefors K, Bergwall L, Nystrom J. The Glomerulus according
to the mesangium. Front Med (Lausanne) 2021;8:740527.

2. Thomas HY, Ford Versypt AN. Pathophysiology of mesan-
gial expansion in diabetic nephropathy: mesangial struc-
ture, glomerular biomechanics, and biochemical signaling
and regulation. ] Biol Eng 2022;16(1):19.

3. Schlondorff D, Banas B. The mesangial cell revisited: no cell
is an island. ] Am Soc Nephrol 2009;20(6):1179-1187.

4. Wetzel RK, Sweadner KJ. Phospholemman expression
in extraglomerular mesangium and afferent arteriole of
the juxtaglomerular apparatus. Am ] Physiol Renal Physiol
2003;285(1):F121-129.

5. Ren Y, Carretero OA, Garvin JL. Role of mesangial cells
and gap junctions in tubuloglomerular feedback. Kidney Int
2002;62(2):525-531.

6. Schlondorff D. The glomerular mesangial cell: an expanding
role for a specialized pericyte. Faseb j 1987;1(4):272-281.

7. Stockand JD, Sansom SC. Glomerular mesangial cells: elec-
trophysiology and regulation of contraction. Physiol Rev
1998;78(3):723-744.

8. Mason RM, Wahab NA. Extracellular matrix metabolism in
diabetic nephropathy. ] Am Soc Nephrol 2003;14(5):1358-1373.

9. Aoki I, Shimoyama K, Aoki N, et al. Platelet-dependent
thrombin generation in patients with diabetes mellitus:
effects of glycemic control on coagulability in diabetes. ] Am
Coll Cardiol 1996;27 (3):560-566.

10. van der Poll T. Thrombin and diabetic nephropathy. Blood
2011;117(19):5015-5016.

11. Grandaliano G, Choudhury GG, Biswas P, Abboud HE. Mito-
genic signaling of thrombin in mesangial cells: role of
tyrosine phosphorylation. Am ] Physiol 1994;267(4 Pt 2):
F528-536.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Stefanenkoetal. | 11

Cunningham MA, Rondeau E, Chen X, Coughlin SR,
Holdsworth SR, Tipping PG. Protease-activated recep-
tor 1 mediates thrombin-dependent, cell-mediated renal
inflammation in crescentic glomerulonephritis. J] Exp Med
2000;191(3):455-462.

LiJ, Lim SS, Lee ES, et al. Isoangustone A suppresses mesan-
gial fibrosis and inflammation in human renal mesangial
cells. Exp Biol Med (Maywood) 2011;236(4):435-444.
Albrightson CR, Nambi P, Zabko-Potapovich B, Dytko G,
Groom T. Effect of thrombin on proliferation, contraction
and prostaglandin production of rat glomerular mesan-
gial cells in culture. J Pharmacol Exp Ther 1992;263(1):
404-412.

Rondeau E, He CJ, Zacharias U, Sraer JD. Thrombin stimula-
tion of renal cells. Semin Thromb Hemost 1996;22(2):135-138.
Madhusudhan T, Kerlin BA, Isermann B. The emerging role
of coagulation proteases in kidney disease. Nat Rev Nephrol
2016;12(2):94-109.

Coughlin SR. Protease-activated receptors in hemosta-
sis, thrombosis and vascular biology. ] Thromb Haemost
2005;3(8):1800-1814.

Hollenberg MD, Saifeddine M, al-Ani B, Kawabata A.
Proteinase-activated receptors: structural requirements for
activity, receptor cross-reactivity, and receptor selectiv-
ity of receptor-activating peptides. Can J Physiol Pharmacol
1997;75(7):832-841.

Tang ZZ, Zhang YM, Zheng T, Huang TT, Ma TF, Liu
YW. Sarsasapogenin alleviates diabetic nephropathy
through suppression of chronic inflammation by down-
regulating PAR-1: in vivo and in vitro study. Phytomedicine
2020;78:153314.

Sakai T, Nambu T, Katoh M, Uehara S, Fukuroda T, Nishik-
ibe M. Up-regulation of protease-activated receptor-1 in
diabetic glomerulosclerosis. Biochem Biophys Res Commun
2009;384(2):173-179.

Waasdorp M, Duitman J, Florquin S, Spek CA. Vora-
paxar treatment reduces mesangial expansion in
streptozotocin-induced diabetic nephropathy in mice.
Oncotarget 2018;9(31):21655-21662.

Mitsui S, Oe Y, Sekimoto A, et al. Dual blockade of protease-
activated receptor 1 and 2 additively ameliorates diabetic
kidney disease. Am ] Physiol Renal Physiol 2020;318(5):F1067-
f1073.

Palygin O, Ilatovskaya DV, Staruschenko A. Protease-
activated receptors in kidney disease progression. AmJ Phys-
iol Renal Physiol 2016;311(6):F1140-f1144.

Bohovyk R, Khedr S, Levchenko V, et al. Protease-activated
receptor 1-mediated damage of podocytes in diabetic
nephropathy. Diabetes 2023;72(12):1795-1808.

Vu TK, Hung DT, Wheaton VI, Coughlin SR. Molecu-
lar cloning of a functional thrombin receptor reveals a
novel proteolytic mechanism of receptor activation. Cell
1991;64(6):1057-1068.

Faruqi TR, Weiss EJ, Shapiro MJ, Huang W, Coughlin SR.
Structure-function analysis of protease-activated recep-
tor 4 tethered ligand peptides. Determinants of speci-
ficity and utility in assays of receptor function. J Biol Chem
2000;275(26):19728-19734.

Andrade-Gordon P, Maryanoff BE, Derian CK, et al. Design,
synthesis, and biological characterization of a peptide-
mimetic antagonist for a tethered-ligand receptor. Proc Natl
Acad Sci USA 1999;96(22):12257-12262.

Ma L, Hollenberg MD, Wallace JL. Thrombin-induced platelet
endostatin release is blocked by a proteinase activated


https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae030#supplementary-data
https://doi.org/10.6084/m9.figshare.25748973.v1
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae030#supplementary-data
https://doi.org/10.6084/m9.figshare.25748976.v1
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae030#supplementary-data
https://doi.org/10.6084/m9.figshare.25748979.v1

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

12 | FUNCTION, 2024, Vol. 00, No. 0

receptor-4 (PAR4) antagonist. Br ] Pharmacol 2001;134(4):701-
704.

Kennedy AJ, Sundstrom L, Geschwindner S, et al. Protease-
activated receptor-2 ligands reveal orthosteric and
allosteric mechanisms of receptor inhibition. Commun
Biol 2020;3(1):782.

Schleifer H, Doleschal B, Lichtenegger M, et al. Novel
pyrazole compounds for pharmacological discrimination
between receptor-operated and store-operated Ca(2+) entry
pathways. Br ] Pharmacol 2012;167(8):1712-1722.

Bon RS, Beech DJ. In pursuit of small molecule chemistry for
calcium-permeable non-selective TRPC channels—mirage
or pot of gold? Br ] Pharmacol 2013;170(3):459-474.

Lalo U, Palygin O, Rasooli-Nejad S, Andrew J, Haydon PG,
Pankratov Y. Exocytosis of ATP from astrocytes modulates
phasic and tonic inhibition in the neocortex. PLoS Biol
2014;12(1):e1001747.

Plasterer C, Semenikhina M, Tsaih SW, Flister MJ, Palygin O.
NNAT is a novel mediator of oxidative stress that suppresses
ER + breast cancer. Mol Med 2023;29(1):87.

Mamenko M, Dhande I, Tomilin V, et al. Defective store-
operated calcium entry causes partial nephrogenic diabetes
Insipidus. ] Am Soc Nephrol 2016;27(7):2035-20438.

Miller B, Palygin O, Rufanova VA, et al. p66Shc regulates
renal vascular tone in hypertension-induced nephropathy.
J Clin Invest 2016;126(7):2533-2546.

Ilatovskaya DV, Palygin O, Levchenko V, Endres BT, Star-
uschenko A. The role of angiotensin II in glomerular vol-
ume dynamics and podocyte calcium handling. Sci Rep
2017;7(1):299.

Semenikhina M, Fedoriuk M, Stefanenko M, et al. g-arrestin
pathway activation by selective ATR1 agonism promotes cal-
cium influx in podocytes, leading to glomerular damage. Clin
Sci (Lond) 2023;137(24):1789-1804.

Staruschenko A, Ma R, Palygin O, Dryer SE. Ion channels
and channelopathies in glomeruli. Physiol Rev 2023;103(1):
787-854.

Lalo U, Palygin O, Verkhratsky A, Grant SG, Pankratov Y.
ATP from synaptic terminals and astrocytes regulates NMDA
receptors and synaptic plasticity through PSD-95 multi-
protein complex. Sci Rep 2016;6:336009.

Bell PD, Lapointe JY, Sabirov R, et al. Macula densa cell sig-
naling involves ATP release through a maxi anion channel.
Proc Natl Acad Sci USA 2003;100(7):4322-4327.

Bailey MA, Turner CM, Hus-Citharel A, et al. P2Y receptors
present in the native and isolated rat glomerulus. Nephron
Physiol 2004;96(3):79-90.

Ilatovskaya DV, Palygin O, Levchenko V, Staruschenko A.
Pharmacological characterization of the P2 receptors profile
in the podocytes of the freshly isolated rat glomeruli. Am J
Physiol Cell Physiol 2013;305(10):C1050-1059.

Berridge MJ. Smooth muscle cell calcium activation mecha-
nisms. J Physiol 2008;586(21):5047-5061.

Soh UJ, Dores MR, Chen B, Trejo J. Signal transduction
by protease-activated receptors. Br J Pharmacol 2010;160(2):
191-203.

Glass WF, 2nd, Troyer DA, Kreisberg JI. Regulation of
mesangial cell function by thrombin. Semin Thromb Hemost
1994;20(4):333-338.

Robey RB, Raval BJ, Ma J, Santos AV. Thrombin is a novel reg-
ulator of hexokinase activity in mesangial cells. Kidney Int
2000;57(6):2308-2318.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Coughlin SR. Thrombin signalling and protease-activated

receptors. Nature 2000;407(6801):258-264.
Berk BC, Taubman MB, Cragoe EJ, Jr, Fenton JW, 2nd,

Griendling KK. Thrombin signal transduction mechanisms
in rat vascular smooth muscle cells. Calcium and protein
kinase C-dependent and -independent pathways. J Biol Chem
1990;265(28):17334-17340.

Birukova AA, Smurova K, Birukov KG, Kaibuchi K, Garcia JG,
Verin AD. Role of rho GTPases in thrombin-induced lung
vascular endothelial cells barrier dysfunction. Microvasc Res
2004;67(1):64-77.

Shpacovitch V, Feld M, Hollenberg MD, Luger TA, Stein-
hoff M. Role of protease-activated receptors in inflamma-
tory responses, innate and adaptive immunity. ] Leukoc Biol
2008;83(6):1309-1322.

Gingrich MB, Junge CE, Lyuboslavsky P, Traynelis SF. Poten-
tiation of NMDA receptor function by the serine protease
thrombin. ] Neurosci 2000;20(12):4582-4595.

Chaudhari S, Mallet RT, Shotorbani PY, Tao Y, Ma R. Store-
operated calcium entry: pivotal roles in renal physiology
and pathophysiology. Exp Biol Med (Maywood) 2021;246(3):
305-316.

Heuberger DM, Schuepbach RA. Protease-activated recep-
tors (PARs): mechanisms of action and potential therapeutic
modulators in PAR-driven inflammatory diseases. Thromb ]
2019;17:4.

McCoy KL, Gyoneva S, Vellano CP, Smrcka AV, Traynelis SF,
Hepler JR. Protease-activated receptor 1 (PAR1) coupling to
G(g/11) but not to G(i/o) or G(12/13) is mediated by discrete
amino acids within the receptor second intracellular loop.
Cell Signal 2012;24(6):1351-1360.

May CJ, Chesor M, Hunter SE, et al. Podocyte protease acti-
vated receptor 1 stimulation in mice produces focal segmen-
tal glomerulosclerosis mirroring human disease signaling
events. Kidney Int 2023;104(2):265-278.

Pahk K, Joung C, Jung SM, et al. Visualization of synthetic
vascular smooth muscle cells in atherosclerotic carotid rat
arteries by F-18 FDG PET. Sci Rep 2017;7(1):6989.

Thibeault PE, LeSarge JC, Arends D, et al. Molecular basis for
activation and biased signaling at the thrombin-activated
GPCR proteinase activated receptor-4 (PAR4). J Biol Chem
2020;295(8):2520-2540.

Nash MS, Young KW, Challiss RA, Nahorski SR. Intracellular
signalling. Receptor-specific messenger oscillations. Nature
2001;413(6854):381-382.

Chaudhari S, Li W, Wang Y, et al. Store-operated calcium
entry suppressed the TGF-betal/Smad3 signaling pathway
in glomerular mesangial cells. Am ] Physiol Renal Physiol
2017;313(3):F729-F739.

Chaudhari S, Wu P, Wang Y, et al. High glucose
and diabetes enhanced store-operated Ca(2+) entry
and increased expression of its signaling proteins in
mesangial cells. Am ] Physiol Renal Physiol 2014;306(9):
F1069-1080.

Soni H, Adebiyi A. Urotensin II-induced store-operated
Ca(2+) entry contributes to glomerular mesangial cell
proliferation and extracellular matrix protein produc-
tion under high glucose conditions. Sci Rep 2017;7(1):
18049.

Wu P, Wang Y, Davis ME, et al. Store-operated Ca2+ chan-
nels in mesangial cells inhibit matrix protein expression. J
Am Soc Nephrol 2015;26(11):2691-2702.

Submitted: 5 February 2024; Revised: 4 June 2024; Accepted: 5 June 2024
© The Author(s) 2024. Published by Oxford University Press on behalf of American Physiological Society. This is an Open Access article distributed under the terms of the Creative Commons

Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and Methods
	Results
	Discussion
	Acknowledgment
	Author Contributions
	Supplementary Material
	Funding
	Conflict of Interest
	Data Availability
	References

