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Abstract

Aims: Cardiac fibroblasts (CFs) are emerging as major contributors to myocardial fibrosis
(MF), a final common pathway of many etiologies of heart disease. Here, we studied the
functional relevance of transient receptor potential canonical 3 (TRPC3) channels and
nuclear factor of activated T-cells c3 (NFATc3) signaling in rodent and human ventricular
CFs, and whether their modulation would limit MF. Results: A positive-feedback loop
between TRPC3 and NFATc3 drove a rat ventricular CF fibrotic phenotype. In these cells,
polyphenols (P.E.) decreased basal and angiotensin Il-mediated Ca?* entries through a
direct modulation of TRPC3 channels and subsequently NFATc3 signaling, abrogating
myofibroblast differentiation, fibrosis and inflammation as well as an oxidative stress-
associated phenotype. N(w)-nitro-L-arginine methyl ester (L-NAME) hypertensive rats
developed coronary perivascular, sub-epicardial and interstitial fibrosis with induction of
embryonic epicardial progenitor transcription factors in activated CFs. P.E. treatment
reduced ventricular CF activation by modulating TRPC3-NFATc3 pathway, and ameliorated
echocardiographic parameters, cardiac stress markers and MF in L-NAME hypertensive
rats independently of blood pressure regulation. Furthermore, genetic deletion (TRPC3'/')
and pharmacological channel blockade with Pyrl0 blunted ventricular CF activation and
MF in L-NAME hypertensive mice. Finally, TRPC3 was present in human ventricular CFs and
upregulated in MF, whereas pharmacological modulation of TRPC3-NFATc3 decreased
proliferation and collagen secretion. Innovation and Conclusion: We demonstrate that
TRPC3-NFATc3 signaling is modulated by P.E. and critically regulates ventricular CF
phenotype and MF. These findings strongly argue for P.E., through TRPC3 targeting, as

potential and interesting therapeutics for MF management.
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Introduction

A common feature of all etiologies of heart disease is excessive deposition of extracellular
matrix (ECM) by cardiac fibroblasts (CFs) leading to myocardial fibrosis (MF). CF is
emerging as a significant yet understudied major contributor of this disease, emphasizing
the biological importance of MF and its compelling candidacy as a potential therapeutic
target (61, 65).

Upon acute injury or chronic sustained stress on the myocardium, CF transdifferentiate
into myofibroblasts with a pronounced secretory profile for the ECM components leading
to MF (7, 28, 47). Myofibroblasts also arise from a number of potentially different cell
sources within the injured heart, although the exact origin remains controversial.
Epithelial-to-mesenchymal transition (73), endothelial-to-mesenchymal transition (72),
pericytes (26), bone marrow-derived myeloid cells (67) and other infiltrating immune cells
(17) have been all proposed as origins. Several other studies have challenged these
findings and demonstrated that resident fibroblasts of epicardial origin, expressing among
other progenitor transcription factors, transcription factor 21 (TCF21), platelet derived
growth factor receptor alpha (PDGFRa) and Wilms tumor 1 (Wtl), give rise to
myofibroblasts in the hypertrophied and failing heart (20, 35, 36, 50). Therefore,
elaborating a clear picture of CF lineage development and accumulation in the injured
heart would be essential for developing anti-fibrotic therapies. The purpose of all this
adaptive response is to maintain the structural integrity of the heart; however, this
process becomes detrimental on the long run leading to the progression into heart failure.
Transient receptor potential canonical (TRPC) channels have been described in ventricular
CFs. A non-selective cation current likely carried by TRPCs was present in rat CF and
angiotensin Il (Angll) stimulated NFATc3 signaling (14, 49). Though TRPC6-NFAT signaling
has been shown as a molecular circuit for myofibroblast transformation and tissue repair
(6), the same pathway has been intriguingly described as an inhibitor of CF
transdifferentiation (37). TRPC3 and TRPC6 are closely homologous channels belonging to
the receptor-operated channels activated by diacylglycerol. Finally, TRPC3 has been
described as a pro-fibrotic channel in neonatal ventricular fibroblasts and TRPC3 deletion
inhibited maladaptive fibrosis in pressure-overloaded mouse hearts (39, 40). However,

data on ventricular CFs from adult rodent hearts and most importantly the role of TRPC3-
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NFAT in human ventricular CF physiology and its relevance to human MF remain largely

unknown.

Dietary polyphenols have been shown to promote cardiovascular health and limit the
progression to disease (41, 48, 63). Interestingly, these compounds also displayed
intracellular Ca®* signaling modulatory effects on several cell types, which suggested
properties beyond their anti-oxidant capacities (10). However, the main concern that
hindered the translation of such results in humans is the use in practically all of the studies
of non-physiological concentrations of polyphenols in cell cultures, and in vivo doses that
are impractical in humans. Add to that the low bioavailability of polyphenols due to their
excessive metabolism in the body (15). This spurred into many controversies on the
potential benefits of polyphenols and whether these compounds could be useful to
humans (45, 69). Despite the conflicting data, encouraging epidemiological and
interventional studies are still emerging on the beneficial role of dietary polyphenols in
affecting vascular function and improving cardiovascular risk (2, 33, 38, 66). Precisely,
polyphenols-rich diets have shown more consistent results in cardiovascular disease
prevention with synergistic interactions leading to improved efficacy (12) as compared to
single compound consumptions or supplementations (51, 60).

In the present study, we checked whether direct modulation of TRPC3 channels and
NFATc3 signaling in vitro in rat ventricular CFs by polyphenols as well as specific channel
pharmacological inhibition would abrogate the fibrotic phenotype of ventricular CFs. We
then tested the hypothesis that modulating TRPC3-NFATc3 in vivo in ventricular CFs either
by polyphenols in N(w)-nitro-L-arginine methyl ester (L-NAME) hypertensive rats or by
specific pharmacological inhibition and genetic deletion (TRPC3'/') in L-NAME hypertensive
mice would diminish MF in a blood pressure independent way. The purpose was to
evaluate the impact of a combination of phenolic compounds reflecting a feasible daily
consumption of these products as a mixture in a matrix of food. Low concentrations were
used in vitro reflecting their bioavailability in human parallel to low in vivo doses with
analogy to a well-balanced polyphenols-rich diet. Finally, we evaluated the functional
relevance of TRPC3-NFATc3 signaling in human ventricular CFs, its association to MF and

modulation by polyphenols.
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Results

TRPC3 modulation by P.E. suppresses myofibroblast differentiation, fibrosis and
inflammation as well as an oxidative stress associated phenotype in rat ventricular CFs
via NFATc3 in a non-cytotoxic pathway

Ventricular CFs were freshly isolated from adult male Wistar rats and maintained in
primary culture for three days in the presence of 10% FBS. Cells were then serum starved
for one day before treating them for an additional 24h with 10% FBS either alone or with
CsA and several concentrations of P.E. whereas control cells remained without serum.
Immunofluorescence on cultured CFs revealed a strong expression of COL1, the major ECM
marker secreted by these cells (Supplemental Figures 1A, 1D), with no presence of
endothelial (CD31) or cardiomyocyte markers (MYH6) (Supplemental Figures 1B-D)
indicating a consistently pure CFs cell preparations without contamination from other
cardiac cell types.

Rat ventricular CFs treated with fetal bovine serum (FBS) presented a higher activation
level of NFATc3 as reflected by the decrease in its phosphorylation when compared to
control cells without serum (Figure 1A). FBS also stimulated cell proliferation as assessed
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Figure 1B), cell
count (Figure 1C) and cell cycle markers i.e. proliferating cell nuclear antigen (PCNA), KI67
and cyclin D1 (CCND1) (Figure 1D) as well as migration (Figure 1E). Oxidative stress,
reflected by total intracellular reactive oxygen species (ROS), was also increased as seen by
2',7'-dichlorofluorescein (DCF) fluorescence signal (Figure 1F) and significant amount of
nuclear RNA/DNA damage reflected by high 8-hydroxy-2’-deoxyguanosine (8-OHDG)
staining colocalized with 4’,6-diamidino-2-phenylindole (DAPI) in the nuclei (Figure 1G). 8-
OHDG was also present in isolated mitochondria from CFs treated with FBS (Figure 1H). CF
secretory profile was affected with increase in ECM major component, collagen 1 (COL1),
pro-fibrotic transforming growth factor beta 1 (TGF-B1) and pro-inflammatory interleukin
1 (IL1) (Figure 1l1). CF differentiation into myofibroblasts was also stimulated by FBS as
assessed by markers i.e. alpha smooth muscle actin (a-SMA), COL1, fibronectin 1 (FN1),
vimentin (VIM) and embryonic smooth muscle myosin heavy chain (SMEMB) (Figure 1J).
Several physiologically relevant low concentrations of P.E. were then tested on CFs and led

to abrogation of NFATc3 activity (Figure 1A), proliferation and migration (Figures 1B-E),
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total cellular as well as mitochondrial oxidative stress (Figures 1F-H), fibrotic, inflammatory

and differentiation markers (Figures 11, 1J) with concentration dependent effects. These
effects were mediate in a non-cytotoxic way as revealed by trypan blue exclusion and
propidium iodide tests (Supplemental Figures 3A, 3B). Further confirmation was done by
studying the expression of apoptotic genes, caspase 3 (CASP3) (pro-) and B-cell lymphoma
2 (BCL2) (anti-) that remained stable under P.E. (Supplemental Figures 3C, 3D). As a
positive control, H,0, treatment resulted in high cytotoxicity and apoptosis (Supplemental
Figures 3A, 3B). Finally, to further confirm NFATc3 necessity for CF proliferation, migration,
differentiation, oxidative stress and fibrotic phenotype, cyclosporine A (CsA) was used and
resulted in similar effects (Figures 1A-J). Finally, activity of the Ca?* and calmodulin
dependent serine/threonine phosphatase, calcineurin, that dephosphorylates and
activates NFATc3, was evaluated in CFs. Cells treated with FBS released significant
amounts of free-phosphate whereas P.E. and CsA treatments decreased calcineurin
activity (Supplemental Figure 2).

P.E. decreases basal Ca** and ROCE but not SOCE in rat ventricular CFs

Basal Ca®* level was studied in rat CFs. FBS increased Ca®" levels as compared to control
cells, whereas P.E. decreased it (Figure 2A). The diacylglycerol (DAG)-generating Angll and
the DAG analogue 1-oleoyl-2-acetyl-sn-glycerol (OAG) were used to stimulate receptor-
operated Ca®* entry (ROCE) via TRPC3 indirectly and directly respectively. Large Ca**
entries, both in amplitude and rate of rise, were observed upon re-addition of extracellular
Ca?* in cells treated with FBS (Figures 2B, 2C). CFs treated with P.E. presented abolished
Ca’* entries comparable to control cells (Figures 2B, 2C). FBS treatment increased Ca*
release from stores upon addition of cyclopiazonic acid (CPA) and increased store operated
Ca’* entry (SOCE) amplitude and rate of rise; however, P.E. did not affect either Ca®" stores
or SOCE (Figure 2D).

Positive-feedback loop between TRPC3 and NFATc3 driving rat ventricular CF fibrotic
phenotype

In order to explain the observed effects of P.E. on Ca?* entries in rat CFs, expression of
TRPC3 was analyzed after P.E. treatment. FBS increased the channel expression while P.E.
decreased it in a concentration dependent manner (Figure 3A). To further validate the

contribution of TRPC3 to CF phenotype, specific pharmacological inhibition was performed
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by 10puMm N-[4-[3,5-Bis(trifluoromethyl)-1H-pyrazol-1-yl]phenyl]-4-methyl-

benzenesulfonamide (Pyr10). Pyr10 decreased basal Ca’* level and ROCE (Figures 3B, 3C)
while inhibiting CF proliferation (Figure 3D). To eliminate a possible chelating interaction
between gallic acid and intracellular Ca**, gallic acid with the same concentration as found
in the grape pomace P.E. (18.8 nM) was acutely added on CFs without having any effect
(Supplemental Figure 4A). Different inhibitors of TRPC3 channels i.e. Pyr3, SKF96365,
YM58483 and gadolinium (Gd*") were also tested and resulted in similar inhibitory effects
on Ca2+, with maximal effects seen with pan-TRPC inhibitors SKF96365, YM58483 and Gd**
(Supplemental Figures 4B-D). Finally, a positive-feedback loop existed between TRPC3 and
NFATc3 signaling, whereby blocking TRPC3 with Pyr10 inhibited NFATc3 activation (Figure
3E) and blocking NFATc3 with several concentrations of CsA decreased the expression of
TRPC3 (Figure 3F).

P.E. effects on Ca’* are mediated through a direct modulation of TRPC3 channels in rat
ventricular CFs

In order to dissect the cause and consequence in TRPC3 and NFATc3 positive-feedback
loop modulation by P.E., we proceeded by acutely treating rat ventricular CFs with P.E. For
this reason, cells cultured with FBS were stimulated with Angll and after Ca®* levels
increased, P.E. was added and led to a significant decrease in Ca®* entry (Figure 4A). To
check whether this inhibitory effect of P.E was mediated by TRPC3, Pyrl0 was added
simultaneously with P.E. and did not lead to a further Ca®* entry inhibition (Figure 4A).
Thereafter, CFs were pre-incubated for 5 minutes with P.E. before extracellular Ca**
addition which completely abrogated the increase in fluorescence signal (Figure 4B).
Combining Pyrl0 with P.E. led to similar results (Figure 4B). NFATc3 activation level was
not affected in CFs treated for 5 minutes with P.E. (Figure 4C).

P.E. ameliorates echocardiographic parameters, cardiac stress markers and MF in L-
NAME hypertensive rats in a blood pressure independent manner

Systolic blood pressure began to significantly increase after 3 weeks of L-NAME treatment
and continued to increase less steeply till the end of the protocol at 8 weeks as compared
to sham-treated animals (Figure 5A). P.E. treatment did not lower systolic blood pressure
in L-NAME rats nor did it affect systolic blood pressure in sham animals (Figure 5A). Blood

pressure results were associated to a decrease in total expression of eNOS as well as its
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phosphorylation level under L-NAME with a slight but non-significant increase under P.E.

(Figures 5B, 5C). However, P.E. increased eNOS expression and phosphorylation in sham
rats (Figures 5B, 5C).

Using the body surface area normalization method, according to the formula on Estimating
of the Maximum Safe Starting Dose in Initial Clinical Trials for Therapeutics in Adult
Healthy Volunteers issued by the US Food and Drug Administration, the 2 mg.kg™ dose of
P.E. used in this study corresponds to: Human equivalent dose (HED) (mg.kg?) = Animal
equivalent dose (mg.kg?) x (Animal Km/Human Km) = 2 x (6/37) = 0.324 mg.kg™. This
corresponds to a total of 22.68 mg P.E. for an adult of 70 kg.

Echocardiographic measurements revealed an increase in end-diastolic interventricular
septal wall (IVSTd) and end-diastolic left ventricular posterior wall thicknesses (LVPWd),
with a decrease in left ventricular end-diastolic internal dimension (LVIDd) under L-NAME
(Figure 5D). Ejection fraction (EF) and heart weight / body weight ratio remained stable
under L-NAME with a significant decrease in fractional shortening (FS) (Figures 5E, 5F). P.E.
normalized echocardiographic parameters and increased fractional shortening (Figures 5D-
5F). Plasma cardiac (Troponin T “TnT” and Brain natriuretic peptide “BNP”), fibrotic (TGF-
B1) and inflammatory (Tumor necrosis factor alpha “TNF-a.” and C-reactive protein “CRP”)
stress markers were all increased under L-NAME and lowered under P.E. (Figures 5G-I).
Histological analysis of cardiac sections revealed significant amounts of infiltrating
leukocytes in hearts treated with L-NAME as compared to sham hearts (Figure 5J). This was
accompanied by an increase in MF and interstitial CF differentiation into myofibroblasts as
revealed by a-SMA labeling (Figure 5)J).

Further histological analysis of the location and extent of MF was then conducted on rat
serial adjacent cardiac sections. Perivascular, sub-epicardial and interstitial regions of the
left ventricle myocardium were examined for total collagen deposition; perivascular
fibrosis was defined as collagen accumulation in the adventitia of coronary arteries. Sham
rats had coronary vessels with thin adventitia, and no signs of sub-epicardial or interstitial
fibrosis. Very few cells that stained positive for PDGFRa and TCF21 were present in the
three studied regions (Supplemental Figures 5A, 5B, 5E). Following treatment with L-
NAME, rats developed perivascular, sub-epicardial and interstitial fibrosis, with sparse

myocardial necrotic regions. Fibrotic regions presented dense and increased cellular
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labeling for PDGFRa and TCF21 and both markers seemed to localize in the same subset of

CF populations, indicating increased epicardial progenitor markers expression and
distribution (Supplemental Figures 5C, 5E). These histological changes were all ameliorated
under P.E. and hearts were comparable to sham, with regression in the number and extent
of PDGFRa and TCF21 positive cells (Figure 5J; Supplemental Figures 5D, 5E). When CF
Trpc3 mRNA expression was plotted against interstitial fibrosis and fractional shortening,
significant correlations were found (Figures 5K, 5L).

P.E. treatment reduces in vivo ventricular CF activation by modulating TRPC3-NFATc3
pathway in L-NAME hypertensive rats

CFs isolated from L-NAME treated hearts showed marked increases in proliferation (Figure
6A), fibrotic activity (Figures 6B, 6C), differentiation into myofibroblasts as assessed by the
high expression of COL1, a-SMA and FN1 (Figure 6D) as well as oxidative stress with
increased DCF and 8-OHDG fluorescence labeling (Figures 6E, 6F) in comparison to sham
hearts. This was associated to increased NFATc3 activation (Figure 6G) and higher TRPC3
expression (Figure 6H). High basal Ca®" (Figure 61) and ROCE Angll-mediated TRPC3 Ca*
influx were also recorded in CFs isolated from L-NAME hearts (Figures 6J, 6K). When cells
were treated with Pyr10, large decreases in basal Ca** and ROCE were observed in
comparison to cells from the other groups (Figures 6I-K), further demonstrating the
importance of TPPC3 inhibition in the observed effects of P.E. Proliferative and fibrotic
activities of L-NAME CFs were drastically reduced under P.E. treatment (Figures 6A-C) and
decreases were also noted in differentiation markers and oxidative stress (Figures 6D-F).
TRPC3-NFATc3 pathway was also normalized in L-NAME CFs under P.E. as shown by the
respective decrease in protein expression and dephosphorylation (Figures 6G, 6H) as well
as TRPC3 channel activity (Figures 6I-K).

Pharmacological inhibition and genetic deletion of TRPC3 in mice protect against MF
induced by L-NAME in a blood pressure independent manner

To further validate the role of TRPC3 in driving CF activation and leading to MF, the same
L-NAME model was used in mice treated with Pyrl0 and TRPC3” mice. Similarly, L-NAME
increased systolic blood pressure after 3 weeks of treatment; however, neither Pyrl0
treatment nor TRPC3 knockout did affect blood pressure (Figure 7A). eNOS

phosphorylation levels in abdominal aorta decreased in all L-NAME treated groups with no
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effect of TRPC3 blockade (Figure 7B). Changes in left ventricular parameters were noted

under L-NAME despite a preserved heart weight / body weight ratio and ejection fraction
(Figures 7C-E); septal and posterior wall thicknesses increased whereas chamber diameter
and fractional shortening decreased (Figures 7C-E). Histological analysis revealed
significant amounts of infiltrating leukocytes in hearts treated with L-NAME as compared
to sham hearts (Figure 7F) with an increase in total myocardial collagen (Figure 7G).
L-NAME induced a similar pattern of MF in mice as seen in rats, with increases in
perivascular, sub-epicardial, interstitial and necrotic regions replacement collagen
deposition as compared to sham wild-type mice (Supplemental Figures 6A, 6B, 6F). To
determine if developmental mechanisms are reactivated in these fibrotic regions with
induction of embryonic epicardial progenitor markers, expression of PDGFRa and TCF21
was examined. As compared to sham mice, where few cells labeled positive for these
markers, L-NAME treated mice showed an increase in the number and distribution of
PDGFRa and TCF21 in all fibrotic regions, especially in necrotic myocardium where
cardiomyocytes where completely replaced by CFs expressing these markers
(Supplemental Figures 6A, 6B, 6F). When L-NAME was administered to wild-type mice
treated with Pyrl0 or TRPC3” mice, a complete abrogation of MF was observed, with thin
coronary vessels thickness and absence of necrotic regions with replacement collagen.
Epicardial progenitor markers were present in a similar pattern as with sham wild-type and
sham TRPC3” mice (Supplemental Figures 6C-F).

Ventricular CFs from Pyr10 treated and TRPC3” hypertensive mice exhibit decreased
activation

CFs isolated from L-NAME hearts exhibited an increase in NFATc3 activation (Figure 8A)
and possessed a higher proliferative phenotype than cells isolated from sham hearts
(Figure 8B). These cells had a higher basal Ca** level (Figure 8C) with an increase in ROCE
(Figure 8D). L-NAME WT mice treated with Pyr10 and TRPC3”" mice presented lower levels
of NFATc3 activation (Figure 8A), proliferation rate (Figure 8B), basal Ca** (Figure 8C) and
ROCE (Figure 8D).

TRPC3 is functional in human ventricular CFs and upregulated in MF

Myocardium samples were obtained from patients, aged 38 to 80 years with an average of

63.8 years, who underwent valve replacement surgeries. Patients with non-failing hearts
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(n=7) had ejection fractions ranging from 60% to 65% with an average of 62.57 + 0.95%.

Patients with failing hearts (n=6) had either a slightly decreased ejection fraction (heart
failure with preserved ejection fraction) or a severely depressed function (heart failure
with reduced ejection fraction), with values ranging from 30% to 50% and an average of
42.6 + 3.1% (Supplemental Table 1). Ventricular CFs isolated from failing hearts, presented
higher expression of ECM and myofibroblast markers, COL1, COL3, FN1 and a-SMA as
compared to cells from non-failing hearts (Figure 9A). Expression and distribution of
epicardial progenitor transcription factors, PDGFRa and TCF21, were also studied. Many
interstitial cells stained positive for the two proteins in non-failing as well as failing hearts
with no significant differences in the respective patterns (Figures 9B, 9C). However,
prominent interstitial fibrosis was present in the failing group only (Figure 9B). Collagen
deposition and developmental reactivation markers were only studied in the interstitium
since epicardial and perivascular biopsies were not possible. TRPC3 was localized within
the myocardial interstitium with absence of expression in cardiomyocytes (Figure 9D).
TRPC3 interstitial expression increased in fibrotic areas and double immunofluorescence
showed a colocalization with Collagen 1 further confirming the interstitial presence of this
channel (Figure 9E). CFs from failing hearts presented a higher expression of TRPC3 and
Collagen 1 as compared to non-failing hearts, and the channel expression correlated with

* entries were elicited by Angll upon the

the increase in the ECM marker (Figure 9F). Ca
addition of extracellular Ca** and Ca?* level correlated with TRPC3 expression level in
human CFs (Figure 9G).

Pharmacological modulation of TRPC3-NFATc3 decreases proliferation and collagen
secretion of human ventricular CFs in vitro

FBS increased TRPC3 expression and NFATc3 dephosphorylation (Figure 10A) with similar
effects on proliferation (Figure 10B) and collagen secretion (Figure 10C) as compared to
control cells with serum free medium. This was accompanied by an increase in basal Ca**
level (Figure 10D) and Ca®* stimulated by Angll as compared to control cells (Figure 10E).
CFs were then treated with a low P.E. concentration that decreased TRPC3 expression,
NFATc3 activation, proliferation, collagen secretion as well as basal Ca®" level and ROCE.

Specific TRPC3 blockade by Pyr10 and NFATc3 inhibition by CsA displayed similar effects
(Figures 10A-E).
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Discussion

Nearly all etiologies of heart disease summon in MF characterized by excessive deposition
of ECM by ventricular CFs disrupting myocardial architecture thus leading to overt heart
failure (65). Limited knowledge of CF physiology continues to hinder progress in the
development of meaningful new therapies targeting MF and inevitably leading to
significant advancements in the treatment of heart failure. No studies have shown the role
of TRPC3-NFATc3 of CF in human MF and whether its modulation either by targeted
pharmacology and genetic ablation or by Ca’-modulatory cardiovascular health-
promoting polyphenols would limit disease progression in animal models. In the present
work, we checked whether modulation of this pathway would suppress the CF fibrotic
phenotype in vitro and ameliorate MF in vivo in rodents, and we studied the functional
relevance this pathway in human ventricular CFs and its association to MF. The
polyphenols mix used in this study seemed to be advantageous, owing to the possibility of
synergistic interactions among multiple ingredients leading to enhanced bioactivity and
bioavailability.

Increasing evidence is implicating CF and more precisely the activated CF, the
myofibroblast, as a major pathological contributor in heart failure. Thus, dissecting CF
biology and pathological signaling pathways remain an important component in the
development of successful therapeutic strategies. TRPs channels have long emerged as
central determinants of a vast array of physiological and pathophysiological processes at
the cardiovascular level (68, 71). Animal studies showed the implication of these channels
and the subsequent NFATc3 signaling pathway in ventricular CFs (6, 14, 37, 39). However,
the presence of such channels in human ventricular CFs and their relevance to MF remain
to be elucidated. Extensive interstitial fibrosis was present in failing hearts with high CF
expression of ECM markers, however, expression and distribution of epicardial progenitor
transcription factors, PDGFRa and TCF21, were comparable to non-failing hearts. TCF21
has been shown to be expressed in human cardiac fibrosis (1) but no data exist on the
extent of expression in normal hearts. In rodents, presence of PDGFRa and TCF21 positive
cells in fibrotic areas depend on the injury stage of the heart, whereby expression
increases upon infarction, subsides in activated myofibroblasts then returns to normal in

late scars (20). Since it is difficult to evaluate the lifetime of the fibrotic tissue in human
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hearts, we hypothesize that myocardial biopsies from failing hearts in our study involved

late stage inactive sites of fibrosis. TRPC3 presented an interstitial expression and
colocalized with collagen; moreover, the channel expression and function were increased
in CFs from failing hearts. CFs are very labile cells that spontaneously differentiate into
myofibroblasts in long term cultures (53) resulting in highly heterogeneous cultures (11). In
order to circumvent this issue, we conducted all the in vitro experiments on freshly
isolated CFs that were cultured for only three days and maintained their fibroblast
characteristics. Human ventricular CFs expressed high levels of TRPC3 and channel
expression was induced by FBS. Since Angll plays an important role in the progression of
heart failure, possesses pro-fibrotic properties (34) and activates TRPCs channels (42), we
assessed TRPC3 inhibition on Angll-mediated Ca** entry and consequent NFATc3
activation. TRPC3 modulation by P.E. and Pyr10 blocked the rise in Ca** elicited by Angll,
inhibited NFATc3 activity as well as CF proliferation and collagen secretion.

TRPC3-NFATc3 pathway modulation by P.E. and Pyr10/CsA was further characterized in rat
cultured ventricular CFs. First, P.E. treatment resulted in the abrogation of the CF fibrotic
phenotype with significant decreases in proliferation, migration, oxidative stress,
differentiation markers and inflammatory and ECM components secretions. Ca’* is critical
for mitochondrial function, and TRPC3 has been shown to play a role in mitochondrial Ca**
uptake (13, 18, 70), whereas mitochondrial Ca®" overload is present in heart disease
generating ROS and worsening the disease (56). Thus, oxidative stress in the mitochondria
of CFs was also evaluated by 8-OHDG expression that revealed a decrease in ROS with P.E.
treatment. However, when compared to total cellular oxidative stress, mitochondrial 8-
OHDG decreased only with high concentrations of P.E. suggesting that the mitochondrial
compartment was less affected by P.E. as compared to cytosol and nucleus. NADPH
oxidase (Nox) are important sources for ROS generation, and an intimate relation has been
demonstrated between Nox and TRPC3 in heart, whereby TRPC3 activates and stabilizes
Nox (23). P.E. could affect Nox by inhibiting TRPC3, leading to decreased cytosolic ROS and
nucleus DNA damage. Further work using mitochondrial Ca** and ROS probes might be
interesting in order to dissect the compartmentalized effects of P.E. and TRPC3 inhibition
on oxidative stress generation. All the previously observed anti-proliferative, anti-fibrotic

and anti-oxidative effects were accompanied by calcineurin and NFATc3 inhibition. To
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further confirm the necessity of this pathway in the effects of P.E., CsA, which inhibits

calcineurin-dependent NFATc dephosphorylation and activation, was used and resulted in
similar effects. All the observed effects were mediated in a non-cytotoxic manner and
apoptotic genes expression CASP3 and BCL2 remained unchanged. Several studies have
demonstrated the effect of polyphenols on apoptosis (5), however, compounds
concentrations used were high in the micromolar range, which might explain the lack of
effect seen in our study. Studies have shown that phenolic compounds possess anti-
fibrotic properties (29, 31, 41), however the high physiologically irrelevant concentrations
used in vitro dissociate the results from those obtained in vivo. Besides, single compounds
are often studied which makes human in vivo translation unrealistic since such large
quantities cannot be found in a single nutrient nor can be obtained on a daily basis
through a balanced diet that usually contains a mixture of phenolic compounds (54). In the
present study, low nanomolar concentrations were used which reflect the levels found in
tissues in whole organisms (8, 15, 45).

In order to explain the observed effects of P.E. on NFATc3 activation and CF phenotype,
and since NFATc3 is activated by Ca** (32), we studied basal un-stimulated Ca**, ROCE
stimulated by Angll and SOCE. Basal and Angll mediated Ca®* entries but not SOCE were
inhibited by P.E. treatment. Phenolic compounds such as non-steroidal estrogen
diethylstilbestrol and various analogs have been shown to affect SOCE (10), however,
these effects were present at 1 and 10 uM concentrations which are at least twenty times
higher, for a single compound, than what is used in our study. Minimal effects were
observed with the 100 nM concentrations. Aside from the concentration differences
between the present study and literature, cell type and Ca®* machinery as well as the use
of a mixture of phenolic compounds could play a role in the observed results. Similarly to
human results, TRPC3 expression was increased by FBS and diminished under P.E., and to
further validate the implication of TRPC3 in Ca®* entry and the inhibitory effects of P.E., a
specific channel blocker was used, Pyr10. Pyr10 was chosen over the commonly used Pyr3,
since the latter has been shown to block ORAIL, a closely related Ca** channel (55). Pyr10
exhibited the same inhibitory profile as P.E. with decreases in basal Ca®* and ROCE as well
as CF proliferation. The effect of Pyr10 on basal Ca®* was lower than the effect on ROCE,

suggesting that other Ca** regulatory proteins might be implicated in Ca®* homeostasis in
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resting states. A positive-feedback loop was also found, whereby Ca®" entering through

TRPC3 activates NFATc3, leading to TRPC3 gene transcription and aggravation of the
fibrotic phenotype. Similar signaling circuits have been described in cardiomyocytes
between TRPC channels and NFAT signaling exacerbating cardiac remodeling (18, 27).
When other non-specific inhibitors of TRPs channels were tested, a further decrease in
Ca’* entries was observed suggesting that other ion channels might be also contributing to
ROCE in these cells. However, in the present study, blocking TRPC3 was sufficient to
significantly alter Ca?" entries, decrease NFATc3 activation and block all the fibrotic
phenotype. SOCE has been described in CFs from animals and humans (4), but since this
pathway was not affected by P.E. we did not look further into its contribution to CF
phenotype.

Since the Ca”* inhibitory effects of P.E. were examined in twenty-four hour treatments
showing a down-regulation of the channel protein expression and NFATc3 activity, P.E. was
acutely applied to CFs in order to isolate the main regulator of the TRPC3-NFATc3 loop.
After Ca®" signal reached a plateau, P.E. perifusion resulted in a sudden drop in
fluorescence signal suggesting that the compound might be acting directly on the ion
channel. When CFs were pre-incubated for five minutes with P.E. a stronger inhibition was
observed which may pinpoint to other TRPC3 regulatory proteins that might be also
affected. Further studies beyond the scope of the present work might be interesting to
dissect the molecular mechanism by which P.E. act on TRPC3 channels. Pyr10 was also
added with P.E. but did not lead to a further inhibition of Ca®" entry, further suggesting
that P.E. act on TRPC3. This acute treatment did not affect NFATc3 dephosphorylation
which pinpoint to TRPC3 as the main regulator in the TRPC3-NFATc3 signaling circuit. The
absence of effect on NFATc3 is also consistent with NFATc3 dephosphorylation and
rephosphorylation kinetics that require several minutes for establishment (64). Recently, it
has been shown that inhibition of TRPC3 attenuates TGF-Bl-induced myofibroblast
differentiation of neonatal rat CFs through Nox isoform 2 (Nox2) dependent RhoGEF-H1
activation (39). TRPC3 interacts with Nox2 thereby protecting it from proteasome-
dependent degradation and amplifying its activity whereas Nox2 stabilizes TRPC3 and also
enhances its activity (23). Besides, NFATc3 activation in CFs by Angll was mediated by ROS

(14). This raises the question whether a possible Nox2 activity modulation by P.E. might be
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contributing to the observed effects on CFs. However, the acute effects of P.E. on Ca®

entries via TRPC3 as well as the similar effects of Pyrl0, which is a direct inhibitor of
TRPC3, on CF phenotype, support a major role for TRPC3 in mediating the fibrotic response
of CFs. In addition, Angll stimulation induced nuclear localization of NFATc3 in a ROS
independent manner (14). These results indicate that TRPC3 mediated Ca** and ROS
pathways act synergistically and concurrently, but also that each pathway is sufficient to
drive the fibrotic response of CFs.

Most animal models of heart disease culminate in cardiac hypertrophy or failure with or
without interstitial fibrosis. Based on this, we chose the L-NAME model of cardiac fibrosis
with absence of hypertrophy (22). L-NAME was also used to blunt the blood pressure
lowering effects of P.E., as previously described (46), and thus test the direct blood
pressure - independent effects of P.E. on MF. This hypertensive model induced cardiac
perivascular, sub-epicardial and interstitial fibrosis, with extensive PDGFRa and TCF21
positive cells, indicating increased epicardial cell recruitment to the myocardium. Similar
cardiac fibrotic patterns have been described in angll-induced hypertension (1) with
expansion of resident CF lineages (1, 20, 35, 36). P.E. did not affect blood pressure
elevation induced by L-NAME nor did it increase eNOS phosphorylation levels in blood
vessels. Despite the lack of effects on blood pressure, cardioprotective effects of P.E. were
observed with a significant amelioration in left ventricular function and cardiac stress
markers, abrogation in MF and epicardial cell recruitment as well as inflammation. Similar
blood pressure independent effects on heart were described in the spontaneously
hypertensive rat (62, 63). When ventricular CFs were isolated from hypertensive rats, cells
from L-NAME hearts presented a higher proliferation rate, fibrotic secretions, oxidative
stress and TRPC3-NFATc3 activation. P.E. treated hearts presented with CFs of less fibrotic
phenotype. The 2 mg.kg™ dose used in this study corresponds to a total of 22.68 mg P.E.
for an adult of 70 kg. Since a typical glass of red wine contains 100 mg of polyphenols (60),
the dose in our study represents a feasible daily consumption of polyphenols as a mixture
in a matrix of food. A recent review of the literature showed that most of the studies on
polyphenols and cardiac fibrosis used daily doses of at least 5 mg.kg™* of single compounds

which is difficult to obtain as a daily consumption of polyphenols-rich diets alone. Besides,
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polyphenols as a mixture have shown improved efficacy and consistent results in

cardiovascular disease prevention (12) as compared to single compounds (51, 60).

The importance of TRPC3 in the development of MF was further examined by the use of
specific pharmacological blockade through Pyrl0 and TRPC3 ablation in mice made
hypertensive with L-NAME administration. Similarly to rats, TRPC3 blockade ameliorated
cardiac function and decreased MF and inflammation. Thus, the presence of TRPC3 seems
to be essential for not only the induction of fibrosis in the different heart regions, but also
the epicardial reactivation of CF developmental programs in response to cardiac injury and
remodeling. In other pressure-overload models, TRPC3 inhibition, either alone or
combined to TRPC6, has been shown to possess cardiac anti-fibrotic properties (39, 58).
Intriguingly, blood pressure in Pyr10 and TRPC3”" animals treated with L-NAME was similar
to controls despite the channel implication in endothelial cell function and
vasoconstriction as well as its link to elevated blood pressure in animals and humans (9,
44). Other studies showed that TRPC3 has a fundamental role in endothelium-derived
hyperpolarization-mediated vasodilation and thus in the regulation of vascular tone (57);
hence, the channel seems to contribute to the balance between vasoconstriction and
vasodilation. Since TRPC3 has been also linked to nitric oxide production (19) and L-NAME
acts by blocking the same pathway, a competitive action between the two might explain
the blood pressure results in our study. When ventricular CFs were isolated from the
different treated groups of mice, cells from L-NAME hearts presented a higher
proliferation rate and TRPC3-NFATc3 activation whereas TRPC3 pharmacological and
genetic inhibition resulted in a blunted fibrotic phenotype.

Growing evidence support the role of TRPC3 in cardiovascular disease, however
therapeutic targeting has been hindered by a lack of selective inhibitors. YM58483 and
SKF96365 target multiple TRPC and SOCE channels as well as T-type Ca®* channels (59, 74)
whereas Pyr3, the first reported selective TRPC3 blocker, also inhibits ORAI1 at
concentrations similar to that for TRPC3 (55). The pyrazole compound used here, Pyr10,
might pave the way for enhancing basic studies of these channels in native tissues and for
the development of novel therapeutic strategies. Remarkably, TRPC3” mice presented a
completely blunted MF despite the elevated blood pressure for more than six weeks. This

gene knockout model was global, which is some sort of limitation, since the relative
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contribution of cardiomyocytes, CFs and smooth muscle cells cannot be distinguished;

however, all our in vitro data support relevance in CFs. Besides, we employed a
hypertensive model that develops MF without cardiac hypertrophy, possibly limiting the
implication of cardiomyocytes in the development of this pathology. Since all progress in
heart disease management lay in either systemic non-targeted non cell-specific
pharmacological treatments or devise-based therapies, these global knockout models are
relevant.

In conclusion, we demonstrate a direct modulation of TRPC3 channels and NFATc3
signaling in rat ventricular CFs by physiologically relevant low concentrations of
polyphenols as well as specific channel inhibitor Pyr10 (Supplemental Figure 3); this
modulation abrogates the fibrotic phenotype of fibroblasts. We then show that
modulating TRPC3-NFATc3 in vivo in ventricular CFs either by polyphenols in L-NAME
hypertensive rats or by specific pharmacological inhibition and genetic deletion (TRPC37)
in L-NAME hypertensive mice ameliorates MF in a blood pressure independent way.
Finally, we provide the first evidence that functional TRPC3 is present in human ventricular
CFs, activates NFATc3 and is associated to MF. TRPC3 modulation by polyphenols or
targeted therapy might constitute an interesting therapeutic approach for MF
management.

Innovation

We provide the first evidence that functional TRPC3 is present in human ventricular CFs
and associates with MF. Modulation of TRPC3 channels and NFATc3 signaling by
polyphenols in human and rodent ventricular cardiac fibroblasts (CFs) abrogates their
fibrotic phenotype. Pharmacological and genetic inhibition of TRPC3 ameliorates
hypertension-induced myocardial fibrosis by decreasing CF activation in a blood pressure-
independent way. These findings strongly argue for polyphenols, through their TRPC3

targeting, as potential and interesting myocardial anti-fibrotic therapeutics.
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Materials and Methods

Animals

The present study was approved by the Ethical Committee of Saint Joseph University.
Protocols were designed according to the Guiding Principles in the Care and Use of
Animals approved by the Council of the American Physiological Society and were in
adherence to the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication no. 85-23, revised 1996) and according to the
European Parliament Directive 2010/63 EU. The study was conducted in 8-10 week old
male Wistar rats and male TRPC3 knockout (TRPC3'/') mice with their age matched
littermate wild-type (WT) controls. Rats were obtained from the “Centre d’Elevage R.
Janvier” (Le Genest-Saint Isle, France), whereas mice were developed at Comparative
Medicine Branch of the NIEHS on a 129SvEv/C57BL/6J mixed background by deleting exon
7 of the Trpc3 gene in a three-step process (16), and were obtained from Pr Nancy Rusch’s
laboratory stock at the University of Arkansas for Medical Sciences. Animals were housed
at a stable temperature (25°C) and humidity (50 + 5%) and were exposed to a 12:12h light-
dark cycle. They were fed ordinary rodent chow, had free access to tap water and were
acclimatized for at least one week under these conditions before the start of the study.
Rat, mouse and human fibroblasts isolation

Ventricular CFs were isolated from rats and mice and maintained in primary culture.
Briefly, animals were anesthetized by ketamine (75mg.kg'1; Interchemie, Waalre, Holland)
and xylazine (10 mg.kg™; RotexMedica, Trittau, Germany). Pedal withdrawal reflex was
performed to make sure of adequate depth of anesthesia; when animals were completely
non-responsive to toe pinching, their hearts were quickly removed and transferred to
modified Tyrode solution, containing (in mM): 117 NaCl; 5.7 KCI; 1.7 MgCl,; 4.4 NaHCOs;
1.5 KH,PO4; 10 HEPES; 10 creatine monohydrate; 20 taurine; 11.7 d-glucose; 1% bovine
serum albumin; pH 7.1 with NaOH. Ventricles were dissected then digested by two
successive modified Tyrode enzymatic baths: 20 min with collagenase type V (165.1 U.ml™)
and protease type XXIV (4.62 U.ml'l) (Sigma-Aldrich, St. Louis, MO, USA), then 20 min with
collagenase type V (157 U.ml™?). Cardiomyocytes were discarded after a first centrifugation
(500 rpm, 10 min), then fibroblasts collected after the second one (2000 rpm, 10 min) and
resuspended in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% FBS (Lonza,
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Basel, Switzerland) and 1% penicillin/streptomycin. After 4 hours of culture, the non-

adherent cells were removed and medium replenished. Fibroblast counting was done with
a haemocytometer to insure that same number of cells was studied in each condition.
After 24 hours culture, all cells had the fibroblast characteristic elongated fusiform and
spindle shape.

For all the in vitro studies and since CFs lose their phenotype in long term cultures (53),
treatments were conducted on 3 days cultured cells without any passage to ensure cells
retained their original phenotype. Three cultures were conducted for each condition. For
the in vivo studies, CFs isolated from sham and L-NAME rats with or without P.E. were
grown for just 3 days and further biochemical and molecular experiments conducted.
Human ventricular CFs were obtained from failing and non-failing hearts of patients
undergoing valve replacement surgery (n=13 patients). Clinical data of the patients are
presented in Supplemental Table 1. The study was approved by the Ethical Committee of
Saint Joseph University. All subjects gave informed consent. Ventricular tissues were
dissected, washed in modified Tyrode then CFs isolated and cultured as previously
described.

Extract of grape pomace polyphenols (P.E.)

The grape pomace byproducts used are the solid remains of grapes (Cabernet Sauvignon,
Marselan, and Syrah) obtained in wine industries after the pressing step. It contains the
skins, pulp, seeds, and stems of the fruit. Extraction and quantification of the P.E. were
conducted as previously described (3) with a slight modification. Briefly, byproducts were
ground then a heat solid/liquid extraction process with 70% ethanol/water was performed
at a ratio of 1:2 (w/v) with agitation. Total P.E. contained in the extract were quantified
using the conventional Folin-Ciocalteu colorimetric assay against a standard curve of gallic
acid. P.E. accounted for 92% of the final extract with 8% residual sugars and fibers.
Phenolic standards for HPLC were the most commonly described in literature: gallic acid,
protocatechin, hydroxybenzoic acid, catechin, epigallocatechin, caffeic acid, chlorogenic
acid, epicatechin, p-coumaric acid, gallo- catechin gallate, ferulic acid, resveratrol, cinnamic
acid, rutin, myricetin, quercetin and kaempferol (Sigma-Aldrich, St Louis, MO, USA). HPLC-
DAD analyses were carried out with an HPLC system (Waters Alliance, Milford, MA, U.S.A.)

equipped with a quaternary Waters 2695 pump. In addition to a UV-vis photodiode array
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spectrophotometer (250 to 700 nm) Waters 2998, a fluorescence detector (excitation

330/emission 374 nm) was used with the control system and data collection Empower 3
software. P.E. separation was realized on a Discovery C18, 5 um, 250 x 4.6 mm, column
(Supelco, Bellefonte, Pennsylvania, U.S.A.) with a C18, Supelguard Discovery 18, 20 x 4
mm, 5 um precolumn (Supelco) at 30 °C. Chemical characterization is presented in table 1.
In vitro treatments

After isolation, CFs were kept for 3 days in culture using complete medium with 10% FBS.
Cell cycle synchronization was then conducted by serum starvation (0.5%) for 24 hours as
previously described (41), then the different treatments were applied for an additional 24
hours. 10% FBS was present in all conditions except for the control cells. Cells were treated
with either different concentrations of P.E. corresponding to 0.01%, 0.05% and 0.1%
dilutions of the stock P.E. solution (Table 1), Pyr10 dissolved in dimethylsulfoxide (DMSO)
or 1 uM CsA dissolved in water. Pyr10 was chosen since it possesses higher specificity for
TRPC3 than TRPC6 and ORAI1 channels, as compared to other pyrazole compounds (55).
Animal groups and in vivo treatments

Since most animal models of heart disease present in cardiac hypertrophy or failure with
or without interstitial fibrosis, we chose the well described L-NAME model of cardiac
fibrosis with absence of hypertrophy (22). Besides, we used L-NAME in order to blunt the
blood pressure lowering effects of P.E., as previously described (46), and thus test the
direct blood pressure - independent effects of P.E. on MF.

Rats were randomly divided into 4 groups (n=8 in each group): Sham, Sham P.E., L-NAME
and L-NAME P.E. L-NAME was given at a dose of 50 mg.kg™ per day, while P.E. was given at
a dose of 2 mg.kg™ per day to achieve a low dose regimen of each phenolic compound in
vivo (Table 1). Substances were given in tap water for 8 weeks. To make sure that each
animal received the complete dose of L-NAME and P.E., the calculated amount was given
to each rat in the appropriate volume of water. Daily water consumption was estimated
individually for every animal 1 week before the experiment. During the experiment, water
consumption was controlled and L-NAME and P.E. concentrations in the drinking fluid
were adjusted accordingly.

Mice were randomly divided into 5 groups (n=6 in each group): WT, WT L-NAME, WT L-
NAME Pyr10, KO and KO L-NAME. L-NAME was administered as in rats. Pyrl0 was
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delivered by osmotic minipumps (Alzet, Durect, CA, USA) placed subcutaneously on the

back slightly posterior to the scapulae at a dose of 0.1 mg.kg™ per day as described for
other similar pyrazole compounds (24). Protocol duration was also 8 weeks.
Echocardiography and blood pressure measurement

Echocardiography was performed with a Sonoscape S2V imaging system and a 9-MHz C611
transducer, which is designed specifically for mice and rats. After the 8-week treatments
and just before sacrifice, rats and mice were anesthetized with isoflurane (3% for
introduction and 1.5% during imaging). Hearts were viewed in the short axis between the
two papillary muscles and analyzed in M-mode. Parameters included: IVSTd, LVIDd,
LVPWd, FE and FS.

Systolic blood pressure was measured using the non-invasive tail cuff method (lITC, CA,
USA) and animals were trained for 2 weeks prior to the study in order to acclimatize.
Briefly, awake rats and mice were placed in acrylic holders for 10 minutes before taking
the measurements. To avoid variations in blood pressure due to day cycle, all
measurements were carried out between 10 a.m. and noon and all measurements were
taken in duplicates at each condition.

ca** imaging

CFs grown for three days on glass cover-slips were incubated for 45 minutes in serum free
DMEM containing 4uM fluo4-am (Molecular Probes, ThermoFisher Scientific, MA, USA)
dissolved in DMSO. Fluo-4 was chosen since some polyphenols were shown to interfere
with fura-2 (25). Cells were washed twice in standard HEPES buffered saline solution
(HBSS) containing (in mM): 135 NacCl; 4 KCI; 1.8 CaCl,; 1 MgCl,; 2.5 HEPES; 10 glucose; pH
7.4 with NaOH. As previously described (52), since TRPC3 are ROCE channels
physiologically activated by DAG, two perfusion protocols were performed using either
DAG analogue (OAG) (100 uM) or Ang Il (100 nM) (Sigma-Aldrich, St. Louis, MO, USA) to
study ROCE. Nifedipine (1 uM) was used to inhibit L-type Ca®* channels. Pyr10 was added
at a concentration of 10 uM. The non-selective TRPCs blockers SKF96365 (30 uM),
gadolinium Gd** (100 pM), YM58483 (1 uM) were from Sigma. SKF06365 and Gd*" were
diluted in ultrapure water while YM58483 in DMSO. Cells were incubated with the
different inhibitors from the start till the end of the recordings. P.E. and Pyr10 were also

acutely added after Ca®* entries. On and off Ca®* perfusion was performed as a leak
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control. In order to measure basal un-stimulated Ca* level, cell monitoring in the presence

of extracellular Ca** was performed for several minutes. Since SOCE was also described in
CFs (4), we also studied the effects of P.E. on cells incubated with CPA which is a sarco-
endoplasmic reticulum Ca** ATP-ase inhibitor that depletes the endoplasmic reticulum
Ca’* stores and activates SOCE. Grape pomace P.E. contained tannins like gallic acid that
combines various metal cations (21); therefore, the presence of interaction between
tannins and Ca®* ions was tested by acutely adding gallic acid (Sigma-Aldrich, St. Louis, MO,
USA) with the same concentration as found in the grape pomace P.E. (18.8 nM) on CFs.
lonomycin (2 uM) and ethylene glycol tetraacetic acid (EGTA 10 mM) were consecutively
added at the end of the perfusion protocols in order to check for the maximum and
minimum fluorescence values. Intracellular Ca** concentration ([Ca*']i) was estimated by
Tsien’s formula [Ca®*]i = Ko [(F-Fmin)/(Fmax-F)]. The dissociation constant for Ca®* binding, Ko,
was estimated to be 345 nM. Fluorescence experiments were carried out at room
temperature. Ca** entry amplitudes (A[Ca*']; (nM)) were measured by subtracting the ratio
values as well as intracellular Ca?* values just before re-adding Ca®* from those at the Ca**
peak. The rates of Ca’" entry (A[Ca*']; (nM).min) were estimated by the slope of
increasing fluo-4 fluorescence after the readdition of Ca2+, calculated between time points
corresponding to a 10% and a 90% variation in fluo-4 values (relative to the maximal 100%
variation). Fluorescence images of several cells were recorded and analyzed with a digital
fluorescence imaging system (InCyt Im2; Intracellular Imaging Inc., Cincinnati, OH, USA). All
figures depicting Ca*" imaging traces are an average from several cells (n=15 cells) from
one coverslip and are representative of several independent recordings (n=3). Ca?'
guantification data are represented as mean + SEM in bar graphs.

Cell proliferation, migration, viability and apoptosis assays

Cell proliferation assay was done using MTT (Bio Basic Inc, Markham Ontario, Canada).
After cell culture treatments, medium was removed and 0.5 mg.ml-1 MTT water solution
added onto the cells. After 4 hours of incubation at 37°C, MTT solution was discarded,
then cells washed with PBS. The MTT formazan purple crystals were then dissolved with
100 pl of 100% DMSO, and absorbance read at 550 nm.

Scratch wound healing assay was used to assess cell migration. Cell monolayer was gently

and slowly scratched with a sterile 1 mL pipette tip across the center of the well. After



Downloaded by Leiden Univ Med Ctr Walaeus Library from www.liebertpub.com at 10/20/18. For personal use only.

Antioxidants and Redox Signaling
Transient Receptor Potential Canonical 3 and Nuclear Factor of Activated T-cells C3 Signaling Pathway Critically Regulates Myocardial Fibrosis (DOI: 10.1089/ars.2018.7545)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 24 of 69

24
scratching, medium was removed to get rid of detached cells and replenished. Cells were

grown for an additional 48 hours and migrating cells counted.

Cell viability was assessed by trypan blue exclusion test whereas apoptosis was assessed
by propidium iodide staining. Following in vitro treatments, cells were labeled with trypan
blue (0.4 % in PBS) (Sigma-Aldrich, St. Louis, MO, USA). Trypan blue positive and negative
cells were calculated with a haemocytometer. Trypan blue negative cells were regarded as
viable. Percentage of viable cells was calculated using the following formula: total viable
cells (unstained) / total cells (stained and unstained) x 100. Cells were also stained with
propidium iodide (3 uM in cell culture medium) and fluorescence detected at 620 nm.
ELISA, oxidative stress measurement, sircol collagen and calcineurin assays

ELISA technique was used for quantifying secreted cytokines in plasma and from cell
cultures. TGF-B1, IL1, TNF-a, CRP, TnT and BNP ELISA kits were used according to the
manufacturer protocols (Abcam, Cambridge, UK).

ROS were measured using the cell-permeant fluorescent dye 2'7'-
dichlorodihydrofluorescein diacetate (H,DCF-DA) (Molecular probes, ThermoFisher
Scientific, MA, USA). In the presence of peroxides, H,DCF is converted into the highly
fluorescent DCF. Cells were loaded with 20 uM H,DCF-DA in modified Tyrode for 15 min at
37°C in the dark. After washing, ROS were detected as a result of the oxidation of H,DCF
and fluorescence (ex 488 nm; em 515 nm) was followed with a Nikon eclipse Ts100f
fluorescence microscope equipped with a CCD camera (Basler SCA 640-74, Ahrensburg,
Germany).

RNA/DNA damage assay was conducted using immunofluorescence on CFs with an
antibody that recognizes 8-hydroxy-2’-deoxyguanosine, 8-oxo7,8-dihydroguanine and 8-
oxo-7,8-dihydroguanosine (8-OHDG) (Abcam, Cambridge, UK) as detailed later in the
histology section.

Collagen synthesis by fibroblasts was evaluated by the sircol collagen assay (Biocolor,
County Antrim, United Kingdom) as previously described (52). Briefly, following cell
treatments, supernatant was collected. Sircol dye reagent was added to each sample and
standard. After centrifugation, collagen-dye pellet was washed then dissolved with an

alkali reagent. Absorbance was read at 550 nm.
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Cellular calcineurin phosphatase activity assay kit (Abcam, Cambridge, UK) was used to

assay calcineurin (PP2B) activity in rat ventricular CFs according to the manufacturer
protocol. Briefly, the Rll phosphopeptide substrate is used as an efficient peptide substrate
for calcineurin. The detection of free-phosphate released is based on the classic Malachite
green assay and absorbance is read at 620nm. A series of control conditions is used for
each sample to discriminate between the contribution of calcineurin and other
phosphatases. Calcineurin requires calcium for its activity, thus EGTA control sample
represents total phosphatase activity less calcineurin. Okadaic acid at 100 and 500 nM is
known to completely inhibit PP1 and PP2A, while it has no effect on calcineurin. Finally,
okadaic acid + EGTA inhibits PP1, PP2A and PP2B, but not PP2C. The analysis of these
control conditions for each sample allows the quantification of calcineurin (PP2B) activity
in the cellular extract.

Mitochondria extraction

Rat ventricular CFs were cultured and treated then mitochondria isolated as previously
described (43). Briefly, cells were trypsinized and washed with cold STE buffer containing
the following (in mM): 250 sucrose; 5 TRIS; 2 EGTA; pH 7.4 with HCI. Cells were then
resuspended with cold STE containing protease inhibitors and 0.5% fatty-acid-free BSA and
transferred to a glass-teflon homogenizer. After 10 slow passes of the tight plunger,
homogenate was spun at 3000 rpm for 3 minutes at 4°C. Supernatant was then spun at
10000 rpm for 11 minutes at 4°C and mitochondrial pellet resuspended with cold STE.
Protein concentration was determined using the Bradford protein assay (Bio-Rad, Marnes-
la-Coquette, France). Cytochrome c oxidase subunit 4 (COX4) was used as a mitochondrial
protein control.

Western blot

Proteins were extracted from CFs and abdominal aorta (for eNOS studies) using RIPA
buffer with protease and phosphatase inhibitors. Protein concentration was determined
using the Bradford protein assay (Bio-Rad, Marnes-la-Coquette, France). Proteins were
separated by SDS 10% PAGE then blotted on Hybond-C membranes (Amersham
Biosciences, GE Healthcare, France). Membranes were blocked with either 5% non-fat milk
or 5% bovine serum albumin (BSA) and incubated with the various antibodies: eNOS (Santa

Cruz Biotechnology, Dallas - Texas, USA; 1/1000), phospho-eNOS (p-eNOS) (Ser1177) (Cell
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Signaling Technology, Massachusetts, USA; 1/1000), COL1, NFATc3, phospho-Serl65

NFATc3 (pNFATc3), rat TRPC3, Glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
COX4 (Abcam, Cambridge, UK; 1/500 for all), mouse TRPC3 clone 10H6 (Millipore, Merck,
MA, USA; 1/1000). TRPC3 and phospho-Ser165 NFATc3 antibodies were previously
described (13, 30). Visualization was done using enhanced chemiluminescence and
developed on Kodak films. Three western blots were performed for each protein and
condition.

Immunofluorescence and histopathology

Formalin-fixed human cardiac biposies as well as rat and mouse hearts were embedded in
paraffin and sections of 4 um thickness were cut. Rat, mouse and human paraffin-
embedded sections were stained with either hematoxylin/eosin or Masson’s trichrome
(Sigma-Aldrich, St. Louis, MO, USA) for histopathological evaluation. After staining,
sections were rinsed in distilled water, dehydrated in ethanol/water baths with decreasing
water content, and finally rinsed in xylene before being mounted with a permanent
mounting medium. Rat sections were also stained with a-SMA (BioGenex, CA, USA) using
peroxidase-conjugated secondary antibody followed by DAB staining. Human sections
were stained with TRPC3 (Millipore, Merck, MA, USA) followed by DAB staining. Double
immunofluorescence was conducted on human sections using TRPC3 and COL1; nuclei
were stained with DAPI. Furthermore, serial adjacent cardiac sections from rat, mouse and
human were stained with Masson’s trichrome and labeled with PDGFRa and TCF21, two
known epicardial progenitor transcription factors expressed in resident CFs before and
after heart injury. Sections were carried in series to insure that Masson’s trichrome and
PDGFRa/TCF21 immunolabeling were conducted in the same heart location and depth,
allowing for a delicate analysis of MF and CFs populations; PDGFRa and TCF21 were from
Abcam, Cambridge, UK. Cultured rat CFs were fixed with ice cold ethanol, followed by
triton permeabilization and saturation with goat serum and bovine serum albumin. Cells
were then co-stained with 8-OHDG and DAPI. To assess the purity of the cultured cells,
immunofluorescence was also performed using the following antibodies: COL1, MYH6 and
CD31 (Abcam, Cambridge, UK). Gross examination and histological sections were analyzed
by two independent pathologists in a blinded fashion. Interstitial inflammation refers to

the presence of aggregates of leukocytes in the interstitium. Fibrosis analysis was done
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with the Image J program, by thresholding the acquired pictures, then creating selections

of the fibrotic areas. Two sections and two cell fields were analyzed in each condition in
animals and in cultures respectively. Twelve sections were analyzed for the corresponding
twelve patients.

Gene quantifications

Total RNA was extracted from CFs by the use of trizol (ThermoFisher Scientific, MA, USA)
and chloroform. RNA was precipitated with isopropanol then purified with ethanol 75%
and purity and concentration determined by measuring the absorbance at 260 nm with
the nanodrop spectrophotometer 2000 (ThermoFisher Scientific, MA, USA). cDNA was
synthesized using random primers (250 ng.puL?), dNTP (10 mmol.L™) and the superscript II
reverse transcriptase kit (ThermoFisher Scientific, MA, USA). Quantitative real time PCR
was conducted using the 7500 real time PCR system and the Sybr green PCR master mix
(ThermoFisher Scientific, MA, USA). Melting curves were performed at the end of the
amplification to confirm the specificity of the amplified PCR products. In addition, ‘no RT’
control reactions were done by omitting the reverse transcriptase to confirm the absence
of contaminating genomic DNA. GAPDH was used as a housekeeping gene, and

quantifications conducted using the 2%“

method. The primers (Eurogentec, Seraing,
Belgium) used were the following: PCNA F: 5’-GCAACTTGGAATCCCAGAACA-3’ and R: 5'-
CCCGGCATATACGTGCAAAT-3’; KI67 F: 5'-ATTTCAGTTCCGCCAATCC-3’ and R: 5'-
GGCTTCCGTCTTCATACCTAAA-3’; CCND1 F: 5'-AGATGAAGGAGACCATTCC-3’ and R: 5'-
TTCAATCTGTTCCTGGCAG-3’; a-SMA (rat) F: 5-ATGGCTCCGGGCTCTGTAA-3’ and R: 5'-
ACAGCCCTGGGAGCATCA-3’; a-SMA (human) 5-CCTGACTGAGCGTGGCTATT-3’ and R: 5'-
GATGAAGGATGGCTGGAACA-3’; COL1 (rat) F: 5'-CTGGCGCAAGAGGCGAGAGA-3’ and R: 5'-
AGCTCCGGGGGCACCAGTAT-3’; COL1 (human) F: 5’- ACGAAGACATCCCACCAATC-3" and R:
5’-ATGGTACCTGAGGCCGTTC-3’; COL3 F: 5-GTGGTAGCCCTGGTGAGA-3’ and R: 5'-
GGGGGTCCTGGGTTAC-3’; FN1 (rat) F: 5-CGCCGAGCATTCTGCCGGAA-3’ and R: 5'-
TCGGAAACCGTGGATTGCTGGC-3’; FN1 (human) F: 5-CGGTGGCTGTCAGTCAAAG-3’ and R:
5’-AAACCTCGGCTTCCTCCATAA-3’; VIM F: 5'-ATGAAAGTGTGGCTGCCAAGAAC-3’ and R: 5’-
GTGACTGCACCTGTCTCCGGTA-3’; SMEMB F: 5-GAAGCAGAAATCCTCCAGTTG-3’ and R: 5’-
CGAGACGACCTACTCTTCG-3’; Trpc3 (rat) F: 5-GAGATCTGGAATCGGTGGAA-3’ and R: 5'-
AAAAGCTGCTGTTGGCAGTT-3’; TRPC3 (human) F: 5'-GGAAGGACTGTAAAGGACA-3’ and R:
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5’- CACAACGGAAGTCACTTCA-3’; CASP3 F: 5-CAAGTCGATGGACTCTGGAA-3’ and R: 5'-

GTACCATTGCGAGCTGACAT-3’; BCL2 F: 5-CATGCGACCTCTGTTTGA-3* and R: 5'-
GTTTCATGGTCCATCCTTG-3’; GAPDH (rat) F: 5'-GGCTCTCTGCTCCTCCCTGTTCTA-3’ and R: 5’-
GCCAAATCCGTTCACACCGACCT-3’; GAPDH (human) F: 5-TCCATGACAACTTTGGTATCG-3’
and R: 5’-TGTAGCCAAATTCGTTGTCA-3'.

Statistical analysis

All quantitative data are reported as mean + SEM. Statistical analysis was performed with
the SigmaPlot (v11.0) software. Normal distribution of the values was checked by Shapiro-
Wilk test. When normal distribution was met, One-way ANOVA tests were performed for
multiple comparisons of values and post-hoc Holm-Sidak tests were performed to identify
which group differences accounted for significant overall ANOVA results. When normal
distribution was not met, Kruskal-Wallis One-way ANOVA on ranks tests were performed,
followed by Mann-Whitney U tests. Two-way ANOVA tests were performed followed by
post-hoc Holm-Sidak tests when two different independent variables with a single
continuous response variable were present. Pearson correlation coefficient was used to
measure the strength of the relationship between the variables when mentioned. All
values with p<0.05 were considered significant.
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a-SMA Alpha smooth muscle actin

8-OHDG
Angll
Bcl2
BNP
BSA

Casp 3

8-hydroxy-2’-deoxyguanosine
Angiotensin Il

B-cell lymphoma 2

Brain natriuretic peptide
Bovine serum albumin

Caspase 3

CCND1 Cyclin D1

CF
coLl
coL3
COX4
CPA
CRP
CsA
DAG
DCF

Cardiac fibroblast

Collagen 1

Collagen 3

Cytochrome c oxidase isoform 4
Cyclopiazonic acid

C-reactive protein

Cyclosporine A

Diacylglycerol

2',7'-dichlorofluorescein

DMEM Dulbecco’s Modified Eagle’s Medium

DMSO
ECM
EF
EGTA
eNOS
FBS
FN1
FS

Dimethylsulfoxide

Extracellular matrix

Ejection fraction

Ethylene glycol tetraacetic acid
Endothelial nitric oxide synthase
Fetal bovine serum

Fibronectin 1

Fractional shortening

GAPDHGIlyceraldehyde-3-phosphate dehydrogenase

IL1
IVSTd
L-NAME

Interleukin 1
End-diastolic interventricular septal wall thickness

N(w)-nitro-L-arginine methyl ester
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NFATc3 Nuclear factor of activated T-cells isoform c3

OAG 1-oleoyl-2-acetyl-sn-glycerol
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PCNA Proliferating cell nuclear antigen

PDGFRa Platelet-derived growth factor receptor alpha

Pyr10 N-[4-[3,5-Bis(trifluoromethyl)-1H-pyrazol-1-yl]phenyl]-4-methyl-

benzenesulfonamide

ROCE Receptor operated calcium entry

ROS Reactive oxygen species

SMEMB Embryonic smooth muscle myosin heavy chain
SOCE Store operated calcium entry

TCF21 Transcription factor 21

TGF-B1Transforming growth factor beta 1
TNF-a Tumor necrosis factor alpha
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Tables

Gallic acid
Hydroxybenzoic acid
Catechin
Epigallocatechin
Chlorogenic acid
p-coumaric acid
Gallocatechin gallate
Ferulic acid
Resveratrol
Rutin
Myricetin
Quercetin

Kampferol

Extract content

(mg/L)

3.2
18.6
0.8
21.4
5.3
2.6
4.7
6.9
9.8
23.6
241
15.4
17.6

1/2000 or 0.05% and 1/1000 or 0.1%.

In vitro
concentration (nM)
(0.01%; 0.05% and
0.1% P.E. dilution

respectively)
1.88/9.4/18.8
13.47 /67.35/134.7
0.27/135/2.7
6.99 /34.95/69.9
15/7.5/ 15
1.58/7.9/15.8
1.02/5.1/10.2
3.55/17.75/35.5
4.29/21.45/429
3.87/19.35/38.7
7.57/37.85/75.7
5.09/25.45/50.9
6.15/30.75/61.5

Table 1: Chemical characterization of grape pomace polyphenols (P.E.)

In vivo daily intake

(ug/kg body weight)

21
124
5.33
144
35.33
17.33
31.33
46
65.33
157.33
160.66
102.66
117.33

P.E. was diluted in cell culture medium to corresponding factors, 1/10000 or 0.01%,
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Figure Legends

Figure 1: TRPC3 blockade by P.E. inhibits fibrotic phenotype of rat ventricular CFs via
NFATc3. CFs were cultured for three days in the presence of 10% FBS, then serum starved
for one day before treating them for additional one day with 10% FBS either alone or with
CsA and several concentrations of P.E. whereas control cells remained without serum. A:
Western blots and quantifications of phospho-NFATc3 (pNFATc3) and NFATc3 in cultured
rat ventricular CFs with GAPDH as an internal control (n=3). B: CF proliferation estimated
by MTT assay as a percentage of control; absorbance at 550 nm. C: Representative light
microphotographs of CFs and histograms representing cell numbers per square millimeter
of culture well in each condition, before (baseline) and after treatments. Two cell fields
were analyzed in each condition. D: Gene expression of cell cycle regulators in cultured CFs
with GAPDH as housekeeping gene. E: Scratch wound healing assay represented as

number of migrating cells (CFs) per field. F: Representative microphotographs of CFs
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showing DCF fluorescence at 515 nm and histograms representing quantification of the

fluorescence signal in a.u. Two cell fields were analyzed in each condition. G:
Representative microphotographs of CFs stained with 8-OHDG (594 nm) and DAPI and
histograms representing quantification of the fluorescence signal as cells per field. Two cell
fields were analyzed in each condition. H: Western blots and quantifications of
mitochondrial 8-OHDG in cultured rat ventricular CFs with COX4 as an internal control; lack
of GAPDH band indicates the absence of cytosolic protein contamination (n=3). I: Fibrotic
and inflammatory cytokines secretions by CFs assayed by sircol and ELISA and expressed in
ng/10° cells for collagen and ng/10° cells for TGF-B1 and IL1. J: Gene expression of
myofibroblast and ECM markers (a-SMA, COL1, FN1, VIM and SMEMB) with GAPDH as
housekeeping gene. FBS: fetal bovine serum. P.E.: Extract of grape pomace polyphenols.
M.W.: molecular weight marker. a.u.: arbitrary units. CsA: cyclosporine A. Magnifications
in C, F and G: x100. Scale bars in C, F and G: 50 um. All quantitative data are reported as
mean * SEM. Normal distribution of the values is checked by Shapiro-Wilk test. Kruskal-
Wallis One-way ANOVA on ranks tests are performed for multiple comparisons of values
followed by Mann-Whitney U tests. All values with p<0.05 are considered significant.
*p<0.01 vs Control; #p<0.05 vs FBS. Unedited gels for Figure 1A and 1H are presented in
Supplemental Figure 8. (“To see this illustration in color, the reader is referred to the

online version of this article at home.liebertpub.com/ars")
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Figure 2: Inhibition of basal Ca** and Angll-mediated ROCE in rat ventricular CFs by P.E.
CFs were cultured for three days in the presence of 10% FBS, then serum starved for one
day before treating them for additional one day with 10% FBS either alone or with 0.1%
P.E. whereas control cells were remained without serum. A: Basal Ca** fluorescence
microphotographs, traces and quantifications in rat CFs. B, C: Angll and OAG-mediated
Ca’* entries (ROCE) fluorescence microphotographs, traces and quantifications reported as
amplitudes (A[Ca*']i (nM)) and rates of Ca®** entry (A[Ca®']; (nM).min) in CFs. D:
Fluorescence microphotographs and traces of SOCE mediated by CPA and reported as
amplitudes (A[Ca*']; (nM)) and rates of Ca®" entry (A[Ca*']; (nM).min™) in CFs. All Ca*
imaging data are an average from several cells (n=15 cells) from one coverslip and are
representative of several independent recordings (n=3). FBS: fetal bovine serum. P.E.:
Extract of grape pomace polyphenols. Magnifications: x100. Scale bars: 50 um. All
guantitative data are reported as mean +* SEM. Normal distribution of the values is
checked by Shapiro-Wilk test. Kruskal-Wallis One-way ANOVA on ranks tests are
performed for multiple comparisons of values followed by Mann-Whitney U tests. All
values with p<0.05 are considered significant. *p<0.05 vs Control; *p<0.05 vs FBS. (“To see
this illustration in color, the reader is referred to the online version of this article at

home.liebertpub.com/ars")
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Figure 3: TRPC3 mediates ROCE and fulfills a signaling circuit with NFATc3 in rat
ventricular CFs. CFs were cultured for three days in the presence of 10% FBS, then serum
starved for one day before treating them for additional one day with 10% FBS either alone
or with Pyr10, several concentrations of P.E. and CsA whereas control cells remained
without serum. A: Western blots and quantifications of TRPC3 in cultured rat ventricular
CFs with GAPDH as an internal control (n=3). B, C: Basal Ca** and Angll-mediated Ca**
entries (ROCE) fluorescence microphotographs, traces and quantifications reported as
amplitudes (A[Ca®*]; (nM)) and rates of Ca®* entry (A[Ca*']; (nM).min") in CFs. D: CF
proliferation estimated by MTT assay as a percentage of control; absorbance at 550 nm. E,
F: Western blots and quantifications of phospho-NFATc3 (pNFATc3), NFATc3 and TRPC3 in
cultured rat ventricular CFs with GAPDH as an internal control (n=3). All Ca** imaging data
are an average from several cells (n=15 cells) from one coverslip and are representative of
several independent recordings (n=3). FBS: fetal bovine serum. P.E.: Extract of grape
pomace polyphenols. M.W.: molecular weight marker. a.u.: arbitrary units. CsA:
cyclosporine A. Magnifications: x100. Scale bars: 50 um. All quantitative data are reported
as mean = SEM. Normal distribution of the values is checked by Shapiro-Wilk test. Kruskal-
Wallis One-way ANOVA on ranks test is performed for multiple comparisons of values
followed by Mann-Whitney U test in A. Mann-Whitney U tests are performed when two
conditions are compared in B-F. All values with p<0.05 are considered significant. *p<0.05
vs Control; *p<0.05 vs FBS. Unedited gels for Figures 3A, 3E and 3F are presented in
Supplemental Figure 8. (“To see this illustration in color, the reader is referred to the

online version of this article at home.liebertpub.com/ars")
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Figure 4: P.E. acutely modulates TRPC3 channel activity but not NFATc3 phosphorylation
in rat ventricular CFs. CFs were cultured for three days in the presence of 10% FBS, then
serum starved for one day before treating them for additional one day with 10% FBS. P.E.
and Pyr10 were either added acutely after Ca®* entry or pre-incubated for 5 minutes with
cells before extracellular Ca** readdition. A: Angll-mediated Ca** entry (ROCE) fluorescence
microphotographs, traces and quantifications reported as amplitudes (A[Ca®]; (nM)) in
CFs. Black arrows indicate the time of P.E. and P.E./Pyr10 acute addition during the
perfusion protocol. B: Angll-mediated Ca** entry (ROCE) fluorescence microphotographs,
traces and quantifications reported as amplitudes (A[Ca**]; (nM)) in CFs pre-incubated for 5
minutes with either P.E. or P.E./Pyr10 before extracellular Ca®* readdition. C: Western
blots and quantifications of phospho-NFATc3 (pNFATc3) and NFATc3 in cultured rat
ventricular CFs treated for 5 minutes with P.E., with GAPDH as an internal control (n=3). All

Ca’* imaging data are an average from several cells (n=15 cells) from one coverslip and are
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representative of several independent recordings (n=3). FBS: fetal bovine serum. P.E.:

Extract of grape pomace polyphenols. M.W.: molecular weight marker. a.u.: arbitrary
units. Magnifications in A and B: x100. Scale bars in A and B: 50 um. All quantitative data
are reported as mean = SEM. Normal distribution of the values is checked by Shapiro-Wilk
test. Kruskal-Wallis One-way ANOVA on ranks tests are performed for multiple
comparisons of values followed by Mann-Whitney U tests. All values with p<0.05 are
considered significant. *p<0.05 vs before P.E., before P.E./Pyrl0 and FBS respectively.
Unedited gels for Figure 4C are presented in Supplemental Figure 8. (“To see this
illustration in color, the reader is referred to the online version of this article at

home.liebertpub.com/ars")
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Figure 5: P.E. attenuates MF in L-NAME hypertensive rats independently of blood
pressure regulation. Rats were treated for 8 weeks with L-NAME and P.E. then hearts,
abdominal aorta and plasma were collected for further analysis. A: Systolic blood pressure
(mmHg) measured non-invasively by tail-cuff in the different groups of rat during the 8-
week treatments. B, C: Western blots and quantifications of eNOS and phospho-eNOS (p-
eNOS) respectively, in abdominal aorta, with GAPDH as an internal control (n=3). D-F:
Echocardiographic left ventricular parameters (IVSTd, LVIDd and LVPWd in cm; EF and FS in
%) and heart weight / body weight ratio (mg/g) in the different groups of rat after the 8-
week treatments. G-I: Plasma cardiac (TnT and BNP), fibrotic (TGF-B1) and inflammatory
(TNF-o. and CRP) stress markers measured by ELISA. J: Representative microphotographs of

rat left ventricle sections stained with either hematoxylin/eosin or Masson’s trichrome and
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labeled with o-SMA by immunohistochemistry, as well as histograms showing semi-

quantitative scores of infiltrating leukocytes per section field, fibrotic areas (%) and a-SMA
expression in a.u. Black arrows show infiltrating leukocytes. Sections are of 4 um thickness.
Two sections were analyzed in each condition in animals. K, L: Correlation between fibrotic
area, fractional shortening and Trpc3 mRNA expression respectively in ventricular CFs. P.E.:
Extract of grape pomace polyphenols. M.W.: molecular weight marker. a.u.: arbitrary
units. HE: hematoxylin/eosin. MT: Masson’s trichrome. Magnifications in J: x100. Scale
bars in J: 50 um. All quantitative data are reported as mean = SEM. Normal distribution of
the values is checked by Shapiro-Wilk test. Kruskal-Wallis One-way ANOVA on ranks tests
are performed for multiple comparisons of values followed by Mann-Whitney U tests.
Two-way ANOVA tests are performed followed by post-hoc Holm-Sidak tests for blood
pressure measurements. Pearson correlation coefficient is used to measure the strength of
the relationship between fibrotic area, fractional shortening and Trpc3 mRNA expression.
All values with p<0.05 are considered significant. *p<0.05 vs Sham and Sham P.E.; #p<0.05
vs L-NAME. Unedited gels for Figures 5B and 5C are presented in Supplemental Figure 9.



Downloaded by Leiden Univ Med Ctr Walaeus Library from www.liebertpub.com at 10/20/18. For personal use only.

Antioxidants and Redox Signaling
Transient Receptor Potential Canonical 3 and Nuclear Factor of Activated T-cells C3 Signaling Pathway Critically Regulates Myocardial Fibrosis (DOI: 10.1089/ars.2018.7545)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 48 of 69

48

malized to GAPDH (au )

Z
F

Figure 6: TRPC3-NFATc3 inhibition by P.E. suppresses in vivo ventricular CF activation in
L-NAME hypertensive rats. Rats were treated for 8 weeks with L-NAME and P.E. then CFs
were isolated for further analysis. A: CF proliferation estimated by MTT assay as a
percentage of sham; absorbance at 550 nm. B, C: Fibrotic secretions by isolated CFs
assayed by sircol and ELISA and expressed in ug/10° cells for collagen and ng/10° cells for
TGF-B1. D: Gene expression of myofibroblast and ECM markers (COL1, a-SMA, FN1) with
GAPDH as housekeeping gene. E, F: Histograms representing quantification of the
fluorescence signals for DCF (at 515 nm) (a.u.) and 8-OHDG (at 594 nm) (cells per field) in
isolated CFs. Two cell fields were analyzed in each condition. G, H: Western blots and
guantifications of phospho-NFATc3 (pNFATc3), NFATc3 and TRPC3, in isolated CFs, with
GAPDH as an internal control (n=3). I-K: Basal Ca** and Angll-mediated Ca*" entries (ROCE)
quantifications reported as amplitudes (A[Ca*']; (nM)) and rates of Ca®' entry (A[Ca*");

(nM).min™) in isolated CFs. All Ca®* imaging data are an average from several cells (n=15
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cells) from one coverslip and are representative of several independent recordings (n=3).

P.E.: Extract of grape pomace polyphenols. M.W.: molecular weight marker. a.u.: arbitrary
units. All quantitative data are reported as mean + SEM. Normal distribution of the values
is checked by Shapiro-Wilk test. Kruskal-Wallis One-way ANOVA on ranks tests are
performed for multiple comparisons of values followed by Mann-Whitney U tests. All
values with p<0.05 are considered significant. *p<0.05 vs Sham and Sham P.E.; *p<0.05 vs L-
NAME. Unedited gels for Figures 6G and 6H are presented in Supplemental Figure 9. (“To
see this illustration in color, the reader is referred to the online version of this article at

home.liebertpub.com/ars")
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Figure 7: Mice treated with Pyrl0 and TRPC3”" mice are protected against L-NAME-
induced MF independently of blood pressure. Mice were treated for 8 weeks with L-
NAME and Pyr10 then hearts and abdominal aorta were collected for further analysis. A:
Systolic blood pressure (mmHg) measured non-invasively by tail-cuff in the different
groups of mice during the 8-week treatments. B: Western blots and quantifications of
phospho-eNOS (p-eNOS) and eNOS respectively, in abdominal aorta, with GAPDH as an
internal control (n=3). C-E: Heart weight / body weight ratio (mg/g) and echocardiographic
left ventricular parameters (IVSTd, LVIDd and LVPWd in cm; EF and FS in %) and in the
different groups of mice after the 8-week treatments. F, G: Representative
microphotographs of mouse left ventricle sections stained with either hematoxylin/eosin
or Masson’s trichrome respectively by immunohistochemistry, as well as histograms
showing semi-quantitative scores of infiltrating leukocytes per section field and fibrotic

areas (%). Black arrows show infiltrating leukocytes. Sections are of 4 um thickness. Two
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sections were analyzed in each condition in animals. M.W.: molecular weight marker. All

quantitative data are reported as mean + SEM. Normal distribution of the values is
checked by Shapiro-Wilk test. One-way ANOVA tests are performed for multiple
comparisons of values followed by post-hoc Holm-Sidak tests. Two-way ANOVA tests are
performed followed by post-hoc Holm-Sidak tests for blood pressure measurements. All
values with p<0.05 are considered significant. *p<0.01 vs WT; #p<0.01 vs WT L-NAME.

Unedited gels for Figure 7B are presented in Supplemental Figure 10.
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Figure 8: Pharmacological inhibition and genetic deletion of TRPC3 decreases activation
of ventricular CFs in vivo in mice. Mice were treated for 8 weeks with L-NAME and Pyr10
then CFs were isolated for further analysis. A: Western blots and quantifications of
phospho-NFATc3 (pNFATc3) and NFATc3 respectively in isolated CFs with GAPDH as an
internal control (n=3). B: CF proliferation estimated by MTT assay as a percentage of sham;
absorbance at 550 nm. C, D: Basal Ca** and Angll-mediated Ca®* entries (ROCE) and
quantifications reported as amplitudes (A[Ca®']; (nM)) and rates of Ca®* entry (A[Ca®'];
(nM).min™) in isolated CFs. All Ca®* imaging data are an average from several cells (n=15
cells) from one coverslip and are representative of several independent recordings (n=3).
M.W.: molecular weight marker. All quantitative data are reported as mean + SEM. Normal
distribution of the values is checked by Shapiro-Wilk test. One-way ANOVA tests are

performed for multiple comparisons of values followed by post-hoc Holm-Sidak tests. All
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values with p<0.05 are considered significant. *p<0.01 vs WT; #p<0.01 vs WT L-NAME.

Unedited gels for Figure 8A are presented in Supplemental Figure 10. (“To see this

illustration in color, the reader is referred to the online version of this article at

home.liebertpub.com/ars")

*1004d SIY3 Wouy J21p Aew uoISIaA paysiignd |euly 3y "uo13da4102 jooud pue Suipaidod o8iapun 01 194 sey 1nq ‘uonedljgnd o) paidadde pue pamalnal-1aad usaq sey Jaded siy|
(S¥S.'8T0T'S48/680T 0T :10Q) S!soiqid [elpiedoA saie|nday Ajjeanii) Aemyied Suljeusis €2 s|[92- 1 Pa1LAINDY JO J01OB JBI|ONN PUE € [EDIUOUERD |BIIUDI0J J01dDI9Y Judisuel ]
Buljeu8iS xopay pue syuepIxonuy

*Ajuo asn eucssed 104 "8T/02/0T T W0 gnaLBgR | MMM WOy AReiq 1T STEeeM 1D PRIN Alun UspRT Ag papeojumoq



Downloaded by Leiden Univ Med Ctr Walaeus Library from www.liebertpub.com at 10/20/18. For personal use only.

Antioxidants and Redox Signaling
Transient Receptor Potential Canonical 3 and Nuclear Factor of Activated T-cells C3 Signaling Pathway Critically Regulates Myocardial Fibrosis (DOI: 10.1089/ars.2018.7545)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 54 of 69

54

Figure 9: TRPC3 is present in human ventricular CFs and correlates with MF. A: Gene
expression of myofibroblast and ECM markers (COL1, COL3, a-SMA and FN1) with GAPDH
as housekeeping gene in human ventricular CFs. B, C: Representative microphotographs
and fluorescence quantifications of human left ventricle adjacent serial sections stained
with Masson’s trichrome and labeled with PDGFRa and TCF21 by immunofluorescence.
Magnifications: x200. Scale bars: 25 um. (n=13). Sections are of 4 pum thickness. D:
Representative microphotographs of human left ventricle sections labeled with TRPC3 by
immunohistochemistry. Magnifications: x100 (left), x200 (right). Scale bars: 50 um (left),
25 um (right). (n=13). Sections are of 4 um thickness. E: Representative microphotographs
and colocalization analysis of human left ventricle sections labeled with TRPC3 and
Collagen 1 (Coll) by immunofluorescence. Nuclei are stained with DAPI. Magnifications:
x100 and x400 (zoom in). Scale bars: 50 um and 12.5 um (zoom in). (n=13). Sections are of
4 um thickness. F: Western blots of TRPC3 and COL1 in human ventricular CFs with GAPDH
as an internal control and correlation between the two proteins (n=13). G: Correlation
between TRPC3 expression in human ventricular CFs and Angll-mediated Ca®" entry (ROCE)
in these cells (A[Ca**]; (nM)). a.u.: arbitrary units. All Ca** imaging data are an average from
several cells (n=15 cells) from one coverslip and are representative of several independent
recordings (n=3). Pearson correlation coefficient is used to measure the strength of the
relationship between TRPC3/COL1 and TRPC3/A[Ca2+]i. All quantitative data are reported

as mean + SEM. Normal distribution of the values is checked by Shapiro-Wilk test. One-way



Page 55 of 69

55

ANOVA tests are performed for multiple comparisons of values followed by post-hoc

p<0.01 vs non-failing.

*

Holm-Sidak tests. All values with p<0.05 are considered significant.

Unedited gels for Figure 9F are presented in Supplemental Figure 11.
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Figure 10: TRPC3-NFATc3 inhibition decreases proliferation and collagen secretion of
human ventricular CFs. Human CFs were cultured for three days in the presence of 10%
FBS, then serum starved for one day before treating them for additional one day with 10%
FBS either alone or with 0.1% P.E., Pyr10 and CsA whereas control cells remained without
serum. A: Western blots and quantifications of phospho-NFATc3 (pNFATc3), NFATc3 and
TRPC3 in cultured human ventricular CFs with GAPDH as an internal control (n=3). B: CF
proliferation estimated by MTT assay as a percentage of control; absorbance at 550 nm. C:
Collagen synthesis by CFs measured by sircol assay and reported as pg/10° cells. D: Basal
Ca”* traces and quantifications in human ventricular CFs. E: Angll-mediated Ca®* entry
(ROCE) traces and quantifications reported as amplitudes (A[Ca*']; (nM)) and rates of Ca**
entry (A[Ca*']; (nM).min") in human ventricular CFs. All Ca®* imaging data are an average
from several cells (n=15 cells) from one coverslip and are representative of several
independent recordings (n=3). FBS: fetal bovine serum. P.E.: Extract of grape pomace

polyphenols. M.W.: molecular weight marker. a.u.: arbitrary units. CsA: cyclosporine A. All



Downloaded by Leiden Univ Med Ctr Walaeus Library from www.liebertpub.com at 10/20/18. For personal use only.

Page 57 of 69

Antioxidants and Redox Signaling

Transient Receptor Potential Canonical 3 and Nuclear Factor of Activated T-cells C3 Signaling Pathway Critically Regulates Myocardial Fibrosis (DOI: 10.1089/ars.2018.7545)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

57
guantitative data are reported as mean + SEM. Normal distribution of the values is

checked by Shapiro-Wilk test. One-way ANOVA tests are performed for multiple
comparisons of values followed by post-hoc Holm-Sidak tests. All values with p<0.05 are
considered significant. *p<0.05 vs Control; *p<0.05 vs FBS. Unedited gels for Figure 10A are
presented in Supplemental Figure 11. (“To see this illustration in color, the reader is

referred to the online version of this article at home.liebertpub.com/ars")
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Supplemental Data

Supplemental Table 1: Clinical data and MF in human myocardial biopsies.

Patient Age
1 59
2 55
3 67
4 71
5 49
6 75
7 66
8 75
9 80

10 70
11 38
12 66
13 58

Gender

< Z £

M
M

Cardiac
disease
AS
MR 4/4
Al 1/4
AS
Al 2/4
AS
Al 4/4
AS
AS
Al 2/4
MR 2/4
Al 4/4
MR %4
AS
Prosthetic
MR
MR 4/4
Al 2/4
TR 4/4
MR 2/4
AS

EF (%)

60
63

65

60

60

65

65

50

50
43

38
30

Page 58 of 69

MF

+

+

58

Abbreviations: EF, ejection fraction; MF, myocardial fibrosis; Al, aortic insufficiency; MR,

mitral regurgitation; AS, calcific aortic stenosis; TR, tricuspid regurgitation.
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Supplemental Figure 1

Supplemental Figure 1: High purity of CF cell culture preparations. CFs were cultured for

three days in the presence of 10% FBS, then serum starved for one day before treating
them for additional one day with 10% FBS. A-C: Representative microphotographs and
guantifications (D) of CFs stained with either collagen 1 (COL1), CD31 or myosin heavy
chain (MYH6) (594 nm) and DAPI. Three cell fields were analyzed in each condition.
Magnifications in A, B and C: x200. Scale bars in A, B and C: 25 um. All quantitative data

are reported as mean + SEM.
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Supplemental Figure 2

Supplemental Figure 2: P.E. treatment inhibits calcineurin phosphatase activity in rat

ventricular CFs. CFs were cultured for three days in the presence of 10% FBS, then serum
starved for one day before treating them for additional one day with 10% FBS either alone
or with CsA and several concentrations of P.E. All quantitative data are reported as mean +
SEM. Normal distribution of the values is checked by Shapiro-Wilk test. Kruskal-Wallis One-
way ANOVA on ranks tests are performed for multiple comparisons of values followed by

Mann-Whitney U tests. All values with p<0.05 are considered significant. *p<0.05 vs FBS.
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Supplemental Figure 3

Supplemental Figure 3: Non-cytotoxic effects of P.E. on rat ventricular CFs. CFs were

cultured with FBS either alone or with CsA and several concentrations of P.E. Control cells
were cultured without serum. A: Representative light microphotographs of CFs showing
trypan blue exclusion test and histograms representing cell viability as a percentage of
control. Two cell fields were analyzed in each condition. B: Representative fluorescence
microphotographs of CFs stained with propidium iodide (at 620 nm) and histograms
representing cells undergoing apoptosis. H,0, is used as a positive control. Two cell fields
were analyzed in each condition. C, D: Expression of apoptotic genes CASP3 and BCL2 with
GAPDH as housekeeping gene. FBS: fetal bovine serum. P.E.: Extract of grape pomace
polyphenols. a.u.: arbitrary units. CsA: cyclosporine A. Magnifications in A and B: x100.
Scale bars in A and B: 50 um. All quantitative data are reported as mean + SEM. Normal
distribution of the values is checked by Shapiro-Wilk test. One-way ANOVA tests are
performed for multiple comparisons of values followed by post-hoc Holm-Sidak tests. All

values with p<0.05 are considered significant. *p<0.01 vs Control.
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Supplemental Figure 4: Effect of gallic acid and different classes of TRPC inhibitors on

basal Ca®* and ROCE in rat ventricular CFs. A: Cytosolic calcium levels reported in nM in

CFs. The black arrow indicates the time of gallic acid acute addition during the perfusion

protocol. B: Basal Ca®* quantifications in rat CFs. C, D: Angll-mediated Ca®* entry (ROCE)

quantifications reported as amplitudes (A[Ca*']; (nM)) and rates of Ca** entry (A[Ca®'];

(nM).min™) in CFs. All Ca** imaging data are an average from several cells (n=15 cells) from

one coverslip and are representative of several independent recordings (n=3). FBS: fetal

bovine serum. All quantitative data are reported as mean + SEM. Normal distribution of

the values is checked by Shapiro-Wilk test. Kruskal-Wallis One-way ANOVA on ranks tests

are performed for multiple comparisons of values followed by Mann-Whitney U tests. All

values with p<0.05 are considered significant. *p<0.01 vs FBS.
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B Sham PE.

A Sham

Supplemental Figure §

Supplemental Figure 5: P.E. treatment attenuates L-NAME-induced perivascular, sub-

epicardial and interstitial fibrosis with reduction of PDGFRa. and TCF21 expressed in
fibrotic areas. A-D: Representative microphotographs of rat left ventricle adjacent serial
sections labeled with PDGFRa and TCF21 by immunofluorescence as well as with Masson’s
trichrome for total collagen. In A, B and D, left panels represent perivascular areas; middle
panels represent sub-epicardial areas; right panels represent interstitial areas. In C, the
additional panels to the right represent necrotic areas. White arrows represent the
immunolabeling. Magnifications: x200. Scale bars: 25 um. Sections are of 4 um thickness.
E: Quantifications of the fluorescent areas (in a.u.). All quantitative data are reported as
mean * SEM. Normal distribution of the values is checked by Shapiro-Wilk test. Kruskal-
Wallis One-way ANOVA on ranks tests are performed for multiple comparisons of values
followed by Mann-Whitney U tests. All values with p<0.05 are considered significant.

“p<0.01 vs Sham; #p<0.01 vs L-NAME.
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Supplemental Figure 6

Supplemental Figure 6: Mice treated with Pyr10 and TRPC3”" mice show decreased L-

NAME-induced perivascular, sub-epicardial and interstitial fibrosis with reduction of
PDGFRa and TCF21 expressed in fibrotic areas. A-E: Representative microphotographs of
mouse left ventricle adjacent serial sections labeled with PDGFRa and TCF21 by
immunofluorescence as well as with Masson’s trichrome for total collagen. In A, C, D and
E, left panels represent perivascular areas; middle panels represent sub-epicardial areas;
right panels represent interstitial areas. In B, the additional panels to the right represent
necrotic areas. White arrows represent the immunolabeling. Magnifications: x200. Scale
bars: 25 um. Sections are of 4 um thickness. F: Quantifications of the fluorescent areas (in
a.u.). All quantitative data are reported as mean * SEM. Normal distribution of the values
is checked by Shapiro-Wilk test. Kruskal-Wallis One-way ANOVA on ranks tests are
performed for multiple comparisons of values followed by Mann-Whitney U tests. All

values with p<0.05 are considered significant. *p<0.01 vs Sham; #p<0.01 vs L-NAME.
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Supplemental Figure 7

Supplemental Figure 7: Proposed mechanism of TRPC3-NFATc3 mediated control of

ventricular fibroblast phenotype and MF. Following GPCR stimulation by e.g. Angll, TRPC3
channels are activated by DAG generated via PLC, and drives the so-called ROCE. Ca?*
entering CF activates calcineurin (CN) which dephosphorylates and activates NFATc3 that
translocates to the nucleus where it drives the fibrotic phenotype of CF leading to more
differentiation into myofibroblasts, more ECM deposition therefore aggravating MF.
NFATc3 also induces the expression of TRPC3 leading to a positive-feedback loop between
the two proteins exacerbating the fibrotic phenotype. TRPC3 modulation by P.E. or Pyr10
and genetic ablation of the channel block the Ca** driven positive-feedback loop,
abrogates the fibrotic phenotype hence leading to less myofibroblasts and ameliorated
MF. GPCR: G-protein coupled receptor. PLC: phospholipase C. DAG: diacylglycerol. TRPC3:
transient receptor potential canonical 3. NFATc3: nuclear factor of activated T cells C3.
P.E.: Extract of grape pomace polyphenols. Pyrl0: N-[4-[3,5-Bis(trifluoromethyl)-1H-

pyrazol-1-yl]phenyl]-4-methyl-benzenesulfonamide. ECM: extracellular matrix.
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Figure 3A

Figure 3A

Figure 1A, 1H
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Figure 6H

Figure 6G

Figure 3B, 5C
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Figure 8A

Figure 7B
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Figure 10A

Figure 9F
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Supplemental Figure 11

Part 4 of original pictures of western blotting
Original western blot gels for figures 9F and 10A.
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