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Summary

Cardiac fibrotization is a well-known process characteristic of
many cardiac pathological conditions. The key element is
fibroblasts, their
transdifferentiation into myofibroblasts, increased production,

excessive activation of  cardiac
and accumulation of extracellular matrix proteins, resulting in
cardiac stiffness. The exact cellular mechanisms and molecular
components involved in the process are not fully elucidated, but
the SOCE mechanism could play an important role. Its key
molecules are the molecular sensor of calcium in ER/SR — STIM
and the highly selective calcium channels Orai located in the
plasma membrane. This study aims to evaluate selected SOCE-
associated genes in the activation of HCF cell culture by several
known substances (phenylephrine, isoprenaline) that represent
cardiovascular overload. After cell cultivation, cell medium was
collected to measure the soluble collagen content. From the
harvested cells, qRT-PCR was performed to determine the mRNA
levels of the corresponding genes. The activation of cells was
based on changes in the relative expression of collagen genes as
well as the collagen content in the medium of the cell culture. We
detected an increase in the expression of the Orai2 isoform,
a change in the Orail/Orai3 ratio and also an increase in the
expression of the STIM2 isoform. These results suggest
an increased activation of the SOCE mechanism under stress
conditions of fibroblasts, which supports the hypothesis of
fibroblast activation in pathological processes by altering calcium

homeostasis through the SOCE mechanism.
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Introduction

Although most of the heart mass consists of
cardiomyocytes, cardiac fibroblasts are one of the most
numerous cells in the heart. These cells produce growth
factors and other signaling molecules that directly
regulate cardiomyocyte function, form the basal structure
of the heart, and provide stability and elasticity of the
heart by creating a network of support for
cardiomyocytes consisting of ECM proteins such as
collagens and a-SMA (Chen et al. 2021). Despite the
fibroblasts in heart

physiology, disease-activated fibroblasts, traditionally

irreplaceable role of cardiac
referred to as myofibroblasts, are characterized by
excessive activation and specialization in the secretion of
ECM proteins, which over time leads to pathological
myocardial stiffness and progressively worsening cardiac
function caused by excessive accumulation of collagens
and other ECM proteins throughout the heart (Tallquist
et al. 2017). Despite the primary reparative function of
fibroblasts in the heart, the influence of many key
modulators such as different growth factors (TNF-q,
PDGF, TGF-B), cytokines (IL-1, IL-10, IL-11), renin-
system (RAS) and microRNA causes
excessive and prolonged activation that manifests in the

angiotensin
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onset and progression of cardiac fibrosis as a maladaptive
2019).
possibilities in the prevention and treatment of excessive

process (Ranjan et al Current therapeutic
cardiac fibrotization, which is an essential factor in the
pathophysiology of many heart diseases, are limited.
Identifying novel molecular components and signaling
pathways associated with cardiac fibrosis could serve
a dual purpose, as a potentially innovative therapy and
also as new diagnostic markers. This even more
emphasizes the importance of studying the cellular
pathways and molecular components involved in this
process (Ceccato et al. 2020). Although it is clear that
calcium signaling plays a crucial role in the pathological
activation of fibroblasts, due to the large and diverse
number of receptors, transporters, and ion channels that
affect intracellular Ca*" kinetics, the key elements of
fibroblast transdifferentiation to myofibroblasts have not
been fully elucidated (Feng ef al. 2019). Store-operated
calcium entry (SOCE) is a specific calcium handling
mechanism present in virtually all cell types, which has
been known for a relatively long period of time. The
exact molecular mechanism behind this cellular event
was described in 2006, when two main components of the
SOCE were described: STIM and Orai were discovered
(Putney 2011, Rosenberg et al. 2021). Three genes that
encode Orai proteins (Orail-3) (Ruhle et al. 2013) and
two encoding STIM proteins (STIM1-2) are currently
known (Wen et al. 2016). STIM is a single-span protein
located in the membrane of the (sarco) endoplasmatic
reticulum (ER/SR) and acts as a molecular calcium
sensor. Depletion of Ca®" stores induces a conformational
change (Muik et al. 2011), which allows STIM after its
oligomerization (Covington et al. 2010) to interact with
Orai. Orai proteins form in the plasma membrane tetra-
hexameric channels highly selective for calcium cations
(Saul et al. 2014). These channels are opened after
interaction with active STIM proteins, which allows the
inflow of Ca®" from the extracellular environment. There
are many other critical proteins known to be involved in
SOCE such as TRPC channels (Serafini et al. 2020),
however, for functional SOCE only Orai and STIM
proteins are essential (Lewis 2011). Furthermore, the
participation of different Orai isoforms in the formation
of heteromeric channels can lead to differences in SOCE
properties (Putney et al. 2017). Furthermore, in the post-
transcriptional processes of the STIM isoforms, several
variants of STIM are formed (STIM1 and 1L, STIM2.1,
2.2, and 2.3) of which the most striking is STIM2.1 for its
assumed inhibitory effect on the SOCE mechanism (Rana

et al. 2015, Rosado et al. 2016). In the aftermath of these
findings, over the last two decades, many studies have
implied this voltage-independent Ca®" entry pathway into
cardiac physiology and pathophysiology (Rosenberg
et al. 2021). Most of these studies, including ours
(Cendula et al. 2019), focused on cardiomyocytes, and
many interesting changes were observed in fact (Bootman
et al. 2017, Rosenberg et al. 2019). However, SOCE is
a predominant mechanism in nonexcitable cells
2021), which indicates a critical

involvement of this mechanism in cardiac fibroblast

(Hammad et al

activation processes.

Methods

Cell culture

In this study, a standard culture of human
(HCF) (SKU: 306-05F, Sigma
Aldrich, Germany), purchased as a first passage, stored in

cardiac fibroblasts

cryopreserved medium at -80 °C, was used. Cell cultures
were cultured according to a standard protocol in
a humidified incubator of 37 °C, 5 % CO, in 15 ml for
a T-75 flask and 5 ml for a 60 mm cell culture plate in
low glucose DMEM (Dulbecco's
medium, Sigma Aldrich, Germany) enriched with fetal

modified Eagle

bovine serum (FBS) at a volume concentration of 10 %
with added antibiotics penicillin (100 IU/ml) and
streptomycin (100 pg/ml) at 5 % volume concentration.
The medium was changed every third day to reach 80 %
confluence. Cell passage was performed by applying
a 0.25% trypsin solution containing EDTA (Sigma
Aldrich, Germany) in cell culture for 5-7 minutes. After
dilution in cell medium, centrifugation (10 minutes, 4 °C,
250G) and resuspendation of the cell pellet in culture
medium in flasks for the next passage. in a cell culture
dish for exposure to specific substances. For the
experiment, the required 5" passage was transferred to
a cell culture plate in an amount of ~ 0.5 x 10° cells. Cells
in plates were exposed for 24 and 48 hours to
phenylephrine (PE, Sigma-Aldrich, at final concentra-
tions of 0.1 uM, 1 uM and 10 uM final concentration in
medium) and isoprenaline (ISO, Sigma-Aldrich, at con-
centrations of 0.1 uM, 1 pM and 10 uM concentration)
without and with specific antagonists prazosin (PZS,
Sigma-Aldrich, at concentration of 10 uM concentration)
and propranolol (PP, Sigma-Aldrich, at concentration
10 uM concentration), respectively. The M-795 inverted
microscope (OPTIKA S.R.L., Italy) was used to routinely
make microscopic observations of the cells.
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Collagen measurement

Cell
exposure to analyze the soluble collagen content. The
SircolTM Soluble Collagen Assay (Biocolor Ltd., UK)
was used in this study, where Sirius Red dye is used to

culture medium was collected after

selectively bind and precipitate the soluble collagen.
Subsequent elution with acid-salt wash and subsequent
dissolution in alkali sodium hydroxide-methanol and
read-out at 555 nm was performed on microtiter plates.

Flow cytometry

Cell cultures were analyzed by flow cytometry
(MACS Quant. Analyzer, Miltenyi Biotec, Germany)
Samples were centrifuged and subsequently diluted in
cell medium to reach a concentration of 10° cells /ml. To
analyze cell viability, propidium iodide (PI, Miltenyi
Biotec, Germany) was added to the cell solution. It is
capable of binding to nucleic acids of cells with disrupted
membrane, representing dead cells. To analyze the
phenotype of HCF, an expression combination of positive
(CD90, CD105, CD73) and negative surface markers
(CD14, CD20, CD34, CD45) was used. Gating strategies
according to the manufacturer's instructions were used.

RNA isolation and gRT-PCR

Total RNA was isolated using Tri-Reagent®
(Sigma-Aldrich, USA) the
recommended by the manufacturer. The quality and
isolated RNA was measured by
(NanoDropND-1000,
Thermo Scientific, USA). Reverse transcription was
performed using HighCapacity cDNA KIT with RNAse

according to protocol
quantity  of

spectrophotometric analysis

inhibitor (Applied Biosystems, USA). SYBR Green
detection (SYBR Select Master Mix, Life Technologies,
USA) was used to perform quantitative RT-PCR on
QuantStudio™ 3 Real-Time PCR System (Applied
USA) according to manufacturer’s
instructions. Primers (Sigma-Aldrich, USA) were
designed to amplify human Orail, Orai2, Orai3, STIMI,
all variants of STIM2 and variant STIM2.1 only. All
primers were verified to produce a single PCR product

Biosystems™,

with the correct molecular weight, and the absence
of signal was verified when reverse transcription
was omitted. The AACt method was used to determine
the relative expression level of the target genes.
The Ct values were normalized to the expressions of
endogenous reference genes (HPRTI, hypoxanthine
B2M, beta-2-microglo-
bulin). The primer sequences used are listed in Table 1.

phosphoribosyltransferase 1,

The PCR efficacy and quantification cycle
values for computational and statistical analysis for each
sample were determined with the LinRegPCR software
(version 2017.1). The Shapiro-Wilk test was used as
a normality test. To compare two groups with normally
distributed data, Student’s T-test was used. Two-way
ANOVA was used to assess the differences among
multiple groups. Tukey's range test was performed for
normally distributed data and the Kruskal-Wallis H test
for non-normally distributed data. All data were handled
by MS Excel (MicroSoft Office, version 2019),
SigmaPlot 12.0 (Systat Software Inc.) and GraphPad
Prism (GraphPad Software Inc., version 6). All data are
presented as average + standard error.

Table 1: Primer sequences used for the gRT-PCR analysis of selected gene expressions.

Gene Forward primer Reverse primer

B2M TCCGTGGCCTTAGCTGTGCTT TCCATTCTCTGCTGGATGACGTGAG
HPRTI AGCCCTGGCGTCGTGATTAGTGA GGTCACAATGTGATGGCCTCCCA
CollAl AAGTCATAGGAGTCGAGGGAC AGGACATCTGGGAAGCAAAGT
Col341 AGGGTATCAAGGGTGAAAGTGG CCTGGCTGACCATCTGATCC
hACTA2 GCCTATCCCCGGGACTAAGACG GCCGGCCTTACAGAGCCCAGA
Oraill CGCCAAGCTTAAAGCCTCCA CTGATCATGAGCGCAAACAGG
Orai2 CAGCTCCGGGAAGGAACGTC TAGGCACGTTAAGCTCAGCACT
Orai3 CCACGTACCGGGAGTTCG GTACTCGTGGTCACTCTCCAG
STIM1 GACTGACGACGTGGATGACA TACCCGGCTTGTCAAGAAGT
STIM2 TGTCACTGAGTCCACCATGC TCTCTGTGCAGATGGCTGTG
STIM?2.1 AGGTTCGCATGGCTCTGAAA TGAATCAGATATGAAGCAGCAACC
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Fig. 1. Microscopic view (20x magnification) of HCF cell culture after 48 hours of cultivation in medium A) control sample (CTR);
B) containing 10 pM isoprenaline; C) containing 10 pM isoprenaline + 10 uM propranolol.
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Fig. 2. Characteristics of FCM: cell count and viability of different subgroups of HCF cell culture after 24 and 48 hours of medium
culture. CTR - control sample; PE - phenylephrine; PZS - prazosin; ISO - isoprenaline; PP — propranolol.

Results

HCF culture activation

The number of cells and viability in all groups
were characterized by flow cytometry (Fig. 1, Fig. 2).
After
significant differences were observed. Average cell

pharmacological stimulation, no statistically
viability was >85 % in all cases, except one subgroup. By
evaluating the positivity of HCF for CD markers typical
for cells of mesenchymal origin (CD73, CD105) and those
that are not (CD14, CD20, CD34 and CD45), we did not
observe a statistically significant difference between the
individual groups. The percentage of cells positive for
mesenchymal markers ranged from 85 %, in all time
intervals, as well as in all incubation conditions. Vice

versa, the expression of expected 'negative' markers was
<15 % in our HCF culture. However, for the CD90 marker,
which was previously considered the gold standard for
fibroblast identification, it was only at the level of 5 %.
Furtado et al. (2014) in their study on mouse cardiac
fibroblasts confirmed that the degree of positivity of
fibroblasts for CD90 is not clearly defined and can vary
considerably between subgroups of fibroblasts, and
suggested that CD90 cannot be considered a specific
marker.

The relative expression of the collagen 3 gene
was significantly increased in the groups of cells affected
by different exposure times and concentrations of
isoprenaline (Fig. 3). As expected, the relative expression
of collagen 1 and 3 genes in selected propranolol-added
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groups was significantly reduced. In addition, these
observed changes were confirmed by measuring the
concentration of soluble collagen in the cell medium
(Fig. 4). The of phenylephrine induced
a significant increase in the relative concentration of
collagen in the cell medium in selected groups. This
change did not occur with the addition of a specific

action
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antagonist (prazosin or propranolol) and in selected
groups, the concentration of soluble collagen in the cell
medium was even significantly reduced after the addition
of these substances. The absence of significant changes in
the selected subgroups could be due to the relatively large
number of different subgroups and the resulting small
of from that exact subgroup.

number samples

Col1A1/Col3A1 ratio

Fig. 3. Relative expression of CollAl (left) and Col3A1 genes (middle) in HCF cell culture after 24 and 48 culture in medium with
different concentrations of phenylephrine (PE) and prazosin (PZS) (top) or isoprenaline (ISO) and propranolol (PP) (bottom). The
relative expression ratio of the Col1Al / Col3A1 genes showed on the right, *p<0.05 vs. CTR, #p<0.05 vs. antagonist group, $p<0.05
vs. all groups with different concentrations without antagonist, tp<0.05 vs. 24 hours group.
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Fig. 4. Relative concentration of soluble collagen in HCF cell medium after 24 and 48 cultivation in medium with different
concentrations of isoprenaline (ISO), propranolol (PP), and phenylephrine (PE) and prazosin (PZS), *p<0.05 vs. CTR, #p<0.05 vs.
antagonist group, $p<0.05 vs. all groups with different concentrations without antagonist.
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A significant decrease in the relative expression ratio of

collagen 1 and 3 was also observed in all
pharmacologically affected groups by an average of 45 %
(isoprenaline group decreased by more than 50 %
decrease). Overall, however, we can assume a successful
induction of fibroblast activation based on the observed

changes.

Expression of Orai channel isoforms
did not alter the
expression of the Orai gene isoforms in HCF, but

Phenylephrine relative
an approximately 25 % decrease in Orai 1 isoform
expression was observed with the addition of prazosin
(Fig. 5). The most significant changes we observed were

Orai1

1.5

Relative expression

Relative expression

2.04

in cells treated with isoprenaline. The relative expression
of the Orai2 gene was significantly increased in all
selected time periods and concentrations from 27 to 43 %
(average of 35 %). This increase was significantly
inhibited by the addition of propranolol, when there was
an even average decrease in relative expression of
approximately 20 %. Changes in Orai3 isoform
expression were also observed,expression in this group
was more than 200 %. These changes were also reflected
in the change in the expression profile of the Orail /
Orai3 ratio. With increasing isoprenaline concentration,
this ratio decreased from 7 to 12 %, and with the addition

of propranolol it even decreased by an average of 44 %.

Orai2

Fig. 5. Relative gene expression of individual Orai isoforms: Orail (top left), Orai2 (top right) and Orai3 (bottom left) and the ratio of
Orail to Orai3 expression (bottom right) in HCF cell culture after 24 and 48 cultivation in medium with different concentrations of
isoprenaline (ISO) and propranolol (PP) *p<0.05 vs. CTR, #p<0.05 vs. antagonist group, $p<0.05 vs. all groups with different

concentrations without antagonist, Tp<0.05 vs. 24 hours group.



2021

ORALI and STIM Expression in Activated Cardiac Fibroblasts S27

STIM1
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Fig. 6. Relative gene expression of the STIM2 isoform (left) in HCF cell culture after 24 and 48 cultivation in medium with different
concentrations of isoprenaline (ISO) and propranolol (PP) and the ratio of STIM2.1 to STIM2 expression (right) affected by
phenylephrine (PE) and prazosin (PZS), *p<0.05 vs. CTR, #p<0.05 vs. antagonist group, $p<0.05 vs. all groups with different

concentrations without antagonist, tp<0.05 vs. group 24 hours.

Expression of STIM splicing variants

Although we did not observe significant changes
in the relative expression of the STIMI1 isoform except
one group, the situation was more interesting for both the
STIM2 isoform and the STIM2.1/STIM2 ratio (Fig. 6).
As with the Orai2 isoform, isoprenaline significantly
increased the relative expression of STIM2 in selected
groups, by an average of 30 %, and these changes were
observed especially after 24 hours. In contrast, the
relative expression of this gene decreased significantly
with the addition of propranolol by 25 — 36 %. A similar
trend was observed in the change in the STIM2.1/2 ratio
due to the action of alpha receptors. Phenylephrine, with
increasing concentration, reduced this ratio by more than
30 % in selected groups, and this change was inhibited by
the addition of prazosin and in one group, a significant
20 % increase was observed.

Discussion

Most of the focus in cardiovascular research is
on cardiomyocyte function, with little attention to
fibroblasts and ECM production, which play an equally
important role in the pathogenesis of many cardiovascular
diseases (Ross ef al. 2017). Recently, we described
changes in specific mechanisms of SOCE in the heart
during heart failure (Cendula et al. 2019). Therefore, the
possibility of the involvement of calcium signaling in the
fibroblast compartment was intriguing. The success of
induction of cell-cultured fibroblasts into the activated
state was evaluated by determining the soluble collagen
in the cell medium and the amount of mRNA for specific
genes by the qRT-PCR method. Interestingly, a-SMA is

considered one of the most important markers of
fibroblast activation, but no significant changes in
relative expression of this gene were observed in our
experiment. The expression of o-SMA can be
significantly increased in the early stages of pathological
conditions such as myocardial infarction, but after
a longer period of time it is reduced, as also confirmed by
a study using cardiac fibroblasts and myofibroblasts
(Fu et al. 2018). However, we observed an increase in the
concentration of soluble collagen, as well as a change in
the relative expression of the collagen 3 gene, which
indicated successful transdifferentiation to myofibro-
blasts. Similarly, like Ross et al. 2017, we did not
observe an increase in relative expression of the Coll Al
gene during activation of selected receptors, but we
observed a decrease with the effect of an antagonist,
confirming a specific effect of agonists and suggesting
apositive effect of pharmacological treatment in
cardiovascular diseases. The altered ratio of relative
expression of Coll/Col3 indicates, according to several
studies (Uchinaka et al. 2016, Pauschinger et al. 1998,
Wei et al. 1999), a possible adaptation mechanism in the

myocardium under various pathological conditions.

Expression of Orai channels and STIM splicing variants
SOCE
component regulation were observed when affecting beta

The most significant changes in
receptors. An increase in the Orai2 isoform was observed,
as well as a decrease in the ratio of Orail to Orai3.
However, the observed changes suggest the involvement
of other Orai isoforms in the whole SOCE mechanism, as
these are often overlooked. Although most studies

focused on the role of Orail, an increasing number of
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new studies emphasizes the importance of Orai2 isoforms
also in the cardiovascular system (Gammons ef al. 2021).
Orai2 has been suggested to form heteromeric calcium
channels with TRPC6 and increase SOCE signaling
under pathological conditions in pulmonary smooth
muscle cells and hippocampal neurons (Zhang et al.
2016, Fernandez et al. 2015). The observed increased
expression of Orai2 in activated fibroblasts could lead to
enhanced formation of such channels, presenting
a mechanism in which increased SOCE contributes to
fibroblast activation after adrenergic stimulation. Even
more important findings emerge from changes in STIM
isoforms. No changes were observed in the expression
profile of the STIM1 isoform, as we expected (Mohis
et al. 2018). However, the STIM2 isoform and its
relationship with the infant STIM2.1 isoform were
significantly changed. The decreased relative abundance
of SOCE-inhibiting STIM2.1 (demonstrated by the
decreased STIM2.1/STIM2 ratio) possibly leads to
increased SOCE Although

several cellular pathways are involved in calcium

in activated fibroblasts.

regulation in fibroblasts, these changes indicate the
crucial involvement of Orai and STIM proteins in the
entry of calcium operated in the store. Subsequent
increase in intracellular Ca®" concentration activates
calcineurin / NFAT and other pathways to promote
profibrotic gene expression leading to the development of
cardiac fibrosis (Feng et al. 2019).

Study limitations

The main limitation of this study is the reliance
on the use of qRT-PCR to quantify expressional changes
and the related assumption of a direct dependence of
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