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Abstract: Atrial fibrillation (AF), characterised by irregular high-frequency contractions of the atria
of the heart, is of increasing clinical importance. The reasons are the increasing prevalence and
thromboembolic complications caused by AF. So-called atrial remodelling is characterised, among
other things, by atrial dilatation and fibrotic remodelling. As a result, AF is self-sustaining and
forms a procoagulant state. But hypercoagulation not only appears to be the consequence of AF.
Coagulation factors can exert influence on cells via protease-activated receptors (PAR) and thereby
the procoagulation state could contribute to the development and maintenance of AF. In this work,
the influence of FXa on Heart Like-1 (HL-1) cells, which are murine adult atrial cardiomyocytes
(immortalized), was investigated. PAR1, PAR2, and PAR4 expression was detected. After incubations
with FXa (5–50 nM; 4–24 h) or PAR1- and PAR2-agonists (20 µM; 4–24 h), no changes occurred in
PAR expression or in the inflammatory signalling cascade. There were no time- or concentration-
dependent changes in the phosphorylation of the MAP kinases ERK1/2 or the p65 subunit of NF-κB.
In addition, there was no change in the mRNA expression of the cell adhesion molecules (ICAM-1,
VCAM-1, fibronectin). Thus, FXa has no direct PAR-dependent effects on HL-1 cells. Future studies
should investigate the influence of FXa on human cardiomyocytes or on other cardiac cell types
like fibroblasts.

Keywords: atrial fibrillation; atrial remodeling; atrial myocytes; HL-1 cells; FXa; FXa-induced signal
transduction; protease-activated receptor; PAR1-agonist; PAR2-agonist

1. Introduction

The prevalence of atrial fibrillation is estimated to be 1.5–2% in the general population
in industrialised countries [1]. The prevalence and incidence of AF have been increasing
in recent decades [2–4]. The greatest risk of AF comes from thromboembolic events.
Marini et al. (2005) demonstrated electrocardiographically that 24.6% of patients with
ischaemic stroke had concomitant AF [5]. Furthermore, AF was associated with an increased
long-term risk of heart failure in women and men and with increased all-cause mortality
compared with individuals without this cardiac arrhythmia [6]. Nearly one in three
outpatients with AF had at least one hospitalisation within a year [7].

Atrial remodelling may occur as a consequence of AF or precede AF due to underlying
structural heart disease [8]. Among other things, it is characterised by activation and prolif-
eration of fibroblasts, as well as hypertrophy of cardiomyocytes and fibrosis. Furthermore,
it is triggered by changes in the cellular signalling cascades [8]. Spronk et al. (2017) showed
in transgenic mice with a procoagulant phenotype that hypercoagulability increased suscep-
tibility to AF and collagen deposition in the atria. Thus, hypercoagulation appears not only
to be a consequence of AF, but also to contribute to its development and maintenance [9].
In fact, coagulation factors can exert influence on cells via protease-activated receptors
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(PAR). Protease-activated receptors (PAR) are so-called G protein-coupled receptors (GPCR)
with a heptahelical structure, whereby four isoforms are distinguished (PAR1- PAR4) [10].
Overall, the various effects of PAR activation are highly complex. The many changes caused
by PAR activation primarily affect inflammatory signalling cascades [11,12]. For example,
transgenic mice overexpressing PAR1 in cardiomyocytes showed eccentric hypertrophy of
the heart [13].

Coagulation factor X (also called Stuart-Prower factor) connects the extrinsic and
intrinsic pathways in the blood coagulation cascade. Factor Xa is a serine protease and
belongs to the vitamin K-dependent coagulation factors. In recent years, there has been
more evidence of PAR-mediated effects of some coagulation factors, also outside the blood
clotting, on specific tissues and cells [10]. FXa can activate PAR1, PAR2, and PAR4 [14–16].
Thrombin, on the other hand, can activate PAR1, PAR3, and PAR4 [16–18]. In human right
atrial tissue slices, FXa stimulated an inflammatory response via PAR1 and PAR2 [19].
However, cardiac tissue is composed of cardiomyocytes, endothelial cells, perivascular
cells, and fibroblasts [20], and overall FXa-mediated PAR-dependent effects specifically
on cardiomyocytes are poorly studied. There is much evidence on the effects of FXa on fi-
brobalsts. FXa initiated both profibrotic and proinflammatory signalling cascades in murine
embryonic fibroblasts via PAR2 [21]. In contrast, FXa stimulated procollagen synthesis and
extracellular matrix production via PAR1 in human and murine lung fibroblasts [22]. Guo
et al. (2020) also demonstrated this preferential signalling pathway of FXa via PAR1 in
cardiac neonatal rat fibroblasts. FXa led to phosphorylation of the MAP kinases ERK1/2
via PAR1, whereas PAR2 played no role in signal transduction [23]. Thus, the fibroblasts
showed different FXa-mediated PAR1 or PAR2 signal transduction depending on animal
species, biological age, and tissue type, among other factors. In conclusion, the origin of
the fibroblasts seems to have an impact on PAR activity.

To the best of our knowledge, so far only Guo et al. (2020) demonstrated in neonatal
rat ventricular cardiomyocytes that FXa-mediated activation of PAR1 and PAR2 led to an
eccentric hypertrophic phenotype, increased ANP expression, and enhanced phosphoryla-
tion of ERK1/2 and ERK 5 [23]. Therefore, in this study the effects of FXa via PAR1, PAR2,
and PAR4 on another cardiomyocyte cell line were investigated. The aim was to further
decipher the influence of FXa on murine atrial cardiomyocytes of the HL-1 cell line.

2. Materials and Methods
2.1. Cell Culture

Cell culture was performed using HL-1 cells provided by W. C. Claycomb, Ph.D. (LSU
Health Sciences Center, New Orleans, LA, USA). The optimal cell culture conditions of the
HL-1 cells were a temperature of 37 ◦C, a CO2 content of 5%, and a humidity of 95% [24].
The full medium was changed daily. The dye trypan blue, which stains avital cells blue,
was used to reassure the vitality of the cell culture.

After reaching confluence of the HL-1 cells in the full medium, they were washed
with PBS and a 24-h serum deprivation was carried out to synchronise the cell phases by
means of a deficiency medium. The deficiency medium was then replaced by a deficiency
medium that had been substituted with the respective stimulant. These were FXa by
Haemochrom Diagnostica, Essen, DE, or the murine PAR1 and PAR2 agonists (PAR1-AG
and PAR2-AG) by Bachem, Bubendorf, CH. Possible concentration-dependent effects of
FXa were investigated using the following concentrations: 5 nM, 10 nM, 20 nM, 30 nM,
and 50 nM. The effects of a FXa concentration of 100 nM were also investigated molecularly.
The concentrations of PAR1-AG and PAR2-AG were 20 µM each. To investigate possible
time-dependent effects, different incubation times were used. These were 4 h and 24 h
for FXa, PAR1-AG, and PAR2-AG in all experiments. In addition, the effects of a 15-, 30-,
and 60-min incubation with FXa, PAR1-AG, and PAR2-AG were examined for ERK1/2
and NF-κB.
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2.2. RT-PCR

The RNA isolation kit from Analytik Jena was used to isolate the RNA. To obtain
cDNA, the cDNA synthesis kit “RevertAid™ First Strand” from the manufacturer Fermen-
tas was used. In the reaction set-up, the cDNA was synthesised in Bio-Rad’s iCycler™
(München, Germany. For each sample, a reaction mixture (25 µL) composed of DEPC-
treated water 9.5 µL by Roth, Karlsruhe, DE; SensiMix™ 12.5 µL by Bioline, London, GB;
cDNA 0.5 µL and 5 µM Primermix 2.5 µL by Eurofine. The mouse primers used with their
respective sequence (5′-3′) for the RT-PCR were (US: Upstream, DS: Downstream):

PAR1 (US: AGCCAGCCAGAATCAGAGAG; DS: TCGGAGATGAAGGGAGGAG),
PAR4 (US: AGCCGAAGTCCTCAGACAAG; DS: GCAAGTGGTAAGCCAGTCGT), ICAM-
1 (US: CTTCCTCATGCAAGGAGGAC; DS: CACTCTCCGGAAACGAATAC), VCAM-
1 (US: GTTTGGAAGTAACCTTTACTC; DS: CCATCCTCATAGCAATTAAGG), FN (US:
CTGGTGGCTACATGTTAGAG; DS: CTGCGGTTGGTAAATAGCTG).

RT-PCR was carried out in Bio-Rad’s iCycler™. Melting curve analysis allowed for the
quality assessment of the PCR products. The collected data were calculated using the ∆∆Ct
method from Bio-Rad.

2.3. Western Blot Analysis

The proteins separated by gel electrophoresis were transferred to a carrier polyvinyli-
dene fluoride (PVDF) membrane by western blot. After the proteins had been transferred
to the PVDF membrane by Western blot, the membranes were incubated with the primary
antibodies (see Table 1) for 12–16 h or until the next day at 4 ◦C.

Table 1. Primary antibodies.

Primary Antibodies Species Type Manufacturer Dilution

Phospho- Erk 1/2 mouse monoclonal Cell Signaling,
Danvers, MA,

USA

1:500
Phospho-NF-KB p65 rabbit monoclonal 1:500

ERK 1/2 rabbit polyclonal 1:1000

PAR1 mouse monoclonal
Santa Cruz,

Dallas, TX, USA

1:500
PAR2 mouse monoclonal 1:500
PAR4 mouse monoclonal 1:500

ß-Actin mouse monoclonal 1:5000

This was followed by incubation with the horseradish peroxidase coupled secondary
antibody (Cell Signaling, Danvers, MA, USA) for 1.5 h at room temperature. For detection,
the substrates luminol and hydrogen peroxide (Takara Holdings, Kyoto, Japan) were
catalysed in a 1:1 ratio by the chemiluminescence reaction. The quantitative densitometric
evaluation of the bands was performed with the software Image Studio Digits 5.2 (LI-COR
Biosciences, Lincoln, NE, USA).

2.4. Statistical Analysis

The software Origin® 8.5 (OriginLab Corporation, Northampton, MA, USA) was used
for statistical analysis. An analysis of variance (ANOVA) was performed, where a p-value
< 0.05 is considered statistically significant. The results are reported in this paper with the
mean and standard error of the mean (mean ± SEM).
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3. Results
3.1. No Change in the Expression of PAR1, PAR2, and PAR4 after FXa-Incubation

In the HL-1 cells, both the molecular mass of 47 kDa predicted by the cDNA sequence
and the post-translationally modified variant of 66 kDa resulting from N-glycosylation [25]
could be detected for PAR1, without significant changes in the expression of PAR1 at the
protein level (Figures 1 and 2). PAR2 was detected with a molecular mass of 60 kDa and
PAR4 was detected with the molecular weight of 47 kDa in the HL-1 cells, again without
concentration- nor time-dependent FXa effects (data in Appendix A, Figures A1 and A2).
These results could also be found at the transcriptional level. In this case, the same
experimental setup described above was used with the additional concentration of FXa of
100 nM. RT-PCR was used to measure the expression of PAR1 and PAR4 mRNA (Figure 3).
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Figure 1. Protein expression of PAR1 in HL-1 cells after 4-h incubation with increasing concentra-
tions of FXa (5 nM, 10 nM, 20 nM, 30 nM, 50 nM). (A): Representative section of a western blot.
(B): Quantitative evaluation of PAR1 expression (mean values ± SEM) compared to the control
(CTL = 1), expression of PAR1 normalized to ß-actin, n = 4.
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Figure 2. Protein expression of PAR1 in HL-1 cells after 24-h incubation with increasing concen-
trations of FXa (5 nM, 10 nM, 20 nM, 30 nM, 50 nM). (A): Representative section of a western blot.
(B): Quantitative evaluation of PAR1 expression (mean values ± SEM) compared to the control
(CTL = 1), expression of PAR1 normalized to ß-actin, n = 5.
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Figure 3. mRNA expression of PAR1 and PAR4 in HL-1 cells after 4-h and 24-h incubations with
increasing concentrations of FXA (5 nM, 10 nM, 20 nM, 30 nM, 50 nM, 100 nM), mean values ± SEM
compared to the control (CTL = 1). PAR1 n = 4; PAR4 n = 4.
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3.2. No Change in the Expression of von PAR1, PAR2 und PAR4 after PAR1- and
PAR2-AG-Incubations

Since FXa did not affect PAR1, PAR2, and PAR4 expressions in HL-1 cells, it was
investigated whether specific PAR1 and PAR2 agonists had an effect on the protease-
activated receptors in murine cardiomyocytes. The PAR agonists specifically activate their
respective receptor without the need for proteolytic cleavage of the receptors and a bound
ligand. As Figure 4 demonstrates, no significant changes in the glycosylated (66 kDa) and
non-glycosylated (47 kDa) PAR1 form at the protein level could be detected after 4-h and
24-h incubations with PAR1 and PAR2 agonists.
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Figure 4. Protein expression of PAR1 in HL-1 cells after 4-h and 24-h incubations with the PAR1
and PAR2 agonists at a concentration of 20 µM each. (A): Representative section of a western blot.
(B): Quantitative evaluation of PAR1 expression (mean values ± SEM) compared to the control
(CTL = 1), expression of PAR1 normalized to ß-actin, n = 4.
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Furthermore, the effects of PAR1- and PAR2-agonists on the expression of PAR2 and
PAR4 were analysed. No significant changes in protein expression could be detected after
4-h and 24-h incubations for PAR2 and PAR4 (data in Appendix A, Figures A3 and A4).
Similar investigations were carried out at the mRNA level. No significant changes in PAR1
mRNA and PAR4 mRNA were observed either (see Figure 5).
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Figure 5. mRNA expression of PAR1 and PAR4 in HL-1 cells after 4-h and 24-h incubations with
PAR1 and PAR2 agonists in a concentration of 20 µM each, with mean ± SEM compared to the control
(CTL = 1). PAR1 n = 6; PAR4 n = 3.

3.3. No Change in the Phosphorylation of ERK1/2 after FXa and PAR1- and PAR2-AG Incubations

Following the cellular signalling cascade, the MAP kinase “extracellular-signal regu-
lated kinases 1/2” ERK1/2 were tested for possible activation by phosphorylation. ERK1
is the p44 MAPK and ERK2 is the p42 MAPK [26]. Activation of PAR1 or PAR2 can lead
to phosphorylation of ERK1/2 [27]. Mainly pERK2 (42 kDa) was detected while pERK1
(44 kDa) was barely expressed (Figures 6 and 7). In this case, no enhanced phosphorylation
of ERK1/2 was detectable upon 15-, 30-, and 60-min and 4-h and 24-h incubation with
PAR1- and PAR2-agonists at the protein level (Figure 6). The possible influence of FXa on
the phosphorylation of ERK1/2 was also investigated. FXa showed no activation of the
MAP kinase in a concentration- and time-dependent manner (Figure 7).

3.4. No Change in the Phosphorylation of Transcription Factor NF-κB after FXa and PAR1- and
PAR2-AG Incubations

Next, the central transcription factor phospho-NF-κB with the subunit p65 (RelA)
was examined. As Figure 8 indicates, the expression of the phosphorylated subunit p65
(pp65) of the transcription factor NF-κB did not change even with concentration- and
time-dependent FXa incubations. Furthermore, no significant time-dependent effects on
the phosphorylation of the p65 subunit (pp65) of the transcription factor NF-κB could be
detected after incubations with the PAR1- and PAR2-agonists (Figure 9).
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Figure 6. Protein expression of pERK1/2 in HL-1 cells after 15-, 30-, 60-min and 4-h and 24-h
incubations with PAR1 and PAR2 agonists in a concentration of 20 µM each. (A): Representative
section of a western blot. (B): Quantitative evaluation of pERK1/2 expression (mean values ± SEM)
compared to the control (CTL = 1), expression of pERK1/2 (44/42 kDa) normalized to ERK1/2, n = 3.
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tions with increasing concentrations of FXa (5 nM, 10 nM, 20 nM, 30 nM, 50 nM). (A): Representative
section of a western blot. (B): Quantitative evaluation of pERK1/2-Expression (mean values ± SEM)
compared to the control (CTL = 1), expression of pERK1/2 (44/42 kDa) normalized to ERK1/2, n = 3.
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Figure 8. Protein expression of Phospho-NF-κB UE p65 (pp65) in HL-1 cells after 15-, 30-, 60-min and
4-h and 24-h incubations with increasing concentrations of FXa (5 nM, 10 nM, 20 nM, 30 nM, 50 nM).
(A): Representative section of a western blot. (B): Quantitative evaluation of pp65 expression (mean
values ± SEM) compared to the control (CTL = 1), expression of pp65 normalized to ß-actin, n = 3.
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Figure 9. Protein expression of Phospho-NF-κB UE p65 (pp65) in HL-1 cells after 15-, 30-, 60-min
and 4-h and 24-h incubations with PAR1- and PAR2- agonists in a concentration of 20 µM each.
(A): Representative section of a western blot. (B): Quantitative evaluation of pp6 expression (mean
values ± SEM) compared to the control (CTL = 1), expression of pp65 normalized to ß-actin, n = 5.

3.5. No Change in the mRNA Expression of the Cell Adhesion Molecules ICAM-1, VCAM-1,
and Fibronectin after FXa and PAR1- and PAR2-AG Incubations

Possible effects of FXa on the NF-κB target genes were also investigated. The cell
adhesion molecules intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion
molecule 1 (VCAM-1), and fibronectin (FN) were analyzed for changes in the mRNA
expression after 4-h and 24-h incubations with FXa and PAR1 and PAR2 agonists. Again,
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no significant time- or concentration-dependent changes were observed, as shown for
ICAM-1 in Figure 10 and for VCAM-1 and FN in Appendix A Figures A5 and A6.
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Figure 10. mRNA expression of ICAM-1 in HL-1 cells after 4-h and 24-h incubations with FXa in
different concentrations (5 nM, 10 nM, 20 nM, 30 nM, 50 nM, 100 nM) and PAR1- and PAR2-agonists
in a concentration of 20 µM each, mean ± SEM compared to the control (CTL = 1). FXa n = 4;
PAR1/-2-AG n = 6.

4. Discussion

In this study, we have shown that FXa and murine PAR1/-2 agonists did not exert any
direct effects on the cardiomyocytes of HL-1 cells via PAR.

In the present study, cardiomyocytes of the HL-1 cell line with both contractile and phe-
notypic adult characteristics [24,28] were shown to express PAR1, PAR2, and PAR4. In the
current literature, the expression of PAR1 on cardiomyocytes has already been described,
for example, in ventricular cardiomyocytes from neonatal rats [29,30]. In our study the
expression of PAR1 could be shown in HL-1 cells in the non-glycosylated form (47 kDa) and
the glycosylated variant (66 kDa). Interestingly, Brass et al. (1992) were able to detect only
the glycosylated form (66 kDa) in HEL cells (human erythroleukemia), in platelets, and in
human megakaryoblastic cells (CHRF-288) [25]. In contrast, Kuliopulos et al. were able to
demonstrate a wide dispersion in the degree of glycosylation of the receptor for COS-7
fibroblasts and HEL cells, which was expressed in molecular masses of 34–100 kDa [31].
The difference in the degree of glycosylation could on the one hand be due to the fact
that the different antibodies used to detect the proteins cannot recognise possible forms of
N-glycosylation of PAR1. On the other hand, depending on the cell line and its origin, a dif-
ferent saccharide content at the N-terminal end could result from different post-translational
modifications. It has been shown that a lack of N-glycosylation of PAR1 decreased cell
surface expression [32,33]. The extent to which the degree of glycosylation affects the
internalisation, translocation, or in particular, the function of PAR1 should be investigated
in future in vitro experiments.

The non-glycosylated form of human PAR2 has the molecular weight of 36–46 kDa,
while the glycosylated variant weighs 55–100 kDa. Also, a lack of N-glycosylation reduced
receptor expression at the cell surface [34]. Human PAR2 has 83% of the identical amino
acid sequence as murine PAR2 [35]. In this work, PAR2 protein expression in murine
cardiomyocytes of the HL-1 cell line has now been demonstrated for the first time to our
present knowledge. The observed molecular mass of 60 kDa could be due to deviations in
the amino acid sequence or to glycosylation of PAR2 in HL-1 cells.
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High PAR4 mRNA levels could be detected in human tissues via Northern blot analysis
in lung, pancreas, thyroid, testis, and small intestine and lower expressions in placenta,
skeletal muscle, lymph nodes, adrenal gland, prostate, uterus, and colon [36]. While no
PAR4 expression has yet been detected in human heart tissue [36], weak expression was
detected in murine heart tissue [17]. This was also confirmed in the cardiomyocytes of the
murine HL-1 cell line, in which an expression of PAR4 with the predicted molecular mass
of 47 kDa could be detected.

In the present study, no time- or concentration-dependent changes occurred in the
expression of PAR1, PAR2, and PAR4 in the HL-1 cell line after FXa incubations. In contrast,
Spronk et al. (2017) showed in adult atrial rat fibroblasts that thrombin increased PAR1
mRNA expression via PAR1 activation [9]. Also, FXa stimulated PAR1 mRNA expression
in adult, atrial, and ventricular rat fibroblasts [37].

In our study, FXa at ascending concentrations and at different incubation times did
not increase the expression of phosphorylated ERK1/2 (pERK1/2) or the phosphorylated
subunit p65 (pp65) of the transcription factor NF-κB. It is proven that activation of PAR1
or PAR2 can lead to phosphorylation of ERK1/2 [27]. Increased expression of pERK1/2
has also been demonstrated in a canine model of heart failure and AF [38]. Compared to
patients with sinus rhythm, patients with AF were found to have increased expression of
pERK1/2 in the right atrium [39].

What are the possible reasons for the lack of stimulation by FXa in HL-1 cells? First
of all, it is of great importance to characterise different cardiac models in order to gain as
much knowledge as possible, especially about atrial remodelling.

Therefore, it is important to use cell cultures to generate knowledge. In order to
be able to investigate a cause-effect relation between FXa and cardiomyocytes to study
atrial remodelling, the HL-1 cell line was considered suitable. In contrast to our finding
of no activation of PAR1 by FXa in murine adult atrial cardiomyocytes of the HL-1 cell
line, Sabri et al. (2002) demonstrated a PAR1-dependent thrombin-induced increase in
phosphorylation of the MAP kinases ERK1/2 in a cell culture of neonatal rat ventricular
myocytes [40]. Continuing in this vein, Guo et al. (2020) showed in neonatal rat ventricular
cardiomyocytes that FXa-mediated activation of PAR1 and PAR2 led to an eccentric hyper-
trophic phenotype, increased ANP expression. and enhanced phosphorylation of ERK1/2
and ERK 5 [23]. The differences between the cardiomyocyte cell lines could be possible
reasons. The murine HL-1 cell line we investigated was shown to be suitable as an in vitro
model for studying atrial remodelling, as evidenced by electrophysiological and structural
changes in cell culture [41]. However, there are limitations to this model as well. HL-1
cells constantly express the SV40 large T antigen oncogene. As a result, individual HL-1
cells may be in different cell cycle phases, leading to heterogeneity in the respective cell
culture [42]. Electrophysiological differences in HL-1 cell clones obtained by passengers
have also been described, which may affect the comparability and reproducibility of experi-
ments [42–44]. Indeed, Monge et al. (2009) also found significant differences in the energy
metabolism of HL-1 cells compared to the ones in adult rat cardiomyocytes. For example,
HL-1 cells showed a different spectrum of cytochromes with a sevenfold lower content
of the cytochrome aa3 complex. Functionally, the respiratory chain in HL-1 cells also
showed a fourfold to eightfold lower activity, measured by oxygen consumption VO2 after
ADP administration. With significantly higher hexokinase activity in the HL-1 cells, the
energy demand appeared to be met primarily via the glycolytic reactions [45]. Furthermore,
fluorescence microscopy documented a different arrangement of mitochondria and a lack
of ß-tubulin II expression in HL-1 cells compared to embryonic rat ventricular myoblasts
(H9c2) [46]. Kuznetsov et al. (2015) listed, among other things, the origin of HL-1 cells from
tumour cells as a possible explanation for the differences. In this context, tumour cells tend
to undergo anaerobic glycolysis in the context of the so-called Warburg effect with limited
mitochondrial energy production [46].

Additionally, the origin of the cell line is crucial. Depending on the species, differ-
ent PAR responses can occur, which must be considered when interpreting the results.
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Derian et al. (1995) were able to show differences in platelet aggregation induced by
PAR1 activation in different species [47]. Secondly, it is important to consider whether
the cardiomyocytes originate from the atrium or the ventricle. Indeed, Nakajima et al.
(2000) showed that transgenic mice with TGF-ß1 overexpressing hearts developed marked
fibrosis in the atria, whereas this was not seen in the ventricles [48]. D’Alessandro et al.
(2021) contrasted the cellular responses after FXa stimulation in atrial and ventricular rat
fibroblasts. Firstly, the basal IL-6 mRNA expression was higher in atrial rat fibroblasts
than in ventricular rat fibroblasts. Secondly, after FXa stimulation, there was an increase in
IL-6 mRNA production in the ventricular rat fibroblasts, which was absent in the atrial rat
fibroblasts [37]. In addition, the biological age (adult vs. neonatal) of the cardiomyocytes
must be considered. It is assumed that mammalian cardiomyocytes enter the postmitotic
phase within the first two neonatal weeks [49,50]. It is therefore conceivable that neonatal
cardiomyocytes are more strongly influenced by external stimuli such as coagulation fac-
tors. In fact, Onódi et al. (2022) showed the differences of immortalized cell lines (HL-1,
H9C2) compared to primary cardiomyocytes, e.g., in cell viability under hypoxia or in
structural features. These differences illustrate the limitations of transferring the results
obtained from HL-1 cells to adult human cardiomyocytes [51].

We also tested a possible PAR1 activation using the murine PAR1 agonist (PAR1-
AG) and a possible PAR2 activation using the murine PAR2 agonist (PAR2-AG). In the
present investigations, it was found that despite the presence of receptor expression in the
cardiomyocytes of the HL-1 cell line, there was no significant activation of the receptors
and the inflammatory signalling cascade we examined.

The possible influence of coagulation factors via PAR on the respective cell and tissue
types depends on various factors. It could be proven that PAR are coupled and can interact
with different heterotrimeric G-proteins [11,52]. Thus, depending on the corresponding
intracellular equipment with the different isoforms of the G-proteins and subsequent
effector proteins of the respective cells, different signalling cascades are activated and this
leads to different cellular responses [11,52]. According to this, the intracellular equipment
in HL-1 cells could be a cause for the lack of FXa-dependent PAR-mediated responses in
HL-1 cells.

Rauch et al. (2004) showed that stimulation of human vascular smooth muscle cells
(SMCs) with thrombin or FXa led to basic fibroblast growth factor (bFGF) release and
autocrine bFGF-dependent PAR1 activation in terms of transactivation of the receptors
(FGFR-1, PAR1) [53]. Friebel et al. (2019) has shown that patients with heart failure with
preserved ejection fraction and reduced myocardial PAR2 expression have increased cardiac
fibrosis. In addition, PAR2-knockout mice have increased endothelial activation, collagen
deposition, and inflammation. This is due to the simultaneous reduction of the protein
caveolin-1 caused by PAR2 absence, which leads to an increased expression of PAR1 and
TGF-ß [54]. This shows the complex interactions of the PAR. In addition, the activation
possibilities of PAR are still diverse and HL 1 cells might lack a possible coreceptor.

Furthermore, coagulation factors can also influence cells independently of PAR via
other receptors or ion channels. For example, it has been shown that L-type calcium
channels on cardiomyocytes are stimulated by thrombin by increasing the mean opening
probability [55]. Hence, other channels or receptors on HL-1 cells might be absent or subject
to different activation mechanisms, which could limit FXa signalling.

Overall, however, the evidence in the literature is mainly about FXa-mediated effects
on fibroblasts. Another possible explanation for the lack of PAR activation after FXa
stimulation in this work could therefore be that cardiomyocytes are not the primary target
cells of coagulation factors. That is why the role of fibroblasts in cardiac remodelling
is explained. In lung fibroblasts, macrophages were found to increase the expression of
TGF-ß1 FXa-mediated via PAR1 [56]. Indeed, D’Alessandro et al. (2021) recently showed
that FXa triggered a profibrotic and proinflammatory response via PAR1 activation in
cardiac fibroblasts. Thus, increased TGF-ß1 and IL-6 mRNA expression was detected in
adult rat ventricular fibroblasts and increased IL-6 mRNA expression was detected in
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human atrial fibroblasts following FXa stimulation [37]. Guo et al. (2020) demonstrated this
preferential signalling pathway of FXa via PAR1 in cardiac neonatal rat fibroblasts: FXa led
to phosphorylation of the MAP kinases ERK1/2 via PAR1, whereas PAR2 played no role in
signal transduction [23]. In contrast, Bukowska et al. (2013) observed FXa-dependent PAR1-
and PAR2-mediated activation of ERK1/2 and NF-κB in human atrial slices [19]. These
FXa-triggered effects across different PAR isoforms could be enabled by the interactions of
different cell types. Accordingly, for the human atrial tissue slices [19], the FXa responses
of other cell types, such as fibroblasts, may have played a role. In addition, the fibroblasts
in this cell association could be subject to other influences and hence have different FXa-
dependent signal transductions.

These interactions between the different cell types in the tissue composite are obvi-
ously of particular importance. There is evidence of interactions between fibroblasts and
other cells, especially in regard to possible processes in atrial remodelling. For example,
Borensztajn et al. (2009) showed that FXa had no direct effects on endothelial cells in terms
of cell survival or protein synthesis of fibronectin, despite triggering phosphorylation of
the MAP kinase ERK1/2. After FXa stimulation of fibroblasts, their conditioned medium
was added to the endothelial cells. This addition resulted in increased protein synthesis
of fibronectin and proliferation and tube formation of endothelial cells. Antibodies that
blocked vascular endothelial growth factor (VEGF) did not induce these effects in the
endothelial cells. VEGF produced by fibroblasts after FXa stimulation was the key mediator
in the conditioned medium [57]. FXa is therefore able to influence other cell types via
fibroblasts. Furthermore, it has been demonstrated in the development of cardiac fibrosis
that “connective tissue growth factor” (CTGF) had an autocrine profibrotic effect from
fibroblasts and not from cardiomyocytes [58].

Also, there is further preliminary pathophysiological evidence of how fibroblasts may
contribute to the maintenance of AF. Using the patch-clamp method, it was shown that
TGF-ß1 had a direct proarrhythmogenic effect on cardiac myofibroblasts, i.e., it altered their
electrophysiological phenotype [59]. Atrial dilatation also plays a role in atrial remodelling.
In an in vitro model, it was shown that mechanical stretching of cardiomyocytes hardly
changed excitation conduction, whereas in a cell culture of cardiomyocytes and myofibrob-
lasts it led to a lower conduction velocity, i.e., the myofibroblasts contributed to increased
voltage sensitivity and thus increased arrhythmogenicity [60]. To further understand the
pathophysiology of the interplay between fibroblasts and cardiomyocytes, future studies
should also investigate FXa-dependent and PAR-mediated effects on cardiac fibroblasts
and uncover possible intercellular interaction pathways. In addition, the role of endothelial
cells and perivascular cells in atrial remodelling should be investigated in subsequent work.

5. Study Limitations

Murine cells: It is essential to note the heterogeneity of PAR responsiveness in different
tissues and in different species. The cardiomyocytes of the HL-1 cell line we studied
might show a different PAR response compared to human cardiomyocytes due to their
murine origin.

No intracellular calcium concentration measurements were performed in the present
study: These could have provided further insight into possible FXa-mediated PAR-dependent
effects on cardiomyocytes. For example, Jiang et al. (1998) demonstrated that high concen-
trations of the PAR-agonist SFLLRN, but not thrombin, increased intracellular calcium in
adult rat ventricular cardiomyocytes [61]. In addition, calcium influences the inflammatory
signalling cascade. For example, Macfarlane et al. (2005) showed that intracellular calcium
had an influence on PAR-mediated activation of the NF-κB signalling pathway. Thus, in hu-
man dermal epithelial cells, intracellular calcium deprivation by a chelate complex resulted
in decreased NF-κB DNA binding activity following PAR2 activation by trypsin [62].

Selection of FXa concentrations: For the in vitro incubations with FXa, concentrations
between 5–100 nM were used, which may not correspond to the physiological FXa con-
centration. This was based on previous studies. Thus, the FXa concentrations used were
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quite similar to those of Borensztajn et al. (2008), who were able to demonstrate in vitro
concentration-dependent effects of FXa on fibroblasts via PAR2 of 0.25 U/mL (=43.5 nM) to
1 U/mL (=174 nM) [21]. The concentration of factor X in human plasma is 170 nM [63,64].
To date, however, there are no data of the in vivo concentrations of the activated serine
protease factor Xa. It has been shown that in vitro less than 1% of the plasma concentration
of FX is required as FXa for maximal thrombin generation [64]. This low required FXa
concentration in the coagulation cascade does not appear to be consistent with the con-
centrations for the FXa-dependent PAR-mediated effects at the cellular level. According
to this, the interactions of the serine proteases with the PAR must also be considered.
For example, Riewald et al. (2001) described the differences between thrombin and FXa.
The binding region exosite 1 of thrombin is a basic one and that of FXa is an acidic one.
This allows thrombin to bind directly to PAR and therefore has fast kinetics in receptor
cleavage and thus in signal transduction as well as gene transcription. In contrast, FXa
cannot dock directly to PAR and must at first bind to the cell membrane via the gamma-
carboxyglutamic acid (Gla) domain [65,66]. Consequently, gene transcription through PAR
activation presumably requires a relatively high FXa concentration of 10–100 nM, which
would correspond to the membrane binding affinity of FXa [65].

Selection of FXa incubation times: Furthermore, the selected FXa incubation times (up
to max. 24 h) might have been too short. Previous in vitro studies were also used as a guide.
FXa incubation times of 2 h and 24 h on human atrial slices were sufficient to demonstrate
enhanced phosphorylation of ERK1/2 and NF-κB [19]. In contrast, Guo et al. (2020) used
FXa incubation times of 48 h on neonatal rat ventricular cardiomyocytes to demonstrate
enhanced phosphorylation of ERK1/2 and ERK 5 [23]. In HL-1 cells, electrophysiological
and structural changes in the sense of AF-induced remodelling were detected at 3.1 ± 1.3
and 9.7 ± 0.5 days after initiation of AF [41].

6. Conclusions

The aim of this study was to gain further insight into the cardiac remodelling pro-
cesses by FXa. Therefore, the influence of FXa on HL-1 cells, which are murine adult
atrial cardiomyocytes (immortalized), was investigated. PAR1, PAR2, and PAR4 expres-
sion was detected in the cardiomyocytes of the HL-1 cell line. After incubation with FXa
(5 nM–100 nM; 15 min–24 h) or PAR1-/2 agonists (20 µM; 15 min–24 h), no changes oc-
curred in PAR1, PAR2, and PAR4 expression or in the intracellular inflammatory signalling
cascade. There were no time- or concentration-dependent changes in the phosphorylation
of the MAP kinases ERK1/2 or the p65 subunit of NF-κB and in the mRNA expression
of the cell adhesion molecules ICAM-1, VCAM-1, and fibronectin. FXa thus has no direct
PAR-dependent influence on HL 1 cells. Guo et al. (2020) showed in neonatal rat ventric-
ular cardiomyocytes that FXa-mediated activation of PAR1 and PAR2 led to an eccentric
hypertrophic phenotype, increased ANP expression, and enhanced phosphorylation of
ERK1/2 and ERK 5 [23]. Even though it has been proven that immortalized cell cultures
like the HL-1 cells are less similar to adult cardiomyocytes and thus show lower reliability
than primary cardiomyocytes [51], to the best of our knowledge, this study presented
for the first time a lack of FXa effects on cardiomyocytes of atrial origin. This could be
relevant in the context of the atrial remodelling by AF. Future studies should therefore
investigate possible effects of FXa on human cardiomyocytes or on other cardiac cell types
like fibroblasts.
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Figure A1. Protein expression of PAR2 in HL-1 cells after 4-h and 24-h incubations with increasing 
concentrations of FXa (5 nM, 10 nM, 20 nM, 30 nM, 50 nM). (A,B): Representative sections of a 
western blot. (C): Quantitative evaluation of the expression of PAR2 (mean values ± SEM) com-
pared to the control (CTL = 1), expression of PAR2 normalized to ß-actin, n = 5. 

Figure A1. Protein expression of PAR2 in HL-1 cells after 4-h and 24-h incubations with increasing
concentrations of FXa (5 nM, 10 nM, 20 nM, 30 nM, 50 nM). (A,B): Representative sections of a western
blot. (C): Quantitative evaluation of the expression of PAR2 (mean values ± SEM) compared to the
control (CTL = 1), expression of PAR2 normalized to ß-actin, n = 5.
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Figure A2. Protein expression of PAR4 in HL-1 cells after 4-h and 24-h incubations with increasing 
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Figure A2. Protein expression of PAR4 in HL-1 cells after 4-h and 24-h incubations with increasing
concentrations of FXa (5 nM, 10 nM, 20 nM, 30 nM, 50 nM). (A,B): Representative sections of a western
blot. (C): Quantitative evaluation of the expression of PAR4 (mean values ± SEM) compared to the
control (CTL = 1), expression of PAR4 normalized to ß-actin, n = 5.
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Figure A3. Protein expression of PAR2 in HL-1 cells after 4-h and 24-h incubations with the PAR1
and PAR2 agonists in a concentration of 20 µM each. (A): Representative sections of a western blot.
(B): Quantitative evaluation of the PAR2 expression (mean values ± SEM) compared to the control
(CTL = 1), expression of PAR2 normalized to ß-actin, n = 6.
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Figure A4. Protein expression of PAR4 in HL-1 cells after 4-h and 24-h incubations with the PAR1
and PAR2 agonists in a concentration of 20 µM each. (A): Representative section of a western blot.
(B): Quantitative evaluation of the PAR4 expression (mean values ± SEM) compared to the control
(CTL = 1), expression of PAR4 normalized to ß-actin, n = 6.
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Figure A5. mRNA expression of VCAM-1 in HL-1 cells after 4-h and 24-h incubations with FXa in
different concentrations (5 nM, 10 nM, 20 nM, 30 nM, 50 nM, 100 nM) and PAR1 and PAR2 agonists
in a concentration of 20 µM each, mean ± SEM compared to the control (CTL = 1), FXa n = 4,
PAR1/-2-AG n = 5.
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Figure A6. mRNA expression of fibronectin in HL-1 cells after 4-h and 24-h incubations with FXa 
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