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1 | INTRODUCTION

Cardiac remodelling describes the gradual functional and struc-
tural changes in which the heart undergoes under pathological

conditions.! Excitation-transcription coupling (ETC) is a very early
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Abstract

Stretch and tachycardia are common triggers for cardiac remodelling in various con-
ditions, but a comparative characterization of their role in the excitation-transcrip-
tion coupling (ETC) and early regulation of gene expression and structural changes
is lacking. Here, we show that stretch and tachycardia directly induced hypertrophy
of neonatal rat cardiac myocytes and also of non-myocytes. Both triggers induced
similar patterns of hypertrophy but had largely distinct gene expression profiles.
ACTA1 served as good hypertrophy marker upon stretch, while RCAN1 was found
increased in response to tachycardia in a rate-dependent fashion. Mechanistically,
several calcium-handling proteins, including the sodium-calcium exchanger (NCX),
contributed to ETC. Phosphorylation of the calcium/calmodulin-dependent protein
kinase Il (CaMKII) was elevated and occurred downstream of NCX activation upon
tachycardia, but not stretch. Microarray profiling revealed that stretch and tachycar-
dia regulated around 33% and 20% genes in a NCX-dependent manner, respectively.
In conclusion, our data show that hypertrophy induction by stretch and tachycardia
is associated with different gene expression profiles with a significant contribution
of the NCX.
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key feature of this remodelling process and consists of the acti-
vation of ion-handling molecules at the sarcolemma followed by
altered fluxes of Na* and Ca?*, which trigger downstream signal-
ling cascades that eventually target transcription with subsequent

structural changes.?® Hypertrophy is one of the earliest structural
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features to be recognized and is an important prognostic marker.*
Several calcium- and sodium-handling molecules have been found
to be involved in ETC and hypertrophy.>® This is why we addressed
the following in our report: sodium-calcium exchanger (NCX), so-
dium-proton exchanger (NHE), sodium channel (Nav 1.5), sodium
potassium pump (Na*/K" ATPase), L-type calcium channel (LTCC),
transient receptor potential channel (TRP), calcium/calmodulin-de-
pendent protein kinase Il (CaMKII) and calcineurin.

The aim of our study was to characterize in detail the similarities and
the differences of two clinically important remodelling triggers: stretch
and tachycardia. In primary rat cell culture (of myocytes and non-myo-
cytes), we compared their modification of the cellular phenotype, their
underlying ET coupling and genome-wide RNA expression profile.

Stretchis the cellular equivalent to cardiac pressure overload which
is present in various clinical conditions such as hypertensive heart dis-
ease.” In rat cell culture, cyclic stretch on flex membranes has been
described as a relevant in vitro model to mimic pressure overload®

Tachycardia is also a potent trigger of cardiac remodelling.”° If it
is sustained over long term, it can result in a heart failure phenotype
described as tachycardiomyopathy.!* The phenotype might be simi-
lar, but its better reversibility and its typically normal wall thickness
distinguish it from pressure overload. Hypertrophy, if present at all,
was considered as a potential secondary response to increased wall

stress after pacing-induced cell death in remote parts of the heart.??

2 | MATERIAL AND METHODS

Detailed description of the experimental procedures is found in the

Extended Material and Methods section of the Supplemental Material.

2.1 | Cellculture

The isolation of primary neonatal rat ventricular cardiomyocytes
(MC) and cardiac non-myocytes (NMC) was conducted on 1- to
3-day-old neonatal Wistar rats. The procedure was approved by the
institutional local animal care and use committee.

2.2 | Mechanical strain (stretch)

The Flexcell FX5K Tension System (Flexcell International Corp,
Burlington, USA) was used to apply a mechanical cyclic tensile
strain of 120% at 0.5 Hz frequency on MC and NMC cells for up to
72 hours. Cells grown under the same conditions but in the absence

of the strain protocol served as control.

2.3 | Electrical field stimulation (Tachycardia)

Field stimulation was applied using a C-Pace EP culture pacer
(lonOptix, Westwood, USA) at the stimulation rates 1-8 Hz, 5-8 V/
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cm electrode distance and 4 ms pulse duration for 3-48 hours as
indicated. Stimulation voltage was defined as a 2-fold stimulation
threshold at which at least 50% of cells responded with contraction.
Unstimulated cells (0 Hz) and normal rate pacing cells (1 Hz) served

as controls.

2.4 | Antagonist treatment

Cells were incubated with or without selective inhibitors (for details,
please refer to the Extended material and methods) for 1 h before

being subjected to stretch or tachycardia.

2.5 | Quantitative real-time PCR (qPCR)

All gPCR experiments were performed with a LightCycler® 480
Instrument (Roche Applied Sciences, Penzberg, Germany) fol-
lowing the MIQE guidelines. Primer and probe sequences are
provided in the Table S1. Efficiency correction for all primer sets
was performed using GenEx 5.4.4. (MultiD, Gothenburg, Sweden).
Relative gene expression was determined using the 2722t quanti-

fication method.

2.6 | Microarray hybridization

Microarray hybridization was carried out using Rat Gene 2.0 ST
Array (Thermo Fisher Scientific, Wilmington, USA). Data pre-pro-
cessing and filtering were done with the Partek® Genomics Suite®
software (V.6.6). Validation was performed by qPCR for selected
genes. Bioinformatical assessment was done with Ingenuity®
Pathway Analysis software (Qiagen, Hilden, Germany). The micro-
array data can be accessed via the GEO database under the series
number GSE135172.

2.7 | Immunofluorescent staining

After the stimulation period, cells were fixed in 4% PFA, stained for
specific antigens using primary antibodies against desmin (DAKO),
DDR2 (Santa Cruz), NCX (SWANT), P4HB, Vimentin, P-CaMKII,
ADAMTS13 (Abcam), incubated with fluorophore-conjugated sec-
ondary antibodies and visualized on Zeiss LSM 510 Meta and Nikon
A1l confocal microscopes. The images were analyzed using Image)
software (ImageJ 1.46r, NIH, USA).

2.8 | Flow cytometric staining

NCM were stained with eBioscience” Fixable Viability Dye eFluor™
506 dye to assess viability and incubated using NCM specific anti-
bodies, namely APC/Fire 750 anti-rat CD45 antibody (BioLegend)


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135172
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FIGURE 1 Morphological characteristics of neonatal rat ventricular myocytes (MC) and non-myocytes (NMC) upon mechanical
stretch (ST) and tachycardia (TC). A, Induction of MC hypertrophy and B, elongation presented as length-to-width ratio after 72 h of

ST. C and D, Frequency-dependent changes in MC size and elongation after 48 h of tachycardia. F and G, ST induces NMC hypertrophy
after 72 h without effects on cell elongation (length-to-width ratio). H, |, Increase in NMC cell size and elongation after TC (5 Hz). E, J,
Immunofluorescent staining of representative fields from bio-flex and 35 mm dishes. 'P < .05 vs control *P < .05 for pairwise comparison.

Average cell count: n = 700-1000 per group

and PE anti-rat CD31 antibody (Miltenyi Biotec). Fluorescent sig-
nal was acquired with a Cytoflex S (Beckman Coulter, USA).

2.9 | Statistical analysis
Statistical analysis was performed using GraphPad Prism 8
(GraphPad Software, Inc, La Jolla, USA). Results are represented as

mean + SEM P-value < 0.05 was considered statistically significant.

3 | RESULTS
3.1 | Effects of stretch and tachycardia on
morphology in cardiac myocytes and non-myocytes

First, we investigated the morphology and size of cardiac myo-
cytes (MC) and non-myocytes (NMC) in response to stretch (ST)
and tachycardia (TC). On the one hand, immunofluorescent analysis

of the CM culture revealed 70% desmin-positive cells, confirming
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a myocyte-enriched culture. The vast majority of CM maintained
frequency-dependent excitation-contraction coupling throughout
the interventions as demonstrated upon regular exchange of the cell
culture media. On the other hand, the NCM culture consisted of 95%
cells positive for the NCM selective marker P4AHB, while negative for
the cardiomyocyte-specific marker desmin. We further explored the
cell type composition of NMC by flow cytometry and immunochem-
istry (Figure S1), which revealed that the majority of NMC were fi-
broblasts (90%), and only small portions were formed by endothelial
cells (5%), inflammatory cells (4%) and others (1%).

Stretch moderately increased MC surface area for 10%, reaching
significance the earliest by 72 hours (Figure 1A, P < .001, n = 1800).
This was accompanied by cell elongation as evidenced by 8% increase
of the cell length-to-width ratio (Figure 1B, P < .001). Cell adhesion
and viability appeared unchanged at this time-point (Figure 1E).

Tachycardia induced a complex response in MC, which unex-
pectedly increased in size after 48 hours at 1 Hz (ie a non-tachycar-
dic stimulation). This was associated with a pronounced eccentric
pattern compared to unstimulated controls. Stimulation at 5 Hz
further increased the cell size, indicating a frequency-dependent
hypertrophy with an identical eccentric pattern (Figure 1C-D). Cell
viability gradually decreased under tachycardia, which prevented
us to generate reproducible data at 8 Hz stimulation after 48 hours

(data not shown).

3.2 | Cell type dependence of Stretch- and
Tachycardia-induced gene regulation

The enriched MC and pure NMC were used to address cell type de-
pendence of trigger induced gene expression changes. We picked 5
marker genes which all have been linked to hypertrophy in a variety
of in vivo and in vitro models. The selection is discussed in detail in
paragraph 4.2.

Stretch in MC resulted in a time-dependent up-regulation of

marker genes with a peak effect at 24 hours (Figure S2). At the
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24-hours time-point, 4 out of 5 marker genes were up-regulated
(Figure 2A) with the gene ACTA1 showing the most pronounced re-
sponse. On the contrary, non-myocytes (NMC) showed only a slight
up-regulation of the natriuretic peptides without expression changes
of any other investigated marker gene at 24 hours (Figure 2B).
Tachycardia in MC resulted in largely unchanged gene expression
levels when performing a timeline screening (Figure S3). However,
RCAN1 showed a slight but significant up-regulation at 3 hours.
Therefore, our further assessment was performed exclusively at this
single time-point but with two distinct stimulations rates, 5 Hz and
8 Hz. Under these settings, cell viability was only slightly decreased at
maximum tachycardic rate versus 1 Hz (61.5% vs 66.5%, P < .05). We
found a clearly rate-dependent up-regulation: FHL1 and RCAN1 were
mildly up-regulated at 5 Hz and significantly stronger up-regulated
at 8 Hz. The natriuretic peptides NppA and NppB were also mildly
up-regulated but reached level of significance only with 8 Hz stim-
ulation (Figure 2C). In NMC, effects were less pronounced than in
MC but still clearly present: 5 Hz stimulation induced up-regulation of
RCAN1, and 8 Hz stimulation resulted in up-regulation of FHL1, NppB
and RCAN1. The effect for RCAN1 was rate-dependent (Figure 2D).

3.3 | Excitation-transcription coupling of
Stretch- and Tachycardia-induced gene regulation

To gain mechanistical insights for upstream regulators of our se-
lected marker genes, we performed inhibition of 7 sarcolemmal and
2 intracellular Na*- and Ca?*-handling proteins. We found that out of
the sarcolemmal protein inhibitors KB-R7934, a reverse mode inhibi-
tor of the sodium-calcium exchanger (NCX) significantly blocked the
up-regulation of the strongest up-regulated gene ACTA1 (P < .001,
Figure 3A). In addition, it significantly attenuated the up-regulation
of FHL1 and of NppA. SKF-96365, a broad range TRP channel inhibi-
tor, significantly repressed ACTA1 and NppA up-regulation (P < .05).
All other sarcolemmal protein inhibitors only showed non-significant

trends in our screening approach (Figure S4).
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FIGURE 2 Gene expression changes induced by stretch (ST) and tachycardia (TC) in neonatal rat ventricular myocytes (MC) and non-
myocytes (NMC). A, Up-regulation of remodelling marker genes after 24 h of ST in MC. B, Up-regulation after 24 h of ST in NMC. C, D,
Rate-dependent gene expression changes after 3 h of TC in MC (C) and NMC (D). Dashed line represents the baseline expression of the
corresponding control. P < .05 vs control, #P < .05 for pairwise comparison. n = 4-13 cell cultures
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FIGURE 3 Excitation-transcription (ET) coupling in stretch (ST) and tachycardia (TC). The experiments were performed in 4 groups:
stretch/tachycardia + vehicle, control + vehicle, stretch/tachycardia + inhibitor and control + inhibitor. The treatments were normalized
to their corresponding control group (group 1 to group 2; group 3 to group 4). A, Marker gene expression upon inhibition of sarcolemmal
and intracellular signalling targets in stretched myocytes. B, RCAN1 gene expression in the absence and presence of the NCX inhibitor
KB-R7934 after 3 h of TC stimulation. The dashed line represents the baseline expression of the corresponding controls. 'P<.05%P<.05
(stretch + inhibitor vs control + inhibitor). Numbers in bars represent the number of technical replicates

The calcium sensors CaMKII and calcineurin were evaluated as
the intracellular downstream candidate molecules for ET coupling:
We found for CaMKII that its low-specificity inhibitor KN93 blocked
the stretch-mediated up-regulation of NppB (P < .05). Also, the cal-
cineurin inhibitor FK506 repressed FHL1 and NppB up-regulation
(Figure 3A).

We tested whether inhibition of the NCX, as the most relevant
target in stretch, had also effects in tachycardia-induced gene reg-
ulation: We found that the up-regulation of RCAN1 after 3 hours
of tachycardia stimulation (Figure 3B) was significantly reversed to

near-baseline expression (P < .001).

3.4 | Increased NCX expression by Stretch,
increased CaMKII phosphorylation by Tachycardia

Having shown that NCX activity is involved in ET coupling for
stretch and tachycardia, we were interested whether also its pro-
tein expression levels might have changed. NCX expression levels
were measured by immunofluorescence (Figure 4A) and found to be
increased upon 24 hours of stretch (Figure 4B). This effect was abol-
ished by application of the NCX inhibitor KB-R7943 suggesting that
increased NCX expression is a consequence of increased activity.
Furthermore, NCX up-regulation was blocked by the CaMKII inhibi-
tor KN93, but also by its inactive analogue KN92, why we consider
this as an evidence of an off-target effect of the KN inhibitors. In
contrast to stretch, tachycardia for 3 hours did not induce any ex-
pression change (Figure 4C).

With the problem of off-target KN-inhibitor effects in mind, we
now went to investigate CaMKII activity more directly by measuring
phosphorylation at its T286 autophosphorylation site (Figure 5A).
There was no sign of CaMKII activation during stretch (Figure 5B)
which confirmed that the previously mentioned effects of the
KN93/92 inhibitors were off-target. However, with tachycardia (8 Hz)

we observed an increase in phosphorylation of 32% with significant

(partial) inhibition by KB-R7943 (Figure 5C). This points to involve-
ment of CaMKIl downstream of NCX in tachycardia but not stretch.

For a potential negative upstream regulator of CaMKIl in tachy-
cardia, we checked expression levels of ADAMTS13 with respect to
a previous report with connection to arrhythmias.13 However, we
found no changes in expression levels of ADAMTS13 in ST and TC
(Figure S5).

3.5 | Genome-wide contribution of NCX in
Stretch- and Tachycardia-induced gene regulation

Microarray hybridizations were performed in myocytes (MC).
Original data files are uploaded to the GEO repository under the se-
ries record GSE135172 and will be available for public access upon
acceptance of the manuscript.

We found that ST and TC had two largely distinct gene expres-
sion profiles and a small commonly regulated fraction consisting of
59 genes (Figure 6A). Figure 6D shows genes with the highest fold
changes that belong to this commonly regulated intersection. It be-
comes apparent that ST resulted in higher fold changes and that TC
had rather marginal effects. In addition, the graph shows the effect
of inhibition of the sodium-calcium exchanger (NCXI), which inhib-
ited the trigger-dependent gene regulation in 47% (29 out of 59) of
the common regulated genes. Among the latter were TGFB2, RAI2,
EFNB2 and SLPIL3, while ISG15 was among the strongest down-reg-
ulated genes with NCX dependency.

When NCX inhibition (NCXI) was added to the main effect of ST
or TC and compared to the groups with ST or TC alone, we found a
very large portion of genes regulated by NCXI (Figure 6B). Within
these, a number of 282 genes were consistently regulated by NCXI
regardless of the main trigger, which suggests that this intersec-
tion represents the most robust NCX-regulated targets. The genes
with the highest fold changes of this intersection are presented in
Figure 6E.


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135172
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FIGURE 4 Differential NCX protein
expression between stretch (ST) and
tachycardia (TC). A, Immunofluorescent
staining of representative fields from bio-
flex and 35 mm dishes, scale bar = 20 um.
B, Increased NCX expression after 24 h
of stretch is independent of the CaMKII
signalling pathway. C, Tachycardia (8 Hz,
3 h) does not alter NCX expression.

'P < .05 vs control/ vs ST, *P < .05.
Average cell count n = 500-600 per group

S

515

c

o
AU
35210
© T
~ O
w.iNos

©

£

=

g 0.0
+KB-R7943 - + =
+ KN93 - -+
+ KN92 B

FIGURE 5 Effect of stretch
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CaMKIl phosphorylation at T286.

A, Immunofluorescent staining of
representative fields from bio-flex
and 35 mm dishes, scale bar = 20 um.
B, Unchanged phosphorylation of
CaMKIl after 24 h of ST. C, Increased
phosphorylation of CaMKIl upon 3 h of
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The Venn diagram in Figure 6C shows the intersection of all
4 groups. It becomes evident that out of the total number of ST-
regulated genes, 651 (32%) are regulated via NCX. In the case
of TC, this portion is smaller, but clearly apparent, with 160
genes (18% of total number of TC-regulated genes). The inter-
section of regulation by both main triggers and NCXI are the
five following genes: SLPIL3, EFNB2, KIF14, CCNA2 and the se-
quence TLOACA36YA15. A complete list of genes with a signifi-
cant p-value and a fold change cut-off of at least 1.2 or -1.2 for
either of the conditions sorted by gene symbol are provided in the
Supplemental Table S2.

In order to find NCXI-mediated expression changes, that are
associated with known canonical signalling pathways, we also
performed an ingenuity pathway analysis (IPA). The most relevant
findings include ST-activated cell cycle re-entry, proliferation and
motility all of which were reversed by inhibiting NCX. In terms
of functional alterations, IPA revealed that ST induces cell death
both via necrosis and apoptosis and impacts cellular assembly
through microtubule, cytoskeleton and cytoplasm reorganization:
All of the mentioned changes were reversed via NCX inhibition. A
complete list of the IPA analysis is provided in the Supplemental
Table S3.
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4 | DISCUSSION

Following our aim to characterize tachycardia- (TC) versus stretch
(ST)-induced early remodelling, we demonstrated that stretch and
tachycardia induce hypertrophy in cardiac myocytes and non-myo-
cytes. ST and TC induced mainly distinct gene expression patterns
with ACTA1 as a consistent marker for ST and RCAN1 for TC and dif-
ferent profiling on microarrays. Marker gene specificity to myocytes
differed between both triggers. Mechanistically, we found several
calcium-handling proteins, including the NCX to be involved in ET
coupling. The calcium sensor CaMKIl was activated downstream
of NCX in TC, while not in response to ST. Testing the contribution
of NCX on genome-wide level revealed that around 33% of the ST-
regulated genes were NCX-dependent and 18% of the TC-regulated
ones.

4.1 | Hypertrophy is a common hallmark of
structural remodelling in all cardiac cell types upon
Stretch and Tachycardia

Stretch was shown to induce hypertrophy by increased protein syn-

thesis or altered marker gene expression“’15

and cell size in ven-
tricular® and atrial myocytes.17 Our data extend previous findings
by demonstrating that hypertrophy induced by cyclic stretch is not
limited to cardiac myocytes, but comparably affects also non-myo-
cytes (NMC). By using the term NMC, we take into account all pre-
sent cell populations and acknowledge that the majority consisted of
the fibroblast group. Our findings are in agreement with the study
by Ruwhof et al, who found an increase in protein synthesis as a
surrogate of hypertrophy in non-myocytes after short-term cyclic
stretch.1®
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We show, for the first time, that tachycardia-induced hyper-
trophy is an early remodelling feature, which is not secondary to
potential hemodynamic effects. We defined a stimulation rate of
1 Hz as control, since this was near to the average spontaneous
unsynchronized beating rate of myocytes that we observed in
our setting (data not shown) similar to that reported previously.19
Interestingly, already 1 Hz stimulation had strong effects when
compared to unstimulated cells, which can be considered as pre-
vention of atrophy rather than induction of hypertrophy?° as
unstimulated cells are known to decline in cell size. Given the
proximity of 1 Hz to the spontaneous beating rate, this effect
is pacing-dependent but not rate-dependent. In contrast, 5 Hz
showed clear rate-dependent effects. Of note, we tested 8 Hz, a
stimulation rate that is in a higher tachycardic range under both
in vitro and in vivo conditions.?! Although stimulation up to 8 Hz
was suitable for the evaluation of gene expression (Figure 2), we
experienced increased cell death at the required time duration to
induce hypertrophy preventing us from getting reliable cell size
data for 8 Hz. This is in line with a previous report demonstrating
that stimulation at this rate decreases cell survival by enhanced
apoptosis in adult rat cardiac myocytes.??

We confirmed that tachycardia also induced hypertrophy of car-
diac non-myocytes. Previous study showed that paracrine mecha-
nisms were directed from myocytes to fibroblasts as signal for the
induction of non-myocyte hypertrophy, for instance in canine fibro-
blasts.?® The purity of our cell culture precluded that there were any
relevant myocyte-dependent paracrine effects on non-myocytes,
suggesting that hypertrophy of cardiac non-myocytes is a cell-au-
tonomous mechanism. Although fibroblasts are non-excitable cells,
they express different types of ion-handling proteins such as K;,
TRPC3, sodium channels and NCX. These are sensitive to electri-
cal stimulation and can trigger a fibroblast remodelling response in
models of atrial fibrillation.?*?” The potential downstream mecha-
nisms of this remodelling response involve store-operated calcium
release, calcineurin, NFAT and miR-26a.2%28:2

Our results from NMC upon stretch and tachycardia support the
idea that both triggers target all cardiac cells instantly and indepen-
dent from each other. This is particularly important at the organ level
to allow for a concerted growth with sufficient NMC scaffold func-
tion and cell-cell contacts. Paracrine mechanisms between MC and
NMC might augment this reaction but are obviously not required for

the remodelling response in NMC per se.

4.2 | Marker gene expression: Trigger-specific,
myocyte preferential, rate-dependent

We tested a selection of remodelling marker genes, which have
been associated with hypertrophy in a variety of in vivo and in
vitro models as well as in human disease. With this set of genes,
we addressed an immediate early signalling response as also struc-
tural and functional changes that reflect an already manifesting

remodelling:

WILEY--2

Skeletal alpha («)-actin or ACTA1 is involved in regulation of mus-
cle contraction® as well as cytoskeleton organization.®! It has been
characterized as a strong marker of pathological hypertrophy®? with
up-regulation during the hypertrophic acute response.® Four and
a half LIM domain 1 (FHL1) is an interactor with the sarcomere and
involved in a stress sensing system in pressure overload,®* thereby
strongly up-regulated in its expression.s'35 Not only is it a marker
gene but also an essential mediator of hypertrophy.®® The natriuretic
peptides NppA and NppB are part of the foetal gene programme,*’
and their up-regulation in response to a stress trigger was docu-
mented as early as 2-4 hours but also maintained in chronic disease
models with remodelling and hypertrophy.38 Their clinical relevance
is well established. Regulator of calcineurin 1 (RCAN1) is an inhibitory
regulator of calcineurin and is activated early in hypertrophy.%4°

Within this set of genes, our data revealed most pronounced re-
sponses for ACTA1 and RCAN1 expression under stretch and tachy-
cardia, respectively. Both genes have been previously shown to be
associated with calcineurin activity among cells of different origin.**
The selected time-points, that is 24 hours for stretch and 3 hours for
tachycardia, fulfilled the criteria to be as early, but also as near to the
peak effect, as possible. Such an early time-point for tachycardia as
a marker of remodelling is supported by similar findings, which used

2 and

rapid short-term atrial pacing of isolated rat hearts at 4 hours®
also by published time course measurements.?>*® Our data at this
time-point also confirmed a clear rate dependency with significantly
stronger effects at 8 Hz versus 5 Hz and 1 Hz.

Stretch-induced gene expression changes in non-myocytes af-
fected only the natriuretic peptides, while under tachycardia the
gene expression pattern was similar but less pronounced than in
MC. Thus, the investigated marker genes displayed a higher degree
of myocyte specificity upon stretch than tachycardia. Also, the ef-
fects in tachycardia were more transient with fading in between of
24 hours in both MC and NMC. However, this does not exclude a sig-
nificant biological meaning of these gene expression changes, since
they might have already induced long-term effects on protein level
at their peak effect.

Previously, it was established that protein levels of ANP and
BNP can be detected only in coculture, whereas pure myocytes
lack increase in their production.** Our data on the ANP and BNP
coding genes NppA and NppB are in agreement with this finding
as our myocyte cell culture was enriched to a level that still al-
lowed paracrine stimulation by non-myocytes to myocytes. The
proportions of up-regulation between enriched myocytes and
pure non-myocytes led us to conclude that the majority of na-
triuretic peptide gene regulation derives from myocytes and not

non-myocytes.
4.3 | ET coupling and NCX involvement in
Stretch and Tachycardia

Among several inhibitory compounds linked to sarcolemmal calcium

and sodium handling and intracellular signalling mediators that were
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tested, the Na*/Ca?* exchanger (NCX), TRP channels, calcineurin
and the protein target of KN93 showed significant involvement in
stretch gene regulation. All the mediators are functionally related in
a network contributing to ET coupling.

NCX regulates sodium and calcium handling simultaneously and,
thus, fundamentally contributes to ET coupling.** Furthermore,
NCX is functionally coupled to TRPC3 and both proteins can in-
teract to generate an arrhythmogenic stimuli.*¢ Literature findings
allow to draw a potential activation cascade downstream of NCX:
The proximal part of this cascade consists of activation of calci-
neurin® and CaMKI1,*® which have been also shown involved in
tachycardia.49 In the light of the presented facts, prevailing effects
of NCXI on gene expression and specific inhibition of the patholog-
ical reverse activity mode, we targeted NCX for further evaluation
in our study. We used the NCX inhibitor KB-R7934 at the concen-
tration (range), which was reported to selectively inhibit the reverse
mode.’® This mode is activated predominantly during pathological
conditions promoting heart failure,’® and its inhibition was shown
to exert beneficial effects in heart failure with preserved ejection
fraction (HFpEF).>2

4.4 | NCX expression and CaMKII phosphorylation
differ between both triggers

The stretch-induced increase in NCX expression that was hampered
by KB-R7943 demonstrates that reverse mode NCX truly has rel-
evance in stretch-mediated cardiac remodelling. A positive relation-
ship between NCX activity and expression is also well established in
systolic53 and a\rrhytmogenic54 heart failure. In contrast, tachycardia
of 3 hours did not change NCX expression, which does not exclude
that it might do so at a later time-point. But we can conclude that
at 3 hours, tachycardia effects NCX activity rather by post-transla-
tional modification.

With the CaMKIl inhibitor KN93 and its inactive analogue KN92,
our testing revealed an off-target effect of these inhibitors. Indeed,
both had a similar inhibitory effect on NCX expression. When we
then measured CaMKIl phosphorylation directly, we managed to
confirm that CaMKIll is not involved in stretch. Our observation co-
incides with a previous report of unspecific inhibition of IKr channels
by KN93, which were also inhibited by KN92,%° suggesting that IKr
might be a potential off-target.

In tachycardia, however, our data provide evidence for a clear
activation of CaMKIl as indicated by its increased autophosphoryla-
tion. Based on the partial blockage of this effect by KB-R7934, it is
very likely that during tachycardia, the activation of CaMKIl is in part
downstream of NCX. In summary, our data reveal that this finding
distinguishes stretch from tachycardia.

ADAMTS13 is a protease that regulates CaMKII phosphorylation,
thereby increasing propensity towards arrhythmogenesis,13 and,
therefore, is a very attractive candidate in a setting of acute tachy-
cardic triggering. Although the expression levels of ADAMTS13 re-

mained unchanged, itis possible that a post-translational modification

of the ADAMTS13 protein could promote CaMKIl phosphorylation
under tachycardia, which warrants further investigation.

4.5 | The genome-wide regulatory role of NCX in
Stretch and Tachycardia

Having determined that NCX plays a major role for remodelling, we
investigated the downstream gene targets of NCX at the mRNA
level using microarray technology. We conclude that stretch and
tachycardia mainly manifest a trigger-specific programme with a sig-
nificant distribution of NCX-regulated genes. Substantiated by our
mechanistic findings, we speculate that the expression within the
tachycardia-specific gene programme is to a certain extent CaMKII-
dependent downstream of NCX. In contrast, in stretch, involvement
of NCX affects more genes and occurs independent of CaMKII. This
might in part explain why many NCX-dependent genes in response
to stretch or tachycardia differed from the other.

However, there is also a fraction of commonly regulated genes
by both triggers. Some individual genes of this fraction could serve
as valuable biomarkers: Efnb2 was found to be highly expressed after
myocardial infarction in vivo.>® More importantly, Efnb2 up-regulation
was successfully reversed following NCX inhibition in vitro. Ccna2 is
involved in the cell cycle re-entry and contributing to hyperplasia,s7
while Kif14°8 is also involved in the cell cycle regulation promoting cell
proliferation. The expression directions of both genes correlate with
the predictions of ingenuity pathway analysis (IPA). Interestingly, genes
in relation to cardiovascular disease such as TGF32, Rasgrpr3 and Isg15
are subjected to significant regulation in response to both stretch and
tachycardia and show a trend towards NCX dependency.

Our bioinformatical predictions by IPA are supported by previ-
ous findings, which show that stress, such as pressure overload in

57 or cyclic stretch in vitro,® enables cardiomyocyte proliferation

vivo
as a compensating mechanism. Proliferation is directly associated
with cell cycle alterations, while cell motility is mediated via the pax-
illin pathway.®*

In conclusion, our study shows that stretch and tachycardia in-
duce early cardiac remodelling, including hypertrophy of myocytes
and non-myocytes. This is associated with mainly separate gene ex-
pression alterations and intracellular mechanisms in a cell type-spe-
cific manner. Contribution of the NCX reverse mode is relevant to
both triggers and might have clinical implications in stretch-associ-
ated remodelling that occurs in cardiovascular diseases, such as in
HFpEF or tachymyopathy.

4.6 | Limitations

Pharmacological inhibitors always have the potential to effect more
than one target and to lack specificity. In this report, we have proven
this for KN93 which showed CaMKIl independent effects by inhibit-
ing a common off-target protein together with KN92 in our settings.

A candidate for this off-target protein would be the IKr.>> For the



DJALINAC ET AL.

NCX inhibitor KB-R7943 which we used for a large portion of our
results, we also cannot exclude potential unspecific effects, for in-

2 Ca®* channels®® and K* channels.®* Novel

stance on TRP channels
NCX inhibitors are reported but were not available to us for per-

forming experiments.

ACKNOWLEDGEMENT

Natasa Djalinac was trained within the frame of the PhD Program
Molecular Medicine of the Medical University of Graz. This project
was additionally supported by Austrian Science Fund FWF (V 530 to
SLH). We thank the Ludwig Boltzmann Institute for Lung Vascular
Research for technical and material support. Also, we thank Karin
Wagner, Eva-Maria Thon-Gutschi and Viktoria Herbst for their ex-
cellent technical assistance. Also, we would like to acknowledge
Heike Kaltenegger from the department of Orthopedics and Trauma
for introduction into the necessary methodology. We also thank

Mahmoud Abdellatif for providing advice to data analysis.

CONFLICT OF INTEREST
We confirm that none of the authors of this manuscript has any con-
flicts of interest to disclose.

AUTHOR CONTRIBUTION

ND, SLH, IM and KJ performed research. ND and EB analyzed the
data and wrote the paper. EB designed the research study. DL, EK,
AH, BL, SS, PR and SLH contributed financial resources, research

reagents and tools and contributed to writing the paper.

AUTHOR CONTRIBUTION

’

Natasa Dijalinac: Conceptualization (equal); Formal analysis (lead

Investigation (lead); Methodology (equal); Validation (equal);

’

)
( )
Writing-original draft (equal); Writing-review & editing (equal)
Senka Ljubojevic-Holzer: Investigation (equal); Resources (equal)
Writing-review & editing (equal). Ingrid Matzer: Investigation (equal).
Ewald Kolesnik: Resources (equal); Software (equal). Katharina Jand!:
Investigation (equal). Birgit Lohberger: Resources (equal). Peter
Rainer: Resources (equal). Akos Heinemann: Funding acquisition
(supporting); Methodology (equal); Project administration (equal);
Resources (equal); Supervision (equal). Simon Sedej: Resources
(equal); Writing-review & editing (equal). Dirk von Lewinski: Funding
acquisition (lead); Project administration (equal); Resources (equal);
Supervision (equal); Writing-original draft (supporting); Writing-
review & editing (equal). Egbert Bisping: Conceptualization (lead);
Formal analysis (equal); Methodology (equal); Project administration
(equal); Resources (supporting); Supervision (equal); Writing-original

draft (lead); Writing-review & editing (equal).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ORCID

Dirk von Lewinski https://orcid.org/0000-0001-9996-6128

WILEY--

REFERENCES

1. Cohn JN, Ferrari R, Sharpe N. Cardiac remodeling-concepts and
clinical implications: A consensus paper from an International
Forum on Cardiac Remodeling. J Am Coll Cardiol. 2000;35(3):569-
582. https://doi.org/10.1016/50735-1097(99)00630-0

2. Bers DM. Ca?*-calmodulin-dependent protein kinase Il reg-
ulation of cardiac excitation-transcription coupling. Hear
Rhythm. 2011;8(7):1101-1104. https://doi.org/10.1016/j.
hrthm.2011.01.030

3. Houser SR, Molkentin JD. Does contractile Ca2+ control calci-
neurin-NFAT signaling and pathological hypertrophy in cardiac my-
ocytes? Sci Signal. 2008;1(25):pe31. https://doi.org/10.1126/scisi
gnal.125pe31

4, Levy D, Garrison RJ, Savage DD, Kannel WB, Castelli WP.
Prognostic implications of echocardiographically determined left
ventricular mass in the framingham heart study. N Engl J Med.
1990;322(22):1561-1566. https://doi.org/10.1056/NEJM199005
313222203

5. Dewenter M, von der Lieth A, Katus HA, Backs J. Calcium sig-
naling and transcriptional regulation in cardiomyocytes. Circ
Res.  2017;121(8):1000-1020.  https://doi.org/10.1161/CIRCR
ESAHA.117.310355

6. Orlov SN, Hamet P. Salt and gene expression: evidence for
[Na+]i/[K+]i-mediated signaling pathways. Pfliigers Arch - Eur J
Physiol.  2015;467(3):489-498.  https://doi.org/10.1007/s0042
4-014-1650-8

7. Witzenburg CM, Holmes JW. A Comparison of phenomenologic
growth laws for myocardial hypertrophy. J Elast. 2017;129(1-
2):257-281. https://doi.org/10.1007/s10659-017-9631-8

8. Frank D, Kuhn C, Brors B, et al. Gene expression pattern in
biomechanically  stretched cardiomyocytes.  Hypertension.
2008;51(2):309-318. https://doi.org/10.1161/HYPERTENSI
ONAHA.107.098046

9. French BA, Kramer CM. Mechanisms of post-infarct left ventric-
ular remodeling. Drug Discov Today Dis Mech. 2007;4(3):185-196.
https://doi.org/10.1016/j.ddmec.2007.12.006

10. Bhar-Amato J, Davies W, Agarwal S. ventricular arrhythmia after
acute myocardial infarction: “The perfect storm”. Arrhythmia
Electrophysiol Rev. 2017;6(3):134-139. https://doi.org/10.15420/
aer.2017.24.1

11. Raymond-Paquin A, Nattel S, Wakili R, Tadros R. Mechanisms
and clinical significance of arrhythmia-induced cardiomyopathy.
Can J Cardiol. 2018;34(11):1449-1460. https://doi.org/10.1016/j.
cjca.2018.07.475

12. Kajstura J, Zhang X, Liu YU, et al. The cellular basis of pacing-in-
duced dilated cardiomyopathy. Circulation. 1995;92(8):2306-2317.
https://doi.org/10.1161/01.CIR.92.8.2306

13. Cassis P, Cerullo D, Zanchi C, et al. ADAMTS13 deficiency short-
ens the life span of mice with experimental diabetes. Diabetes.
2018;67(10):2069-2083. https://doi.org/10.2337/db17-1508

14. Kojima M, Shiojima I, Yamazaki T, et al. Angiotensin Il receptor an-
tagonist TCV-116 induces regression of hypertensive left ventricular
hypertrophy in vivo and inhibits the intracellular signaling pathway
of stretch-mediated cardiomyocyte hypertrophy in vitro. Circulation.
1994,89(5):2204-2211. https://doi.org/10.1161/01.CIR.89.5.2204

15. Vandenburgh HH, Solerssi R, Shansky J, Adams JW, Henderson SA.
Mechanical stimulation of organogenic cardiomyocyte growth in
vitro. Am J Physiol Physiol. 1996;270(5):C1284-C1292. https://doi.
org/10.1152/ajpcell.1996.270.5.C1284

16. Skurk C, Izumiya Y, Maatz H, et al. The FOXO3a transcription factor
regulates cardiac myocyte size downstream of AKT signaling. J Biol
Chem. 2005;280(21):20814-20823. https://doi.org/10.1074/jbc.
M500528200

17. De Jong AM, Maass AH, Oberdorf-Maass SU, De Boer RA, Van Gilst
WH, Van Gelder IC. Cyclical stretch induces structural changes in


https://orcid.org/0000-0001-9996-6128
https://orcid.org/0000-0001-9996-6128
https://doi.org/10.1016/S0735-1097(99)00630-0
https://doi.org/10.1016/j.hrthm.2011.01.030
https://doi.org/10.1016/j.hrthm.2011.01.030
https://doi.org/10.1126/scisignal.125pe31
https://doi.org/10.1126/scisignal.125pe31
https://doi.org/10.1056/NEJM199005313222203
https://doi.org/10.1056/NEJM199005313222203
https://doi.org/10.1161/CIRCRESAHA.117.310355
https://doi.org/10.1161/CIRCRESAHA.117.310355
https://doi.org/10.1007/s00424-014-1650-8
https://doi.org/10.1007/s00424-014-1650-8
https://doi.org/10.1007/s10659-017-9631-8
https://doi.org/10.1161/HYPERTENSIONAHA.107.098046
https://doi.org/10.1161/HYPERTENSIONAHA.107.098046
https://doi.org/10.1016/j.ddmec.2007.12.006
https://doi.org/10.15420/aer.2017.24.1
https://doi.org/10.15420/aer.2017.24.1
https://doi.org/10.1016/j.cjca.2018.07.475
https://doi.org/10.1016/j.cjca.2018.07.475
https://doi.org/10.1161/01.CIR.92.8.2306
https://doi.org/10.2337/db17-1508
https://doi.org/10.1161/01.CIR.89.5.2204
https://doi.org/10.1152/ajpcell.1996.270.5.C1284
https://doi.org/10.1152/ajpcell.1996.270.5.C1284
https://doi.org/10.1074/jbc.M500528200
https://doi.org/10.1074/jbc.M500528200

8742
79 | wiLEy

18.

19.

20.
21.

22.

23.
24,
25.
26.
27.
28.
29.
30.

31.
32.

33.

DJALINAC ET AL.

atrial myocytes. J Cell Mol Med. 2013;17(6):743-753. https://doi.
org/10.1111/jcmm.12064

Ruwhof C, Van Wamel AET, Egas JM. Cyclic stretch induces the
release of growth promoting factors from cultured neonatal car-
diomyocytes and cardiac fibroblasts. Mol Cell Biochem. 2000;1(Ang
11):89-98.

Lorenzen-Schmidt I, Schmid-Schénbein GW, Giles WR, McCulloch
AD, Chien S, Omens JH. Chronotropic response of cultured neo-
natal rat ventricular myocytes to short-term fluid shear. Cell
Biochem Biophys. 2006;46(2):113-122. https://doi.org/10.1385/
CBB:46:2:113

Cheng WEI, Zhu YUN, Wang H. The MAPK pathway is involved in
the regulation of rapid pacing - induced ionic channel remodeling in
rat atrial myocytes. Mol Med Rep. 2016;13:2677-2682. https://doi.
org/10.3892/mmr.2016.4862

Bolter CP, Atkinson KJ. Maximum heart rate responses to exer-
cise and isoproterenol in the trained rat. Am J Physiol Integr Comp
Physiol. 1988;254(5):R834-R839. https://doi.org/10.1152/ajpre
gu.1988.254.5.R834

Kuramochi Y, Guo X, Sawyer DB, Lim CC. Rapid electrical stim-
ulation induces early activation of kinase signal transduction
pathways and apoptosis in adult rat ventricular myocytes. Exp
Physiol. 2006;91(4):773-780. https://doi.org/10.1113/expph
ysiol.2006.033894

Burstein B, Qi XY, Yeh YH, Calderone A, Nattel S. Atrial cardiomyo-
cyte tachycardia alters cardiac fibroblast function: A novel consid-
eration in atrial remodeling. Cardiovasc Res. 2007;76(3):442-452.
https://doi.org/10.1016/j.cardiores.2007.07.013

Li G-R, Sun H-Y, Chen J-B, Zhou Y, Tse H-F, Lau C-P. Characterization
of multiple ion channels in cultured human cardiac fibroblasts.
PLoS One. 2009;4(10):e7307. https://doi.org/10.1371/journ
al.pone.0007307

Qi X-Y, Huang H, Ordog B, et al. Fibroblast inward-rectifier po-
tassium current upregulation in profibrillatory atrial remodeling.
Circ Res. 2015;116(5):836-845. https://doi.org/10.1161/CIRCR
ESAHA.116.305326

Harada M, Luo X, Qi XY, et al. Transient receptor potential canon-
ical-3 channel-dependent fibroblast regulation in atrial fibrillation.
Circulation.  2012;126(17):2051-2064. https://doi.org/10.1161/
CIRCULATIONAHA.112.121830

Pulina MV, Zulian A, Baryshnikov SG, et al. Cross talk be-
tween plasma membrane Na(+)/Ca (2+) exchanger-1 and
TRPC/Orai-containing channels: key players in arterial hy-
pertension. Adv Exp Med Biol. 2013;961:365-374. https://doi.
org/10.1007/978-1-4614-4756-6_31

Feng J, Armillei MK, Yu AS, Liang BT, Runnels LW, Yue L. Ca 2 +
Signaling in cardiac fibroblasts and fibrosis-associated heart dis-
eases. Circ Res. 2019;6(4):34.

Chen Q-Q, Zhang W, Chen X-F, Bao Y-J, Wang J, Zhu W-Z.
Electrical field stimulation induces cardiac fibroblast proliferation
through the calcineurin-NFAT pathway. Can J Physiol Pharmacol.
2012;90(12):1611-1622. https://doi.org/10.1139/y2012-133
Joureau B, de Winter JM, Conijn S, et al. Dysfunctional sarcomere
contractility contributes to muscle weakness in ACTA1-related ne-
maline myopathy (NEM3). Ann Neurol. 2018;83(2):269-282. https://
doi.org/10.1002/ana.25144

Clarkson E, Costa CF, Machesky LM. Congenital myopathies: dis-
eases of the actin cytoskeleton. J Pathol. 2004;204(4):407-417.
https://doi.org/10.1002/path.1648

Gergek M, Gergek M, Kant S, et al. Cardiomyocyte Hypertrophy
in Arrhythmogenic Cardiomyopathy. Am J Pathol. 2017;187(4):752-
766. https://doi.org/10.1016/j.ajpath.2016.12.018

Hoshijima M, Chien KR. Mixed signals in heart failure: cancer
rules. J Clin Invest. 2002;109(7):849-855. https://doi.org/10.1172/
JCI15380

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Sheikh F, Raskin A, Chu P-H, et al. An FHL1-containing complex
within the cardiomyocyte sarcomere mediates hypertrophic biome-
chanical stress responses in mice. J Clin Invest. 2008;118(12):3870-
3880. https://doi.org/10.1172/JC134472

Bisping E, Ikeda S, Kong SW, et al. Gata4 is required for maintenance
of postnatal cardiac function and protection from pressure over-
load-induced heart failure. Proc Natl Acad Sci. 2006;103(39):14471-
14476. https://doi.org/10.1073/pnas.0602543103

Liang Y, Bradford WH, Zhang J, Sheikh F. Four and a half LIM domain
proteinsignalingand cardiomyopathy. Biophys Rev. 2018;10(4):1073-
1085. https://doi.org/10.1007/s12551-018-0434-3

Houweling AC, van Borren MM, Moorman AFM, Christoffels
VM. Expression and regulation of the atrial natriuretic factor en-
coding gene Nppa during development and disease. Cardiovasc
Res. 2005;67(4):583-593. https://doi.org/10.1016/j.cardi
ores.2005.06.013

Sergeeva IA, Christoffels VM. Regulation of expression of atrial and
brain natriuretic peptide, biomarkers for heart development and
disease. Biochim Biophys Acta - Mol Basis Dis. 2013;1832(12):2403-
2413. https://doi.org/10.1016/j.bbadis.2013.07.003

Davies KJA, Ermak G, Rothermel BA, et al. Renaming the DSCR1/
Adapt78 gene family as RCAN: regulators of calcineurin. FASEB J.
2007;21(12):3023-3028. https://doi.org/10.1096/fj.06-7246com
Shin S-Y, Yang JM, Choo S-M, Kwon K-S, Cho K-H. System-level in-
vestigation into the regulatory mechanism of the calcineurin/NFAT
signaling pathway. Cell Signal. 2008;20(6):1117-1124. https://doi.
org/10.1016/j.cellsig.2008.01.023

de Jonge HW, Dekkers DHW, Houtsmuller AB, Sharma HS, Lamers
JMJ. Differential signaling and hypertrophic responses in cyclically
stretched vs endothelin-1 stimulated neonatal rat cardiomyocytes.
Cell Biochem Biophys. 2007;47(1):21-32. https://doi.org/10.1385/
CBB:47:1:21

Takeshi Y, Yuji M, Noriyuki H, et al. Short-term effects of rapid pac-
ing on mRNA level of voltage-dependent K+ channels in rat atrium.
Circulation. 2000;101(16):2007-2014. https://doi.org/10.1161/01.
CIR.101.16.2007

Ji Q, Liu H, Mei Y, Wang X, Feng J, Ding W. Expression changes
of ionic channels in early phase of cultured rat atrial myocytes
induced by rapid pacing. Journal of Cardiothoracic Surgery.
2013;8(1):2-9.

Harada M, Saito Y, Nakagawa O, et al. Role of cardiac nonmyocytes
in cyclic mechanical stretch-induced myocyte hypertrophy. Heart
Vessels. 1997;12:198-200.

Cingolani HE, Perez NG, Aiello EA, et al. Early signals after stretch
leading to cardiac hypertrophy. Key role of NHE-1. Front Biosci.
2008;13:7096-7114.

Doleschal B, Primessnig U, Wolkart G, et al. TRPC3 contributes
to regulation of cardiac contractility and arrhythmogenesis by dy-
namic interaction with NCX1. Cardiovasc Res. 2015;106(1):163-173.
https://doi.org/10.1093/cvr/cvv022

Zobel C, Rana OR, Saygili E, et al. Mechanisms of Ca-dependent
calcineurin activation in mechanical stretch-induced hypertrophy.
Cardiology. 2007;107(4):281-290. https://doi.org/10.1159/00009
9063

Popov S, Venetsanou K, Chedrese PJ, et al. Increases in intracellular
sodium activate transcription and gene expression via the salt-in-
ducible kinase 1 network in an atrial myocyte cell line. Am J Physiol
Circ Physiol. 2012;303(1):H57-H65. https://doi.org/10.1152/ajphe
art.00512.2011

Xiao L, Coutu P, Villeneuve LR, et al. Mechanisms underlying
rate-dependent remodeling of transient outward potassium cur-
rent in canine ventricular myocytes. Circ Res. 2008;103(7):733-742.
https://doi.org/10.1161/CIRCRESAHA.108.171157

lwamoto T, Watanabe Y, Satomi Kita MPB, Na+, Ca2+ exchange
inhibitors: A new class of calcium regulators. Cardiovasc Hematol


https://doi.org/10.1111/jcmm.12064
https://doi.org/10.1111/jcmm.12064
https://doi.org/10.1385/CBB:46:2:113
https://doi.org/10.1385/CBB:46:2:113
https://doi.org/10.3892/mmr.2016.4862
https://doi.org/10.3892/mmr.2016.4862
https://doi.org/10.1152/ajpregu.1988.254.5.R834
https://doi.org/10.1152/ajpregu.1988.254.5.R834
https://doi.org/10.1113/expphysiol.2006.033894
https://doi.org/10.1113/expphysiol.2006.033894
https://doi.org/10.1016/j.cardiores.2007.07.013
https://doi.org/10.1371/journal.pone.0007307
https://doi.org/10.1371/journal.pone.0007307
https://doi.org/10.1161/CIRCRESAHA.116.305326
https://doi.org/10.1161/CIRCRESAHA.116.305326
https://doi.org/10.1161/CIRCULATIONAHA.112.121830
https://doi.org/10.1161/CIRCULATIONAHA.112.121830
https://doi.org/10.1007/978-1-4614-4756-6_31
https://doi.org/10.1007/978-1-4614-4756-6_31
https://doi.org/10.1139/y2012-133
https://doi.org/10.1002/ana.25144
https://doi.org/10.1002/ana.25144
https://doi.org/10.1002/path.1648
https://doi.org/10.1016/j.ajpath.2016.12.018
https://doi.org/10.1172/JCI15380
https://doi.org/10.1172/JCI15380
https://doi.org/10.1172/JCI34472
https://doi.org/10.1073/pnas.0602543103
https://doi.org/10.1007/s12551-018-0434-3
https://doi.org/10.1016/j.cardiores.2005.06.013
https://doi.org/10.1016/j.cardiores.2005.06.013
https://doi.org/10.1016/j.bbadis.2013.07.003
https://doi.org/10.1096/fj.06-7246com
https://doi.org/10.1016/j.cellsig.2008.01.023
https://doi.org/10.1016/j.cellsig.2008.01.023
https://doi.org/10.1385/CBB:47:1:21
https://doi.org/10.1385/CBB:47:1:21
https://doi.org/10.1161/01.CIR.101.16.2007
https://doi.org/10.1161/01.CIR.101.16.2007
https://doi.org/10.1093/cvr/cvv022
https://doi.org/10.1159/000099063
https://doi.org/10.1159/000099063
https://doi.org/10.1152/ajpheart.00512.2011
https://doi.org/10.1152/ajpheart.00512.2011
https://doi.org/10.1161/CIRCRESAHA.108.171157

DJALINAC ET AL.

51.

52.

583.

54.

55.

56.

57.

58.

59.

Disord Targets. 2007;7(3):188-198. https://doi.org/10.2174/18715
2907781745288

Schillinger W, Fiolet JW, Schlotthauer K, Hasenfuss G. R el-
evance of Na 1 - Ca 2 1 exchange in heart failure. Cardiovasc Res.
2003;57(August):921-933.

Primessnig U, Schonleitner P, Holl A, et al. Novel pathomechanisms
of cardiomyocyte dysfunction in a model of heart failure with
preserved ejection fraction. Eur J Heart Fail. 2016;18(8):987-997.
https://doi.org/10.1002/ejhf.524

Gerd H, Wolfgang S, Maier LS, et al. Relationship between
Na+-Ca2+-exchanger protein levels and diastolic function of failing
human myocardium. Circulation. 1999;99(5):641-648. https://doi.
org/10.1161/01.CIR.99.5.641

Pogwizd SM, Qi M, Yuan W, Samarel AM, Bers DM. Upregulation of
Na+/Ca2+ exchanger expression and function in an arrhythmogenic
rabbit model of heart failure. Circ Res. 1999;85(11):1009-1019.
https://doi.org/10.1161/01.RES.85.11.1009

Hegyi B, Chen-lzu Y, Jian Z, Shimkunas R, Izu LT, Banyasz T.
KN-93 inhibits IKr in mammalian cardiomyocytes. J Mol Cell
Cardiol.  2015;89(Pt  B):173-176.  https://doi.org/10.1016/j.
yjmcc.2015.10.012

Yang DU, Jin C, Ma H, et al. EphrinB2/EphB4 pathway in postna-
tal angiogenesis: a potential therapeutic target for ischemic car-
diovascular disease. Angiogenesis. 2016;19(3):297-309. https://doi.
org/10.1007/s10456-016-9514-9

Chaudhry HW, Dashoush NH, Tang H, et al. Cyclin A2 mediates
cardiomyocyte mitosis in the postmitotic myocardium. J Biol Chem.
2004;279(34):35858-35866. https://doi.org/10.1074/jbc.M4049
75200

Wang Z-Z, Yang J, Jiang B-H, et al. KIF14 promotes cell prolifera-
tion via activation of Akt and is directly targeted by miR-200c in
colorectal cancer. Int J Oncol. 2018;53(5):1939-1952. https://doi.
org/10.3892/ij0.2018.4546

Wang Z, Schmull S, Zheng H, Shan J, Zou R, Xue S. Ascending aor-
tic constriction promotes cardiomyocyte proliferation in neonatal
rats. Int Heart J. 2017;58(2):264-270. https://doi.org/10.1536/
ihj.16-234

60.

61.

62.

63.

64.

WILEY--7%

Banerjee I, Carrion K, Serrano R, et al. Cyclic stretch of embryonic
cardiomyocytes increases proliferation, growth, and expression
while repressing Tgf-p signaling. J Mol Cell Cardiol. 2015;79:133-
144. https://doi.org/10.1016/j.yjmcc.2014.11.003

Liu C-J, Kuo F-C, Hu H-M, et al. 17p-Estradiol inhibition of IL-6-
Src and Cas and paxillin pathway suppresses human mesenchy-
mal stem cells-mediated gastric cancer cell motility. Transl Res.
2014;164(3):232-243. https://doi.org/10.1016/j.trsl.2014.04.009
Kraft R. The Na+/Ca2+ exchange inhibitor KB-R7943 po-
tently blocks TRPC channels. Biochem Biophys Res Commun.
2007;361(1):230-236. https://doi.org/10.1016/j.bbrc.2007.07.019
Ouardouz M, Zamponi GW, Barr W, Kiedrowski L, Stys PK.
Protection of ischemic rat spinal cord white matter: Dual ac-
tion of KB-R7943 on Na+/Ca2+ exchange and L-type Ca2+
channels. Neuropharmacology. 2005;48(4):566-575. https://doi.
org/10.1016/j.neuropharm.2004.12.007

Cheng H, Zhang Y, Du C, Dempsey CE, Hancox JC. High potency
inhibition of hERG potassium channels by the sodium-calcium
exchange inhibitor KB-R7943. Br J Pharmacol. 2012;165(7):2260-
2273. https://doi.org/10.1111/j.1476-5381.2011.01688.x

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Djalinac N, Ljubojevic-Holzer S, Matzer
I, et al. The role of stretch, tachycardia and sodium-calcium
exchanger in induction of early cardiac remodelling. J Cell Mol
Med. 2020;24:8732-8743. https://doi.org/10.1111/

jcmm.15504


https://doi.org/10.2174/187152907781745288
https://doi.org/10.2174/187152907781745288
https://doi.org/10.1002/ejhf.524
https://doi.org/10.1161/01.CIR.99.5.641
https://doi.org/10.1161/01.CIR.99.5.641
https://doi.org/10.1161/01.RES.85.11.1009
https://doi.org/10.1016/j.yjmcc.2015.10.012
https://doi.org/10.1016/j.yjmcc.2015.10.012
https://doi.org/10.1007/s10456-016-9514-9
https://doi.org/10.1007/s10456-016-9514-9
https://doi.org/10.1074/jbc.M404975200
https://doi.org/10.1074/jbc.M404975200
https://doi.org/10.3892/ijo.2018.4546
https://doi.org/10.3892/ijo.2018.4546
https://doi.org/10.1536/ihj.16-234
https://doi.org/10.1536/ihj.16-234
https://doi.org/10.1016/j.yjmcc.2014.11.003
https://doi.org/10.1016/j.trsl.2014.04.009
https://doi.org/10.1016/j.bbrc.2007.07.019
https://doi.org/10.1016/j.neuropharm.2004.12.007
https://doi.org/10.1016/j.neuropharm.2004.12.007
https://doi.org/10.1111/j.1476-5381.2011.01688.x
https://doi.org/10.1111/jcmm.15504
https://doi.org/10.1111/jcmm.15504

