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Abstract: Gap junctions and their expression pattern are essential to robust function of intercellular
communication and electrical propagation in cardiomyocytes. In healthy myocytes, the main cardiac
gap junction protein connexin-43 (Cx43) is located at the intercalated disc providing a clear direction
of signal spreading across the cardiac tissue. Dislocation of Cx43 to lateral membranes has been
detected in numerous cardiac diseases leading to slowed conduction and high propensity for the
development of arrhythmias. At the cellular level, arrhythmogenic diseases are associated with
elevated levels of oxidative distress and gap junction remodeling affecting especially the amount and
sarcolemmal distribution of Cx43 expression. So far, a mechanistic link between sustained oxidative
distress and altered Cx43 expression has not yet been identified. Here, we propose a novel cell model
based on murine induced-pluripotent stem cell-derived cardiomyocytes to investigate subcellular
signaling pathways linking cardiomyocyte distress with gap junction remodeling. We tested the
new hypothesis that chronic distress, induced by rapid pacing, leads to increased reactive oxygen
species, which promotes expression of a micro-RNA, miR-1, specific for the control of Cx43. Our
data demonstrate that Cx43 expression is highly sensitive to oxidative distress, leading to reduced
expression. This effect can be efficiently prevented by the glutathione peroxidase mimetic ebselen.
Moreover, Cx43 expression is tightly regulated by miR-1, which is activated by tachypacing-induced
oxidative distress. In light of the high arrhythmogenic potential of altered Cx43 expression, we
propose miR-1 as a novel target for pharmacological interventions to prevent the maladaptive
remodeling processes during chronic distress in the heart.

Keywords: Cx43; iPSC-cardiomyocytes; chronic oxidative distress; miR-1; tachypacing

1. Introduction

Arrhythmogenic cardiac diseases comprise a large group of diseases characterized
by irregular electrical activity of the heart with severe consequences for the contractile
behavior of the cardiac muscle and thus for ejection fraction. Besides a multitude of
mutations affecting different ion channels and their functions, there are many more reasons
and acquired conditions that can lead to the development of arrhythmias, comprising
systemic diseases such as diabetes, hypertension or the natural process of ageing. However,
in principle, the diverse diseases converge at the cellular level and lead to dysfunction of
the cell-to-cell junctions, and as a consequence, to alterations of electrical signal propagation
across the cardiac muscle [1–6].

A special feature of cardiac tissue is the formation of a functional syncytium with
one key component of intercellular junctions being gap junctions. These intercellular
tunnels are built from two hemichannels or connexons built from connexins. Connexins are
transmembrane proteins consisting of four membrane spanning domains and assemble as

Int. J. Mol. Sci. 2022, 23, 10174. https://doi.org/10.3390/ijms231710174 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms231710174
https://doi.org/10.3390/ijms231710174
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-0125-4964
https://orcid.org/0000-0001-5897-237X
https://orcid.org/0000-0002-7010-3684
https://orcid.org/0000-0002-1077-3125
https://doi.org/10.3390/ijms231710174
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms231710174?type=check_update&version=1


Int. J. Mol. Sci. 2022, 23, 10174 2 of 18

hexamers in the membrane to form intercellular channels responsible for electrical signal
propagation across the cardiac tissue. Therefore, they denote the mechanistic basis of a
functional syncytium. In ventricular cardiomyocytes, the predominant gap junction protein
is connexin-43 (Cx43), although other isoforms coexist at different levels of expression with
different conduction properties [7–9].

In healthy cardiomyocytes, Cx43 expression is preferentially directed towards interca-
lated discs where gap junctions are formed, and this special localization ensures a specific
direction of signal spreading along the long axis of cardiomyocytes and cardiac tissue [10].
However, in the diseased heart, it has been shown that Cx43 expression is not only reduced
but also dislocated to lateral membrane areas of the cardiomyocytes [11], thereby changing
the dynamics and direction of electrical signal spreading. In addition, this lateralization
may lead to critical changes in conduction properties of the affected cardiac tissue. De-
creased focal conduction velocity represents a high risk for the development of re-entry
circuits ultimately resulting in tachyarrhythmias and fibrillation.

Up until now, the triggers and mechanisms underlying these critical remodeling
processes remain to be elucidated. It has been suggested that stressful stimuli may harm
single cells resulting in local downregulation of gap junctions. This may also be interpreted
as a protective mechanism to avoid harmful metabolites or cell signals to be spread to
neighboring cells [12]. However, during chronic stress, protective mechanisms may tip
and lead to long term damage of the affected tissue. Stressful stimuli can be of different
characters, e.g., prolonged periods of tachycardia as observed in patients with high blood
pressure or mental stress. At the cellular level, chronic stress is associated with inflammation
and elevated levels of reactive oxygen species (ROS) [6].

In healthy cardiomyocytes, low amounts of ROS are constantly produced as byprod-
ucts of oxygen metabolism or cell signaling processes and controlled by multiple ROS
scavenging enzymes, e.g., superoxide dismutase and glutathione (GSH) peroxidase, to
keep a healthy equilibrium of cellular ROS levels [2]. In contrast, in disease or during
ageing, accumulation of by-products of the oxygen metabolism may lead to a progressive
imbalance in the redox equilibrium of the cardiomyocyte. Enhanced chronic oxidative
stress is involved in maladaptive structural and functional remodeling and typically af-
fects proteins of the intercalated disc (ICD) [13]. Furthermore, the negative consequences
of sustained oxidative stress, also termed oxidative distress [14], strongly influence the
Ca2+ handling proteins of the excitation-contraction coupling machinery, leading to an
imbalance in diastolic Ca2+ levels and the facilitation of extrasystolic beats. Together with
gap junction remodeling and altered electrical signal propagation across the myocardium,
the probability of the development of arrhythmias is severely increased during chronic
distress [2].

Up until now, the mechanistic sequence of maladaptive events leading from chronic
cardiomyocyte stress to gap junction remodeling has not yet been elucidated. Therefore,
this study has been designed to investigate the cellular processes that underlie Cx43 down-
regulation in periods of chronic cell stress. Since it is impossible to perform long term
studies in adult cardiomyocytes due to culture-induced dedifferentiation processes, we
turned to the novel cell model of murine induced pluripotent stem cell-derived ventricular
cardiomyocytes (iPSC-CMs). In the past, we have intensively characterized gap junction
function and intercellular communication in these cells and demonstrated that Cx43 expres-
sion occurs at very low levels compared to native cardiomyocytes [15,16]. At the same time,
a higher Cx43 expression level can be achieved in these cells [9]. Therefore, these cells rep-
resent an optimal culture model to investigate control mechanisms of Cx43 expression [17].
Based on large animal studies [18–20] and established cell culture models to investigate
mechanisms of arrhythmias [21], we applied chronic tachypacing as a stimulus to induce
chronic stress in iPSC-CMs. We tested the hypothesis that persistent tachypacing leads to
prolonged oxidative distress in these cardiomyocytes, which in turn affects Cx43 membrane
expression. Furthermore, we postulate that the resulting buildup of ROS leads to long-term
modifications of Cx43 expression by enhancing the expression of a specific micro-RNA,
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designated miR-1. This miRNA has not only been shown previously to control Cx43 pro-
tein expression [22], but there is also strong evidence for increased miR-1 expression in
arrhythmogenic diseases and experimental models of arrhythmias [23–25]. Using a broad
spectrum of different techniques, we follow the pathway of tachypacing-induced Cx43
remodeling in iPSC-CMs with the aim to identify novel cellular targets for the development
of therapeutic agents to reduce the burden of arrhythmogenic diseases.

2. Results
2.1. Live Monitoring of ROS Production

The first set of experiments was conducted to evaluate the reliability of H2DCF-based
monitoring of reactive oxygen species (ROS) production in the cardiac HL-1-cells and
in induced pluripotent stem cell-derived ventricular cardiomyocytes (iPSC-CMs), both
of murine origin for optimal comparison. In particular, attention was paid to general
dynamics of the development of the fluorescence signal, which primarily stems from the
rapid oxidation of H2DCF to DCF by H2O2, and to putative processes of autoxidation. The
term ROS production in the following thus primarily refers to H2O2 formation in the cell
although H2DCF can also be oxidized to DCF by other ROS such as hydroxyl radicals,
(lipid) hydroperoxides and peroxynitrite, but with much lower efficacy. Notably, H2DCF
cannot be oxidized to DCF by superoxide anions [26]. For better evaluation, the effect of
the mild oxidant TBHP was tested during confocal imaging of HL-1-cells and iPSC-CMs.

Figure 1A shows unstimulated HL-1 cells at control conditions during constant per-
fusion with Tyrode solution. During the entire imaging period (t = 1000 s), the DCF
fluorescence signal remained stable, indicating constant levels of ROS and no detectable
autoxidative activity of the dye. At 1000 s, normalized fluorescence corresponded to
1.0 ± 0.1 F/F0 (n = 3). To investigate dye behavior during live-imaging and to evaluate the
response to an oxidizing stimulus, cells were perfused with 100 µM TBHP for a duration of
400 s. As displayed in Figure 1B, fluorescence intensity increased immediately after adding
TBHP and ended in a plateau after cessation of perfusion. Average time courses of control
and TBHP-perfused HL-1 cells are summarized in Figure 1C. This experiment demon-
strates that DCF adequately monitors the rise in cellular ROS production. At t = 1000 s,
fluorescence intensity was determined to be 1.8 ± 0.1 F/F0 (n = 3). Please note that the
fluorescence signal in these confocal images arises from biochemical reactions in the cell in
response to the externally applied oxidant. The steepness of the slope indicates the activity
of ROS-producing enzymes in the cardiomyocytes. However, the increase in fluorescence
is not reversible after washout of the oxidant but levels remain constantly elevated because
the oxidation of H2DCF to DCF oxidation is not reversible. Figure 1D,F shows the same
set of experiments performed in iPSC-CMs. Again, at control conditions, there was no
significant increase in fluorescence intensity during the time of imaging (1.1 ± 0.04 at
t = 1000 s, n = 3). Addition of TBHP strongly increased the fluorescence signal emitted by
ROS-activated DCF (1.4 ± 0.1 at t = 1000 s, n = 3).

These experiments demonstrate that the fluorescent ROS indicator H2DCF gives
reliable information about ROS production in HL-1 cells and iPSC-CMs, therefore, it was
used in the next set of experiments to indicate intracellular ROS production upon different
biological stimuli and conditions.

2.2. Electrical Stimulation and Tachypacing of iPSC-CMs

iPSC-CMs exhibit intrinsic spontaneous contractile activity, which usually occurs at a
relatively low and irregular frequency. In this study, field stimulation was used to impose a
defined beating rhythm at a basal frequency close to the natural beating frequency of these
cells (1 Hz), and at high frequency as a tool to induce cellular stress (4 Hz, as previously
established and reported by Yeh et al.) [21]. Three test groups were defined: no pacing,
cells paced at 1 Hz, and tachypacing at 4 Hz. In order to validate the cell response to field
stimulation, Ca2+ transients and contraction were simultaneously measured in iPSC-CMs.
Figure 2A displays a sample trace of Ca2+ transients (in black) and the corresponding
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contractions, shown as cell shortening (in grey), during spontaneous activity. Figure 2B,C
show sample line scan images and the corresponding line profiles of iPSC-CMs during
pacing at 1 Hz and during tachypacing at 4 Hz. These data demonstrate that iPSC-CMs
respond adequately to an imposed stimulation frequency and even adapt reliably to pacing
frequencies up to 4 Hz. In order to investigate frequency-dependent effects and ROS-
generation, the experiments were based on pacing at 1 Hz as control rhythm and at 4 Hz as
electrical model for tachypacing.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 4 of 18 
 

 

 
Figure 1. Live imaging of ROS production in HL-1 cells and iPSC-CMs at different conditions. (A) 
Single confocal images recorded during a time-course experiment of imaging ROS-dependent oxi-
dation of H2DCF to DCF in unstimulated HL-1 cells. (B) Time-dependent increase in DCF fluores-
cence triggered by TBHP perfusion of HL-1 cells. (C) Time course of the average DCF fluorescence 
during imaging of control (black) and TBHP-treated (red) HL-1 cells (n = 3). (D) Single confocal 
images of unstimulated iPSC-CMs during a time course recording. (E) Time-dependent increase in 
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Figure 1. Live imaging of ROS production in HL-1 cells and iPSC-CMs at different conditions.
(A) Single confocal images recorded during a time-course experiment of imaging ROS-dependent
oxidation of H2DCF to DCF in unstimulated HL-1 cells. (B) Time-dependent increase in DCF
fluorescence triggered by TBHP perfusion of HL-1 cells. (C) Time course of the average DCF
fluorescence during imaging of control (black) and TBHP-treated (red) HL-1 cells (n = 3). (D) Single
confocal images of unstimulated iPSC-CMs during a time course recording. (E) Time-dependent
increase in DCF fluorescence triggered by TBHP perfusion of iPSC-CMs. (F) Time course of the
average DCF fluorescence during imaging of control (black) and TBHP-treated (red) iPSC-CMs (n = 3).
The red bar indicates the time of TBHP perfusion (n numbers of repeated experiments).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 18 
 

 

 
Figure 2. Sample traces of Ca2+ transients (black) and cell shortening (grey) in iPSC-CMs during 
spontaneous activity. (A) Ca2+ transients and contractions were simultaneously measured by fura-2 
and edge detection using the IonOptix setup. (B) Sample line scan image and corresponding line 
profile (black) of iPSC-CMs during electrical stimulation at 1 Hz and tachypaced at 4 Hz (C). Ca2+ 
transients were measured with fluo-4 using a LSCM. Stimulation frequencies are indicated by red 
arrows in the top traces. 

2.3. Tachypacing as a Model to Induce Oxidative Distress in iPSC-CMs 
In order to investigate the effect of rapid external stimulation on cellular responses 

to stress situations, both techniques were combined in the next set of experiments. The 
following experimental protocol was developed specifically to evaluate ROS production 
in response to different electrical stimulation frequencies in iPSC-CMs. The protocol con-
sisted of four phases: Phase 1 comprised 24 h of either no pacing, pacing at 1 Hz or at 4 
Hz. Phase 2: after this time, cells were loaded with the ROS-sensitive fluorescent indicator 
H2DCF diacetate for 20 min under the same experimental conditions (no pacing or pac-
ing). In phase 3, fresh Tyrode solution was applied for 10 min to warrant full de-esterifi-
cation of the H2DCF. In phase 4, confocal images were recorded: either static images (5 
images per well, phase 4a, Figure 3B) or image series of 10 images in 50 s to monitor the 
dynamics of the increase in fluorescence intensity over time (phase 4b, Figure 3E). 

Figure 3 summarizes the results of this experimental series. Figure 3A shows 5 sam-
ple images of each condition of phase 4a, while in Figure 3C, statistical evaluation of the 
fluorescence intensities is illustrated. They reveal the following: In control cells, the mean 
fluorescence intensity of the DCF signal corresponded to 1.6 ± 0.3 F/F0 (n = 5), in cells paced 
at 1 Hz, the DCF signal was close to baseline (1.0 ± 0.1 F/F0, n = 5), indicating no significant 
production of ROS under these conditions. In contrast, in cells paced at 4 Hz, fluorescence 
intensity increased to 4.7 ± 0.9 F/F0 (n = 5). Tachypacing thus induces a significant increase 
in ROS production in the iPSC-CMs. Incubation of cells paced at 4 Hz with the GSH pe-
roxidase-like H2O2 scavenger ebselen (1 µM) during the entire experimental procedure 
significantly reduced the DCF fluorescence signal close to that of cells paced at 1 Hz (1.4 
± 0.03 F/F0, n = 3), suggesting that the tachypacing-induced rise in DCF fluorescence inten-
sity is based on primary or secondary formation of H2O2 or lipid hydroperoxides in iPSC-
CMs [26]. 

Figure 3D–G summarizes the data of phase 4b showing representative images taken 
at the beginning (t = 0 s) and at the end (t = 50 s) of the time series (Figure 3D) and the 
mean fluorescence intensities of the DCF signal of every image taken during the time se-
ries (Figure 3F). In Figure 3G, the slope of the rise in DCF fluorescence is summarized. 
These data demonstrate that tachypacing induced a strong and almost linear increase in 
ROS production over time with a slope of 0.17 ± 0.03 ΔF/s (n = 3) as compared to pacing at 

Figure 2. Sample traces of Ca2+ transients (black) and cell shortening (grey) in iPSC-CMs during
spontaneous activity. (A) Ca2+ transients and contractions were simultaneously measured by fura-2
and edge detection using the IonOptix setup. (B) Sample line scan image and corresponding line
profile (black) of iPSC-CMs during electrical stimulation at 1 Hz and tachypaced at 4 Hz (C). Ca2+

transients were measured with fluo-4 using a LSCM. Stimulation frequencies are indicated by red
arrows in the top traces.
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2.3. Tachypacing as a Model to Induce Oxidative Distress in iPSC-CMs

In order to investigate the effect of rapid external stimulation on cellular responses
to stress situations, both techniques were combined in the next set of experiments. The
following experimental protocol was developed specifically to evaluate ROS production in
response to different electrical stimulation frequencies in iPSC-CMs. The protocol consisted
of four phases: Phase 1 comprised 24 h of either no pacing, pacing at 1 Hz or at 4 Hz. Phase
2: after this time, cells were loaded with the ROS-sensitive fluorescent indicator H2DCF
diacetate for 20 min under the same experimental conditions (no pacing or pacing). In
phase 3, fresh Tyrode solution was applied for 10 min to warrant full de-esterification of
the H2DCF. In phase 4, confocal images were recorded: either static images (5 images per
well, phase 4a, Figure 3B) or image series of 10 images in 50 s to monitor the dynamics of
the increase in fluorescence intensity over time (phase 4b, Figure 3E).
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Figure 3. Tachypacing-induced ROS generation in iPSC-CMs. (A) Outline of the ROS imaging
experiment indicating the four different phases. (B) Confocal images of cells loaded with the ROS-
indicator H2DCF were taken immediately after pacing of the cells for 24 h. (C) Statistical analysis of
the mean fluorescence intensities of all images and conditions recorded in phase 4a (Ctrl: n = 5, 1 Hz:
n = 5, 4 Hz: n = 5, 4 Hz + ebselen, E: n = 3), normalized to Ctrl. (D) Experimental protocol. (E) Sample
images taken at the beginning (t = 0) and end (t = 50 s) of ROS imaging. (F) Mean traces of the
time-dependent increase in DCF fluorescence intensity after phase 4b. (G) Slope calculated from the
data shown in (F) (n = 3 in all four conditions), normalized to Ctrl. Please note that a negative slope,
as seen in one sample of the ebselen-treated cells, can be explained as a slight bleaching effect on the
fluorescent dye during repetitive image acquisition. Please note: due to different acquisition modes,
the fluorescence intensity cannot be compared between (B,E) (n numbers of repeated experiments;
ns—no significant difference; * statistically significant difference).

Figure 3 summarizes the results of this experimental series. Figure 3A shows 5 sample
images of each condition of phase 4a, while in Figure 3C, statistical evaluation of the
fluorescence intensities is illustrated. They reveal the following: In control cells, the mean
fluorescence intensity of the DCF signal corresponded to 1.6 ± 0.3 F/F0 (n = 5), in cells
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paced at 1 Hz, the DCF signal was close to baseline (1.0 ± 0.1 F/F0, n = 5), indicating
no significant production of ROS under these conditions. In contrast, in cells paced at
4 Hz, fluorescence intensity increased to 4.7 ± 0.9 F/F0 (n = 5). Tachypacing thus induces
a significant increase in ROS production in the iPSC-CMs. Incubation of cells paced at
4 Hz with the GSH peroxidase-like H2O2 scavenger ebselen (1 µM) during the entire
experimental procedure significantly reduced the DCF fluorescence signal close to that of
cells paced at 1 Hz (1.4 ± 0.03 F/F0, n = 3), suggesting that the tachypacing-induced rise in
DCF fluorescence intensity is based on primary or secondary formation of H2O2 or lipid
hydroperoxides in iPSC-CMs [26].

Figure 3D–G summarizes the data of phase 4b showing representative images taken
at the beginning (t = 0 s) and at the end (t = 50 s) of the time series (Figure 3D) and the
mean fluorescence intensities of the DCF signal of every image taken during the time
series (Figure 3F). In Figure 3G, the slope of the rise in DCF fluorescence is summarized.
These data demonstrate that tachypacing induced a strong and almost linear increase
in ROS production over time with a slope of 0.17 ± 0.03 ∆F/s (n = 3) as compared to
pacing at 1 Hz (0.04 ± 0.01 ∆F/s) or no pacing (0.09 ± 0.01 ∆F/s). In the presence of
ebselen, the tachypaced cells essentially did not exhibit any increase in DCF fluorescence
intensity (Figure 3E). Worth mentioning is that in control cells, the slope is slightly but not
significantly steeper than in cells paced at 1 Hz. This could indicate that regular pacing at
1 Hz leads to healthier cell metabolism than the rather irregular spontaneous activity of
untreated cells. We conclude from these results that chronic tachypacing elicits a significant
rise in ROS production in iPSC-CMs that is due to primary or secondary formation of H2O2
or lipid hydroperoxides.

2.4. ROS-Mediated Cx43 Reduction via miR-1

In the next set of experiments, we tested the hypothesis that chronic distress induced
by tachypacing influences Cx43 expression, which is mediated by oxidative distress, i.e., a
relative increase in cellular ROS. In two experimental setups, iPSC-CMs were paced for
the first 24 h, then for a prolonged time of 48 h at 1 Hz or 4 Hz. Afterwards, whole cell
lysates were collected and Cx43 protein expression was determined. Figure 4A shows the
experimental protocol in the upper trace together with a sample blot and the statistical
evaluation of 3 independent experiments (uncropped blots are available in Supplemental
Figure S1). After 24 h, a tendency of a reduction in Cx43 expression was observed, though
not significantly different to control. However, the prolonged pacing time of 48 h revealed
that compared to control cells paced at 1 Hz, tachypacing at 4 Hz significantly reduced
Cx43 expression after 48 h (to 40 and 30% of control, respectively). Expression of the
reference protein GAPDH showed similar expression levels in all conditions (p = 0.815).
Since the effect of tachypacing on Cx43 expression was significant after 48 h, we continued
with this stimulation protocol for the next experiments. These data demonstrate that in
iPSC-CMs chronic tachypacing leads to a reduction in Cx43 expression and, therefore, this
experimental setup serves as an excellent cell model to study the underlying mechanisms
of controlling Cx43 expression in the situation of cell stress.

Knowing that micro-RNA 1 (miR-1) is an important modulator of Cx43 protein abun-
dance, we investigated in the next step, whether chronic tachypacing and the pacing-
induced increase in oxidative stress influences the expression levels of miR-1. Using the
same protocol, miR-1 expression was assessed in iPSC-CMs after 48 h of tachypacing
relative to control cells. Figure 4B summarizes the findings that miR-1 was expressed at
significantly higher levels compared to control cells (by 70% relative to control cells paced
at 1 Hz), and this effect was fully reversible using the H2O2/lipid hydroperoxide scavenger
ebselen (1 µM) during the entire experimental procedure (−10% relative to control cells
paced at 1 Hz, Figure 4C). Please note: since the strongest effect of miR-1 on Cx43 expression
appeared after 48 h, miR-1 expression was likewise examined at this time point.
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Figure 4. Effect of tachypacing on Cx43 expression and miR-1 levels in iPSC-CMs. Top traces show the
experimental protocol. (A) Representative Western blot and analysis of total Cx43 protein abundance
in control (Ctrl, 1 Hz) and tachypaced cells after 24 h and 48 h of electrical stimulation, respectively,
with statistical analysis of Cx43 protein normalized to GAPDH and Ctrl. (B) Relative miR-1 expression
by Ctrl and tachypaced iPSC-CMs after 48 h, normalized to Ctrl. (C) Same experiment as in (B) but
performed in the presence of 1 µM ebselen (n numbers of repeated experiments are indicated in the
columns; ns—no significant difference; * statistically significant difference).

Taken together, these data demonstrate for the first time that prolonged periods of
cellular stress induced by rapid pacing lead to oxidative distress, which directly influences
and enhances miR-1 expression and thus reduces Cx43 protein abundance.

2.5. miR-1 Control of Cx43 Expression

Given the fact that tachypacing and chronic oxidative stress lead to an increase in
miR-1 expression and a reduction in Cx43 protein expression, we next wanted to see if Cx43
expression is directly dependent on miR-1 activity. To this end, we functionally neutralized
miR-1 using a specific oligonucleotide directed against miR-1, designated antimiR-1. iPSC-
CMs were incubated with different concentrations of antimiR-1, and the expression of Cx43
was assessed by immunofluorescence and Western blot analysis. Figure 5A shows that
incubation of iPSC-CMs with 25 nM, 50 nM and 100 nM of antimiR-1 significantly increased
sarcolemmal Cx43 expression in all conditions compared to a scrambled control antimiR
(Figure 5B). This effect peaked notably at 50 nM (140% relative to control) but was quite
similar at 25 and 100 nM, which may be associated with the expression efficiency of the
antisense oligonucleotide used. In Figure 5C, total Cx43 protein content was assessed by
Western blot analysis in the presence of 50 nM antimiR-1 (uncropped blots are available in
Supplemental Figure S2). These data confirm an overall significant increase in total Cx43
protein abundance upon miR-1 inhibition, which, however, was much less pronounced (30%
relative to control) than that detected by immunofluorescence analysis. These differences
can be explained by distinct Cx43 pools in the sarcolemma and in intracellular storage
organelles [27].
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(scr-miR) or different concentrations of the miR-1-neutralizing antisense oligonucleotide (antimiR-1).
(B) Statistical summary of the immunofluorescence analysis. Data are normalized to exposure to the
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relative increase in total Cx43 protein expression by neutralization of miR-1 using 50 nM anti-miR-1.
Data are normalized to GAPDH and Ctrl (n numbers of repeated experiments are indicated in the
columns; * statistically significant difference).

These data demonstrate that Cx43 expression is strongly modulated by miR-1. Selec-
tive inhibition of miR-1 by antimiR-1 significantly increases Cx43 expression in iPSC-CMs,
most importantly its abundance in the sarcolemma.

2.6. Functional Characterization of Intercellular Coupling by Modulation of Cx43 Expression in
iPSC-CMs

To test whether enhanced Cx43 protein expression by selective inhibition of miR-1
leads to formation of more functional gap junctions in iPSC-CMs, we next investigated the
temporal properties of cell–cell coupling in FRAP experiments. For this set of experiments,
iPSC-CMs were seeded at high density to form a closed monolayer, and then loaded with
the gap junction permeant fluorescent dye calcein. One cell in the center of a tight group
of cells was photobleached, and then the dynamics of recovery of fluorescence via dye
diffusion through gap junctions with neighboring cells was monitored and recorded over
time. This experiment consisted of 3 test groups: the first group was treated with the
scrambled control anti-miR and served as control group, the second group was treated
with antimiR-1, and the third group comprised Cx43-overexpressing cells (Cx43-OE) as a
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positive control to demonstrate the strong differences in dye diffusion kinetics when many
functional gap junctions are present. Figure 6A shows the protocol of the experiment in the
upper part. The confocal sample images were taken just before photobleaching (t = 0 s),
directly after photobleaching (t = 20 s), during fluorescence recovery at t = 100 s and at
t = 500 s to demonstrate the final level of FRAP. Figure 6B displays the FRAP traces during
the time course of these experiments up to 500 s when the traces levelled off in a plateau
phase. The recovery curves were fitted with an exponential function to extract the time
constant of fluorescence recovery. While the control trace displayed the slowest recovery
curve (τ = 102 s), levelling off at less than 50% above the initial fluorescence intensity, Cx43-
OE cells exhibited a very rapid FRAP curve (τ = 36 s) reaching the new plateau already
after about 100 s. Treatment of iPSC-CMs with the antisense oligonucleotide antimiR-1
also significantly accelerated the recovery curve (τ = 91 s) and resulted in a higher level of
fluorescence recovery towards the end of the experimental phase compared to control cells.
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These data demonstrate for the first time that miR-1 inhibition not only results in an
enhanced Cx43 protein abundance in iPSC-CMs, notably in the sarcolemma, but also that
these additional Cx43 proteins contribute to the formation of more functional gap junctions
connecting the cells with each other.

3. Discussion

Cardiac diseases and heart failure are associated with chronic stress and altered
connexin-43 (Cx43) protein expression in cardiomyocytes with the consequence of ar-
rhythmogenic modifications in the heart. In this study, we have designed a new mouse
experimental model employing murine induced pluripotent stem cell-derived ventricular
cardiomyocytes (iPSC-CMs) to examine the molecular mechanisms underlying this obser-
vation. Our data demonstrate for the first time that pacing-induced chronic stress causes
oxidative distress in iPSC-CMs as assessed by measuring intracellular reactive oxygen
species (ROS) formation. In addition, we present the first experimental evidence that
sustained oxidative stress is causally linked to the pathophysiological remodeling of gap
junctions through their epigenetic control via micro-RNA 1 (miR-1) thereby altering the
electrical properties of these cardiomyocytes.

3.1. Experimental Models to Induce Cell Stress in iPSC-CMs

The idea of using long-term tachypacing to induce arrhythmias arrived from ex-
perimental studies to specifically trigger heart failure by ventricular electrophysiological
alterations in clinically relevant animal models [28,29]. Over the years, it has been shown
that a large variety of cardiac pathologies leads to significant remodeling of cardiac ion
channels and gap junctions resulting in severe alterations of action potential duration and
progressive conduction slowing [30,31]. These modifications can be mimicked in animal
models of pacing-induced tachycardia [32]. More recently, the HL-1 cell line has proven a
valuable tool to investigate pacing-induced cellular modifications and electrical remodeling
likewise in vitro [21,33]. Here, we have established and validated in vitro tachypacing in
iPSC-CMs to investigate cell stress-dependent remodeling of Cx43 and gap junctions. In
previous studies, we have intensively examined the functional properties of iPSC-CMs
not only at the level of single cells or cell pairs, but also in the context of a functional
syncytium [15,17,34,35]. These studies demonstrate that Cx43 expression is very small
in these cells, leading to a relatively low amount of gap junctions compared to native
cardiomyocytes of the same species [15]. This reduced intercellular coupling results in
slow electrical signal propagation from cell to cell with the consequence of dyssynchronous
electrical and contractile activities within multicellular preparations [16]. Furthermore,
we have demonstrated that forced increase in Cx43 expression, accomplished by Cx43
overexpression, leads to enhanced gap junction plaques between cells, normalized con-
duction properties in these cells and stabilized intercellular communication [17]. Despite
the spontaneous electrical and contractile activity of iPSC-CMs, our present data demon-
strate that these cells are able to adapt to a given stimulation frequency of up to 4 Hz
over long periods of time, thereby overriding their own intrinsic electrical rhythm without
any appearance of irregular beats. In addition, Cx43 expression seems highly sensitive to
electrical stimulation in a frequency-dependent way in this cardiomyocyte model, showing
that high stimulation frequencies lead to substantial reduction in global Cx43 expression.
Therefore, iPSC-CMs represent an ideal model to study the molecular control of Cx43
expression with the purpose to identify appropriate targets to restore Cx43 expression also
in diseased cardiomyocytes.

3.2. Molecular Mechanisms of Tachypacing-Induced Cell Stress

So far, only few studies have addressed the molecular mechanisms underlying tachycardia-
induced remodeling processes at the level of expression of Cx43 and other ion channels.
Regarding short-term remodeling, cytosolic Ca2+ overload due to enhanced Ca2+ current
during rapid stimulation has been suggested as an early trigger of AF induction [36,37]. In
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contrast, long-term remodeling processes induced by chronic tachypacing involve modifi-
cations of the transcription regulation and post-transcriptional modulation of the mRNA
of target proteins leading to altered expression of different channel proteins. As a puta-
tive modulator of transcriptional activity, pacing-induced oxidative cell stress has been
suggested. Previous studies have shown that electrical stimulation induces transforming
growth factor beta (TGF-β) expression and upregulation of cardiac-specific NADPH oxi-
dases (NOX-2 and NOX-4) probably brought about by the periodic mechanical stretching of
the sarcolemma during the contractile cycle [21]. High levels of TGF-β as well as activation
of both NOX-2 and NOX-4 have also been associated with cardiac disease, in particular
with AF [38]. Tachypacing-induced enhanced expression of NADPH oxidases generates
ROS—either superoxide anions (NOX-2-containing membrane-bound NADPH oxidase)
or H2O2 (NOX-4)—and leads to oxidative distress in cardiomyocytes [21]. The question,
which of both NADPH oxidases might be primarily involved in the initiation of ROS pro-
duction, remains to be elucidated. NOX-4 produces H2O2, which can be directly detected
by H2DCF, and its expression can be found in perinuclear areas, where the increase in
fluorescence signal was best detected (see Figure 3A). Therefore, NOX-4 is likely to be
involved in ROS production under these experimental settings. However, this does not
exclude any further contribution of NOX-2 or other ROS-producing signaling cascades. In
addition, oxidative distress may be even enforced by more general metabolic stress: rapid
pacing-induced contractions over a long period of time require high energy production and
thus increased ATP synthesis that is rapidly consumed to sustain cell activity; this may lead
to a constant buildup of superoxide anions from the overburdened respiratory chain that
en route via the mitochondrial permeability transition pore to or in the cytosol give rise to
secondary H2O2 or lipid hydroperoxide formation. In this study, we have shown that long
periods of tachypacing lead to a strong increase in ROS formation in iPSC-CMs compared
to control pacing rates. Using the ROS indicator H2DCF, which cannot be oxidized to the
fluorescent DCF by superoxide anions, it is safe to presume that the oxidative distress
has been caused by direct (NOX-4) or indirect (superoxide dismutase-1 or 2) H2O2 and
possibly secondary (hydroxyl radical-mediated) lipid hydroperoxide formation. This can
also be inferred from the strong inhibitory effect of ebselen, which is a GSH peroxidase 1 or
4-like scavenger of H2O2 and lipid hydroperoxides, respectively [39,40]. Prevention of this
oxidative distress or ‘peroxide stress’ may preserve cardiomyocytes in a healthy metabolic
state despite sustained mechanical challenge.

3.3. Molecular Control of Cx43 Protein Expression during Stress

ROS have many cellular targets and effects. Under normal conditions, ROS production
occurs as side product of molecular signaling reactions, with positive effects on physiologi-
cal processes and healthy redox signaling, and therefore has also been termed oxidative
eustress [14]. Such ROS signals are usually locally confined and immediately neutralized
by endogenous antioxidative enzymes such as superoxide dismutases or GSH peroxidases
or used for other specific reactions such as the cysteine bonding in proteins [41]. Short-term
effects of oxidative distress, however, due to overt increases in ROS in cardiomyocytes,
are manifold [14]. Specifically influencing the mechanical activity of cardiac cells, such ef-
fects include direct posttranslational modifications of proteins of the excitation-contraction
coupling machinery. Prolonged imbalance in the redox state of cardiomyocytes leads to
instable Ca2+ handling and arrhythmogenic modifications [42,43]. Moreover, disorders
of Ca2+ handling and Ca2+ overload influence Cx43 channel function. Ca2+-dependent
inhibition of Cx43 gap junctional permeability leads to uncoupling of cells, which affects
action potential propagation and imposes a strong risk for the development of malignant
re-entry arrhythmias [44]. In addition to Cx43 forming gap junctions, ROS may also en-
hance lateralization of Cx43 to form hemichannels at the peri-junctional plasma membrane
promoting arrhythmias, as recently described [45].

In this study, we were interested in the long-term effects of tachypacing-induced
oxidative distress on Cx43 protein expression. Owed to the fact that prolonged oxidative
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distress may lead to upregulation of multiple micro-RNAs in the heart [46], we focused on
a micro-RNA that specifically modulates Cx43 expression. This miR-1 is a striated muscle-
specific micro-RNA [22] and has been shown to play an important role in pathological
remodeling of the heart [47,48]. Previous studies focused on atrial arrhythmogenic effects
provoked by miR-1 [49]. However, proarrhythmic ventricular effects have been unclear.
In cardiac diseases, miR-1 upregulation correlates with a decrease and even a dislocation
of Cx43 expression [12]. Furthermore, miR-1 has been identified as a post-transcriptional
regulator of Cx43 expression by complementary binding to its mRNA. As a result, the
targeted Cx43 mRNA will be degraded by the proteasomal apparatus [12,50]. In the present
study, we propose the novel hypothesis that oxidative distress leads to enhanced miR-1
expression, which in turn reduces Cx43 expression, resulting in less gap junction formation
and altered cell–cell coupling. Our data support this hypothesis and demonstrate that
oxidative distress, induced by long-term tachypacing, strongly increases miR-1 expression
in iPSC-CMs—and this effect can be effectively prevented by the GSH peroxidase mimetic
ebselen. Despite abundant evidence in the literature that miR-1 expression correlates with
oxidative distress, the signaling mechanisms underlying this correlation have not yet been
identified. Previous studies suggest that miR-1 expression is tightly controlled by serum
response factor (SRF), a highly conserved and widely expressed transcription factor regu-
lating cell growth and cardiac development [51–53]. SRF binding to the promoter regions
of miR-1 leads to higher miR-1 expression and consequently to enhanced degradation of
Cx43 mRNA. Moreover, SRF may be closely related to cardiac disease and arrhythmia [52],
raising the new question whether SRF may be a candidate for the missing link passing on
the effects of chronic distress to the regulation of miR-1 expression. However, to date, these
ideas remain speculative, and it will be exciting to follow up on this challenging question
in future investigations.

Back to our initial hypothesis, we could demonstrate here that specific inhibition of
miR-1 by an antimiR-1 antisense oligonucleotide significantly enhanced global as much
as membrane-specific Cx43 expression, most likely by disinhibition of Cx43 expression
via miR-1 as mentioned above. Even though the ratio of intracellular Cx43 (assembled
and stored in the ER/SR and the Golgi apparatus) and its membrane expression has not
yet been assessed, enhanced Cx43 expression via reduced miR-1-dependent Cx43 mRNA
degradation affects both pools of Cx43, intracellular stores as well as membrane localization.
While membrane shuttling and the overall turnover rate of Cx43 can be influenced by many
factors including phosphorylation and other posttranslational modifications [54–57], the
expression control by miR-1 is sufficiently robust to explain our experimental findings.
The general increase in Cx43 expression upon miR-1 inhibition was even strong enough
to lead to a remarkable functional increase in intercellular communication as assessed
by the dye-diffusion experiments using FRAP. These experiments not only demonstrate
that blocking miR-1 disinhibits Cx43 expression, but further prove that the new connexins
assemble successfully in the membrane to produce functional gap junctions.

Taken together, our data provide new mechanistic insight into the proposed signaling
cascade linking high frequency electrical pacing with reduced Cx43 expression via an
oxidative distress-mediated increase in miR-1 (Figure 7).

3.4. Implications for iPSC-CM Properties and Clinical Perspective

In light of the well-known immaturity of iPSC-CMs and the related deficiencies in
electrical signal propagation across multicellular preparations, our recent findings propose
a new possibility to enhance gap junction formation in these cells. It has been previously
described that iPSC-CMs are in general under tight epigenetic control by miRNAs [58],
which may be interpreted as a developmental trait. Therefore, reduction or neutralization of
miR-1 may represent one mechanism to increase Cx43 expression and improve conduction
in these cells. Apart from improved intercellular coupling, iPSC-CMs with higher Cx43
expression will also profit from increased voltage-gated sodium channel (Nav1.5) function,
which is functionally linked to Cx43 membrane expression as previously described [17].
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Together, this may lead to overall improved electrical function in terms of cell excitability
and general signal spreading and therefore, better maturation of the electrical properties
of iPSC-CMs.
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Figure 7. Summary of the proposed signaling cascade of chronic tachypacing-induced Cx43 ex-
pression regulation: tachy-stimulation leads to oxidative distress or peroxide stress (designated as
ROS) possibly by the indicated enzymes or signaling pathways (e.g., NOX-2, NOX-4, TGF-β, mito-
chondria, grey arrows). The resulting increase in peroxides (H2O2, lipid hydroperoxides) triggers
enhanced miR-1 expression, presumably by transcriptional upregulation of miR-1. miR-1 leads to
enhanced degradation of Cx43 mRNA, resulting in reduced Cx43 protein expression and gap junction
formation at the membrane. Putative parallel influences of ROS and/or miR-1 especially on the
excitation-contraction coupling mechanism, are indicated in orange. Abbreviations: IP3R: IP3-receptor,
LTCC: L-type Ca2+ channel, M: mitochondria, N: nucleus, Nav1.5: voltage-dependent Na+ channel,
NOX-2/4: NADPH oxidases 2 and 4, PLB: phospholamban, RyR: ryanodine receptor, SERCA: SR Ca2+

ATPase, SR: sarcoplasmic reticulum, TGF-β: transforming growth factor beta, TT: transverse tubules.

Apart from the desired optimization of iPSC-CMs for their anticipated applications
in cardiac cell replacement therapies, the proposed signaling cascade of stress-induced
Cx43 remodeling elucidated in this study also proposes novel tools and targets to modulate
Cx43 expression in arrhythmogenic diseases. Since the single key players investigated here
play a major role in many cardiac diseases, thereby paving the way for the development of
arrhythmias, it might be interesting to further explore the power of miR-1 inhibition in con-
ditions of impaired Cx43 membrane expression. While oxidative distress in diseased hearts
has been addressed by antioxidant therapies in several studies with rather unsatisfactory
outcome [59], modulation of Cx43 expression at the level of miR-1-dependent degradation
represents a novel idea as new target for pharmacological interventions. Indeed, there is
clinical evidence that Cx43 expression is also disrupted in humans due to elevated levels of
miR-1. For example, increasing levels of miR-1 have been detected in human atria in an
age-dependent manner [60]. In heart failure, both decreased and increased expression lev-
els of miR-1 have been demonstrated [61]. In another study, hearts that had to be explanted
due to heart insufficiency, the expression of a large number of microRNAs, among them
also miR-1, were upregulated [62]. Moreover, Cx43 expression was evaluated in explanted
hearts after heart failure: these hearts showed lateralization of Cx43 and a decrease in total
expression of Cx43. These molecular changes significantly reduced the conduction velocity
in the diseased hearts [63].

Therefore, it will be interesting in future experiments to investigate the power of miR-1
inhibition on Cx43 expression in different models of arrhythmogenic diseases. On the other
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hand, our findings of the GSH peroxidase mimetic ebselen conferring strong protection
against the deleterious effects of miR-1 may be equally worthwhile to follow up.

3.5. Limitations of the Study

Using cutting-edge methods, we tested and verified our new hypothesis that tachypacing-
induced oxidative stress leads to reduced Cx43 expression via activation of miR-1. However,
one limitation of this study is that these experiments have been performed in murine iPSC-
CMs. Despite the fact that the identified cellular processes occur at subcellular level and
may therefore represent a general concept independent of the mammalian species, this
signaling pathway will have to be confirmed in human-derived iPSC-CMs. This will be the
major scope of our future studies.

4. Materials and Methods

A detailed description of the methods used in this project can be found in the Supple-
mental Information.

Experiments were performed on murine induced pluripotent stem cell-derived car-
diomyocytes (iPSC-CMs, Cor.At®), obtained from Ncardia (Cologne, Germany), and on the
murine atrial HL-1 cell line, kindly provided by the late Dr. William Claycomb (Louisiana
State University School of Medicine, New Orleans, LA, USA) [64]. Cells were cultured
according to the manufacturers guidelines and kept in a humidified incubator at 37 ◦C with
5% CO2 until further experimentation. After establishing the protocols for tachypacing
and ROS imaging, cells were evaluated for the expression of Cx43 by RT-qPCR using
the StepOnePlus (Applied Biosystems, Foster City, CA, USA) PCR system and TaqMan
MicroRNA probes and primers according to the manufacturer’s protocol as previously
described [65]. Western blotting and immunocytochemistry were performed using stan-
dard procedures. All uncropped Western blot images are provided in the Supplemental
File. For selected experiments, Cx43 expression was enhanced by transduction using
adeno-associated virus AAV1/2 containing genes for either Cx43 and the reporter gene
dsRed or for control dsRed alone. miR-1 activity was modulated by treating the cells with
a fluorescein-labelled power inhibitor against miR-1, called antimir-1 (purchased from
Qiagen, Copenhagen, Denmark). In control experiments, scramble DNA provided by
the same company, was used under the same conditions. Cells were electrically paced at
different stimulation frequencies during culture over prolonged period of time (24, 48, 72 h)
to provoke the generation of oxidative stress, which was assessed and quantified by con-
focal imaging of ROS production using 6-chloromethyl-2,7-dichlorodihydrofluorescein
diacetate (CM-H2DCF-DA, abbreviated here as H2DCF, ThermoFisher Scientific, Dreieich,
Germany). The use of DCF as an indicator of ROS production is critically evaluated in
the literature [66]. The ROS scavenger ebselen was used to evaluate tachypacing-induced
ROS production. The effect of miR-1 inhibition on intercellular coupling was functionally
assessed in FRAP experiments (fluorescence recovery after photobleaching of calcein).
Analysis was performed as previously described in Körner et al., and the fast time constant
τ1 was taken as indicator of the diffusion rate [35].

Statistical Analysis

Image analyses were performed in ImageJ/Fiji (open source by NIH Image) and
OriginPro (OriginLab Corporation, versions 2018-2021, Northampton, MA, USA). Data
are presented as means ± standard error of the mean (SEM), where n corresponds to the
number of repeated experiments. Statistical differences were determined by ANOVA and
Student’s t-test where appropriate and considered as statistically significantly different at
p < 0.05. Significant differences in the comparison are indicated by *, while ns stands for
not significantly different.
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5. Conclusions

In summary, we present the new idea to address miR-1 as a potent regulator of Cx43
expression in conditions of chronic stress in cardiomyocytes. We report that during oxida-
tive distress, miR-1 is significantly upregulated thereby limiting Cx43 protein synthesis.
As a consequence, gap junction formation and intercellular coupling are severely compro-
mised leading to a dysfunctional syncytium. Selective blockade of miR-1 during oxidative
distress efficiently prevents inhibition of Cx43 expression. Therefore, we propose miR-1 as
a new target to specifically address the maladaptive remodeling processes of gap junctions
contributing to the development of arrhythmias in cardiac diseases.
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