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Background: Degradation of pro-inflammatory macrophage-mediated connexin 43 (Cx43) plays an
important role in post-myocardial infarction (MI) arrhythmogenesis, microRNA (miR)-155 produced
by macrophages has been shown to mediate post-MI effects. We hypothesized that miR-155 inhibition
attenuated MI-induced Cx43 degradation by reducing pro-inflammatory macrophage activation.

Methods: MI was induced by permanent ligation of the left anterior descending coronary artery in male
C57BL/6 mice. Lipopolysaccharide (LPS)-stimulated mice bone marrow-derived macrophages (BMDMs)
and hypoxia-induced neonatal rat cardiomyocytes (NRCMs) were used iz vitro models. qRT-PCR, Western-
blot and immunofluorescence were used to analyze relevant indicators.

Results: The expression levels of miR-155, interleukin-1 beta (IL-1B), and matrix metalloproteinase
(MMP)7 were higher in MI mice and LPS-treated BMDMs than in the sham/control groups, treatment with
a miR-155 antagomir reversed these effects. Moreover, miR-155 inhibition reduced ventricular arrhythmias
incidence and improved cardiac function in MI mice. Cx43 expression was decreased in MI mice and
hypoxia-exposed NRCMs, and hypoxia-induced Cx43 degradation in NRCMs was reduced by application
of conditioned medium from LPS-induced BMDMs treated with the miR-155 antagomir, but increased
by conditioned medium from BMDMs treated with a miR-155 agomir. Importantly, NRCMs cultured in
conditioned medium from LPS-induced BMDMs transfected with small interfering RNA against IL-1P
and MMP?7 showed decreased hypoxia-mediated Cx43 degradation, and this effect also was diminished by
BMDM treatment with the miR-155 agomir. Additionally, siRNA-mediated suppressor of cytokine signaling
1 (SOCSI) knockdown in LPS-induced BMDMs promoted Cx43 degradation in hypoxia-exposed NRCMs,
and the effect was reduced by the miR-155 inhibition.

Conclusions: MiR-155 inhibition attenuated post-MI Cx43 degradation by reducing macrophage-
mediated IL-1B and MMP7 expression through the SOCS1/nuclear factor-xB pathway.

Keywords: Myocardial infarction (MI); ventricular arrhythmias; connexin 43 (Cx43); microRINA-155 (miR-55)
Submitted Dec 01, 2021. Accepted for publication Jun 01, 2022.

doi: 10.21037/cdt-21-743
View this article at: https://dx.doi.org/10.21037/cdt-21-743

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2022;12(3):325-409 | https://dx.doi.org/10.21037/cdt-21-743


https://crossmark.crossref.org/dialog/?doi=10.21037/cdt-21-743
https://cdn.amegroups.cn/static/public/cdt-12-03-325-1.pdf

396

Introduction

Ventricular arrhythmias and sudden death are major
complications of myocardial infarction (MI) (1), and
connexin 43 (Cx43) degradation has been identified as a
key molecular mechanism contributing to these adverse
outcomes (2). Studies have confirmed that Cx43 protein
is mainly present in ventricular cardiomyocytes and is
degraded in ischemic cardiomyopathy (3,4). Additionally,
Cx43 knockout mice exhibit slowed conduction and an
increased likelihood of arrhythmia (5). Thus, inhibition
of Cx43 degradation represents a promising therapeutic
strategy for reducing MI-induced ventricular arrhythmias
and sudden death.

Studies in animal and human models have demonstrated
that pro-inflammatory macrophages significantly impact
inflammation-mediated remodeling and arrhythmia
development following MI (6,7). Consistently, after MI in
mice, matrix metalloproteinase (MMP)7 and interleukin-1
beta (IL-1PB) produced post-MI by pro-inflammatory
macrophages induce Cx43 degradation, which is closely
related to the pathological process of MI-induced arrhythmia
(8-10). Interestingly, the nuclear factor kB (NF-«B) pathway
activation promotes the secretion of IL-1p and MMP7
by pro-inflammatory macrophages (11,12). Therefore,
the inactivation of pro-inflammatory macrophages could
theoretically attenuate post-MI Cx43 degradation by
reducing NF-«B pathway-related expression of IL-1B and
MMP7.

MicroRNA (miR)-155 exerts important effects in the
inflammatory, immunity, infection and differentiation (13).
Previous studies have revealed that roles and effects of miR-
155 in the various heart diseases via various targets (14-18).
Importantly, miR-155 produced by pro-inflammatory
macrophages promotes cardiac fibrosis and hypertrophy in
a paracrine manner with suppressor of cytokine signaling
1 (SOCS1) as its target (15,19,20). Our recent research
also showed that the SOCS1/NF-«B axis exerts vital
effects in miR-155-mediated post-MI sympathetic neural
remodeling and cardiomyocyte apoptosis via the regulation
of pro-inflammatory macrophages (21,22). However, it
is unknown whether miR-155 inhibition can decrease
the pro-inflammatory macrophage-derived IL-1B and
MMP?7 expression levels and lead to further degradation of
Cx43 post-MI via the SOCS1/NF-«xB axis. We therefore
hypothesized that the upregulation of miR-155 can result in
increased Cx43 degradation and susceptibility to ventricular
arrhythmias after MI due to increases in pro-inflammatory
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macrophage-mediated IL-13 and MMP?7 expression. We
tested this hypothesis through a series of in vive and in vitro
experiments, and the results provide insight into potential
targets for reducing the risk of ventricular arrhythmias after
MI. We present the following article in accordance with
the ARRIVE reporting checklist (available at https://cdt.
amegroups.com/article/view/10.21037/cdt-21-743/rc).

Methods
Reagents and antibodies

Murine macrophage colony-stimulating factor (M-CSF)
was purchased from PeproTech (Rocky Hill, NJ, USA);
lipopolysaccharide (LPS) was purchased from Sigma-
Aldrich (Merck KGaA, Darmstadt, Germany; 12630).
Antibody sources were as follows: anti-phospho (p)-P65,
anti-p-inhibitor of kBa (IkBa), anti-SOCS1, anti-MMP?7,
and anti-Cx43 antibodies were obtained from Cell Signaling
Technology (Danvers, MA, USA); anti-IL-1p and anti-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
purchased from Abcam (Cambridge, UK); and horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG was
obtained from Amersham Biosciences (Buckinghamshire,
UK). The control con/miR-155-agomir, con/miR-155-
antagomir (scrambled sequence), miR-155 antagomir (a
2'-O-methyl + 5' cholesterol-modified miR-155 inhibitor),
small interfering (si)RINA control, and siRNAs specific
for SOCS1, IL-1B, and MMP7 were purchased from
Guangzhou RiboBio Co., Ltd. (Guangzhou, China).

Animals

The study procedures were approved by the Institutional
Animal Care and Use Committee at the Third People’s
Hospital of Wuhan (Date 7 August 2020/No. SY2020-
001), and was carried out in accordance with the Guide
for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (8th Edition, NRC
2011). A protocol was prepared before the study without
registration. Total 64 healthy male C57BL/6 mice (weighing
24-26 g) were housed (12 h light/dark cycle) with food
and water available ad libitum purchased from Hubei
Provincial Disease Control Center. For surgery, the mice
were anesthetized with sodium pentobarbital (50 mg/kg,
Sigma-Aldrich) and constant ventilation was maintained
(respiratory depression was observed but unexpected,
hypothermia and food intake were not observed). Occlusion
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of the left anterior descending artery was used to induced
MI model, regional cyanosis of the myocardial surface
and ST segment elevation of the electrocardiogram
(ECG) were confirmed as successful MI procedure, as
previously described (23). Animals were randomly assigned
including the following four groups of mice according
to randomization sequences by using a computer-based
random order generator: (I) the sham group (the animal
experimental number/total number 10/12) mice underwent
sham operation without the left anterior descending
artery ligation; (II) the MI group (the animal experimental
number/total number 12/18); (III) the MI + con-antagomir
group (the animal experimental number/total number
11/18); and (IV) the MI + miR-155 antagomir group (the
animal experimental number/total number 12/16). Before
surgery, the mice in the sham group and MI group received
an injection of saline through the tail vein, whereas mice
in the MI + con-antagomir group and MI + miR-155
antagomir group received tail vein injections of 80 mg/kg
miR-155 antagomir and the same amount of con-antagomir
for consecutive 3 days before left anterior descending artery
occlusion following a previously described method (24),
euthanasia was performed one week after MI.

Culture and transfection of adult mouse bone marrow-
derived macrophages (BMDMs)

As previously described (21,22), BMDMs from mouse
femurs and tibias were isolated and cultured in RPMI-1640
complete medium with M-CSF (50 ng/mL). BMDMs were
transfected separately with 100 nM of either miR-155 con-
agomir/agomir, miR-155 con-antagomir/antagomir, SOCSI
con-siRNA/siRNA, IL-1B con-siRNA/siRNA, or MMP7
con-siRNA/siRNA using Lipofectamine 2000 (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions. The conditioned
medium and cells from transfected BMDMs were used in
further assays.

Preparation of neonatal rat cardiomyocytes (NRCMs)

Ventricular NRCMs, derived from 1- to 3-day-old rats,
were isolated and then cultured in hypoxic conditions

(CO;N,:0, at a ratio of 94:5:1) as described previously (25).
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Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)

As previously described (26), RNA was extracted using
TRIzol (15596-018, Invitrogen) and transcribed into
complementary DNAs (cDNAs) using the PrimeScript RT
Reagent Kit (RR037A, Takara Bio Inc., Shiga, Japan). The
sequences of the primers: (I) miR-155: reverse transcription
(RT) 5'-GTCGTATCCAGTGCGTGTCGTGGAG
TCGGCAATTGCACTGGATACGACACCCCT-3',
forward 5'-GGGGGTTAATGCTAATTGTGAT-3'
and reverse 5'-AGTGCGTGTCGTGG-3"; (Il) U6: RT
5'-CGCTTCACGAATTTGCGTGTCAT-3', forward
5'-GCTTCGGCAGCACATATACTAAAAT-3" and
reverse 5'-CGCTTCACG AATTTGCGTGTCAT-3";
(III) inducible nitric oxide synthase (iNOS): forward
5'-TTGGCTCCAGCATGTACCCT-3" and reverse
5'-TCCTGCCCACTGAGTTCGTC-3"; and (IV)
GAPDH: forward 5'-ATGGGTGTGAACCACGAGA-3'
and reverse 5'-CAGGGATGATGTTCTGGGCA-3'.

Western blot analysis

Tissue samples were collected from the peri-infarct and
infarct zones of mouse hearts post-MI at 1 week and from
the same cardiac tissue zones of mice in the sham group at
1 week. The proteins were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membranes. After the blots were
incubated overnight with primary antibodies (anti-p-P65,
anti-p-IxBa, anti-SOCS1, anti-MMP7, anti-Cx43, anti-
IL-1pB, and anti-GAPDH), the membranes were washed
and incubated with secondary antibody (HRP-goat anti-
rabbi; HRP-goat anti-mouse) incubation. The blots were
developed using an enhanced chemiluminescence kit, and
band intensities were quantified using a Bio-Rad imaging
system (Hercules, CA, USA). The relative band intensity
for each protein of interest was normalized to that from the
sham control group, which was set at a value of 1 (100%).

Immunofluorescence

As previously described (27,28), tissues were fixed and
slices were used for immunohistochemical analysis. Firstly,
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Figure 1 MiR-155 level in cardiac tissue of a mouse MI model and in LPS-induced BMDMs. (A) MiR-155 level in cardiac tissue following
MI in mice (n=5; *, P<0.01 vs. the sham control group; %, P<0.05 vs. the MI group). (B) MiR-155 level in BMDM:s after 24 h of treatment
with LPS (n=3; *, P<0.01 vs. the control group; 5 P<0.05 vs. the LPS group). U6 small nuclear RINA was used as an internal control. Con,

control; MI, myocardial infarction; LPS, lipopolysaccharide; BMDMs, bone-marrow-derived macrophages.

the slices were incubated with anti-INOS and anti-Cx43
antibody overnight at 4 °C, and then were incubated
with a fluorescein isothiocyanate (FITC)-conjugated
secondary antibody, and finally counterstained with DAPI.
Fluorescence images were captured using an Olympus
BXS51 microscope (Olympus Corporation, Tokyo, Japan),
and Image pro-plus was used to analyze.

Langendorff perfusion and ventricular arrbythmia
inducibility

As described previously (29), mouse hearts were collected
and perfused through a Langendorff system. Briefly, the
hearts were quickly excised and hung on the Langendortt-
perfusion system (AD Instruments, Bella Vista, NSW,
Australia). Hearts that did not recover the regular
spontaneous rhythm or had irreversible myocardial
ischemia were not subjected to electrophysiology testing.
To trigger ventricular arrhythmia in the peri-infarct region,
burst pacing (2-ms pulses at 50 Hz, 2-s burst duration) was
repeated 20 times with 2-s intervals. we defined ventricular
arrhythmia as rapid ventricular contractions lasting for
at least 2 s, non-sustained ventricular arrhythmia as
contractions lasting for 2-30 s, and sustained ventricular
arrhythmia as contractions lasting for more than 30 s (30).

Cardiac function

Echocardiography with a Mylab30CV (Esaote S.p.A.)
instrument and a 10-MHz linear array ultrasound
transducer was used to evaluate left ventricle cardiac
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function in mice at 1 week post-MI. Data included: left
ventricle end-diastolic dimension (LVEDD), left ventricle
end-systolic dimension (LVESD), left ventricle ejection
fraction (LVEF), and left ventricle fractional shortening
(LVES).

Statistical analysis

All data are expressed as mean + standard deviation (SD).
The independent sample Student’s 7-test was used to
evaluate significant differences between two groups, and
one-way analysis of variance (ANOVA) was used to evaluate
significant differences multi-group comparisons. The data
analysis was performed using SPSS 20 software. and P<0.05
was considered statistically significant

Results

MiR-155 expression was upregulated in mouse cardiac
tissue after MI and in LPS-induced BMDMs

Comparison of miR-155 level in cardiac tissues of mice in
various groups by qRT-PCR revealed that miR-155 level
was obviously upregulated in the MI group compared to the
sham group (P<0.01), while this effect was partially lowered
by inhibiting miR-155 (P<0.05; Figure 14). Moreover,
upregulation of miR-155 was also observed in LPS-treated
BMDM:s compared with control BMDMs (P<0.01), but this
effect was partially reduced by inhibiting miR-155 (P<0.05;
Figure 1B). These changes in miR-155 expression in both
MI mice and LPS-treated BMDMs were consistent with
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Figure 2 Effects of miR-155 inhibition on MI- and LPS-induced macrophage polarization and NF-«B pathway iz vive and in vitro. (A)

Representative photomicrographs of iNOS expression (green staining). Nuclei were counterstained with DAPI. Scale bar 20 pm. (B) The

percentage of iNOS positive cells in cardiac tissue of mice following MI induction (n=5; *, P<0.05 vs. the MI group). (C) mRINA expression
of iNOS in LPS-induced BMDMs with or without miR-155 antagomir treatment (n=3; *, P<0.01 vs. the control group; $ P<0.05 vs. the LPS
group). (D,F) Representative Western blots of p-P65 and p-IkBa expression in LPS-induced BMDMs with or without miR-155 antagomir

treatment for 24 h. (E,G) Quantitative analysis of data in D and E, respectively (n=3; *, P<0.01 vs. the control group; S P<0.05 vs.the LPS

group). Con, control; iNOS, inducible nitric oxide synthase; MI, myocardial infarction; LPS, lipopolysaccharide; BMDMs, bone-marrow-

derived macrophages; NF-«B, nuclear factor kB.

our observations in previous studies (21,22).

MiR-155 inbibition attenuated MI- and LPS-induced
macrophage polarization and NF-kB pathway activation

Pro-inflammatory macrophage polarization was tested in
the infarct area of mouse hearts by immunofluorescence
staining for the established marker iNOS. The numbers
of iNOS-positive cells were similar between the MI + con-
antagomir and MI groups, whereas the number of iNOS-
positive cells was lower in the MI + miR-155 antagomir
group than in the MI group (Figure 24,2B; P<0.05).

To investigate the effect of miR-155 on macrophage
polarization and NF-xB pathway activation in vitro, we
cultured BMDMs with or without LPS/miR-155 con-
antagomir/miR-155 antagomir. The results showed that
iNOS mRNA expression was significantly upregulated in
the LPS group compared with control group (P<0.01), but

© Cardiovascular Diagnosis and Therapy. All rights reserved.

this upregulation was attenuated by miR-155 inhibition
(P<0.05; Figure 2C). Considering that NF-kB pathway
activation promotes M1 macrophage polarization (31), we
also investigated the effect of miR-155 on NF-«B pathway
in LPS-treated BMDMs. We found that the upregulation
of p-IxBa and p-P65 proteins induced by LPS BMDMs was
significantly diminished by miR-155 antagomir treatment
(P<0.05; Figure 2D-2G). These findings suggest that miR-
155 promotes macrophage polarization and NF-«xB pathway
activation following MI.

MiR-155 inhibition attenuated MI- and LPS-induced IL-
1B and MMP7 expression

Because IL-1B and MMP7 play important roles in MI-
induced ventricular arrhythmias, we explored the effects
of miR-155 on IL-1B and MMP7 expression in vivo and
in vitro by Western blot analyses. At 1-week post-MI in

Cardiovasc Diagn Ther 2022;12(3):325-409 | https://dx.doi.org/10.21037/cdt-21-743
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Figure 3 Effects of miR-155 inhibition on MI- and LPS-induced IL-1p and MMP7 expression iz vivo and in vitro. (A,B) Representative
Western blots of IL-18 and MMP?7 expression in cardiac tissue following MI. (C,D) Quantitative analysis of data in (A) and (B), respectively
(n=5; *, P<0.01 vs. the sham group; 5 P<0.05 vs. the MI group). (E,F) Representative Western blots of IL-1p and MMP7 expression in LPS-
induced BMDMs with or without miR-155 antagomir treatment for 24 h. (G,H) Quantitative analysis of data in (E) and (F), respectively (n=3;
*, P<0.01 vs. the control group; 5 P<0.05 vs. the LPS group). Con, control; MI, myocardial infarction; LPS, lipopolysaccharide; BMDMs,

bone-marrow-derived macrophages; IL-1, interleukin-1p; MMP7, matrix metalloproteinase 7.

mice, IL-1p and MMP7 protein expression was substantially
increased in the infarcted heart tissue of mice in the MI
group compared with levels in cardiac tissue from the sham
mice (both P<0.01). However, these increases in IL-1p and
MMP?7 protein expression were attenuated by miR-155
inhibition (P<0.05; Figure 34-3D).

Based upon research showing that IL-1p and MMP7
are mainly secreted by M1 macrophages (9,10,32), we
investigated the effects of miR-155 expression on IL-1f and
MMP?7 production by LPS-induced BMDMs. Consistent
with the results from our animal experiment, we found that
LPS significantly upregulated IL-1p and MMP7 expression
compared with levels in control cells, but treatment with the
miR-155 antagomir significantly decreased LPS-induced
IL-1B and MMP7 expression in BMDMs (both P<0.05;
Figure 3E-3H).

Together, our in vivo results indicate that inhibition
of miR-155 attenuated MI-induced upregulation of IL-
1P and MMP?7, and the in vitro experiment suggests this
upregulation was mediated via NF-«B signaling.

MiR-155 inbibition attenuated MI-induced Cx43
degradation

Cx43 expression in the peri-infarct border zone of
the mouse heart at 1-week post-MI was assessed by

© Cardiovascular Diagnosis and Therapy. All rights reserved.

immunofluorescence staining and Western blotting. The
density of cells stained positively for Cx43 was significantly
diminished post-MI, but miR-155 inhibition decreased
CX43 degradation induced by MI (Figure 44). Western blot
analysis confirmed these differences Cx43 expression in
cardiac tissue post-MI with and without miR-155 antagomir
treatment (P<0.05; Figure 4B,4C).

To investigate the mechanism by which miR-155
influences Cx43 degradation post-MI, we cultured hypoxic-
induced NRCMs with conditioned medium from LPS-
induced BMDMs with or without miR-155 antagomir/
agomir to evaluate Cx43 expression. We observed that
Cx43 expression was obviously decreased in hypoxic
group compared to control group, importantly, Cx43
expression was significantly increased in hypoxic-induced
NRCMs cultured in conditioned medium from LPS-
induced macrophages treated with the miR-155 antagomir
compared with treated with miR-155 con-antagomir.
However, conditioned medium from LPS-induced BMDMs
treated with miR-155 agomir had the opposite effect on
Cx43 expression in hypoxia-induced NRCMs (P<0.05;
Figure 4D-41). These findings indicate that miR-155 derived
from BMDMs regulates hypoxia-induced Cx43 degradation
in NRCMs via a paracrine manner.

Previous studies have confirmed that IL-1p and MMP7
play an important role in MI-induced Cx43 degradation

Cardiovasc Diagn Ther 2022;12(3):325-409 | https://dx.doi.org/10.21037/cdt-21-743
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Ratio of VA, %

Figure 5 Effect of miR-155 inhibition on MI-induced VA. Langendorff perfusion was performed on hearts prepared from mice of the

sham, MI, MI + con-antagomir, and MI + miR-155 antagomir groups. (A) Representative VA induced by burst-pacing stimulations. (B)

Comparison of non-sustained/sustained VA inducibility rates (*, P<0.05 vs. the sham group; $ P<0.05 vs. the MI group). Con, control; MI,

myocardial infarction; VA, ventricular arrhythmia.

(8-10). To further clarify how miR-155 regulates Cx43
expression in NRCMs, we transfected BMDMs with
siRNAs against IL-1p and MMP7 and examined whether
miR-155-mediated Cx43 degradation in hypoxic NRCMs
was dependent on IL-1p and MMP7 produced by pro-
inflammatory macrophages. The results showed that
expression of IL-1 and MMP7 was obviously decreased
in siRNA-IL-1B/siRNA-MMP7 group compared with si-
control group (P<0.01; Figure 47-4M), Cx43 expression
was significantly upregulated in hypoxia-induced NRCMs
exposed to conditioned medium from LPS-induced
BMDMs transfected with IL-1p or MMP7 siRNA
compared with the expression level in hypoxic NRCMs
in conditioned medium from BMDMs without IL-1B or
MMP?7 silencing. However, treatment of the transfected
LPS-induced BMDMs with miR-155 agomir significantly
reversed this effect (P<0.05; Figure 4N-4Q). Taken together,
these data indicate that miR-155 induces Cx43 degradation
in hypoxic NRCMs by promoting IL-1p and MMP7
expression by pro-inflammatory macrophages.

© Cardiovascular Diagnosis and Therapy. All rights reserved.

MiR-155 inbibition suppressed MI-induced ventricular
arrbythmias and cardiac dysfunction in mice

Next, we evaluated whether miR-155 is involved in
ventricular arrhythmias induced by MI via applying the
Langendorff-perfusion system to the mouse MI model. The
ratio of non-sustained ventricular arrhythmias and sustained
ventricular arrhythmias was obviously increased in the MI
group and MI + con-antagomir group, with no significant
difference observed between these two groups (P>0.05).
Importantly, compared to the MI group, the ratio of non-
sustained ventricular arrhythmias and sustained ventricular
arrhythmias was significantly decreased in the MI + miR-
155-antagomir group (P<0.05; Figure 5), indicating that
miR-155 participates in post-MI ventricular arrhythmias.
Additionally, evaluation of cardiac function post-MI in
mice at 1 week revealed reductions in LVEF and LVES and
increases in LVEDD and LVESD in the MI group compared
with the sham group. However, inhibition of miR-155
significantly reversed these effects (P<0.05; Figure 6).
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Figure 6 Effect of miR-155 inhibition on post-MI cardiac dysfunction. (A-D) Representative echocardiographic findings after MI or sham

operation in mice of the sham, MI, MI + con-antagomir, and MI + miR-155 antagomir groups (n=7; *, P<0.01 vs. the sham control group; 5

P<0.05 vs. the MI group). Con, control; MI, myocardial infarction; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional

shortening; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter.

These results indicate that miR-155 inhibition improved
cardiac dysfunction after ML

MiR-155 inhibition attenuated Cx43 degradation by
augmenting SOCS1 expression in LPS-induced BMDMs

To further elucidate the mechanism by which miR-155
influences Cx43 degradation post-MI, we investigated the
involvement of the miR-155 target gene SOCS]I. First,
Western blotting confirmed the upregulated expression of
SOCS!1 in LPS-induced BMDMs (P<0.01; Figure 74,7B),
and addition of the miR-155 antagomir resulted in even
higher SOCS1 expression in these cells (P<0.05). We
then transfected LPS-induced BMDMs with SOCSI1
siRNA and confirmed the reduced expression of SOCS1
by Western blotting (P<0.01; Figure 7C,7D). We found
that Cx43 expression was obviously decreased in hypoxic
group compared to control group (P<0.01; Figure 7E,7F),
interestingly, conditioned medium from these BMDMs
transfected with si-SOCS1 compared with the expression
level in hypoxic NRCMs in conditioned medium from
BMDM:s without si-SOCSl1led to a significant reduction

© Cardiovascular Diagnosis and Therapy. All rights reserved.

in Cx43 expression in hypoxic NRCMs, and this effect
was reversed by addition of the miR-155 antagomir to the
BMDMs before conditioned medium collection (P<0.05;
Figure 7G,7H). Together, these results demonstrate that
pro-inflammatory macrophage-derived miR-155 promotes
Cx43 degradation in cardiomyocytes, at least in part,
via the downregulation of SOCSI in pro-inflammatory
macrophages (Figure §8).

Discussion

In the present investigation of the effect of miR-155 on MI-
induced Cx43 degradation, we first confirmed that miR-
155 level was significantly increased in post-MI cardiac
tissue and LPS-induced BMDMs. Then through a series of
in vivo and in vitro experiments, we determined that
inhibition of miR-155 attenuated Cx43 degradation
in cardiac tissue post-MI and in cultured hypoxia-
induced cardiomyocytes by decreasing pro-inflammatory
macrophage-derived IL-1p and MMP7 expression via the
SOCS1/NF-«B pathway. Overall, these findings indicate
that miR-155 contributes to post-MI arrhythmias by

Cardiovasc Diagn Ther 2022;12(3):325-409 | https://dx.doi.org/10.21037/cdt-21-743
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Figure 7 Involvement of SOCSI expression in LPS-induced BMDMs in the effect of miR-155 inhibition on Cx43 degradation in
cardiomyocytes. (A,B) Representative Western blots (A) and quantitative analysis (B) of SOCS1 treated with or without miR-155 antagomir
in LPS-induced BMDMs for 24 h (n=3; *, P<0.01 vs. the control group; S P<0.05 vs. LPS group). (C,D) Representative Western blot (C)
and quantification analysis (D) of SOCS1 in BMDMs transfected with si-control or si-SOCS1 (n=3; *, P<0.01 vs. the si-con group). (E-H)
Conditioned medium was collected from LPS-induced BMDMs treated with or without miR-155 antagomir or si-SOCSI for 24 h and then
applied to hypoxia-induced NRCM:s for 24 h. (E,G) Representative Western blots of Cx43 expression. (F;H) Quantitative analysis of data
from (E) and (G), respectively [n=3; *, P<0.01 vs. the Con or the hypoxia + medium (LPS + con-antagomir) group; °, P<0.05 vs. the hypoxia
+ medium (LPS + si-SOCS1) group]. Con, control; MI, myocardial infarction; LPS, lipopolysaccharide; BMDMs, bone-marrow-derived
macrophages; NRCMs, neonatal mouse cardiomyocytes; SOCS]1, suppressor of cytokine signaling 1.
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Figure 8 Summary of the roles of miR-155 in the MI-induced connexin 43 degradation in cardiomyocytes by activating pro-inflammatory
macrophage activation. MI, myocardial infarction; LPS, lipopolysaccharide; SOCS1, suppressor of cytokine signaling 1; IL-1p, interleukin-
1B; MMP?7, matrix metalloproteinase 7; NF-kB, nuclear factor kB.
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promoting the degradation of Cx43.

MiR-155 has been significantly upregulated in activated
macrophages, T cells, and B cells, and it is known to play
important roles in cell apoptosis, inflammation, immunity
and infection (13). Several studies have showed that miR-
155 is mainly produced by pro-inflammatory macrophages
(19,20) and has been confirmed to participate in various
cardiovascular diseases (15,17,19,33,34). Presently, the data
showed that miR-155 expression was prominently increased
in the cardiac tissue of MI mice as well as in LPS-induced
BMDMs, on the contrary, miR-155 inhibition decreased
iNOS (M1 macrophage markers), p-IxkBa and p-P65
expression, consistent with the findings of our previous study
(21,22). These results highlight that miR-155 promotes
post-MI pro-inflammatory macrophage polarization and
NF-«B pathway activation. Interesting, many studies have
reported that miR/miR and miR/long non-coding RNA
(IncRNA) can regulate each other and eventually lead
to various pathological changes. For example, amnion
membrane alleviates LPS-induced cardiomyocyte injury
via upregulation of miR-21 and miR-146, and exerts an
important effect on miR-155-mediated inflammatory
cytokine expression (35). Additionally, IncRNA/miR-
155/IKKi signaling axis modulates pathological cardiac
hypertrophy (36) and IncRNA MALAT1/miR-155/IL-10
axis induces tolerogenic dendritic cells and regulatory T
cells (36). However, whether miR-155 antagomir affects
miR-155 expression to further regulate other miR/IncRNA
expression levels and participates in related pathological
processes will be explored in our further experiments.
Research has shown that pro-inflammatory macrophages
are recruited to the infarct site where they promote
inflammatory factor expression and further regulate
cardiomyocyte function in a paracrine manner, influencing
the incidence post-MI ventricular arrhythmias by mediating
NF-«B pathway activation (37-40). Specifically, high levels
of IL-1B produced by pro-inflammatory macrophages in
cardiac tissue post-MI have been implicated in this cell-cell
uncoupling and shown to slow conduction via degradation
of Cx43 (8,10,41). Additionally, pro-inflammatory
macrophages in the infarct zone express MMP7, which also
has been reported to induce Cx43 degradation and attenuate
conduction (9,42). Our results revealed that miR-155
inhibition reduced MI/LPS-induced upregulation of IL-
1B and MMP7 levels in BMDMs. Importantly, myocardial
Cx43 expression is known to be reduced in mice after MI
as well as in patients with ischemic heart disease (43,44),
and degradation of Cx43 is an established pathological

© Cardiovascular Diagnosis and Therapy. All rights reserved.
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mechanism for ventricular arrhythmias and sudden cardiac
death after MI (45). Notably, Cx43 degradation in the post-
MI heart is distinctly observed in areas of macrophage
infiltration (10,46), and studies have confirmed the
involvement of pro-inflammatory macrophages in MI-
induced inflammation, which results in Cx43 degradation
(47,48). However, it remained unclear whether miR-155 in
pro-inflammatory macrophages influences the expression
levels of IL-1p and MMP?7 to further promote post-MI
Cx43 protein degradation. We demonstrated that inhibiting
of miR-155 attenuated MI/hypoxia-induced cardiomyocytes
Cx43 degradation and also showed that overexpression of
miR-155 had opposite effect. Moreover, siRNA-mediated
knockdown of IL-1p and MMP?7 in pro-inflammatory
macrophages diminished the hypoxia-mediated degree of
Cx43 degradation in cardiomyocytes, and these effects were
antagonized by treatment of the macrophages with miR-
155 agomir, suggesting that miR-155 produced by pro-
inflammatory macrophages regulates cardiomyocyte Cx43
degradation in a paracrine manner.

Recent research has shown that inhibiting miR-155
attenuates atrial fibrillation by targeting CACNAI1C (49).
To further demonstrate the role of miR-155 in ventricular
arrhythmias induced by MI, we examined the incidence
of ventricular arrhythmias in MI model mice by miR-155
antagomir treatment and found that miR-155 inhibition
reduced the incidence of ventricular arrhythmias. Moreover,
miR-155 inhibition improved post-MI cardiac dysfunction,
and these findings are in line with a previous report (19).
These effects of miR-155 on cardiac dysfunction may
be related to the relevant changes in IL-1p and MMP7
expression in pro-inflammatory macrophages. IL-
1B expression has been linked with post-MI cardiac
dysfunction by research showing that inhibition of post-MI
IL-1B signaling improved cardiac function and reduced the
incidence of heart failure, and another study reported that
MMP7 may influence post-MI left ventricle remodeling
(50-52). In the present study, the mechanisms for the
improvements in post-MI cardiac function with miR-155
inhibition may be, at least in part, related to decreased
expression of IL-1B and MMP7 in pro-inflammatory
macrophages, leading to attenuated Cx43 degradation.
It has been reported that Cx43 degradation promotes
deterioration of cardiac function (53,54), and our data
demonstrate that miR-155 antagomir exerted a regulatory
effect on Cx43 degradation and improved cardiac function.
However, if the expression of Cx43 is altered in mice with
MI treated with miR-155 antagomir, it may better explain
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whether miR-155 regulates the expression of Cx43 and then
regulates cardiac dysfunction. This topic will be further
explored in our subsequent experiments.

SOCSI1, a target of miR-155, inactivates NF-«xB
pathway in pro-inflammatory macrophages (21,22).
Thus, we hypothesized that the effect of miR-155 on
Cx43 degradation is related to SOCS1 expression in
BMDMs. Our results demonstrated that miR-155
inhibition promoted SOCS1 expression in LPS-stimulated
BMDMs, whereas SOCS1 knockdown in these cells
significantly increased hypoxia-induced Cx43 degradation
in cardiomyocytes. Moreover, this effect was reversed by
treatment of the macrophages with the miR-155 antagomir,
these data indicate that SOCSI1 is an important target in
miR-155-mediated Cx43 degradation, our data indicate
a crucial role for SOCSI in the control of the miR-155-
mediated Cx43 degradation. Moreover, highlights of this
manuscript are as follows: (I) miR-155 inhibition attenuated
post-MI Cx43 degradation of cardiomyocytes by decreasing
pro-inflammatory macrophage-derived IL-1p and MMP7
expression; (II) SOCS1/NF-«B signaling pathway played
an important role at least in part in the miR-155-mediated
IL-1B and MMP7 expression; (III) miR-155 inhibition
reversed the development of ventricular arrhythmias and
cardiac dysfunction in MI mice by attenuating post-MI the
degradation of Cx43.

In conclusion, our study revealed that miR-155 increases
IL-1p and MMP7 expression by pro-inflammatory
macrophages, which results in the degradation of Cx43
in cardiomyocytes via paracrine signaling and further
contributes to the development of ventricular arrhythmias
and cardiac dysfunction in MI mice. Additionally, these
effects of miR-155 are mediated, at least in part, via
SOCS1/NF-«B signaling.

Conclusions

Overall, our findings suggest that miR-155 participates
in the pathophysiology of ventricular arrhythmia and
cardiac dysfunction induced by MI via promoting the
degradation of Cx43 in cardiomyocytes via an increasing
pro-inflammatory macrophage activation.
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