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A B S T R A C T

Cardiac conduction delay may occur as a common complication of several cardiac diseases. A few therapies and
drugs have a good effect on cardiac conduction delay. Metformin (Met) has a protective effect on the heart. This
study's aim was to investigate whether Met could ameliorate cardiac conduction delay and its potential me-
chanism. Cardiac-specific microRNA-1 (miR-1) transgenic (TG) and myocardial infarction (MI) mouse models
were used. Mice were administered with Met in an intragastric manner. We found that the expression of miR-1
was significantly up-regulated in H2O2 treated cardiomyocytes as well as in TG and MI mice. The protein levels
of inwardly rectifying potassium channel 2.1 (Kir2.1) and Connexin43 (CX43) were down-regulated both in
cardiomyocytes treated with H2O2 as well as cardiac tissues of TG and MI mice, as compared to their controls.
Furthermore, the PR and QT intervals were prolonged, action potential duration (APD) was delayed, and con-
duction velocity (CV) was reduced, with upregulation of miR-1 in the hearts. In the meanwhile, intercalated disc
injuries were found in the hearts of MI mice. Interestingly, Met can noticeably inhibit miR-1 upregulation and
attenuate the changes mentioned above. Taken together, this suggested that Met could play an important role in
improving cardiac conduction delay through inhibition of miR-1 expression. Our study proposes that Met is a
potential candidate for the treatment of cardiac conduction delay and provides a new idea of treating arrhythmia
with a drug.

1. Introduction

The cardiac conduction system is a network responsible for initia-
tion and propagation of normal rhythm, which plays a vital role in
coordinating cardiac performance (Jongbloed et al., 2012; Munshi,
2012). The incidence and prevalence of cardiac conduction disease has
kept growing worldwide in recent years (Vijayaraman et al., 2017). As a
major cardiac conduction disease, cardiac conduction delay may occur
as a common complication of several cardiac diseases such as auto-
nomic dysfunction, infectious endocarditis, and myocardial infarction

(MI) (Sidhu and Marine, 2019). Cardiac conduction delay indicates
prolonged conduction time from the sinoatrial node to the ventricles
(Freyermuth et al., 2016). Few therapies are available for the effective
treatment of cardiac conduction delay, apart from cardiac pacing.
Therefore, finding a drug that would have a good therapeutic effect for
cardiac conduction delay, and understanding its mechanisms would be
a beneficial therapy for some cardiac diseases.

MicroRNAs (miRNAs) are a class of endogenous small non-coding
RNAs that play major roles in post-transcriptional regulation of gene
expression by binding to the 3′-untranslated regions of target genes
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(Xiao and MacRae, 2019). MicroRNA-1 (miR-1) is muscle-specific and
its expression is enriched in the heart. It has been discovered that its
variation is a causative factor of many heart diseases (Chistiakov et al.,
2016). Our previous studies demonstrated that the overexpression of
miR-1 slowed cardiac conduction and depolarized the cytoplasmic
membrane by post-transcriptionally Kir2.1 and CX43 (Yang et al.,
2007). A subsequent study showed that transgenic (TG) mice with
cardiac-specific overexpression of miR-1 were more susceptible to at-
rioventricular block (Zhang et al., 2013). These findings suggested that
miR-1 upregulation may induce atrioventricular blocks and cardiac
conduction delay.

Met is a mainstay drug that has been used to treat type 2 diabetes
mellitus (T2DM) for more than 60 years (Sanchez-Rangel and Inzucchi,
2017). Recent studies suggest that Met can reduce the possibility of
heart failure in diabetic patients (Fung et al., 2015) and mitigate car-
diac remodeling and fibrosis without T2DM (Kanamori et al., 2019).
Met has also been shown to improve cardiac functions and alleviate
myocardial cell apoptosis post MI (Sun and Yang, 2017). However, it
has not yet been reported whether Met could improve cardiac con-
duction delay.

Our team's previous study showed that as a direct allosteric AMPK
activator, Met could activate AMPK and significantly reduce C/EBP β to
decrease the expression of miR-1 (Zhang et al., 2018a). This study's
main purpose was, therefore, to clarify the effect of Met on miR-1 up-
regulation induced cardiac conduction delay, and the potential mole-
cular mechanism of its effect, which would provide a new therapeutic
method for some cardiac diseases.

2. Materials and methods

2.1. Ethics statement

The study was approved by the Institutional Animal Care and Use
Committee of Harbin Medical University, P.R. China (No. HMUIRB-
2008–06). All experimental procedures were performed in accordance
with the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No. 85–23, re-
vised 1996).

2.2. Generation of miR-1 TG mice

Eight-week-old male wild-type (WT) and cardiac-specific miR-1 TG
mice were used for the experiments in a mixed C57BL/6 background.
The MiR-1 TG mice were generated in our laboratory, as described
previously (Zhang et al., 2013). Briefly, a fragment (264 bp) containing
the precursor miR-1-2 (pre-miR-1-2) sequence was amplified and then
carried by the vector (Promega, Madison, WI) with a cardiac-specific α-
myosin heavy chain (α-MHC) promoter. Mice eggs were individually
microinjected with the DNA fragment. The injected eggs were then
implanted into the mice. The genomic DNA was extracted from the tail
tissue of the TG mice and subjected to polymerase chain reaction (PCR)
detection for the presence of the miR-1 transgene.

2.3. Mouse model of MI

Healthy male C57BL/6 mice (20–22 g) were purchased from the
Experimental Animal Center of the Harbin Medical University; and
housed with free access to food and water; in an environment with a
maintained temperature of 22 °C, humidity of 55%–60%, and a 12 h
light/dark cycle. Fifteen mice were randomly divided into sham
(n = 5), MI or Met + MI (n = 5/group). MI surgery was performed as
previously described (Yang et al., 2005). Briefly, the mice were an-
esthetized with avertin (240 mg/kg, i.p.) and left anterior descending
coronary artery ligation was performed. Sham-operated mice were
subjected to identical surgery, but without ligation. After 12 h of liga-
tion, the mice were killed, and the infarcted border zone tissues were

obtained for subsequent detection.

2.4. Administration of Met to mice

Met was delivered to miR-1 TG mice through intragastric adminis-
tration at a dosage of 200 mg/kg/d for 4 weeks, or 2 weeks before the
MI surgery. The same volume of 0.9% NaCl was used as the vehicle for
intravenous administration. Met was administered once a day and its
dosage was selected based on the preliminary experiment (Higgins
et al., 2019).

2.5. Cell culture and treatment

The procedures used for neonatal mouse ventricular cardiomyocytes
(NMVCs) culturing have been described previously (Zhang et al.,
2018b). Briefly, hearts from C57BL/6 mice (1–3 days old) were minced
and dissociated with 0.25% trypsin (Beyotime Institute of Bio-
technology, Shanghai, China). Dispersed cells were seeded into Dul-
becco's modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) (Biological Industries, Shanghai, China), and then
cultured in a 5% CO2 incubator at 37 °C. Cultured primary NMVCs were
exposed to 1 μM Met for 30 min and thereafter treated for 12 h with
100 μM H2O2 (Sigma-Aldrich, St. Louis, MO, USA).

2.6. Optical mapping

The optical mapping system MICAM05 (Brainvision, Tokyo, Japan)
was used for CV and APD90 of the heart. Animals were anesthetized by
injecting avertin (240 mg/kg, i.p.) and 0.1 ml heparin (50 mg/ml, i.p.).
Their hearts were rapidly excised and perfused using the Langendorff
technique at 25–30 ml/min with oxygenated tyrode solution (in mM:
NaCl 125, KCl 4.5, NaHCO3 24, NaH2PO4 1.8, CaCl2 1.8, MgCl2 0.5, and
glucose 5.5) with a pH of 7.40. Blebbistatin (10–20 μM, Tocris
Bioscience, Ellisville, MO) was added to the perfusion to reduce motion
artifacts during optical recordings in dark. After the contraction of the
hearts had ceased, the hearts were stained with 30 μl of voltage-sen-
sitive dye (RH 237) (Invitrogen, Carlsbad, CA, USA) for membrane
potential mapping. An image capturing software (BV_MC05E;
Brainvision, Tokyo, Japan) was adopted for optical recording of the
heart at 5, 6.7, 8, and 10 Hz field stimulation and an image analysis
software (BV-Analyze; Brainvision) was used for data analysis.

2.7. Electrocardiogram (ECG)

Cardiac electrical activity in mice was monitored using a standard
lead II ECG for a continuous period of 15 min under anesthesia.

2.8. Echocardiographic measurements

The mice were anesthetized with avertin (240 mg/kg, i.p.). A Vevo
2100 high resolution imaging system (Visual Sonics, Toronto, Canada)
was used for the echocardiography. The percentage rates for cardiac
function parameters such as ejection fraction (EF) and short axis frac-
tional shortening (FS) were obtained.

2.9. Transmission electron microscopic detection

The myocardium was fixed with 2.5% glutaraldehyde (pH 7.40) at
4 °C for 12 h, and subsequently fixed in 1.0% osmium tetroxide for 1 h.
The monolayer was blocked in uranyl acetate and observed under an
electron microscope, JEM-1220 (JEOL, Ltd., Tokyo, Japan).

2.10. Real-time PCR

Total RNA samples were extracted from NMVCs or the cardiac tis-
sues of mice using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
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according to the manufacturer's instructions. Total RNA (1 μg) was
reverse-transcribed to cDNA miRNA cDNA Synthesis Kit (ABMGood,
Vancouver, Canada). Real-time RT-PCR was performed using 100 ng
cDNA via ABI 7500 fast real-time RT-PCR System (Applied Biosystems,
Foster City CA, USA) with EvaGreen PCR Master Mix Kit (ABMGood,
Vancouver, Canada) to detect the levels of miR-1. U6 was set as the
internal control for miRNA quantification. The reactive procedure of
SYBR Green Real-time PCR was 95 °C for 10 min, 95 °C for 15 s, 60 °C
for 30 s, and 72 °C for 30s. Relative expression level of miR-1 was
calculated using the Ct (2−ΔΔCt) method. (The primer sequence: miR-1-
F: CGGGCACATACTTCTTTATA, miR-1-R: CAGCCACAAAAGAGCAC
AAT. miR-RT: CCTGTTGTCTCCAGCCACAAAAGAGCACAATATTTCAG
GAGACAACA

GGATGGGCA. U6–F: GCTTCGGCAGCACATATACTAAAAT. U6-R:
CGCTTCACGAATTTGCGTGTCAT. U6-RT: CGCTTCACGAATTTGCGTG
TCAT) The sequences of the primers were synthesized by Sangon
Biotech - Shanghai, China.

2.11. Western blot

The total proteins from the NMVCs or cardiac tissues were extracted
using a lysis buffer with protease inhibitors. The protein concentrations
were measured via a BCA Protein Assay Kit (Beyotime Institute of
Biotechnology, Shanghai, China). Equivalent level of proteins was de-
natured and resolved with 8% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis; transferred to nitrocellulose membranes (Millipore,
Massachusetts, USA); incubated with 5% skimmed milk; and probed
with primary antibodies overnight at 4 °C. Primary antibodies were
diluted as follows: anti-Kir2.1 (1:200; Santa Cruz, CA, USA), anti-CX43
(1:5000; Millipore, Massachusetts, USA), and anti-β-actin (1:5000;
Proteintech, Wuhan, China). The membranes were washed thrice with
PBST (PBS containing 5% Tween-20), then incubated with fluores-
cence-conjugated secondary antibody diluted in PBS for 1 h at room
temperature. The blots were detected using the Odyssey v1.2 Infrared
Imaging System (Gene Company Ltd, Hong Kong, China), quantified by
the intensity, and normalized by β-actin.

2.12. Statistical analysis

Prism software version 5.0 (GraphPad Software, La Jolla, CA, USA)
was used for data analysis. In accordance with the journal's policy, a
minimum of five independent samples were obtained. All the data were
presented as mean ± S.E.M. Statistical analyses were assessed with
one-way ANOVA using SPSS 20.0 (SPSS, IBM Corp). A value of
P < 0.05 was considered as statistically significant.

3. Results

3.1. Met ameliorates cardiac conduction delay in miR-1 TG mice through
inhibition of miR-1 expression

We quantified miR-1 levels in the cardiac tissues of mice. The miR-1
expression level in TG mice was significantly up-regulated as compared
with WT mice (Fig. 1A). After intragastric administration of Met for 4
weeks, the expression level of miR-1 in TG mice decreased noticeably.
Through an ECG, we then detected the cardiac electrical activity con-
dition in mice. The ECG recordings illustrated significantly prolonged
PR and QT intervals in TG mice. However, these pathological char-
acteristics improved after Met was administered (Fig. 1B–D). We tested
the protein levels of Kir2.1 and CX43 in the cardiac tissues of mice, and
found that both Kir2.1 and CX43 expressions were down-regulated in
miR-1 TG mice (Fig. 1E and F). Administration of Met was able to re-
verse this change (Fig. 1E and F). In addition, echocardiographic
measurements showed that Met restored the reduction of EF % and FS
% in TG mice (Fig. 1G and H).

All the above results indicated that Met could improve miR-1

induced cardiac conduction protein restraint and atrioventricular block
to restore cardiac functions. To further explore, we detected the APD90
and CV of the hearts in mice through optical mapping. As shown in
Fig. 2A and Fig. 2B, APD90 was delayed in miR-1 TG mice. Interest-
ingly, intragastric administration of Met reversed this effect. In ac-
cordance with the results of APD90, the CV was lowered in miR-1 TG
mice. However, Met could effectively restore the CV decline (Fig. 2C
and D). These results suggest that Met could inhibit high levels of miR-1
induced cardiac conduction delay.

3.2. Met rescues Kir2.1 and CX43 expressions in H2O2 treated neonatal
mouse ventricular cardiomyocytes through reducing miR-1 expression

Some studies have shown that the expression of miR-1 was up-
regulated in H2O2 treated NMVCs. Hence, the influence of Met on H2O2

treated NMVCs was observed. Compared with the control group, the
expression of miR-1 was up-regulated in NMVCs treated with H2O2.
Pre-administration of Metinhibited the upregulation of miR-1 induced
by H2O2 (Fig. 3A). Correspondingly, the protein levels of Kir2.1 and
CX43 were downregulated in NMVCs treated with H2O2. Pre-adminis-
tration of Met successfully attenuated the reduction of Kir2.1 and CX43
induced by H2O2 (Fig. 3B–D).

3.3. Met ameliorates cardiac conduction delay in MI mice through
inhibition of miR-1 expression

The above results indicate that Met had a therapeutic effect on
cardiac conduction delay caused by the overexpression of miR-1. Some
studies showed that cardiac conduction delay is induced by MI ac-
companied with up-regulation of miR-1 expression. Therefore, we hy-
pothesized that Met could also improve cardiac conduction delay post
MI through the inhibition of miR-1 expression. To test our hypothesis in
vivo, we carried out the following experiments. Mice received Met for
two weeks prior to MI through intragastric administration. Then, we
quantified miR-1 levels in cardiac tissues obtained from the different
groups. ECG recordings illustrated significantly prolonged PR and QT
intervals in MI mice (Fig. 4A–C). The expression level of miR-1 was up-
regulated in MI mice when compared with Sham mice (Fig. 4D).
However, administration of Met for 2 weeks prior to MI surgery could
significantly decrease the expression level of miR-1 when compared
with that in MI mice. This result suggested that pre-administration of
Met successfully attenuated the upregulation of miR-1 induced by MI.
Meanwhile, the protein levels of Kir2.1 and CX43 were down-regulated
in cardiac tissues of mice that underwent MI surgery. Interestingly, pre-
administration of Met successfully attenuated the reduction of Kir2.1
and CX43 in MI mice (Fig. 4E and F).

Further, echocardiographic results showed that the EF % and FS %
in MI mice reduced significantly, indicating that their cardiac functions
were severely damaged. However, Met restored the cardiac functions
(Fig. 4G and H). Besides, transmission electron microscopic detection
revealed that the intercalated discs were dissolved markedly with va-
cuolar degeneration of gap junctions and decreased density of the
macula adherents in the hearts of MI mice, but such damaging changes
improved noticeably in MI mice treated with Met (Fig. 4I).

To further confirm our speculation, we also detected the APD90 and
CV through optical mapping. We found a significant delay in APD90
and reduction of CV in the hearts of MI mice. Similarly, pre-adminis-
tration of Met for 2 weeks was able to attenuate the conduction delay
(Fig. 5A–D).

Although these results indicate that MI can lead to cardiac con-
duction damage in mice; yet, Met is able to alleviate this damage
through down-regulation of the cardiac miR-1 expression, and then
rescuing Kir2.1 and CX43.
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4. Discussion

Severe cardiac conduction delay increases the risk of death in pa-
tients with cardiovascular disease. MiR-1, a cardiac enriched miRNA,
has been identified as a causative factor of cardiac conduction delay in
a previous study (Yang et al., 2007; Zhang et al., 2013). In the mean-
while, Met, which is a drug for the treatment of T2DM, was found to be
beneficial for a lot of heart diseases. This study's purpose was to survey
whether Met had an effect on cardiac conduction delay through reg-
ulation of miR-1 expression. This study, therefore, has great sig-
nificance for the treatment of cardiac conduction delay.

In conclusion, Met was able to reduce the cardiac miR-1 expression,
and then rescue the expression level of miR-1's downstream targets
CX43 and Kir2.1, which are essential for cardiac conduction.
Furthermore, Met was able to improve the decreased density of the gap
junctions in the hearts of MI mice. This effect of Met could attenuate
cardiac conduction delay and injuries both in MI and miR-1 TG mice
(Fig. 6).

MiR-1 was conserved from Drosophila to humans and was subse-
quently found to be a potential anti-arrhythmic target (Liao et al.,
2016). MicroRNA expression disorders often occur after acute MI, such
as the increase of miR-1 expressions, which would always lead to ar-
rhythmias (Boon and Dimmeler, 2015; Goretti et al., 2014; Liu et al.,
2014; Pinchi et al., 2019). Bao feng Yang et al. showed that miR-1

overexpression slowed cardiac conduction (Yang et al., 2007). A sub-
sequent study showed that cardiac specific miR-1 TG mice were more
susceptible to atrioventricular blocks (Zhang et al., 2013). This in-
dicates that miR-1 overexpression induces atrioventricular blocks and
conduction delay in the heart. A study showed that miR-1 is up-regu-
lated in ischemic cardiac tissues, which contribute to cardiac conduc-
tion disorders (Liu et al., 2014). Based on these findings, we use miR-1
TG mouse and MI model to induce miR-1 mediated cardiac conduction
disorders.

Met is a mainstay drug for T2DM therapy which could augment or
mimic the function of insulin. The molecular mechanism mediating this
effect is that Met inhibits mitochondrial complex I and increases the
ratio of AMP/ATP, which activates the AMPK, leading to a decrease of
the hepatic glucose output (Prattichizzo et al., 2018). However, another
study showed that Met could restrain gluconeogenesis in hepatic cells,
and mice not expressing AMPK (Miller and Birnbaum, 2010), which
indicates that Met could play an independent role in AMPK. It was si-
multaneously reported that Met protects the heart against remodeling
(Loi et al., 2019), autophagy (Kanamori et al., 2019), oxidative damage
(Zhou et al., 2018), apoptosis (Cittadini et al., 2012) and fibrosis
(Kanamori et al., 2019). Similarly, it was reported that the cardiopro-
tective effect of Met is independent of the hypoglycemic effect. Thus,
AMPK inhibitors such as compound C may not affect all the function of
Met on the heart.

Fig. 1. Metformin resisted cardiac conduction injury in miR-1 TG mice. (A) The expression level of miR-1 in the heart was detected by real-time RT-PCR.
*P < 0.05, n = 5. (B) Representative ECG recordings of the three groups. (C) Quantitative comparison of PR interval in all groups. *P < 0.05, n = 5. (D)
Quantitative comparison of QT intervals in all groups. *P < 0.05, n = 5. (E) Expression levels of Kir2.1 in heart was detected by Western blot. *P < 0.05, n = 5.
(F) Expression levels of CX43 in heart was detected by Western blot. *P < 0.05, n = 5. (G, H) Representative echocardiographic images and parameters of cardiac
functions in the three groups. *P < 0.05, n = 5. WT: wild type, TG: miR-1 transgenic mice, Met: metformin. All data are presented as the mean ± S.E.M.
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Fig. 2. Metformin attenuated the conduction delay in miR-1 TG mice. (A) Action potential duration (APD) in mice was detected by optical mapping in all groups.
(B) Quantitative comparison of APD90 in all groups. *P < 0.05, n = 5. (C) Conduction velocity (CV) in mice was detected by optical mapping in all groups. (D)
Quantitative comparison of CV in all groups. *P < 0.05, n = 5. WT: wild type, TG: miR-1 transgenic mice, Met: metformin. All data are presented as the
mean ± S.E.M.

Fig. 3. Metformin mitigated H2O2 induced Kir2.1
and CX43 reduction. (A) The expression level of
miR-1 in cardiomyocytes was detected by real-time
RT-PCR. *P < 0.05, n = 5. (B–D) Expression levels
of Kir2.1 and CX43 in cardiomyocytes were detected
by Western blot. *P < 0.05, n = 5. Met: metformin.
All data are presented as the mean ± SEM.
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The results of our study showed that Met was able to improve car-
diac functions and protect the heart against cardiac conduction delays
in both miR-1 TG and MI mice. It successfully enhanced the APD and
increased CV in the heart. Met's protective function mechanism was
mainly due to its ability to reduce miR-1 expression. As a direct allos-
teric AMPK activator, Met was able to activate AMPK which regulates
the cardiac function (Gundewar et al., 2009). Another report demon-
strated that C/EBP β is the molecular target of AMPK: C/EBP β, but not
p-CREB β, whose level was shown to have decreased with the AMPK
activator AICAR or constitutively activated AMPK, while the dominant-
negative inhibitor of AMPK led to an increase in CEBP β expression
(Choudhury et al., 2011). After that, a study of Ying Zhang et al. from
our team confirmed that Met could activate AMPK and then suppress
the C/EBP β expression significantly. They also experimentally showed
that C/EBP β promoted miR-1 expression directly: C/EBP β knockdown
led to a decrease in miR-1 expression, but overexpression was shown to
lead to increased miR-1 expression (Zhang et al., 2018a). On the basis
of these results, we confirm that Met can activate AMPK and then sig-
nificantly reduce C/EBP β to decrease the expression of miR-1.

CX43 is the main cardiac gap junction channel, which is responsible

for intercellular conductance in cardiac ventricles. Kir2.1 is the main
K+ channel subunit that mediates IK1 current, which is responsible for
forming and maintaining the cardiac resting membrane potential, in-
dicating that CX43 and Kir2.1 are essential for cardiac conduction.

A previous study from our laboratory had shown that Kir2.1
(KCNJ2) and CX43 are the molecular targets of miR-1, whose over-
expression results in the decrease of Kir2.1 and CX43 protein levels,
which slowed cardiac conduction (Yang et al., 2007). In addition, the
interplay between miR-1 and the CX43 gene in arrhythmic rodent
hearts treated with valsartan had previously been reported (Curcio
et al., 2013) and two potential binding sites were found in mice miR-1
and Cx43 3′ - untranslated regions (Xu et al., 2012) which could further
prove that CX43 is a direct target of miR-1. Other studies have also
confirmed that the 3′- untranslated region of Kir2.1 had miR-1 potential
binding sites, and that miR-1 could regulate the expression of Kir2.1
(Liu et al., 2014; Shan et al., 2013). These studies provided an authentic
analysis of the relationship between miR-1 and its direct targets Kir2.1
and CX43.

Based on the above studies and our present experiment's results, we
come to the solid conclusion that Met accounts for cardiac protection

Fig. 4. Metformin inhibited cardiac injury in MI mice. (A) Representative ECG recordings of the three groups. (B) Quantitative comparison of PR intervals in all
the groups. *P < 0.05, n = 5. (C) Quantitative comparison of QT intervals in all the groups. *P < 0.05, n = 5. (D) The expression level of miR-1 in the heart was
detected by real time RT-PCR. *P < 0.05, n = 5. (E, F) Expression levels of Kir2.1 and CX43 in heart were detected by Western blot. *P < 0.05, n = 5. (G, H)
Representative echocardiographic images and parameters of cardiac functions in three groups. *P < 0.05, n = 5. (I) Representative intercalated disc organization
showing the gap junctions and macula adherents was detected by transmission electron (20,000× magnification). Met: metformin, MI: myocardial infarction. All the
data are presented as the mean ± S.E.M.
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potential, at least in part, through its anti-conduction delay effect by
AMPK-C/EBP β-miR-1- CX43/Kir2.1 pathway.

However, miR-1 may not be the only upstream of CX43, and a study
showed that Met restored CX43 protein repression by attenuating the
autophagy pathway in hyperglycemic conditions (in vitro study only)
(Wang et al., 2017). However, our study is consistent with previous
analysis that miR-1 is a crucial regulator of CX43. Beyond that, we still
need to explore if Met, exerts its effect on cardiac conduction delay,
through other molecular targets.

Met's main and effective molecular targets for protective functions
against cardiovascular injury still need to be explored. In a human
Kir2.1 channel disease, Andersen-Tawil syndrome (ATS1), the cyto-
plasmic C terminus of the Kir2.1 mutation causes potassium channel
down-regulation and accumulation in the Golgi apparatus (Ma et al.,
2011). However, 40% of patients with ATS1 have no mutations in
Kir2.1, and the genetic basis of the disease in these cases is completely
unknown (Donaldson et al., 2004). Therefore, miR-1 up-regulation in-
duced Kir2.1 decrease could be related to this phenomenon and Met

Fig. 5. Metformin attenuated cardiac conduction delay in MI mice. (A) Action potential duration (APD) in mice was detected by optical mapping in all groups.
(B) Quantitative comparison of APD90 in all groups. *P < 0.05, n = 4. (C) Conduction velocity (CV) in mice by optical mapping in all groups. (D) Quantitative
comparison of CV in all groups * P < 0.05, n = 4. All data are presented as the mean ± S.E.M.

Fig. 6. Metformin inhibits miR-1 upregulation induced cardiac conduction delay. Cardiac-specific overexpression of miR-1 and its upregulation induced by MI
lead to cardiac conduction delay in mice. Metformin was able to inhibit the upregulation of miR-1 and then rescue the expression of miR-1's downstream targets CX43
and Kir2.1, which are essential for cardiac conduction. By the miR-1- CX43/Kir2.1 axis, metformin attenuates cardiac conduction delay and injury in both MI and
miR-1 TG mice.
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could be a promising therapeutic drug.
We have accumulated scientific evidence on Met's protective role in

cardiac conduction and hope that these novel findings will develop its
potential as an evidence-based medicine and expand its application to
cardiac conduction diseases.

Credit Author Statement

Lifang Lv: Writing - original draft. Nan Zheng: Formal analysis.
Lijia Zhang: Formal analysis. Azaliia Shabanova: Writing - review &
editing. Haihai Liang: Formal analysis. Yuhong Zhou: Supervision.
Hongli Shan: Supervision.

Declaration of competing interest

All authors have no competing interests to declare, financial, or
otherwise.

Acknowledgments

This study was supported by the National Natural Science
Foundation of China (Grant no. 81770284; 81673425) and the
Heilongjiang Provincial Postdoctoral Science Foundation (Grant no.
LBH-18149).

References

Boon, R.A., Dimmeler, S., 2015. MicroRNAs in myocardial infarction. Nat. Rev. Cardiol.
12, 135–142.

Chistiakov, D.A., Orekhov, A.N., Bobryshev, Y.V., 2016. Cardiac-specific miRNA in car-
diogenesis, heart function, and cardiac pathology (with focus on myocardial infarc-
tion). J. Mol. Cell. Cardiol. 94, 107–121.

Choudhury, M., Qadri, I., Rahman, S.M., Schroeder-Gloeckler, J., Janssen, R.C.,
Friedman, J.E., 2011. C/EBPbeta is AMP kinase sensitive and up-regulates PEPCK in
response to ER stress in hepatoma cells. Mol. Cell. Endocrinol. 331, 102–108.

Cittadini, A., Napoli, R., Monti, M.G., Rea, D., Longobardi, S., Netti, P.A., Walser, M.,
Sama, M., Aimaretti, G., Isgaard, J., Sacca, L., 2012. Metformin prevents the devel-
opment of chronic heart failure in the SHHF rat model. Diabetes 61, 944–953.

Curcio, A., Torella, D., Iaconetti, C., Pasceri, E., Sabatino, J., Sorrentino, S., Giampa, S.,
Micieli, M., Polimeni, A., Henning, B.J., Leone, A., Catalucci, D., Ellison, G.M.,
Condorelli, G., Indolfi, C., 2013. MicroRNA-1 downregulation increases connexin 43
displacement and induces ventricular tachyarrhythmias in rodent hypertrophic
hearts. PloS One 8, e70158.

Donaldson, M.R., Yoon, G., Fu, Y.H., Ptacek, L.J., 2004. Andersen-Tawil syndrome: a
model of clinical variability, pleiotropy, and genetic heterogeneity. Ann. Med. 36
(Suppl. 1), 92–97.

Freyermuth, F., Rau, F., Kokunai, Y., Linke, T., Sellier, C., Nakamori, M., Kino, Y.,
Arandel, L., Jollet, A., Thibault, C., Philipps, M., Vicaire, S., Jost, B., Udd, B., Day,
J.W., Duboc, D., Wahbi, K., Matsumura, T., Fujimura, H., Mochizuki, H., Deryckere,
F., Kimura, T., Nukina, N., Ishiura, S., Lacroix, V., Campan-Fournier, A., Navratil, V.,
Chautard, E., Auboeuf, D., Horie, M., Imoto, K., Lee, K.Y., Swanson, M.S., de Munain,
A.L., Inada, S., Itoh, H., Nakazawa, K., Ashihara, T., Wang, E., Zimmer, T., Furling, D.,
Takahashi, M.P., Charlet-Berguerand, N., 2016. Splicing misregulation of SCN5A
contributes to cardiac-conduction delay and heart arrhythmia in myotonic dystrophy.
Nat. Commun. 7, 11067.

Fung, C.S., Wan, E.Y., Wong, C.K., Jiao, F., Chan, A.K., 2015. Effect of metformin
monotherapy on cardiovascular diseases and mortality: a retrospective cohort study
on Chinese type 2 diabetes mellitus patients. Cardiovasc. Diabetol. 14, 137.

Goretti, E., Wagner, D.R., Devaux, Y., 2014. miRNAs as biomarkers of myocardial in-
farction: a step forward towards personalized medicine? Trends Mol. Med. 20,
716–725.

Gundewar, S., Calvert, J.W., Jha, S., Toedt-Pingel, I., Ji, S.Y., Nunez, D., Ramachandran,
A., Anaya-Cisneros, M., Tian, R., Lefer, D.J., 2009. Activation of AMP-activated
protein kinase by metformin improves left ventricular function and survival in heart
failure. Circ. Res. 104, 403–411.

Higgins, L., Palee, S., Chattipakorn, S.C., Chattipakorn, N., 2019. Effects of metformin on
the heart with ischaemia-reperfusion injury: evidence of its benefits from in vitro, in
vivo and clinical reports. Eur. J. Pharmacol. 858, 172489.

Jongbloed, M.R., Vicente Steijn, R., Hahurij, N.D., Kelder, T.P., Schalij, M.J.,
Gittenberger-de Groot, A.C., Blom, N.A., 2012. Normal and abnormal development of
the cardiac conduction system; implications for conduction and rhythm disorders in
the child and adult. Differ., Res. Biol. Divers. 84, 131–148.

Kanamori, H., Naruse, G., Yoshida, A., Minatoguchi, S., Watanabe, T., Kawaguchi, T.,
Yamada, Y., Mikami, A., Kawasaki, M., Takemura, G., Minatoguchi, S., 2019.
Metformin enhances autophagy and provides cardioprotection in delta-sarcoglycan
deficiency-induced dilated cardiomyopathy. Circ. Heart Failure 12, e005418.

Liao, C., Gui, Y., Guo, Y., Xu, D., 2016. The regulatory function of microRNA-1 in ar-
rhythmias. Mol. Biosyst. 12, 328–333.

Liu, M., Li, M., Sun, S., Li, B., Du, D., Sun, J., Cao, F., Li, H., Jia, F., Wang, T., Chang, N.,
Yu, H., Wang, Q., Peng, H., 2014. The use of antibody modified liposomes loaded
with AMO-1 to deliver oligonucleotides to ischemic myocardium for arrhythmia
therapy. Biomaterials 35, 3697–3707.

Loi, H., Boal, F., Tronchere, H., Cinato, M., Kramar, S., Oleshchuk, O., Korda, M.,
Kunduzova, O., 2019. Metformin protects the heart against hypertrophic and apop-
totic remodeling after myocardial infarction. Front. Pharmacol. 10, 154.

Ma, D., Taneja, T.K., Hagen, B.M., Kim, B.Y., Ortega, B., Lederer, W.J., Welling, P.A.,
2011. Golgi export of the Kir2.1 channel is driven by a trafficking signal located
within its tertiary structure. Cell 145, 1102–1115.

Miller, R.A., Birnbaum, M.J., 2010. An energetic tale of AMPK-independent effects of
metformin. J. Clin. Invest. 120, 2267–2270.

Munshi, N.V., 2012. Gene regulatory networks in cardiac conduction system develop-
ment. Circ. Res. 110, 1525–1537.

Pinchi, E., Frati, P., Aromatario, M., Cipolloni, L., Fabbri, M., La Russa, R., Maiese, A.,
Neri, M., Santurro, A., Scopetti, M., Viola, R.V., Turillazzi, E., Fineschi, V., 2019. miR-
1, miR-499 and miR-208 are sensitive markers to diagnose sudden death due to early
acute myocardial infarction. J. Cell Mol. Med. 23, 6005–6016.

Prattichizzo, F., Giuliani, A., Mensa, E., Sabbatinelli, J., De Nigris, V., Rippo, M.R., La
Sala, L., Procopio, A.D., Olivieri, F., Ceriello, A., 2018. Pleiotropic effects of met-
formin: shaping the microbiome to manage type 2 diabetes and postpone ageing.
Ageing Res. Rev. 48, 87–98.

Sanchez-Rangel, E., Inzucchi, S.E., 2017. Metformin: clinical use in type 2 diabetes.
Diabetologia 60, 1586–1593.

Shan, H., Zhang, Y., Cai, B., Chen, X., Fan, Y., Yang, L., Chen, X., Liang, H., Zhang, Y.,
Song, X., Xu, C., Lu, Y., Yang, B., Du, Z., 2013. Upregulation of microRNA-1 and
microRNA-133 contributes to arsenic-induced cardiac electrical remodeling. Int. J.
Cardiol. 167, 2798–2805.

Sidhu, S., Marine, J.E., 2019. Evaluating and managing bradycardia. Trends Cardiovasc.
Med. https://doi.org/10.1016/j.tcm.2019.07.001.

Sun, D., Yang, F., 2017. Metformin improves cardiac function in mice with heart failure
after myocardial infarction by regulating mitochondrial energy metabolism.
Biochem. Biophys. Res. Commun. 486, 329–335.

Vijayaraman, P., Bordachar, P., Ellenbogen, K.A., 2017. The continued search for phy-
siological pacing: where are we now? J. Am. Coll. Cardiol. 69, 3099–3114.

Wang, G.Y., Bi, Y.G., Liu, X.D., Zhao, Y., Han, J.F., Wei, M., Zhang, Q.Y., 2017. Autophagy
was involved in the protective effect of metformin on hyperglycemia-induced car-
diomyocyte apoptosis and Connexin43 downregulation in H9c2 cells. Int. J. Med. Sci.
14, 698–704.

Xiao, Y., MacRae, I.J., 2019. Toward a comprehensive view of MicroRNA biology. Mol.
Cell 75, 666–668.

Xu, H.F., Ding, Y.J., Shen, Y.W., Xue, A.M., Xu, H.M., Luo, C.L., Li, B.X., Liu, Y.L., Zhao,
Z.Q., 2012. MicroRNA- 1 represses Cx43 expression in viral myocarditis. Mol. Cell.
Biochem. 362, 141–148.

Yang, B., Lin, H., Xiao, J., Lu, Y., Luo, X., Li, B., Zhang, Y., Xu, C., Bai, Y., Wang, H., Chen,
G., Wang, Z., 2007. The muscle-specific microRNA miR-1 regulates cardiac ar-
rhythmogenic potential by targeting GJA1 and KCNJ2. Nat. Med. 13, 486–491.

Yang, B., Lin, H., Xu, C., Liu, Y., Wang, H., Han, H., Wang, Z., 2005. Choline produces
cytoprotective effects against ischemic myocardial injuries: evidence for the role of
cardiac m3 subtype muscarinic acetylcholine receptors. Cell. Physiol. Biochem. : Int.
J. Exp. Cell. Physiol., Biochem. Pharmacol. 16, 163–174.

Zhang, Y., Liu, X., Zhang, L., Li, X., Zhou, Z., Jiao, L., Shao, Y., Li, M., Leng, B., Zhou, Y.,
Liu, T., Liu, Q., Shan, H., Du, Z., 2018a. Metformin protects against H2O2-induced
cardiomyocyte injury by inhibiting the miR-1a-3p/GRP94 pathway. Molecular
therapy. Nucleic Acids 13, 189–197.

Zhang, Y., Sun, L., Xuan, L., Pan, Z., Hu, X., Liu, H., Bai, Y., Jiao, L., Li, Z., Cui, L., Wang,
X., Wang, S., Yu, T., Feng, B., Guo, Y., Liu, Z., Meng, W., Ren, H., Zhu, J., Zhao, X.,
Yang, C., Zhang, Y., Xu, C., Wang, Z., Lu, Y., Shan, H., Yang, B., 2018b. Long non-
coding RNA CCRR controls cardiac conduction via regulating intercellular coupling.
Nat. Commun. 9, 4176.

Zhang, Y., Sun, L., Zhang, Y., Liang, H., Li, X., Cai, R., Wang, L., Du, W., Zhang, R., Li, J.,
Wang, Z., Ma, N., Wang, X., Du, Z., Yang, B., Gao, X., Shan, H., 2013. Overexpression
of microRNA-1 causes atrioventricular block in rodents. Int. J. Biol. Sci. 9, 455–462.

Zhou, J., Massey, S., Story, D., Li, L., 2018. Metformin: an old drug with new applications.
Int. J. Mol. Sci. 19.

L. Lv, et al. European Journal of Pharmacology 881 (2020) 173131

8

http://refhub.elsevier.com/S0014-2999(20)30223-5/sref1
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref1
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref2
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref2
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref2
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref3
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref3
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref3
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref4
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref4
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref4
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref5
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref5
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref5
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref5
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref5
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref6
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref6
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref6
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref7
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref7
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref7
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref7
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref7
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref7
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref7
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref7
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref7
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref8
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref8
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref8
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref9
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref9
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref9
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref10
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref10
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref10
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref10
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref11
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref11
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref11
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref12
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref12
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref12
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref12
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref13
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref13
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref13
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref13
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref14
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref14
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref15
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref15
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref15
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref15
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref16
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref16
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref16
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref17
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref17
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref17
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref18
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref18
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref19
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref19
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref20
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref20
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref20
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref20
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref21
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref21
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref21
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref21
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref22
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref22
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref23
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref23
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref23
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref23
https://doi.org/10.1016/j.tcm.2019.07.001
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref25
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref25
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref25
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref26
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref26
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref27
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref27
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref27
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref27
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref28
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref28
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref29
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref29
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref29
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref30
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref30
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref30
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref31
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref31
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref31
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref31
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref32
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref32
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref32
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref32
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref33
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref33
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref33
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref33
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref33
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref34
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref34
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref34
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref35
http://refhub.elsevier.com/S0014-2999(20)30223-5/sref35

	Metformin ameliorates cardiac conduction delay by regulating microRNA-1 in mice
	Introduction
	Materials and methods
	Ethics statement
	Generation of miR-1 TG mice
	Mouse model of MI
	Administration of Met to mice
	Cell culture and treatment
	Optical mapping
	Electrocardiogram (ECG)
	Echocardiographic measurements
	Transmission electron microscopic detection
	Real-time PCR
	Western blot
	Statistical analysis

	Results
	Met ameliorates cardiac conduction delay in miR-1 TG mice through inhibition of miR-1 expression
	Met rescues Kir2.1 and CX43 expressions in H2O2 treated neonatal mouse ventricular cardiomyocytes through reducing miR-1 expression
	Met ameliorates cardiac conduction delay in MI mice through inhibition of miR-1 expression

	Discussion
	Credit Author Statement
	Declaration of competing interest
	Acknowledgments
	References




