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This study was designed to explore the effects of ivabradine on cardiomyocyte
apoptosis in a murine model of chronic viral myocarditis (CVMC). Mice were inoculated
intraperitoneally with Coxsackievirus B3 at days 1, 14, and 28, respectively. On day
42, the mice were gavaged with ivabradine for 30 days until the 72nd day. The heart
of infected mice was dilated and a large number of interstitial fibroblasts infiltrated into
the myocardium on day 42. Compared with the untreated CVMC mice, mice treated
with ivabradine showed a significant reduction in heart rate and less impairment of
left ventricular function on day 72. The positive apoptosis of myocardial cells in the
untreated CVMC group was significantly higher than that of the normal group and
was significantly reduced after treatment with ivabradine. The expression levels of Bax
and Caspase-3 in the untreated CVMC group were significantly higher than those
of the normal group and were apparently reduced in the ivabradine-treated group
versus the untreated CVMC group. Bcl-2 showed a high expression in the normal
group and low expression in the untreated CVMC group, but its expression level in
the ivabradine-treated group were higher than that of the untreated CVMC group.
These results indicate that ivabradine could attenuate the expression of Caspase-3 by
downregulation of Bax and upregulation of Bcl-2 to prevent the deterioration of cardiac
function resulting from ventricular myocyte loss by cardiomyocyte apoptosis.
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INTRODUCTION

In 1965, Mattingly (Mattingly, 1965) first described dilated cardiomyopathy (DCM) as a
myocardial disease without valve dysfunction. Cardiomyopathy research has reached its peak in the
last half century as it has gained increasing attention worldwide. Many researchers considered that
enterovirus, especially Coxsackievirus B (CVB), was the most common cause of DCM, although
other pathogenic factors of cardiomyopathy, such as viruses, bacteria, medicines and poisons,
and systemic diseases (Bowles et al., 1986; Yajima and Knowlton, 2009; Venteo et al., 2010),
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were also reported. In recent years, an upward trend in
the incidence of viral myocarditis in adolescents has been
noted (Cooper, 2009). Epidemiological data have shown
that myocarditis is the primary cause of heart failure in
adults less than 40 years of age (Yajima and Knowlton,
2009). The heart experiences three main stages after viral
infection (Bowles et al., 1986; Feldman and McNamara, 2000;
Yajima and Knowlton, 2009). (1) Acute myocarditis: the
virus directly damage the myocardium, destroys the cellular
structure, replicates in the cells, and triggers the body’s immune
response. This stage involves non-specific immune responses.
(2) Subacute myocarditis: This phase is characterized by
infiltration of inflammatory cells, including natural killer cells
and macrophages, and the production of antibodies. Because
the myocardial antigen is similar to the viral antigen, an
autoimmune reaction is elicited wherein the antibodies damage
the normal myocardium; this promotes the further development
of myocarditis. (3) Chronic myocarditis: Most of the viral
population disappears after infection. The sustained autoimmune
reaction and inflammatory response of the myocardium lead
to myocardial remodeling that develops into the chronic viral
myocarditis (CVMC) phase, potentially even into DCM and
heart failure. Epidemiological data have shown that in 25–33% of
patients, acute viral myocarditis will develop into CVMC (Bowles
et al., 1986; Henke et al., 2003; Yajima and Knowlton, 2009).
Many researchers have shown that myocardial apoptosis plays
an important role in the genesis and development of CVMC,
in addition to inflammatory factors, oxidative stress, collagen,
etc. (Huber et al., 1999; Nakamura et al., 1999; Feldman and
McNamara, 2000; Liu and Mason, 2001; Henke et al., 2003; Joo
et al., 2003; Kyto et al., 2004; Guo et al., 2010; Yue-Chun et al.,
2012).

Kerr et al. (Kerr et al., 1972) proposed the concept of
apoptosis for the first time in 1972. Cells that undergo apoptosis
show different morphological features such as cell shrinkage,
increased cytoplasmic density, chromatin condensation, nuclear
DNA degradation, intracellular membranes surrounding the
DNA fragment, and formation of the apoptosis body. Although
the mechanism of apoptosis induction is not fully clear, many
researchers consider that it involves three main signaling
pathways: the mitochondrial signaling pathway, the death
receptor signaling pathway, and the endoplasmic reticulum
signaling pathway (Kerr et al., 1972; Chinnaiyan et al., 1995;
Colston et al., 1998; Vander Heiden and Thompson, 1999;
Antonsson et al., 2001; Mito et al., 2011).

Ivabradine (IVA) can selectively inhibit the sinoatrial node
If current to slow down the sinus rhythm without any effects
on intra-atrial, atrioventricular, or intraventricular conduction
times; myocardial contractility; and blood pressure (Mulder et al.,
2004; Bohm et al., 2010; Ceconi et al., 2011; Parakh and Bhargava,
2011; Tardif et al., 2011; McMurray et al., 2012; Yue-Chun
et al., 2012). The SHIFT studies have confirmed that IVA can
significantly reduce the all-cause mortality and rehospitalization
rate of patients with chronic heart failure, alleviate cardiac
dilatation, and improve the left ventricular ejection fraction
(LVEF) (Mulder et al., 2004; Bohm et al., 2010; Ceconi et al., 2011;
Tardif et al., 2011). Therefore, IVA was recommended for heart

failure patients by the European Society of Cardiology in 2012
(McMurray et al., 2012). Our previous study revealed that short-
term treatment with IVA could moderately reduce cardiomyocyte
apoptosis in acute viral myocarditis (Yue-Chun et al., 2012).
Further, IVA significantly inhibited the development of CVMC
that lead to DCM (Yue-Chun et al., 2016), but the effect of IVA
on cardiomyocyte apoptosis of CVMC remains unknown. The
present study was therefore designed to explore the effects of IVA
on cardiomyocyte apoptosis and its possible mechanism of action
in a murine model of CVMC repeatedly induced with CVB3.

MATERIALS AND METHODS

Ethics Statement
The investigation conformed to the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication, 8th Edition, 2011), and
all experiments were carried out in accordance with China
Animal Welfare Legislation and were approved by the Wenzhou
Medical University Committee on Ethics in the Care and
Use of Laboratory Animals. All experimental animals were
sacrificed with an overdose of pentobarbital (100 mg/kg, one dose
intraperitoneally).

CVMC Mice Model
Ninety-six-week-old specific pathogen-free (SPF) inbred
male BALB/c mice obtained from the Shanghai Laboratory
Animal Center China were divided into 6 groups:
Normal control 1 group (n = 10), CVMC1 group (n = 20),
Normal control 2 group (n = 10), Normal + IVA group (n = 10),
CVMC+ IVA group (n = 20), and CVMC2 group (n = 20). Mice
in CVMC1 group, CVMC + IVA group, and CVMC2 group
were inoculated intraperitoneally with CVB3 at the 1st, 14th, and
28th days using 0.20, 0.25, and 0.30 ml of 100TCID50 CVB3,
respectively, and the mice in Normal control 1 group, Normal
control 2 group, and Normal + IVA group received an equal
volume of normal saline without CVB3 at the 1st, 14th, and 28th
days. The day of virus inoculation was defined as day 1. Following
day 42, groups 4 and 5 were gavaged with IVA (5 mg/kg-1·d-1)
for 30 days until the 72nd day; concurrently, groups 3 and 6
received daily saline (5 mg/kg-1·d-1). IVA was dissolved in
normal saline solution. The dose was selected according to
previous experiments (Yue-Chun et al., 2012, 2016; Li et al.,
2013). Mice in Normal control 1 group and CVMC1 group
were killed for hematoxylin-eosin (HE) staining immediately
following electrocardiographic (ECG) and echocardiographic
analysis at the 42nd day. Mice in Normal control 2 group,
Normal + IVA group, CVMC + IVA group, and CVMC2 group
were killed for HE staining immediately following ECG and
echocardiographic analysis at the 72nd day.

Heart Rate and Echocardiographic
Examination
The mice in Normal control 2 group, Normal + IVA group,
CVMC+ IVA group, and CVMC2 group were examined by ECG
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to exclude those with no-sinus rhythm after anesthetization with
5% chloral hydrate (0.01 ml/g) at the 72nd day. Transthoracic
echocardiography was performed using a Sonos 5500 ultrasound
machine (Phillips, United States) with a 12-MHz phased array
transducer and real-time digital acquisition, storage, and review
capabilities. The transducer was covered with a surgical latex
glove finger filled with an ultrasound transmission gel to
provide a standoff of 0.5–0.7 cm. The mice in each group
were anesthetized intraperitoneally with 5% chloral hydrate
(0.01 ml/g) at the 72nd day, as described previously (Li et al.,
2010; Li-Sha et al., 2015). Two-dimensional, M-mode, Doppler
flow images were obtained in the parasternal long-axis view
after the chest was shaved. The left ventricular end-diastolic and
end-systolic internal diameters (LVEDd, LVESd) were measured
over the course of at least 3 consecutive cardiac cycles. The
LVEF and fractional shortening (LVFS) were then simultaneously
calculated.

Pathologic Examination of HE-Stained
Sections
After fixation with 10% neutral buffered formalin, the hearts were
dehydrated and embedded in paraffin. Five-micrometer-thick
sections were cut and mounted from warm water (40◦C)
onto adhesive microscope slides, deparaffinized, rehydrated, and
stained with HE for histopathology assessment.

Detection of Apoptosis
Apoptosis was detected in the myocardial tissue sections by
using the terminal transferase-mediated DNA nick end labeling
(TUNEL) assay. Apoptotic cells were identified using an in situ
cell death detection kit (Roche, Switzerland). The myocardial
tissue sections were incubated with 50 µl TUNEL reaction
mixture containing terminal deoxynucleotidyl transferase (TdT)
for 60 min at 37◦C. The nuclei were then stained by DAPI. The
positive apoptotic cells were labeled green and all the nuclei were
labeled blue under the fluorescence microscope.

Western Blot Analysis for Bax, Bcl-2, and
Caspase-3
The expression of Bax, Bcl-2, and Caspase-3 protein in the
myocardial tissue was determined by western blot analysis.
Tissues were washed and lysed with a protein extraction
reagent (Beyotime Biotechnology Company, Beijing, China).
Equal amounts of protein (60 µg) were loaded and resolved
on 10% SDS-polyacrylamide gels. The gels were transferred
onto polyvinylidene difluoride (PVDF) membranes (Invitrogen
Company, United States). The membranes were then blocked
with TBS containing 5% (w/v) non-fat milk for 2 h at
room temperature and sequentially incubated with either
Bax, Bcl-2, or Caspase-3 rabbit anti-mouse antibody (1:100
dilution, Cell Signaling Technology, United States) or GAPDH
antibody (1:1000 dilution, Cell Signaling Technology) for 2 h
at room temperature. The membranes were then washed
three times with tris-buffered saline containing Tween (TBST),
followed by incubation with goat anti-rabbit HRP-conjugated
antibody (1:10000 dilution, Beijing Zhongshan, China) for

2 h at room temperature. The membranes were then washed
three more times with TBST and developed using hyperfilm-
enhanced chemiluminescence (Amersham Biosciences, Freiburg,
Germany). The resulting films from the membranes were
subjected to semiquantitative analysis by AlphalmagerTM2200
gelatum imaging analysis system (Alpha Innotech Corporation,
San Leandro, CA, United States).

Statistical Analysis
All values are expressed as mean ± standard error (SE).
Statistical analysis was performed by one-way analysis of variance
(ANOVA), followed by Fisher’s protected least significant
difference test. A value of P < 0.05 was considered significant.

RESULTS

Physical Manifestations, Heart Rate and
Echocardiography
The mice appeared ill 3 days after CVB3 inoculation. The
untreated infected mice showed listlessness, lassitude, pilo-
erection and poor appetite. After treatment with IVA, the physical
activity and appetite of the infected mice gradually became better.
The mice in Normal control 1 group, Normal control 2 group and
Normal+IVA group showed no illness.

Compared with Normal control 2 group, the heart rate was
significantly reduced (P < 0.05) in Normal+IVA group and
increased (P < 0.05) in CVMC2 group. After treatment with
IVA continuously for 30 days, the heart rate was significantly
reduced (P < 0.05) in CVMC+IVA group versus CVMC2 group
(Figure 1).

The echocardiogram of CVMC1 group showed that the left
ventricular internal diameter was dilated and the LVEF and LVFS
were significantly lower than those of Normal control 1 group at
the 42nd day (Figure 2).

FIGURE 1 | The heart rate in Normal control 2 group (n = 8), Normal + IVA
group (n = 8), CVMC + IVA group (n = 8), and CVMC2 group (n = 8) on the
72nd day. Treatment with ivabradine (IVA) significantly reduced heart rate in
CVMC+IVA group versus CVMC2 group. ∗P < 0.05 vs. Control (Normal
control 2 group), #P < 0.05 vs. CVMC2.
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FIGURE 2 | The echocardiography results in Normal control 1 group (n = 8) and CVMC1 group (n = 8) on the 42nd day. The LVEDd and LVESd were significantly
dilated and the LVEF and LVFS in CVMC1 group were significantly lower than those of normal control group on day 42. (A) LVEDd = left ventricular end diastolic
dimension, (B) LVESd = left ventricular end systolic dimension, (C) LVEF = left ventricular ejection fraction, and (D) LVFS = left ventricular shortening fraction.
∗P < 0.05 vs. Normal (Normal control 1 group).

At the 72nd day, IVA significantly reduced the left ventricular
internal diameter and apparently increased the LVEF and LVFS
in CVMC+IVA group as compared to that in CVMC2 group.
No difference was observed between Normal+IVA group and
Normal control 2 group (Figure 3).

Pathologic Examination of HE-Stained
Sections
At the 42nd day, HE staining revealed that the heart was dilated
and a large number of interstitial fibroblasts had infiltrated into
the myocardium in CVMC1 group (Figure 4).

At the 72nd day, HE staining revealed no differences between
Normal control 2 group and Normal+IVA group. Compared to
Normal control 2 group, the heart chambers were dilated and
a large number of interstitial fibroblasts had infiltrated into the
myocardium in CVMC2 group. Importantly, the heart chambers
were shrunken and there was less infiltration of interstitial
fibroblasts after treatment with IVA in CVMC+IVA group as
compared to that in CVMC2 group, but more dilation and
multiple fibroblasts were observed than those in Normal control
2 group (Figure 5).

Cardiomyocyte Apoptosis
All myocardial nuclei were stained blue with DAPI. The positive
apoptotic cell nuclei appeared condensed and rounded, showing
typical morphological features of apoptotic cells (Figure 6). The
TUNEL-positive cells in the myocardium of the CVMC mice in
CVMC2 group were significantly increased compared to those
in the normal mice in Normal control 2 group. The apoptotic
percentages in CVMC+IVA group significantly attenuated after
treatment with IVA for 1 month compared with CVMC2 group,
but it was still apparently more than that of the normal mice
in Normal control 2 group. The statistical analysis of positive
apoptotic cells per cm2 is shown in Figure 7.

Western Blot Analysis for Bax, Bcl-2, and
Caspase-3
The expression levels of Bax and Caspase-3 in CVMC2 group
were significantly higher than those in Normal control 2
group and were apparently reduced in CVMC+IVA group after
treatment with IVA versus CVMC2 group. Bcl-2 showed high
expression in Normal control 2 group and Normal+IVA group
and low expression in CVMC2 group, but its expression level
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FIGURE 3 | The echocardiography results in Normal control 2 group (n = 8), Normal + IVA group (n = 8), CVMC + IVA group (n = 8), and CVMC2 group (n = 8) on the
72nd day. Treatment with ivabradine (IVA) significantly reduced the left ventricular internal diameter and apparently increased the LVEF and LVFS in CVMC+IVA group
as compared to that in CVMC2 group. LVEDd = left ventricular end diastolic dimension, LVESd = left ventricular end systolic dimension, LVEF = left ventricular
ejection fraction, LVFS = left ventricular shortening fraction. ∗P < 0.05 vs. Control (Normal control 2 group), #P < 0.05 vs. CVMC2.

in CVMC+IVA group was higher than that in CVMC2 group.
None of these proteins showed any difference in the expression
levels between Normal control 2 group and Normal+IVA group
(Figure 8).

DISCUSSION

The present study demonstrates that IVA significantly reduced
the heart rate of CVMC mice with amelioration of CVMC and
lessened the impairment of left ventricular function. IVA can
downregulate the Bax level and upregulate the Bcl-2 level in
CVMC mice and then reduce the caspase-3 level to inhibit
cardiomyocyte apoptosis.

In agreement with previous studies (Aretz et al., 1987), we
found that repetitive coxsackievirus infection induces CVMC
and cardiac dilatation. According to the Dallas criteria (Aretz
et al., 1987), CVMC is characterized by the accumulation of the
connective tissue in the heart muscle, i.e., fibrosis. HE staining
of the heart tissue in CVMC1 group (Figures 2A,C) showed

a more dilated left ventricle, pronounced stromal fibroblast
hyperplasia, and loosely arranged muscle fiber as compared
to that in Normal control 1 group ((Figures 2B,D) at the
42nd day. Therefore, we considered that the mice in CVMC
group on the 42nd day were in the CVMC stage. The World
Health Organization has defined DCM as diseases of myocardial
dilatation and impaired contraction of the left ventricle or both
ventricles, which might be caused by idiopathic, familial/genetic,
viral, or immune factors (Richardson et al., 1996). As compared
to normal mice, the mice in CVMC1 group showed an expansion
in the left ventricular volume, with an apparent reduction
in the LVEF and LVFS; on the basis of this finding, we
assumed that the mice on the 42nd day had not progressed
into DCM. Thus, we considered that the model of CVMC was
successfully established according to the findings of HE staining
and echocardiogram.

Kannel et al. (Kannel et al., 1987) revealed that a high
resting heart rate could increase the overall mortality regardless
of gender and age in 5070 healthy people with 30 years
of follow-up. Another American epidemiological investigation
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FIGURE 4 | HE staining on the 42nd day. HE staining revealed that the heart was dilated and a large number of interstitial fibroblasts had infiltrated into the
myocardium in CVMC1 group. A (× 40) and C (× 400) are for Normal control 1 group. B (× 40) and D (× 400) are for CVMC1 group.

showed that a higher resting heart rate increased the risk of
cardiovascular events and sudden death, but was not correlated
with gender, race, or age (Gillum et al., 1991). Hence, many
scholars consider that a higher resting heart rate should be
regarded as a risk factor along with hypertension, diabetes,
hyperlipidemia, smoking, etc. (Mensink and Hoffmeister, 1997;
Palatini and Julius, 2004; Jouven et al., 2005; Palatini, 2007;
Bohm et al., 2010). Our previous study confirmed that IVA could
significantly reduce the heart rate and mortality in mice with
acute viral myocarditis (Yue-Chun et al., 2012; Li et al., 2013).
Therefore, appropriately and gradually reducing the heart rate
is gaining attention as a new strategy for the prevention and
treatment of cardiovascular diseases. Although beta-blockers can
slow down the heart rate, their use is limited because of their
negative inotropic and negative blood pressure effects (Cheng
et al., 2016). IVA has been used in patients who could not tolerate
beta blockers simply because of its ability to slow down the
heart rate without any effect on contractility and blood pressure.
The SHIFT trial revealed that IVA could obviously decrease
cardiovascular events by reducing heart rate in heart failure
patients (Bohm et al., 2010; Tardif et al., 2011). Riesen et al.
(Riesen et al., 2012) found that IVA could not only significantly
reduce the heart rate in cats with cardiomyopathy but also in
normal cats. In the present study, we found that IVA could
apparently decrease the heart rate of normal mice, but did not
have any effects on left ventricular internal diameter, LVEF,
and LVFS. Thus, we concluded that IVA simply decreased the
sinus heart rate and did not have negative inotropic effects
similar to those by beta-blockers. Many research studies have
confirmed that IVA could improve cardiovascular outcomes and
reverse ventricular remodeling. Ceconi et al. (Ceconi et al., 2011)
considered that IVA could prevent or even reverse remodeling

of the post-infarction rat heart in the chronic phase, and not
in the acute phase, because it most likely required time to
exert its full beneficial anti-remodeling effects and the more
apparent heart function improvements occurred after longer
treatment with IVA. IVA treatment significantly attenuated
myocardial lesions and fibrosis, and decreased the expression of
myocardial collagen I and collagen III in an experimental murine
myocarditis model in our previous study (Yue-Chun et al., 2016).
In this study, we found that the heart rate of untreated mice
in CVMC2 group was faster than that of the normal mice,
and the LVEF and LVFS were significantly reduced, but IVA
treatment reduced the heart rate, shrunk the left ventricular
chambers, and apparently improved LVEF and LVFS. From
these results, we concluded that long-term treatment with IVA
could improve cardiac diastolic left ventricular blood filling by
reducing the heart rate to increase coronary blood flow and
oxygen supply and reduce oxygen consumption and then cardiac
function. After treatment with IVA for 30 days, the left ventricular
internal diameter in CVMC + IVA group apparently decreased
compared to that of the untreated CVMC mice in CVMC2
group; therefore, we concluded that IVA exerted protective effects
on the CVMC mice and could prevent or reverse ventricular
remodeling.

Huber et al. (Huber et al., 1999) confirmed abundant
cardiomyocyte apoptosis in CVMC mice induced by CVB3.
Our previous study indicated that cardiomyocyte apoptosis
occurred in acute viral myocarditis, and the apoptotic cells
were apparently reduced after treatment with carvedilol for
14 days, but only slightly lessened with IVA (Yue-Chun et al.,
2012). Chen et al. (2014) found that IVA could improve cardiac
output of diabetic mice by reducing cardiomyocyte apoptosis.
Becher et al. (Becher et al., 2012) also concluded that IVA
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FIGURE 5 | HE staining on the 72nd day. The heart chambers were shrunken
and less interstitial fibroblasts infiltrated after treatment with ivabradine (IVA) in
CVMC+IVA group as compared to that in CVMC2 group. (A) Normal control 2
group, (B) Normal+IVA group, (C) CVMC+IVA group, and (D) CVMC2 group.

could improve left ventricular function in heart failure mice
by decreasing cardiomyocyte apoptosis. Yamada et al. (Yamada
et al., 1999) demonstrated that a certain amount of apoptotic
myocardial cells existed in the CVB3-induced congestive heart
failure model, and the left ventricular function was progressively
degenerated following abundant loss of ventricular muscle cells
resulting from cardiomyocyte apoptosis. Our results confirmed
that there had been a much higher number of apoptotic
myocardial cells in CVB3-induced CVMC mice (Figure 6D),
and the apoptotic cells were significantly reduced after treatment
with IVA for 30 days in CVMC+IVA group compared to
that in the CVMC mice (Figure 7). Thus, we think that IVA
has an anti-apoptotic effect. The apoptotic myocardial cells
slightly reduced in acute viral myocarditis treated with IVA
for only 14 days (Yue-Chun et al., 2012), but significantly
decreased in CVMC treated with IVA for 30 days, although
they were still markedly increased when compared to those of
normal mice. In conclusion, we consider that the anti-apoptotic
effects of IVA require a long time to become apparent, in

FIGURE 6 | Detection of apoptotic cardiomyocytes with the TUNEL assay on
the 72nd day. Apoptotic cells were labeled green and are indicated by the
yellow arrows (left panel) and the corresponding cardiomyocyte were stained
blue with DAPI (right panel). (A) Normal control 2 group, (B) Normal+IVA
group, (C) CVMC+IVA group, and (D) CVMC2 group.

FIGURE 7 | The positive apoptotic cells per cm2 of TUNEL assay in each
groups (n = 8). The apoptotic percentages in CVMC+IVA group significantly
attenuated after treatment with ivabradine (IVA) compared with CVMC2 group.
∗P < 0.05 vs. Control (Normal control 2 group), #P < 0.05 vs. CVMC2.
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FIGURE 8 | WB analysis for Bax, Bcl-2, and Caspase-3 in each groups (n = 8). Treatment with ivabradine (IVA) significantly reduced the expression levels of Bax and
Caspase-3, and increased the expression level of Bcl-2. ∗P < 0.05 vs. Control (Normal control 2 group), #P < 0.05 vs. CVMC2.

addition to its more obvious anti-apoptotic effects in long-term
treatment.

Mitochondria have increasingly become recognized as
important organelles in regulating the apoptosis of cells,
and cytochrome c (Cyt C) released from the mitochondria
is considered the key component in the mitochondrial
pathway of apoptosis (Vander Heiden and Thompson, 1999;
Venteo et al., 2010). Many researchers have confirmed that
the mitochondrial pathway is regulated by the balance
between pro-apoptosis and anti-apoptosis proteins of Bcl-2
family members (Adams and Cory, 1998; Colston et al.,
1998; Vander Heiden and Thompson, 1999; Antonsson
et al., 2001; Carthy et al., 2003; Venteo et al., 2010). The
expression levels of Bax were positively correlated with

cardiomyocyte apoptosis in myocarditis, but the opposite
was true for Bcl-2 (Joo et al., 2003). If Bax is highly
expressed, it forms a homologous dimmer, which leads
to cell apoptosis. If Bcl-2 is highly expressed, it forms
a homologous dimmer, which prevents cell apoptosis.
However, if Bax and Bcl-2 form a heterodimer, Bax will
suppress the anti-apoptotic effect of Bcl-2, and thus, the
proportion of the two proteins determines the apoptosis
or survival of cells (Adams and Cory, 1998; Colston et al.,
1998; Antonsson et al., 2001; Carthy et al., 2003). When
it is triggered by extracellular signals, Bax acts on the
mitochondrion, increasing the mitochondrial membrane
permeability, which releases Cyt C and other proteins. Cyt C,
apoptosis protease activating factor (Apaf-1), and Caspase-9 can
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form an apoptosome to autocatalyse caspase-9, thereby leading
to the activation of downstream caspases such as Caspase-3
and Caspase-7 (Adams and Cory, 1998; Hu et al., 2014). Chen
et al. (Hu et al., 2014) showed that cardiomyocyte apoptosis
was present in diabetic mice, and IVA could decrease the
expression of Bax, Caspase-3, and the apoptosis of myocardial
cells, and significantly improve cardiac function. The high
expression of Bax and Caspase-3, low expression of Bcl-
2, and excessive cardiomyocyte apoptosis in CVMC mice
indicated that the mitochondrial pathways are involved in CVMC
myocardial apoptosis. The expression of Bax and Caspase-3
was reduced, the expression of Bcl-2 was increased, and the
apoptotic cells were significantly decreased in CVMC mice
treated with IVA; these results showed that IVA could attenuate
the expression of Caspase-3 by downregulation of Bax and
upregulation of Bcl-2 to prevent deterioration of cardiac function
resulting from ventricular myocyte loss by cardiomyocyte
apoptosis.

AUTHOR CONTRIBUTIONS

LY-C and CM designed the whole study. LY-C, GL-S, LL, ZD-P,
SZ-W, GX, CG-Y, LJ, and LJ-F performed the experiments. GL-S
and LL wrote the paper. All authors read and approved the final
manuscript.

FUNDING

This study was supported by the grants from the National
Natural Science Foundation of China (Grant Nos. 81600298 and
81570342), the Zhejiang Provincial Natural Science Foundation
of China (Grant Nos. LY18H020011 and LY16H020011) and
the Wenzhou Municipal Science and Technology Commission
of China (Grant No. Y20130270). The funders had no role in
study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

REFERENCES
Adams, J. M., and Cory, S. (1998). The Bcl-2 protein family: arbiters of cell survival.

Science 281, 1322–1326. doi: 10.1126/science.281.5381.1322
Antonsson, B., Montessuit, S., Sanchez, B., and Martinou, J. C. (2001). Bax is

present as a high molecular weight oligomer/complex in the mitochondrial
membrane of apoptotic cells. J. Biol. Chem. 276, 11615–11623. doi: 10.1074/
jbc.M010810200

Aretz, H. T., Billingham, M. E., Edwards, W. D., Factor, S. M., Fallon, J. T., Fenoglio,
J. J., et al. (1987). Myocarditis. A histopathologic definition and classification.
Am. J. Cardiovasc. Pathol. 1, 3–14.

Becher, P. M., Lindner, D., Miteva, K., Savvatis, K., Zietsch, C., Schmack, B., et al.
(2012). Role of heart rate reduction in the prevention of experimental heart
failure: comparison between If-channel blockade and beta-receptor blockade.
Hypertension 59, 949–957. doi: 10.1161/HYPERTENSIONAHA.111.183913

Bohm, M., Swedberg, K., Komajda, M., Borer, J. S., Ford, I., Dubost-
Brama, A., et al. (2010). Heart rate as a risk factor in chronic heart failure
(SHIFT): the association between heart rate and outcomes in a randomised
placebo-controlled trial. Lancet 376, 886–894. doi: 10.1016/S0140-6736(10)
61259-7

Bowles, N. E., Richardson, P. J., Olsen, E. G., and Archard, L. C. (1986). Detection of
Coxsackie-B-virus-specific RNA sequences in myocardial biopsy samples from
patients with myocarditis and dilated cardiomyopathy. Lancet 1, 1120–1123.
doi: 10.1016/S0140-6736(86)91837-4

Carthy, C. M., Yanagawa, B., Luo, H., Granville, D. J., Yang, D., Cheung, P.,
et al. (2003). Bcl-2 and Bcl-xL overexpression inhibits cytochrome c release,
activation of multiple caspases, and virus release following coxsackievirus
B3 infection. Virology 313, 147–157. doi: 10.1016/S0042-6822(03)00
242-3

Ceconi, C., Comini, L., Suffredini, S., Stillitano, F., Bouly, M., Cerbai, E., et al.
(2011). Heart rate reduction with ivabradine prevents the global phenotype
of left ventricular remodeling. Am. J. Physiol. Heart Circ. Physiol. 300,
H366–H373. doi: 10.1152/ajpheart.01117.2009

Chen, S. L., Hu, Z. Y., Zuo, G. F., Li, M. H., and Li, B. (2014). I(f) current channel
inhibitor (ivabradine) deserves cardioprotective effect via down-regulating the
expression of matrix metalloproteinase (MMP)-2 and attenuating apoptosis
in diabetic mice. BMC Cardiovasc. Disord. 14:150. doi: 10.1186/1471-2261-1
4-150

Cheng, Z., Li-Sha, G., and Yue-Chun, L. (2016). Autonomic nervous system in
viral myocarditis: pathophysiology and therapy. Curr. Pharm. Des. 22, 485–498.
doi: 10.2174/1381612822666151222160810

Chinnaiyan, A. M., O’Rourke, K., Tewari, M., and Dixit, V. M. (1995). FADD, a
novel death domain-containing protein, interacts with the death domain of Fas
and initiates apoptosis. Cell 81, 505–512. doi: 10.1016/0092-8674(95)90071-3

Colston, J. T., Chandrasekar, B., and Freeman, G. L. (1998). Expression of
apoptosis-related proteins in experimental coxsackievirus myocarditis.
Cardiovasc. Res. 38, 158–168. doi: 10.1016/S0008-6363(97)00323-4

Cooper, L. T. Jr. (2009). Myocarditis. N. Engl. J. Med. 360, 1526–1538. doi: 10.1056/
NEJMra0800028

Feldman, A. M., and McNamara, D. (2000). Myocarditis. N. Engl. J. Med. 343,
1388–1398. doi: 10.1056/NEJM200011093431908

Gillum, R. F., Makuc, D. M., and Feldman, J. J. (1991). Pulse rate, coronary heart
disease, and death: the NHANES I epidemiologic follow-up study. Am. Heart J
121, 172–177. doi: 10.1016/0002-8703(91)90970-S

Guo, C., Wang, Y., Liang, H., and Zhang, J. (2010). ADAMTS-1 contributes
to the antifibrotic effect of captopril by accelerating the degradation of type
I collagen in chronic viral myocarditis. Eur. J. Pharmacol. 629, 104–110.
doi: 10.1016/j.ejphar.2009.12.009

Henke, A., Zell, R., Martin, U., and Stelzner, A. (2003). Direct interferon-gamma-
mediated protection caused by a recombinant coxsackievirus B3. Virology 315,
335–344. doi: 10.1016/S0042-6822(03)00538-5

Hu, Q., Wu, D., Chen, W., Yan, Z., Yan, C., He, T., et al. (2014).
Molecular determinants of caspase-9 activation by the Apaf-1 apoptosome.
Proc. Natl. Acad. Sci. U.S.A. 111, 16254–16261. doi: 10.1073/pnas.141800
0111

Huber, S. A., Budd, R. C., Rossner, K., and Newell, M. K. (1999). Apoptosis in
coxsackievirus B3-induced myocarditis and dilated cardiomyopathy. Ann. N. Y.
Acad. Sci. 887, 181–190. doi: 10.1111/j.1749-6632.1999.tb07932.x

Joo, C. H., Hong, H. N., Kim, E. O., Im, J. O., Yoon, S. Y., Ye, J. S., et al.
(2003). Coxsackievirus B3 induces apoptosis in the early phase of murine
myocarditis: a comparative analysis of cardiovirulent and noncardiovirulent
strains. Intervirology 46, 135–140. doi: 10.1159/000071453

Jouven, X., Empana, J. P., Schwartz, P. J., Desnos, M., Courbon, D., and
Ducimetiere, P. (2005). Heart-rate profile during exercise as a predictor
of sudden death. N. Engl. J. Med. 352, 1951–1958. doi: 10.1056/NEJMoa
043012

Kannel, W. B., Kannel, C., Paffenbarger, R. S. Jr., and Cupples, L. A. (1987). Heart
rate and cardiovascular mortality: the Framingham study. Am. Heart J. 113,
1489–1494. doi: 10.1016/0002-8703(87)90666-1

Kerr, J. F., Wyllie, A. H., and Currie, A. R. (1972). Apoptosis: a basic biological
phenomenon with wide-ranging implications in tissue kinetics. Br. J. Cancer
26, 239–257. doi: 10.1038/bjc.1972.33

Kyto, V., Lapatto, R., Lakkisto, P., Saraste, A., Voipio-Pulkki, L. M., Vuorinen, T.,
et al. (2004). Glutathione depletion and cardiomyocyte apoptosis in viral
myocarditis. Eur. J. Clin. Invest. 34, 167–175. doi: 10.1111/j.1365-2362.2004.
01313.x

Li, Y. C., Ge, L. S., Yang, P. L., Tang, J. F., Lin, J. F., Chen, P., et al. (2010).
Carvedilol treatment ameliorates acute coxsackievirus B3-induced myocarditis

Frontiers in Pharmacology | www.frontiersin.org 9 March 2018 | Volume 9 | Article 182

https://doi.org/10.1126/science.281.5381.1322
https://doi.org/10.1074/jbc.M010810200
https://doi.org/10.1074/jbc.M010810200
https://doi.org/10.1161/HYPERTENSIONAHA.111.183913
https://doi.org/10.1016/S0140-6736(10)61259-7
https://doi.org/10.1016/S0140-6736(10)61259-7
https://doi.org/10.1016/S0140-6736(86)91837-4
https://doi.org/10.1016/S0042-6822(03)00242-3
https://doi.org/10.1016/S0042-6822(03)00242-3
https://doi.org/10.1152/ajpheart.01117.2009
https://doi.org/10.1186/1471-2261-14-150
https://doi.org/10.1186/1471-2261-14-150
https://doi.org/10.2174/1381612822666151222160810
https://doi.org/10.1016/0092-8674(95)90071-3
https://doi.org/10.1016/S0008-6363(97)00323-4
https://doi.org/10.1056/NEJMra0800028
https://doi.org/10.1056/NEJMra0800028
https://doi.org/10.1056/NEJM200011093431908
https://doi.org/10.1016/0002-8703(91)90970-S
https://doi.org/10.1016/j.ejphar.2009.12.009
https://doi.org/10.1016/S0042-6822(03)00538-5
https://doi.org/10.1073/pnas.1418000111
https://doi.org/10.1073/pnas.1418000111
https://doi.org/10.1111/j.1749-6632.1999.tb07932.x
https://doi.org/10.1159/000071453
https://doi.org/10.1056/NEJMoa043012
https://doi.org/10.1056/NEJMoa043012
https://doi.org/10.1016/0002-8703(87)90666-1
https://doi.org/10.1038/bjc.1972.33
https://doi.org/10.1111/j.1365-2362.2004.01313.x
https://doi.org/10.1111/j.1365-2362.2004.01313.x
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00182 September 24, 2019 Time: 15:2 # 10

Li-Sha et al. Ivabradine Inhibits Cardiomyocyte Apoptosis

associated with oxidative stress reduction. Eur. J. Pharmacol. 640, 112–116.
doi: 10.1016/j.ejphar.2010.04.037

Li, Y. C., Luo, Q., Ge, L. S., Chen, Y. H., Zhou, N. D., Zhang, T., et al. (2013).
Ivabradine inhibits the production of proinflammatory cytokines and inducible
nitric oxide synthase in acute coxsackievirus B3-induced myocarditis. Biochem.
Biophys. Res. Commun. 431, 450–455. doi: 10.1016/j.bbrc.2012.12.147

Li-Sha, G., Jing-Lin, Z., Guang-Yi, C., Li, L., De-Pu, Z., and Yue-Chun, L.
(2015). Dose-dependent protective effect of nicotine in a murine model of
viral myocarditis induced by coxsackievirus B3. Sci. Rep. 5:15895. doi: 10.1038/
srep15895

Liu, P. P., and Mason, J. W. (2001). Advances in the understanding of myocarditis.
Circulation 104, 1076–1082. doi: 10.1161/hc3401.095198

Mattingly, T. W. (1965). Changing concepts of myocardial diseases. JAMA 191,
33–37. doi: 10.1001/jama.1965.03080010039011

McMurray, J. J., Adamopoulos, S., Anker, S. D., Auricchio, A., Bohm, M.,
Dickstein, K., et al. (2012). ESC guidelines for the diagnosis and treatment of
acute and chronic heart failure 2012: The Task Force for the Diagnosis and
Treatment of Acute and Chronic Heart Failure 2012 of the European Society
of Cardiology. Developed in collaboration with the Heart Failure Association
(HFA) of the ESC. Eur. J. Heart Fail. 14, 803–869. doi: 10.1093/eurjhf/hfs105

Mensink, G. B., and Hoffmeister, H. (1997). The relationship between resting
heart rate and all-cause, cardiovascular and cancer mortality. Eur. Heart J. 18,
1404–1410. doi: 10.1093/oxfordjournals.eurheartj.a015465

Mito, S., Thandavarayan, R. A., Ma, M., Lakshmanan, A., Suzuki, K., Kodama, M.,
et al. (2011). Inhibition of cardiac oxidative and endoplasmic reticulum
stress-mediated apoptosis by curcumin treatment contributes to protection
against acute myocarditis. Free Radic. Res. 45, 1223–1231. doi: 10.3109/
10715762.2011.607252

Mulder, P., Barbier, S., Chagraoui, A., Richard, V., Henry, J. P., Lallemand, F.,
et al. (2004). Long-term heart rate reduction induced by the selective I(f)
current inhibitor ivabradine improves left ventricular function and intrinsic
myocardial structure in congestive heart failure. Circulation 109, 1674–1679.
doi: 10.1161/01.CIR.0000118464.48959.1C

Nakamura, H., Yamamoto, T., Yamamura, T., Nakao, F., Umemoto, S., Shintaku, T.,
et al. (1999). Repetitive coxsackievirus infection induces cardiac dilatation in
post-myocarditic mice. Jpn. Circ. J. 63, 794–802. doi: 10.1253/jcj.63.794

Palatini, P. (2007). Heart rate as an independent risk factor for cardiovascular
disease: current evidence and basic mechanisms. Drugs 67(Suppl. 2), 3–13.
doi: 10.2165/00003495-200767002-00002

Palatini, P., and Julius, S. (2004). Elevated heart rate: a major risk factor for
cardiovascular disease. Clin. Exp. Hypertens. 26, 637–644. doi: 10.1081/CEH-
200031959

Parakh, N., and Bhargava, B. (2011). Rate control with ivabradine: angina pectoris
and beyond. Am. J. Cardiovasc. Drugs 11, 1–12. doi: 10.2165/11584840-
000000000-00000

Richardson, P., McKenna, W., Bristow, M., Maisch, B., Mautner, B., O’Connell, J.,
et al. (1996). Report of the 1995 world health organization/international society

and federation of cardiology task force on the definition and classification of
cardiomyopathies. Circulation 93, 841–842. doi: 10.1161/01.CIR.93.5.841

Riesen, S. C., Schober, K. E., Smith, D. N., Otoni, C. C., Li, X., and Bonagura,
J. D. (2012). Effects of ivabradine on heart rate and left ventricular function
in healthy cats and cats with hypertrophic cardiomyopathy. Am. J. Vet. Res. 73,
202–212. doi: 10.2460/ajvr.73.2.202

Tardif, J. C., O’Meara, E., Komajda, M., Bohm, M., Borer, J. S., Ford, I., et al. (2011).
Effects of selective heart rate reduction with ivabradine on left ventricular
remodelling and function: results from the SHIFT echocardiography
substudy. Eur. Heart J. 32, 2507–2515. doi: 10.1093/eurheartj/
ehr311

Vander Heiden, M. G., and Thompson, C. B. (1999). Bcl-2 proteins: regulators
of apoptosis or of mitochondrial homeostasis? Nat. Cell Biol. 1, E209–E216.
doi: 10.1038/70237

Venteo, L., Bourlet, T., Renois, F., Douche-Aourik, F., Mosnier, J. F., Maison, G. L.,
et al. (2010). Enterovirus-related activation of the cardiomyocyte mitochondrial
apoptotic pathway in patients with acute myocarditis. Eur. Heart J. 31, 728–736.
doi: 10.1093/eurheartj/ehp489

Yajima, T., and Knowlton, K. U. (2009). Viral myocarditis: from the perspective of
the virus. Circulation 119, 2615–2624. doi: 10.1161/CIRCULATIONAHA.108.
766022

Yamada, T., Matsumori, A., Wang, W. Z., Ohashi, N., Shiota, K., and
Sasayama, S. (1999). Apoptosis in congestive heart failure induced by
viral myocarditis in mice. Heart Vessels 14, 29–37. doi: 10.1007/BF0248
1740

Yue-Chun, L., Guang-Yi, C., Li-Sha, G., Chao, X., Xinqiao, T., Cong, L., et al.
(2016). The protective effects of ivabradine in preventing progression from viral
myocarditis to dilated cardiomyopathy. Front. Pharmacol. 7:408. doi: 10.3389/
fphar.2016.00408

Yue-Chun, L., Teng, Z., Na-Dan, Z., Li-Sha, G., Qin, L., Xue-Qiang, G., et al.
(2012). Comparison of effects of ivabradine versus carvedilol in murine model
with the Coxsackievirus B3-induced viral myocarditis. PLoS One 7:e39394.
doi: 10.1371/journal.pone.0039394

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer TG and handling Editor declared their shared affiliation.

Copyright © 2018 Li-Sha, Li, De-Pu, Zhe-Wei, Xiaohong, Guang-Yi, Jia, Jia-Feng,
Maoping and Yue-Chun. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 10 March 2018 | Volume 9 | Article 182

https://doi.org/10.1016/j.ejphar.2010.04.037
https://doi.org/10.1016/j.bbrc.2012.12.147
https://doi.org/10.1038/srep15895
https://doi.org/10.1038/srep15895
https://doi.org/10.1161/hc3401.095198
https://doi.org/10.1001/jama.1965.03080010039011
https://doi.org/10.1093/eurjhf/hfs105
https://doi.org/10.1093/oxfordjournals.eurheartj.a015465
https://doi.org/10.3109/10715762.2011.607252
https://doi.org/10.3109/10715762.2011.607252
https://doi.org/10.1161/01.CIR.0000118464.48959.1C
https://doi.org/10.1253/jcj.63.794
https://doi.org/10.2165/00003495-200767002-00002
https://doi.org/10.1081/CEH-200031959
https://doi.org/10.1081/CEH-200031959
https://doi.org/10.2165/11584840-000000000-00000
https://doi.org/10.2165/11584840-000000000-00000
https://doi.org/10.1161/01.CIR.93.5.841
https://doi.org/10.2460/ajvr.73.2.202
https://doi.org/10.1093/eurheartj/ehr311
https://doi.org/10.1093/eurheartj/ehr311
https://doi.org/10.1038/70237
https://doi.org/10.1093/eurheartj/ehp489
https://doi.org/10.1161/CIRCULATIONAHA.108.766022
https://doi.org/10.1161/CIRCULATIONAHA.108.766022
https://doi.org/10.1007/BF02481740
https://doi.org/10.1007/BF02481740
https://doi.org/10.3389/fphar.2016.00408
https://doi.org/10.3389/fphar.2016.00408
https://doi.org/10.1371/journal.pone.0039394
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Ivabradine Treatment Reduces Cardiomyocyte Apoptosis in a Murine Model of Chronic Viral Myocarditis
	Introduction
	Materials and Methods
	Ethics Statement
	CVMC Mice Model
	Heart Rate and Echocardiographic Examination
	Pathologic Examination of HE-Stained Sections
	Detection of Apoptosis
	Western Blot Analysis for Bax, Bcl-2, and Caspase-3
	Statistical Analysis

	Results
	Physical Manifestations, Heart Rate and Echocardiography
	Pathologic Examination of HE-Stained Sections
	Cardiomyocyte Apoptosis
	Western Blot Analysis for Bax, Bcl-2, and Caspase-3

	Discussion
	Author Contributions
	Funding
	References


