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Beneficial effects of muscone on cardiac remodeling
in a mouse model of myocardial infarction
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Abstract. Musk has been traditionally used in East Asia to
alleviate the symptoms of angina pectoris. However, it remains
unclear as to whether muscone, the main active ingredient of
musk, has any beneficial effects on persistent myocardial isch-
emia in vivo. The aim of the present study was to investigate
whether muscone can improve cardiac function and attenuate
myocardial remodeling following myocardial infarction (MI)
in mice. Mice were subjected to permanent ligation of the left
anterior descending coronary artery to induce MI, and then
randomly treated with muscone (2 mg/kg/day) or the vehicle
(normal saline) for 3 weeks. Sham-operated mice were used as
controls and were also administered the vehicle (normal saline).
Treatment with muscone significantly improved cardiac function
and exercise tolerance, as evidenced by the decrease in the left
ventricular end-systolic diameter, left ventricular end-diastolic
diameter, as well as an increase in the left ventricular ejec-
tion fraction, left ventricular fractional shortening and time to
exhaustion during swimming. Pathological and morphological
assessments indicated that treatment with muscone alleviated
myocardial fibrosis, collagen deposition and improved the heart
weight/body weight ratio. Muscone inhibited the inflammatory
response by reducing the expression of transforming growth
factor (TGF)-B1, tumor necrosis factor (TNF)-a., interleukin
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(IL)-1P and nuclear factor (NF)-«xB. Treatment with muscone
also reduced myocardial apoptosis by enhancing Bcl-2 and
suppressing Bax expression. Muscone also induced the phos-
phorylation of protein kinase B (Akt) and endothelial nitric
oxide synthase (eNOS). Our results demonstrate that muscone
ameliorates cardiac remodeling and dysfunction induced by MI
by exerting anti-fibrotic, anti-inflammatory and anti-apoptotic
effects in the ischemic myocardium.

Introduction

Myocardial infarction (MI) is one of the most important
health challenges worldwide (1,2). Although the mortality rate
associated with MI has decreased due to early thrombolysis,
percutaneous coronary intervention or coronary artery bypass
grafting, patients who survive inevitably suffer from consequent
cardiac remodeling and heart failure (HF) (3-8). Thus, it is urgent
to explore effective therapeutic approaches in order to prevent
cardiac remodeling induced by MI.

As a highly valued traditional Chinese medicine, musk is
adopted extensively by clinicians for the treatment of cardio-
cerebrovascular diseases, such as angina, vascular headaches
and stroke (9-17). Musk is believed to have antioxidant, anti-
inflammatory, vasodilator and angiogenic effects (18,19). As
the most important monomer of musk, muscone has been found
in in vitro studies to have multiple cardioprotective effects
on injury caused by myocardial ischemia/reperfusion (20).
However, it remains unclear as to whether muscone is also effec-
tive in persistent myocardial ischemia in vivo.

Ithas been confirmed that myocardial fibrosis, inflammation,
apoptosis and endothelial dysfunction are typical characteris-
tics of cardiac remodeling following MI (4). Pro-inflammatory
mediators, such as transforming growth factor (TGF)-f1, tumor
necrosis factor (TNF)-a and interleukin (IL)-1p amplify the
inflammatory response and play pathogenic roles in myocar-
dial fibrosis and remodeling (21,22).The decreased expression
of Bax protein and the increased expression of Bcl-2 inhibit
apoptosis, both contributing to reserve cardiac function. The
activation of the phosphatidylinositol 3-kinase (PI3K) signaling
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pathway, including protein kinase B (Akt) and endothelial nitric
oxide synthase (eNOS) phosphorylation promote the synthesis
of nitric oxide (NO), which is considered to be involved in the
protection of endothelial function (16,23-25).

In light of the established pharmacological effects of
muscone, we hypothesized that the administration of muscone
may ameliorate cardiac remodeling and improve cardiac func-
tion following MI. In the present study, we used a mouse model
of persistent myocardial ischemia by permanent ligation of the
left anterior descending (LAD) coronary artery (26) in order
to investigate the cardioprotective effects of muscone on MI
in vivo, as well as the potential mechanisms involved.

Materials and methods

Mouse model of myocardial infarction. All animal care and
experimental procedures were in accordance with the Ethics
Review Committee of Nanjing Medical University (Nanjing,
China) for the Use and Application of Laboratory Animals
(Permit No. NJMU-ERLAUA-2012-11-01-01). C57BL/6J mice
(Laboratory Animal Center of Nanjing Medical University,
male, aged 6-8 weeks, weighing 18-24 g) were anesthetized
with sodium pentobarbital (50 mg/kg, intraperitoneally)
followed by tracheal intubation with artificial ventilation.
Following anesthesia, the mice were fixed on a heating pad to
maintain normothermia. A thoracotomy was then performed
to expose the heart. The respiratory conditions were monitored
and an electrocardiogram was performed. MI was induced
by the permanent ligation of the LAD coronary artery with
an 8-0 polypropylene suture passing 2-3 mm from the infe-
rior margin of left auricle. MI was confirmed by myocardial
blanching and ST segment elevation of the electrocardiogram.
The sham-operated group was subjected to a similar procedure
without ligating the LAD coronary artery. The thorax was
closed layer by layer, and penicillin was injected intramuscu-
larly. Following recovery of spontaneous breathing, the mice
were extubated and placed on an electric blanket for recovery.

Muscone treatment protocol. Muscone was purchased from
the National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China; purity, >98%; concentra-
tion, 1 g/ml). The mice that survived were randomly treated with
muscone (2 mg/kg/day, intragastric administration, n=27), as
previously described (17,27) or the vehicle (normal saline; intra-
gastric administration, n=27) for 3 weeks. The sham-operated
mice also received the vehicle (normal saline; n=9). The mice
were observed every 12 h, weighed each week, and sacrificed by
suffocation with carbon dioxide on the 21st day. The survival rate
was measured by Kaplan-Meier survival curve analysis.

Measurement of time to exhaustion during swimming. The
mice were placed in a pool (temperature, 31+1°C; depth, 20 cm;
surface area, 0.25 m?) for swimming. The time to exhaustion
during swimming was defined as a consecutive sinking of
>3 times. The time to exhaustion during swimming for each
mouse was measured and recorded.

Echocardiographic measurement. Cardiac structure and
function on the 1st, 10st and 21st day following treatment
were evaluated by using a high-frequency ultrasound system
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Figure 1. Survival rate at 3 weeks follwoing myocardial infarction (MI).
Kaplan-Meier analysis revealed a trend of lower mortality in the muscone-
treated mice compared with the untreated mice (log-rank, P=0.066). Sham,
sham-operated group.

Vevo 2100 (VisualSonics, Inc., Toronto, ON, Canada) with a
30-MHz central frequency scan head. After the mice were
anesthetized, two-dimensional echocardiographic measure-
ments were obtained. The left ventricular end-systolic diameter
(LVESA), left ventricular end-diastolic diameter (LVEDA), as
well as the left ventricular ejection fraction (LVEF) and left
ventricular fractional shortening (LVFS) were recorded.

Measurement of myocardial fibrosis. The hearts were
harvested and weighed, washed in phosphate-buffered saline,
fixed in 4% paraformaldehyde overnight and embedded in
paraffin. Each paraffin-embedded heart was cut into sections
(4 um thick) through the infarct area and stained with Masson's
trichrome. Each section was imaged under a microscope
(Nikon, Tokyo, Japan). Fibrosis was calculated by computer-
ized planimetry using ImagelJ software, version 1.44 (NIH,
Bethesda, MD, USA).

Measurement of apoptotic cells by TUNEL staining. On the
21st day after treatment, the distribution of apoptotic cells was
detected using the In Situ Cell Death Detection kit (Biunique,
Nanjing, China). All the slices were stained with DAPI (1 ug/
ml; Sigma, St. Louis, MO, USA) for the assessment of nuclear
morphology. The FITC-labeled TUNEL-positive cells were
imaged under a fluorescence microscope at a magnification
of x400 (Nikon) and 3 horizons were randomly selected in
the marginal zone of infarction from each slice. The FITC-
labeled TUNEL-positive cells were counted using Image-Pro
Plus software (Media Cybernetics, Rockville, MD, USA) and
the apoptotic index was calculated as follows: apoptotic cell
number/1,000 cells x100%.

Western blot analysis. Total protein was obtained from left
ventricular myocardial tissues by sonication, centrifugation
and heat denaturation. The protein lysates were electropho-
resed and separated on 6-12% SDS-PAGE and transferred onto
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The
membranes were blocked with 5% skim milk at room tempera-
ture for 1 h, and then incubated overnight at 4°C with primary
antibodies, including rabbit anti-Akt (1:1,000; Cell Signaling
Technology, Inc., Danvers, MA, USA), rabbit anti-phospho Akt
(1:1,000; Cell Signaling Technology, Inc.), rabbit anti-eNOS
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Figure 2. Effects of muscone on cardiac structure and function in mice with myocardial infarction (MI) . (A) Representative echocardiography images of mice.
Analysis of (B) left ventricular ejection fraction (LVEF), (C) left ventricular fractional shortening (LVES), (D) left ventricular end-systolic diameter (LVESd)and
(E) left ventricular end-diastolic diameter (LVEDd) at 1, 10 and 21 days following the induction of MI. "P<0.05 vs. untreated group, “P<0.01 vs. untreated group,
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(1:1,000; Sigma), rabbit anti-phospho-eNOS (1:200; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), rabbit anti-NF-xB
(1:800; Cell Signaling Technology, Inc.), rabbit anti-Bcl-2
(1:800; BioWorld, Inc., Visalia, CA, USA), rabbit anti-Bax
(1:800; BioWorld, Inc.), and rabbit anti-GAPDH (1:1,000;
Cell Signaling Technology, Inc.). The membranes were then
incubated with HRP-conjugated secondary antibodies (1:500;
Santa Cruz Biotechnology, Inc.) at room temperature for 1 h.
The SuperSignal ECL kit (Thermo Fisher Scientific, Rockville,
MD, USA) was used to detect the antigen-antibody complexes
in a western blotting detection system (Bio-Rad). The results
were expressed as density values normalized to GAPDH.

P<0.001 vs. untreated group, **P<0.01 vs. sham-operated group (sham), ***P<0.001 vs. sham-operated group, ****P<0.0001 vs. sham-operated group.

ELISA measurement of TGF-f1, TNF-o and IL-15. The levels
of TGF-f1, TNF-a and IL-1f (Bio-Swamp, Shanghai, China)
in the left ventricular myocardium were measured by ELISA.
Myocardial samples (20 mg) were homogenized in 200 ul of
1X phosphate-buffered saline (pH 7.4), then stored overnight
at -20°C. The homogenates were determined by 2 freeze-thaw
cycles to break the cell membranes followed by centrifugation at
5000 x g for 10 min. The samples were then tested immediately
following the procedure recommended by the manufacturer.

Statistical analysis. The GraphPad Prism 5 Demo and
SPSS 13.0 software were used for statistical analyses and
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Figure 3. Treatment with muscone prevents myocardial fibrosis in mcie with myocardial infarction (MI). (A) Analysis of myocardial fibrosis in mice in the
sham-operated group (sham), muscone-treated group and untreated group. Representative images of Masson's trichrome-stained hearts from the (B) sham-
operated mice, (C) muscone-treated mice and (D) untreated mice. Blue color represents the region with fibrosis. "P<0.05 vs. untreated group, **P<0.01 vs.

sham-operated group.

graphing. The Student's t-test or one-way ANOVA were used
to evaluate the mean difference (MD) + standard error of the
mean (SEM) and 95% confidence interval (CI) of the values
of the parameters between the groups. Kaplan-Meier survival
analysis was performed to evaluate the overall survival of the
mice following the induction of MI by the log-rank test, and a
two-sided value of P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Treatment with muscone improves the survival rate and time to
exhaustion during swimming. Compared to the untreated mice,
the muscone-treated mice showed an improved survival rate
[93 vs. 74%; hazard ration (HR) 0.29; 95% CI 0.07745-1.087,
P=0.066] (Fig. 1). A post-mortem examination indicated that
the main cause of death was HF. The time to exhaustion during

swimming was reduced in the mice with MI compared to the
sham-operated mice (18.70+0.5867 min vs. 28.21+0.4911 min;
MD -9.515+0.9072; P<0.0001), which was improved following
treatment with muscone compared with the untreated mice with
MI (20.71+0.7342 min vs. 18.70+0.5867 min; MD 2.014+0.9756;
95% C1 0.004332-4.024; P=0.0495).

Treatment with muscone improves cardiac structure and func-
tion. No significant difference in cardiac function was observed
between the muscone-treated and untreated group at baseline.
On the 21st day following the induction of MI, LVESd and
LVEDd were higher, while LVFS and LVEF were lower in the
mice with MI compared to the sham-operated group (P<0.05).
Following treatment for 3 weeks, LVESd (3.025+0.1089
vs. 3.570£0.1965 mm; MD -0.5451+0.2246; 95% CI -1.011
to -0.07918; P=0.0239) and LVEDd (4.008+0.1073 vs.
4.447+0.1822 mm; MD -0.4398+0.2114; 95% CI -0.8782 to
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Figure 4. Treatment with muscone decreases the expression of inflammation cytokines following myocardial infarction (MI). (A) Western blot analysis of
NF-kB. GAPDH was used an internal control. (B) Densitometric analysis of NF-kB expression normalized to GAPDH. (C) Quantitative analysis of TGF-1,
(D) TNF-a. and (E) IL-1B expression in the left ventricular myocardium by ELISA, n=8 per group. "P<0.05 vs. untreated group, "P<0.05 vs. sham-operated
group (sham), **P<0.01 vs. sham-operated group, ***P<0.001 vs. sham-operated group.

-0.001284; P=0.0494) were significantly lower compared to the
untreated group, while LVEF (49.23+1.906 vs. 41.12+2.441%;
MD 8.112+3.097; 95% CI 1.688-14.54; P=0.0157) and
LVFS (24.65+1.159 vs. 20.10+1.347%; MD 4.551+1.777,
95% CI 0.8654-8.237; P=0.0178) were significantly higher in
the muscone-treated group compared with the untreated group
(Fig. 2A-E). In addition, the heart weight/body weight ratio was
also higher in the mice with MI compared to the sham-operated
group (P<0.01), which was reduced following treatment with
muscone compared with the untreated mice (0.6120+0.01866
vs. 0.6939+0.02428; MD -0.08195+0.03062; 95% CI -0.1455 to
-0.01844; P=0.0138).

Treatment with muscone reduces myocardial fibrosis. Masson's
trichrome staining was used to detect myocardial fibrosis. The
results revealed that the fibrotic area was significantly increased in
the mice with MI compared to the sham-operated group (P<0.05);
treatment with muscone significantly decreased myocardial
fibrosis and collagen deposition compared to the untreated
group (2.567+0.3032 vs. 4.136+0.4741; MD -1.568+0.5628;
95% CI -2.822 to -0.3144; P=0.0192) (Fig. 3).

Treatment with muscone suppresses the expression of inflam-
matory cytokines. Compared to the sham-operated mice,
the expression levels of TGF-1, TNF-a, IL-1p and NF-xB
were higher in the untreated group (P<0.05), indicating that
MI upregulated the levels of pro-inflammatory cytokines.
The muscone-treated group showed significantly lower
expression levels of TGF-B1 (72.56+3.302 vs. 109.0+12.74;
MD -36.41+12.25; 95% CI -63.36 to -9.452; P=0.0127), TNF-a
(41.56+3.802 vs. 59.66+6.1641 MD -18.09+7.011; 95% CI -33.53

to -2.665; P=0.0255), IL-1p (5.354+0.3977 vs. 7.345+0.6096;
MD -1.990+0.7075; 95% CI -3.548 to -0.4330; P=0.0169)
and NF-xB (1.321%£0.1247 vs. 4.817+1.185; MD -3.496+1.192;
95% CI-6.804 to -0.1870; P=0.0427) compared to the untreated
group (Fig. 4).

Treatment with muscone decreases myocardial apoptosis.
Compared to the sham-operated group, the untreated group
showed a significantly higher apoptotic index in the marginal
zone of the nfarcted myocardium (P<0.05). The apoptotic
index was significantly lower in the muscone treated group
compared to the untreated group (16.80+2.672 vs. 28.20+2.973;
MD -11.40+3.997; 95% CI -20.62 to -2.182; P=0.0214) (Fig. 5A
and B). The expression level of Bcl-2 (1.594+0.2966 vs.
0.6756+0.06635; MD 0.9180+0.3039; 95% CI 0.07424-1.762;
P=0.0392) and the Bcl-2/Bax ratio (0.7715+£0.06642 vs.
0.2418+0.02536; MD 0.5297+0.07110; 95% CI 0.3323-0.7271,
P=0.0017) were significantly increased in the treated group
compared to the untreated group (Fig. 5SC-F).

Treatment with muscone activates Akt-eNOS signaling. The
expression of total Akt and eNOS in the ischemic myocardium
was similar among the 3 groups. However, the expression
levels of phosphorylated Akt and phosphorylated eNOS
were significantly lower in the mice with MI compared with
the sham-operated group (P<0.05); treatment with muscone
increased the phosphorylation of Akt (1.968+0.2110 vs.
1.286+0.04034; MD 0.6825+0.2149; 95% CI 0.08610-1.279;
P=0.0336) and phosphorylated eNOS (2.347+0.2729 vs.
1.537+0.1645; MD 0.8095+0.3186; 95% CI 0.02995-1.589;
P=0.044) compared to the untreated group (Fig. 6).
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Figure 5. Anti-apoptotic effects of muscone on myocardial cells. (A) TUNEL analysis of apoptotic myocardial cells from sham-operated mice, muscone treated
mice and untreated mice at 3 weeks following the induciton of myocardial infarction (MI). TUNEL-positive cells appear green, DAPI-counterstained nuclei
are blue. (B) Western blot analysis of Bcl-2 and Bax. GAPDH was used as an internal control. (C) Cardiomyocyte apoptotic index was significantly lower in the
muscone-treated group compared with the untreated group. (D) Densitometric analysis of Bcl-2 expression normalized to GAPDH. (E) Densitometric analysis of
Bax expression normalized to GAPDH. (F) Analysis of the ratio between the expression of Bel-2 and Bax, n=3 per group. “P<0.05 vs. untreated group, “P<0.01

vs. untreated group. Sham, sham-operated group.

Discussion

In this study, we investigated the cardioprotective effects of
muscone in mice following the induction of MI. The key find-
ings were as follows: i) muscone improved the survival rate and
exercise tolerance, as well as the cardiac structure and function;
ii) muscone attenuated myocardial fibrosis and inflammation
following MII iii) muscone exerted anti-apoptotic effects by
increasing Bcl-2 and decreasing Bax expression; iv) muscone
increased the phosphorylation of Akt-eNOS. Our results
demonstrated that muscone is effective in preventing the
progression of cardiac remodeling following MI.
Inflammatory cytokines, including TGF-p1, TNF-a and
IL-1p, play crucial roles in myocardial fibrosis and the patho-
logical progression of left ventricular remodeling following
MI (28-30). NF-«xB is a key transcription factor, which
induces the expression of a number of target genes, including

pro-inflammatory cytokines, endothelial adhesion molecules
and oxidative-stress related enzymes (31). Activated NF-kB
increases the expression of TGF-f1, TNF-a and IL-1f3, which
subsequently activates collagen deposition and myocardial
fibrosis that lead to myocardial remodeling and HF (32,33).
Morishita et al (34) reported that the inhibition of NF-kB
binding decreased cardiac damage following MI. In the present
study, we also observed the increased expression of TGF-pl,
TNF-a, IL-1p3 and NF-«B following the induction of MI, and
treatment with muscone significantly decreased the expres-
sion of these inflammatory markers, which indicated that the
cardioprotective effects of muscone may be attributed to its
anti-inflammation effects.

Apoptosis plays an important role in MI and HF. Previous
studies have demonstrated that ischemia-induced apoptosis
and necrosis contribute to autophagic cardiomyocyte death
and cardiomyocyte loss in myocardial ischemic injury (35,36).
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Figure 6. Phospho-Akt and phospho-eNOS protein expression in the left ventricular myocardium of mice. (A) Western blot analysis of total Akt, phosphor-
Akt (p-Akt) and (B) total eNOS and phosphor-eNOS (p-eNOS) expression. Densitometric analysis of (C) total Akt, (D) phospho-Akt, (E) total eNOS and

(F) phospho-eNOS expression, n=6 per group; ‘P<0.05 vs. untreated group

Apoptosis is characterized by the increased expression of pro-
apoptotic Bax family proteins and the decreased expression
of anti-apoptotic Bcl-2 family proteins (7). Grimm et al (38)
proved that Bcl-2 also inhibited the activity of NF-xB. It has
also been demonstrated that the amplification of apoptosis
is sufficient to increase fibrosis, indicating a critical role for
cardiomyocyte apoptosis in the progression of myocardial
fibrosis (39). Inflammatory cytokines, such as TNF-a and
IL-1p also induce apoptosis and contribute to the process of
myocardial remodeling (21,36). Consistently, we demonstrated
that the apoptotic level in the marginal zone of the infarcted
myocardium was decreased by treatment with muscone.
Furthermore, our results also revealed the upregulated expres-
sion of Bcl-2 and the downregulated expression of Bax in the
muscone-treated group. Thus, we hypothesized that treatment
with muscone reduced cardiac remodeling due to its anti-
apoptotic effects.

The balance of eNOS activity is the hallmark of vascular
endothelial function, such as endothelium-dependent
relaxation, the integrity of the vascular endothelium and
angiogenesis (40,41). The activation of eNOS promotes the
synthesis of NO, which then protects the ischemic heart by

regulating vascular remodeling and angiogenesis (42,43). It has
been shown that the activation of the PI3K-Akt-eNOS pathway
alleviates cardiac ischemia-reperfusion injury (44,45), while
eNOS deficiency causes myocardial apoptosis and HF (46).
In our study, we observed that the administration of muscone
significantly induced the phosphorylation of Akt and eNOS,
indicating that treatment with muscone may exert protective
effects on the ischemic myocardium by activating the PI3K-
Akt-eNOS pathway.

There were some limitations of the present study. Firstly,
although treatment with muscone led to a marked improve-
ment in left ventricular morphology and function, our study
investigated only some of its possible mechanisms of action.
Further studies are required to reveal additional pathways.
Secondly, the observation period was relatively short. Thirdly,
whether muscone can function in conjunction with other medi-
cations to achieve better therapeutic effects needs to be further
explored.

In conclusion, in the present study, we identified that the
administration of muscone has notable benefits, preventing
cardiac remodeling following MI. The potential mechanisms
may be associated with the anti-fibrotic, anti-inflammatory and
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anti-apoptotic effects of muscone on the ischemic myocardium.
Given our increased understanding of muscone and cardiovas-
cular diseases, muscone is highly valued as a novel therapeutic
application in myocardial ischemic injury following MI.
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