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cardiac macrophage-mediated chronic inflammation 
through inhibition of NF-κB and NLRP3 inflammasome
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Abstract: Muscone is the main active monomer of traditional Chinese medicine musk. Previous studies have re-
ported a variety of beneficial effects of muscone. However, the effects of muscone on chronic inflammation after 
myocardial infarction (MI) are rarely reported. This study evaluated the anti-inflammatory effects of muscone on 
myocardial infarction by establishing a MI model in mice. We found that muscone remarkably decreased the lev-
els of inflammatory cytokines (IL-1β, TNF-α and IL-6), and ultimately improved cardiac function and survival rate. 
Furthermore, the main anti-inflammatory effect of muscone was alleviating cardiac macrophage-mediated inflam-
matory response in heart tissues after MI. Bone marrow-derived macrophages (BMDMs) induced with lipopolysac-
charide (LPS) were used as an in vitro inflammation model to further clarify anti-inflammatory mechanisms of 
muscone. Muscone significantly downregulated the levels of LPS-induced inflammatory cytokines and inhibited 
NF-κB and NLRP3 inflammasome activation in BMDMs. Moreover, ROS and antioxidant indices in LPS-induced BM-
DMs were also ameliorated after muscone treatment. To sum up, our study found that muscone alleviated cardiac 
macrophage-mediated chronic inflammation by inhibiting NF-κB and NLRP3 inflammasome activation, thereby im-
proving cardiac function in MI mice. Besides, the inhibitory effect of muscone on inflammation may be related to the 
scavenging of ROS. It is suggested that muscone may serve as a promising and effective drug for post-MI treatment.
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Introduction

Myocardial infarction (MI) is one of the primary 
causes of hospitalization and death worldwide. 
Although timely reperfusion therapy and active 
drug therapy contribute to reduce infarct size 
and mortality, adverse ventricular remodeling 
after MI is still the leading cause of heart fail- 
ure [1, 2]. Therefore, it is particularly urgent to 
develop new treatments to ameliorate adverse 
ventricular remodeling and post-MI heart fail-
ure. The latest CANTOS clinical trial published 
in New England Journal demonstrated that 
interleukin-1 beta (IL-1β) monoclonal antibody 
Canakinumab could remarkably decrease the 
incidence of recurrent cardiovascular events in 
MI patients [3]. This makes the coronary ath-
erosclerosis inflammation hypothesis more sci-

entific, and anti-inflammatory treatment after 
MI has once again become a research hotspot.

Inflammatory response can be immediately trig-
gered after MI [4]. The inflammatory response 
exerts a two-way regulation in myocardial injury 
and repair after MI. Studies have shown that 
moderate inflammation in the early stage of MI 
may be beneficial to promote myocardial repair. 
However, overactive and persistent chronic in- 
flammation after MI results in accentuated ven-
tricular remodeling and poor cardiac function 
[5-7]. The inflammatory response after MI is pri-
marily regulated by macrophages [8, 9]. Mean- 
while, macrophage-mediated chronic inflamma-
tion contributes to the development of fibrosis 
and dysfunction in multiple organs, including 
the heart [10].
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Nuclear Factor-κB (NF-κB) is one of the critical 
transcription factors that are capable of regu-
lating the inflammatory gene expressions. Ne- 
crotic cardiomyocytes after MI generate alarm 
signals known as danger-associated molecular 
patterns (DAMPs), further leading to the activa-
tion of toll-like receptor 4 (TLR4)/NF-κB signal-
ing pathway. Multiple inflammatory cytokines 
and chemokines are subsequently released. 
Among them, IL-1β, tumor necrosis factor alpha 
(TNF-α) and interleukin-6 (IL-6) are reported to 
be the most important inflammatory cytokines 
involved in chronic inflammation during ven- 
tricular remodeling [11, 12]. Nucleotide-binding 
oligomerization domain-like receptor contain-
ing pyrin domain 3 (NLRP3) inflammasome par-
ticipates in the post-MI inflammation as well. 
NLRP3 inflammasome contains a NLRP3 pro-
tein that interacts with its adapter apoptosis-
associated speck-like protein containing a cas-
pase-recruitment domain (ASC) to recruit and 
activate caspase-1, which processes pro-IL-1β 
to mature IL-1β [13, 14].

Active monomers in traditional Chinese medi-
cine have obtained great concerns in recent 
years, and they are expected to be novel clini-
cal therapeutic drugs. Musk, a high-value tra- 
ditional Chinese medicine, has been widely 
applied to alleviate symptoms of myocardial 
ischemia in clinic [15, 16]. Moreover, Heart-
Protecting Musk Pill exerts a significant effect 
on inflammation inhibition [17, 18]. As the main 
active monomer of musk, muscone has been 
reported to ameliorate ventricular remodeling 
after MI and exert anti-inflammatory effects on 
several chronic diseases such as intervertebral 
disc degeneration [19, 20]. However, to the 
best of our knowledge, whether the protective 
effect of muscone on myocardial infarction is 
associated with inhibition of chronic inflamma-
tion after MI is rarely reported.

In this study, we aimed to investigate the effects 
of muscone on chronic inflammation after MI 
and its underlying mechanisms using a MI 
model in mice and an inflammation model in 
BMDMs. We demonstrated that muscone effi-
ciently inhibited NF-κB and NLRP3 inflamma-
some activation in macrophages, thereby alle-
viating inflammatory response of macrophages 
in heart tissues and improving cardiac function 
in MI mice.

Materials and methods

Antibodies and drugs

Primary antibodies against β-actin (ab8226), 
IL-1β (ab9722), F4/80 (ab6640), phospho-NF-
κB p65 (ab28856), NLRP3 (ab214185) and 
SOD1 (ab16831) were purchased from Abcam 
(USA); GAPDH (#2118), NF-κB p65 (#8242), 
IκB-α (#9242) and phospho-IκB-α (#9246) 
were purchased from Cell Signaling Technology 
(USA); IL-6 (A0286) was purchased from AB- 
clonal (USA); TNF-α (GTX110520) was obtained 
from GeneTex (USA); SOD2 (NB100-1992) was 
obtained from Novus (USA); TLR4 (19811-1- 
AP) and caspase1 (22915-1-AP) were obtain- 
ed from Proteintech (USA). Horseradish peroxi-
dase-conjugated secondary antibodies were 
purchased from Jackson ImmunoResearch 
(USA). Alexa 488 or CY3-conjugated secondary 
antibodies were purchased from Servicebio 
(China). Muscone was purchased from Nanjing 
Zelang Biological Technology Company (China). 
Muscone was diluted with normal saline to 0.5 
mg/ml for in vivo study and diluted with RPMI 
1640 medium to 6 μg/ml for in vitro study. 
Lipopolysaccharide (LPS) from Escherichia coli 
O55:B5 was purchased from Sigma (USA) and 
diluted with RPMI 1640 medium to 1 μg/ml for 
in vitro study.

Animals and experimental procedure

C57BL/6J mice (male, 7 to 8-week-old) were 
purchased from the Model Animal Research 
Center of Nanjing University. Mice had free 
access to food and water and were maintained 
in a 12 h/12 h light-dark cycle with a room tem-
perature of 23±2°C and a relative humidity of 
45±10%. All animal experiments were carried 
out according to the guidelines for animal care 
set by the Institute for Laboratory Animal 
Research of Nanjing Medical University. This 
study was approved by Animal Ethical and Wel- 
fare Committee of Nanjing Medical University 
(Approval No. IACUC-1709001).

Mice were randomly divided into sham group  
(n = 12), MI group (n = 24) and MI+muscone 
group (n = 24). Myocardial infarction was estab-
lished by ligation of left anterior descending 
coronary artery permanently referring to previ-
ous description [21]. Briefly, mice were anes-
thetized by the intraperitoneal injection of pen-
tobarbital sodium (50 mg/kg) and then placed 
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in a supine position. After endotracheal intuba-
tion, artificial mechanical ventilation was per-
formed (tidal volume of 1.8 ml, an inspiratory 
and expiratory ration of 2:1, and a respiratory 
rate of 130 breaths per min). After the heart 
exposure, an 8-0 nylon suture was passed 
approximately 2-3 mm below the tip of the left 
auricle for permanent ligation of left anterior 
descending coronary artery. It was observed 
that the color of the infarcted zone was changed 
from red to white. Mice in sham group received 
the same procedure except for ligation. Mus- 
cone was administrated once a day at a dose  
of 2 mg/kg by gavage according to previous 
study [19]. To avoid interference with the acute 
inflammatory phase, mice received administra-
tion of muscone (MI+muscone group) or equiv-
alent volume of saline (sham and MI groups) at 
the 7th day after MI for consecutive 3 weeks. 
The survival rate was measured by Kaplan-
Meier survival curve analysis. All mice were 
sacrificed by carbon dioxide at the 4th week 
after MI.

Echocardiography

Cardiac function was evaluated at the 4th week 
after MI by the Vevo 2100 ultrasound system 
(Visual Sonic, Canada) equipped with a 30-MHz 
transducer as previously described [21]. Left 
ventricular ejection fraction (LVEF) and left ven-
tricular fractional shortening (LVFS) of each 
mouse were calculated.

Histopathology of myocardium

Mouse hearts from each group were harvested 
and then fixed in 10% buffered neutral formalin 
solution. After standard paraffin embedding, 
heart tissues were cut into sequential sections 
in 4 μm thickness and then stained with hema-
toxylin-eosin (HE). The representative histopath- 
ologic images were captured by a light micros-
copy (Nikon, Japan) and analyzed using Image 
Pro Plus software (version 6.0).

Measurement of antioxidant enzymes activity 
and lipid peroxidation

Myocardial tissues from left ventricle were 
homogenized in pre-cold phosphate buffered 
saline (PBS) to prepare for a 10% homogenate, 
followed by centrifugation at 3000 rpm at 4°C 
for 15 min. Malondialdehyde (MDA, a product 
of lipid peroxidation) and antioxidant enzymes 

such as total superoxide dismutase (T-SOD) 
and glutathione peroxidase (GSH-Px) in the 
supernatant were measured by relative assay 
kits according to the manufacturer’s instruc-
tions (Nanjing Jiancheng Bioengineering Insti- 
tute, China).

Immunohistochemistry

Paraffin sections were deparaffinized, hydrated 
in alcohol, and washed in tap water. Antigen 
retrieval was carried out in 10  mM sodium 
citrate buffer (pH 6.0) for 20  min using a micro-
wave oven. After blocking, sections were incu-
bated with the primary antibodies overnight  
at 4°C. A two-step technique (Maixin Biotech, 
China) was used for visualization, with DAB as  
a chromogen. Finally, sections were counter-
stained with hematoxylin and sealed with neu-
tral balsam. Primary antibodies for immunohis-
tochemistry were as follows: IL-1β, TNF-α, IL-6, 
NLRP3 and p-p65.

Immunofluorescence

A double-staining procedure for F4/80 (macro-
phage marker) and inflammatory cytokine (IL-
1β, TNF-α or IL-6) was conducted as briefly 
described below. After deparaffinization, hydra-
tion and washing, slides were boiled in Tris-
EDTA retrieval solution (pH 8.0) (Servicebio, 
China) for 20  min using a microwave oven for 
antigen retrieval. After incubation with tissue 
spontaneous fluorescence quenching agent 
(Servicebio, China), sections were blocked by 
bovine serum albumin (BSA) (Servicebio, Chi- 
na). Subsequently, sections were incubated 
with mixed primary antibodies overnight at 4°C. 
On the next day, sections were incubated with 
Cy3-conjugated AffiniPure Goat Anti-Rat IgG 
(H+L) and Alexa Fluor® 488-conjugated Affini- 
Pure Goat Anti-Rabbit IgG (H+L) secondary anti-
bodies at room temperature for 1 h. Slides  
were washed three times with PBS and sealed 
with DAPI Fluoromount-G® mounting medium 
(Southern Biotech, USA).

Cell culture and treatment

Bone marrow-derived macrophages (BMDMs) 
were isolated from femurs and tibias of 3 to 
4-week-old C57BL/6J mice. After detached, 
washed and counted, cells were seeded in 
6-well plates at 1 × 106 cells/well. Cells were 
cultured in RPMI 1640 medium (Hyclone, USA) 
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supplemented with 10% fetal bovine serum 
(FBS) (Gibco, USA) and 1% penicillin/streptomy-
cin (Gibco, USA) in presence of 20 ng/ml recom-
binant murine macrophage colony-stimulating 
factor(M-CSF) (Sigma, USA). The culture medi-
um was exchanged every 3 days and nonadher-
ent cells were discarded on the 3rd day. Adher- 
ent cells used for subsequent experiments as 
BMDMs were obtained on the 7th day. Then the 
culture medium was replaced by RPMI 1640 
medium supplemented with 1% FBS for a 12- 
hour starvation treatment. Afterwards, inflam-
mation was induced with 1 μg/ml LPS in the 
absence or presence of muscone for 24 h as 
LPS group or LPS+muscone group, respective-
ly. Untreated BMDMs were served as control 
group.

Cell viability assays

To evaluate the possible toxicity of muscone 
towards BMDMs, the Enhanced Cell Counting 
Kit-8 (Beyotime, China) was used according to 
the manufacturer’s instructions. BMDMs were 
seeded in a 96-well plate at 2 × 104 cells/well 
and cultured to adherence. Then the culture 
medium was replaced by RPMI 1640 medium 
alone and BMDMs were treated with muscone 
in triplicate at each concentration (0, 1.5, 3, 6, 
12 and 24 μg/ml) for 24 h. Subsequently, 10 μl 
enhanced CCK-8 solution was added to each 
well and the absorbance at 450 nm was mea-

cytometry analysis in a FACS Calibur flow 
cytometer (Becton Dickinson, Germany) and 
fluorescent microscope (Mshot, China).

Enzyme-linked immunosorbent assay (ELISA)

Serum samples of mice from each group were 
collected at the 4th week after MI. Cell culture 
supernatants from each group were collected 
and concentrated using centrifugal filter units 
to remove cellular debris after 24 h-treatment. 
IL-1β in cell culture supernatants and serum 
level of brain natriuretic peptide (BNP) in mice 
were quantified using ELISA kits (YIFEIXUE BIO 
TECH, China) according to the manufacturer’s 
instructions.

Western blotting

Total protein was obtained from left ventricular 
myocardial tissues in mice or BMDMs by soni-
cation, centrifugation and heat denaturation. 
Protein concentrations were measured by BCA 
Protein Assay Kit (KeyGEN BioTECH, Nanjing, 
China). Equal amount (30 µg/lane) of protein 
was subjected to 8-12% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene fluo-
ride (PVDF) membranes (Millipore, USA). After 
blocking with 5% skim milk in TBST at room 
temperature for 2 h, membranes were incubat-
ed with primary antibodies at 4°C overnight. On 

Table 1. Primer sequences used for quantitative real-time polymerase 
chain reaction
Targets Primer sequences (sense) Primer sequences (antisense)
GAPDH 5’-CCCTTAAGAGGGATGCTGCC-3’ 5’-TACGGCCAAATCCGTTCACA-3’
IL-1β 5’-TGCCACCTTTTGACAGTGATG-3’ 5’-TGATGTGCTGCTGCGAGATT-3’
IL-6 5’-CCCCAATTTCCAATGCTCTCC-3’ 5’-CGCACTAGGTTTGCCGAGTA-3’
TNF-α 5’-GATCGGTCCCCAAAGGGATG-3’ 5’-TTTGCTACGACGTGGGCTAC-3’
SOD1 5’-ATTGGCCGTACAATGGTGGT-3’ 5’-AGACTCAGACCACACAGGGA-3’
SOD2 5’-GTAGGGCCTGTCCGATGATG-3’ 5’-CGCTACTGAGAAAGGTGCCA-3’
Gpx1 5’-TGCAATCAGTTCGGACACCA-3’ 5’-GTAAAGAGCGGGTGAGCCTT-3’
CAT 5’-CACTGACGAGATGGCACACT-3’ 5’-TGTGGAGAATCGAACGGCAA-3’

Table 2. Basic parameters of the mice. Data are expressed as mean 
± SD

Basic parameters Sham  
(n = 12)

MI  
(n = 24)

MI+muscone  
(n = 24)

P 
value

Body mass (g) 23.83±0.77 23.70±1.02 23.98±1.09 0.62
Heart rate (per min) 473.25±56.07 460.75±46.12 481.25±67.14 0.47
LVEF (%) 58.48±3.07 58.16±3.20 57.73±2.73 0.76

sured 2 h after incubat- 
ion.

Intracellular ROS analysis

Intracellular reactive oxy-
gen species (ROS) in BM- 
DMs was assessed using 
2’,7’-dichlorofluorescin dia- 
cetate (DCFH-DA) (Sigma, 
USA). BMDMs were cul-
tured in 6-well plates at 1 × 
106 cells/well. After starva-
tion treatment and inflam-
mation induction, BMDMs 
were incubated with 10  
μM DCFH-DA detection re- 
agent in the dark at 37°C 
for 30 min and then wash- 
ed twice with PBS. Oxidized 
DCF fluorescence (repre-
senting ROS level) was de- 
tected immediately by flow 



Muscone inhibits chronic inflammation and improves cardiac function in MI mice

4239	 Am J Transl Res 2018;10(12):4235-4246

the next day, membranes were subsequently 
incubated with horseradish peroxidase-conju-
gated secondary antibodies at room tempe- 
rature for 1 h. Finally, the membranes were 
exposed using the ECL system (Tanon, China). 
The immunoreactivity was quantitated using 
Image J software (version 1.44). Primary anti-
bodies used in the study were as follows: GA- 
PDH, β-actin, TLR4, IL-1β, TNF-α, IL-6, NLRP3, 
caspase1, p-IκB-a, IκB-a, p-p65, p65, SOD1 
and SOD2.

RNA preparation and quantitative real-time 
polymerase chain reaction (qRT-PCR)

Total RNA was extracted left ventricular myo-
cardial tissues or BMDMs using Trizol reagent 
(Invitrogen, USA). Reverse transcription was 
performed using 5 × All-In-One RT MasterMix 
(Applied Biological Materials Inc., Canada) re- 
ferring to the manufacturer’s instructions. qRT-
PCR was performed using Hieff™ qPCR SYBR® 
Green Master Mix (Yeasen, China) on StepOne- 
Plus Real-Time PCR system (Applied Biosys- 
tems, USA) according to the manufacturer’s 
protocol. Relative gene expressions were pro-
cessed using the 2-ΔΔCt method and normal-
ized to GAPDH as an endogenous control for 
the mRNA detection. Primer sequences are 
shown in Table 1.

Statistical analysis

Data from at least three independent experi-
ments were expressed as mean ± standard 
deviation (SD). Kaplan-Meier survival analysis 
was performed to evaluate the survival rate of 
mice after MI, followed by comparison using 
log-rank test. Statistical analyses between 
groups were performed by unpaired Student’s 
t-test or one-way ANOVA. A two-sided value of P 
< 0.05 was considered to be statistically signifi-
cant. All statistical analyses were conducted 
using SPSS software (version 22.0) or GraphPad 
Prism software (version 6.02).

Results

Muscone improved survival rate and cardiac 
function in MI mice

No significant differences in preoperative body 
weight, heart rate and LVEF were found bet- 
ween the groups (Table 2). At the 4th week after 
surgery, there was no death in sham group, and 
the survival rate in MI+muscone group was 
higher than that in MI group (Figure 1A). At the 
4th week after MI, we found abnormal left ven-
tricular anterior wall motion and decreased 
LVEF and LVFS in MI group and MI+muscone 
group when compared with sham group. Motion 
range of left ventricle anterior wall, LVEF and 

Figure 1. Muscone improved survival rate and cardiac function in MI mice. (A) Survival rate of mice at the 4th week 
after MI. Kaplan-Meier analysis showed lower mortality in mice of MI+muscone group compared with those in MI 
group (log-rank: P = 0.0457). (B) Representative M-mode echocardiograms of mice at the 4th week after MI. LVEF 
(C) and LVFS (D) were measured by echocardiography. Data are expressed as mean ± SD (n = 12 per group). ***P 
< 0.001 versus sham group, #P < 0.05, ##P < 0.01 versus MI group. (E) Serum levels of BNP in mice at the 4th week 
after MI were measured by ELISA. Data are expressed as mean ± SD (n = 12 per group). ***P < 0.001 versus sham 
group, #P < 0.05 versus MI group.
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LVFS were remarkably improved in MI+muscone 
group than those in MI group (Figure 1B-D). 
Meanwhile, muscone treatment significantly 
reduced serum levels of BNP in MI mice (Figure 
1E). Taken together, these results indicated 
that muscone could improve survival rate and 
cardiac function in mice at the 4th week after 
MI.

Muscone inhibited cardiac macrophage-medi-
ated chronic inflammation in MI mice

Chronic inflammation plays a crucial role in 
post-MI ventricular remodeling. At the 4th week 
after MI, HE staining revealed that muscone 
reduced the infiltration of inflammatory cells 
after MI (Figure 2A). Immunohistochemical 

Figure 2. Muscone inhibited cardiac macrophage-mediated chronic inflammation in MI mice. Representative pho-
tomicrographs of HE staining (A) and immunohistochemical staining for IL-1β, TNF-α and IL-6 (B-D) in paraffin em-
bedded heart sections at the 4th week after MI (bar = 50 μm). (E) The mRNA levels of IL-1β, TNF-α and IL-6 were 
determined by qRT-PCR, which were calculated as a ratio to the mRNA level of GAPDH and expressed relative to 
sham group. The results are representative of three independent experiments and shown as mean ± SD. **P < 
0.01, ***P < 0.001 versus sham group, #P < 0.05 versus MI group. (F-H) The colocalization of IL-1β, TNF-α or IL-6 
with F4/80 was detected by immunofluorescence staining (bar = 50 μm). Green represented IL-1β, TNF-α or IL-6; 
Red represented F4/80; Blue represented nuclei.
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staining showed that inflammatory cytokines 
(IL-1β, TNF-α and IL-6) were mainly distributed 
in myocardial interstitium and the positive 
expressions of them could be reduced by mus-
cone treatment (Figure 2B-D). qRT-PCR results 
showed that mRNA levels of inflammatory cyto-
kines were lower in MI+muscone group than 
those in MI group (Figure 2E). Macrophages are 
the main immune cells involved in chronic 
inflammation in the late stage of MI. To further 
clarify the inhibitory effect of muscone on post-
MI inflammation, we examined the colocaliza-
tion of these inflammatory cytokines with mac-
rophage surface marker F4/80. We found that 

IL-1β, TNF-α and IL-6 were mainly expressed in 
macrophages at the 4th week after MI, which 
were remarkably reduced after muscone treat-
ment (Figure 2F-H). The above results demon-
strated that muscone exerted its anti-inflam-
matory effects after MI mainly by inhibiting 
cardiac macrophage-mediated inflammatory 
response.

Muscone reduced LPS-induced inflammatory 
cytokines in BMDMs

To evaluate the possible cytotoxicity of mus-
cone, BMDMs were treated with different doses 

Figure 3. Muscone reduced LPS-induced inflammatory cytokines production in BMDMs. A. BMDMs were treated 
with muscone at increasing concentrations (0, 1.5, 3, 6, 12 and 24 μg/ml) for 24 h. Cell viability was measured 
using CCK-8 assay. B. IL-1β concentrations in culture supernatants were measured by ELISA following treatment 
with 1 μg/ml LPS and 1.5, 3 or 6 μg/ml muscone for 24 h. C. The mRNA level of IL-1β in BMDMs was measured by 
qRT-PCR following treatment with 1 µg/ml LPS and 1.5, 3 or 6 µg/ml muscone for 24 h. D. Western blot analysis of 
pro-IL-1β, IL-1β, TNF-α and IL-6 in BMDMs after being incubated for 24 h. β-actin was used as a loading control. E. 
The mRNA levels of IL-1β, IL-6 and TNF-α in BMDMs after being incubated for 24 h. F. IL-1β concentrations in culture 
supernatants were measured by ELISA after being incubated for 24 h. All results are representative of three inde-
pendent experiments and shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 versus control group, #P < 
0.05, ##P < 0.01, ###P < 0.001 versus LPS group.
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of muscone for 24 h. CCK-8 results elucidated 
that no cytotoxicity to BMDMs was found even 
muscone dose was up to 24 μg/ml (Figure 3A). 
BMDMs induced with LPS are considered as a 
classical inflammation model in vitro. The inhib-
itory effect of muscone on LPS-induced IL-1β 
production in BMDMs presented a dose-depen-
dent manner. Moreover, 6 μg/ml muscone it- 
self did not affect IL-1β production in BMDMs 
(Figure 3B and 3C). Hence, we selected 6 μg/
ml muscone as the treatment dose for the fol-
lowing experiments. After LPS induction for 24 
h, protein and mRNA levels of IL-1β, TNF-α  
and IL-6 in BMDMs were obviously increased, 
which were remarkably suppressed by mus-
cone (Figure 3D and 3E). Meanwhile, muscone 
reduced IL-1β production in culture superna-
tants induced with LPS (Figure 3F). All results 

indicated that muscone could remarkably alle-
viate inflammatory response in macrophages.

Muscone suppressed inflammatory response 
by downregulating NF-κB and NLRP3 inflam-
masome both in vivo and in vitro

To further elucidate the detailed mechanisms, 
we investigated the expressions of TLR4, NF-κB 
and NLRP3 inflammasome, all of which were 
well documented to be involved in inflammatory 
response. Our results found that muscone 
treatment did not influence TLR4 expression in 
LPS-induced BMDMs (Figure 4A). Similarly, in 
heart tissue harvested from MI mice, muscone 
also had no significant effect on the expression 
of TLR4 (Figure 4B). As shown in Figure 4C, 
NF-κB and NLRP3 inflammasome pathway in 

Figure 4. Muscone exerted anti-inflammatory effects by inhibiting NF-κB and NLRP3 inflammasome activation both 
in vivo and in vitro. A. After being incubated for 24 h, the protein level of TLR4 in BMDMs was measured by western 
blot. B. The protein level of TLR4 in mouse hearts at the 4th week after MI was measured by western blot. C. Western 
blot analysis of p-p65, p65, p-IκB-a, IκB-a, NLRP3, pro-caspase1and caspase1 in BMDMs after being incubated for 
24 h. β-actin was used as a loading control. D. Western blot analysis of p-p65 and NLRP3 in mouse hearts at the 4th 
week after MI. GAPDH was used as a loading control. E. Representative photomicrographs of immunohistochemical 
staining for p-p65 and NLRP3 in paraffin embedded heart sections at the 4th week after MI (bar = 50 μm). All results 
are representative of three independent experiments and shown as mean ± SD. **P < 0.01, ***P < 0.001 versus 
control or sham group, #P < 0.05, ##P < 0.01versus LPS or MI group.
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Figure 5. Muscone exhibited antioxidant effects both in vivo and in vitro. (A) Concentrations of total superoxide dismutase (T-SOD), glutathione peroxidase (GSH-Px) 
and malondialdehyde (MDA) in cardiac tissue homogenates were determined by spectrophotometry. BMDMs were incubated for 24 h and then reacted with 10 mM 
DCFH-DA for 30 min. ROS was detected by flow cytometry (B) and fluorescence microscope (C). (D) Western blot analysis of SOD1 and SOD2 in BMDMs after being 
incubated for 24 h. β-actin was used as a loading control. (E) The mRNA levels of SOD1, SOD2, Gpx1 and CAT in BMDMs after being incubated for 24 h. All results 
are representative of three independent experiments and shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 versus control or sham group, #P < 0.05 
versus LPS or MI group.
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BMDMs were activated after LPS induction for 
24 h, manifesting as downregulated IκB-a and 
upregulated p-IκB-a, p-p65, NLRP3 and cas-
pase-1. However, muscone treatment markedly 
alleviated the above changes. We also detect-
ed NF-κB and NLRP3 inflammasome in heart 
tissues of MI mice by western blot and immuno-
histochemistry, which were consistent with the 
results in vitro (Figure 4D and 4E).

Muscone exhibited antioxidant effects both in 
vivo and in vitro

The levels of oxidative stress were measured in 
cardiac tissue homogenates of mice from each 
group at the 4th week after surgery. Compared 
with sham group, heart tissues from MI mice 
presented decreased T-SOD and GSH-Px, as 
well as increased MDA at the 4th week after  
MI. Mice in MI+muscone group showed higher 
T-SOD and GSH-Px, but lower MDA than those 
in MI group (Figure 5A). In vitro, experiments 
demonstrated higher ROS level in LPS-induced 
BMDMs than control cells, which decreased 
after muscone treatment (Figure 5B and 5C). 
Protein and mRNA levels of antioxidant enzymes 
were increased in LPS+muscone group when 
compared with LPS group (Figure 5D and 5E). 
Taken together, muscone could reduce the pro-
duction of ROS and exhibit antioxidant effects 
in macrophages after MI.

Discussion

Myocardial infarction has long been considered 
as an inflammatory disease. The occurrence, 
development and prognosis of MI are closely 
related to the overexpression of inflammatory 
cytokines. Anti-inflammatory therapy is now 
expected to become a novel target for MI inter-
vention [22-24]. In this study, our experimental 
data found that muscone inhibited cardiac 
macrophage-mediated chronic inflammation in 
MI mice, thereby improving cardiac function. In 
vitro, our study showed that muscone reduced 
the expressions of LPS-induced inflammatory 
cytokines in BMDMs.

Inflammatory response in macrophages indu- 
ced with LPS is typically initiated through TLR4, 
which consequently promotes the downstream 
events [25]. Besides, studies have shown that 
the inhibition of TLR4 signaling pathway is ben-
eficial for alleviating inflammatory response 
and improving cardiac function [26, 27]. How- 
ever, our study found that muscone treatment 
had no significant effects on the expression of 

TLR4. These results indicated that the anti-
inflammatory effects of muscone on macro-
phages are not directly dependent on the inhi-
bition of TLR4 but may be related to the 
inhibition of its downstream genes.

NF-κB is involved in the generation of inflamma-
tory cytokines when LPS is recognized by TLR4 
in macrophages [28]. NLRP3 inflammasome is 
another important factor in regulating macro-
phage inflammatory response. It has been 
found that caspase-1 activation mediated by 
NLRP3 inflammasome is necessary for conver-
sion of pro-IL-1β into a mature active form IL-1β 
[29, 30]. NLRP3 expression is upregulated in 
mice after MI. Knockdown of NLRP3 expression 
can reduce post-MI inflammatory response and 
improve ventricular remodeling [31, 32]. Our 
study found that muscone effectively inhibited 
the activation of NF-κB and NLRP3 inflamma-
some both in vivo and in vitro. Therefore, we 
concluded that the anti-inflammatory effects  
of muscone may be achieved by inhibiting 
NF-κB and NLRP3 inflammasome activation in 
macrophages.

In our study, muscone increased expression of 
antioxidant enzymes and decreased MDA pro-
duction in MI mice. Besides, muscone also 
reduced ROS level and increased antioxidant 
enzymes in LPS-induced BMDMs. It is generally 
believed that ischemic myocardium produces 
ROS after MI, and ROS can promote inflamma-
tory response [33]. Previous studies have found 
that ROS produced by macrophages can regu-
late the NF-κB pathway and trigger the activa-
tion of NLRP3 inflammasome, thereafter pro-
ducing a series of inflammatory cytokines [34- 
36]. Meanwhile, the scavenging of ROS in mac-
rophages is reported to be capable of inhibiting 
NF-κB and NLRP3 inflammasome activation, 
and reducing the production of inflammatory 
cytokines, such as IL-1β [37-39]. Taken togeth-
er, the inhibition of NF-κB and NLRP3 inflamma-
some activation after muscone treatment may 
be attributed to the scavenging of ROS. How- 
ever, the specific interaction still needs to be 
further studied.

In conclusion, our study firstly found that mus-
cone could improve cardiac function in MI mice 
by alleviating cardiac macrophage-mediated 
chronic inflammation through inhibition of 
NF-κB and NLRP3 inflammasome activation. 
Besides, the anti-inflammatory effect of mus-
cone on macrophages may be related to the 
scavenging of ROS. Therefore, muscone may 
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become a promising and effective drug for 
post-MI treatment.
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