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Abstract. Collagen deposition is the major cause of 
myocardial fibrosis, contributing to impaired cardiac 
contractile function in coxsackie virus B3 (CVB3)-infected 
hearts. Adenosine monophosphate-activated protein kinase 
(AMPK) has been considered as a cellular fuel gauge and 
super metabolic regulator, however, whether AMPK has 
an effect on collagen production in CVB3-infected heart 
remains to be elucidated. In the present study, the associa-
tion between AMPK activation and CVB3-infected neonatal 
rat cardiac fibroblasts (NRCFs) was investigated. Collagen 
production was determined by the hydroxyproline content of 
the supernatant and by the expression of type I/IV collagen 
in the cell lysate. Rat hydroxyproline ELISA was used to 
detect hydroxyproline content in the supernatant. The 
expression of type I/IV collagen, and the phosphorylation 
of AMPKα-Thr172 and p38 in the cell lysate were evaluated 
using western blotting. As expected, it was found that the 
hydroxyproline content in the supernatant, and the produc-
tion of collagen I/IV in the cell lysate were significantly 
promoted at 48 h post-CVB3-infection. However, this effect 
was inhibited in a dose-dependent manner when pretreated 
with 5-aminoimidazole-4-carboxamide-1-4-ribofuranoside 
(AICAR) for 2 h prior to CVB3-infection. However, if the 
cells were preincubated with compound C or SB203580 for 
30 min prior the treatment with AICAR, the inhibitive effects 
of AICAR were reversed. The results of the western blotting 

indicated that the phosphorylation of AMPKα-Thr172 and 
p38 were significantly increased by AICAR in the NRCFs. 
However, only the phosphorylation of p38 mitogen-activated 
protein kinase (MAPK) was inhibited by SB203580. In 
conclusion, AMPK activation reduced collagen produc-
tion via the p38 MAPK-dependent pathway in the cardiac 
fibroblasts induced by CVB3. The results of the present 
study may contribute to identifying an effective therapy for 
CVB3-induced myocarditis and CVB3-associated dilated 
cardiomyopathy.

Introduction

Viral myocarditis is a potentially life-threatening disease. 
It often results in heart failure and mortality due to cardiac 
contractile dysfunction, characterized by systolic and diastolic 
dysfunction (1,2). As a member of the positive-stranded RNA 
virus family, Picornaviridae, coxsackie virus B3 (CVB3) 
has been confirmed to be one of the major viruses identi-
fied to cause acute viral myocarditis (3). Cardiac fibroblasts, 
comprising up to 65-70% of the cells in the myocardium, 
are important in the pathology of CVB3-induced myocar-
ditis (4,5). It has been reported that CVB3 infection can 
cause interstitial collagen deposition resulting in cardiac 
fibrosis (6). The inhibition of cardiac fibroblast formation and 
collagen synthesis can provide a means of attenuating and 
preventing cardiac fibrosis and its sequelae (7).

Adenosine monophosphate-activated protein kinase 
(AMPK) has been considered as a cellular fuel gauge and 
super metabolic regulator (8). Its protective role during 
myocardial ischemia has been reported in detail (9), however, 
whether AMPK has an effect on the inflammatory cardiomy-
opathy and myocardial fibrosis induced by CVB3 remains 
to be elucidated. A previous study reported an association 
between AMPK and CVB3 replication; activation of AMPK 
was shown to restrict CVB3 replication by inhibiting lipid 
accumulation (10). Therefore, the present study aimed to 
investigate the role of AMPK activation in collagen produc-
tion in CVB3-infected cardiac fibroblasts, as well as the 
underlying mechanism.
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Materials and methods

Reagents. 5-aminoimidazole-4-carboxamide-ribonucleoside 
(AICAR) was purchased from Toronto Research Chemicals 
(Toronto, ON, Canada). Compound C was purchased from 
EMD Biosciences (San Diego, CA, USA), and SB203580 
was purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Rabbit anti-phosphorylated (p)-AMPKα-Thr172 (1:1,000; cat. 
no. 2531), anti-AMPKα (1:1,000; cat. no. 2532), anti-p-p38 
(1:1,000; cat. no. 9211) and anti-p38 (1:1,000; cat. no. 9212) 
polyclonal antibodies were obtained from Cell Signaling 
Technology, Inc. (Beverly, MA, USA). Mouse anti-collagen I 
monoclonal antibody (1:200; cat. no. sc-59772), goat 
anti-collagen IV polyclonal antibody (1:200; cat. no. sc-9301), 
rabbit anti-glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) monoclonal antibody (1:3,000; cat. no. sc-32233) 
and horseradish peroxidase (HRP)-conjugated goat anti-rabbit 
(1:6,000; cat. no. sc-2004) and goat anti-mouse (1:6,000; cat. 
no. sc-2005) secondary antibodies were obtained from Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Fetal bovine 
serum (FBS) was obtained from GE Healthcare Life Sciences 
(Logan, UT, USA).

Determination of viral titers. HeLa cells [CCL-2; American 
Type Culture Collection (ATCC), Manassas, VA, USA] were 
used to propagate the CVB3 Nancy strain (ATCC). Firstly, 
HeLa cells grown to 80% confluency were washed two times 
in 10 ml 1X phosphate-buffered saline (PBS), then CVB3 
solution was added to HeLa cells and incubated at 37˚C in 5% 
CO2 for 1 h. Dulbecco's modified Eagle's medium (DMEM; 
GE Healthcare Life Sciences) supplemented with 10% FBS 
was added and the plate was incubated at 37˚C in 5% CO2 
for an additional 48 h. Subsequently, the infected HeLa cells 
were lysed by three cycles of freezing (-80˚C) and thawing 
(37˚C). Following centrifugation at 3,000 x g for 10 min at 
room temperature, the debris was removed and serial dilutions 
(10-fold; 1x10-1-10-9) of the supernatants were prepared using 
infection medium containing minimal essential medium (GE 
Healthcare Life Sciences), 2% FBS, 30 mM MgCl2, 100 U/ml 
penicillin, 100 µg/ml streptomycin sulfate and 2 mM gluta-
mine. Subsequently, the serial supernatant dilutions were 
transferred onto subconfluent monolayers of HeLa cells grown 
in 96-well culture plates containing 100 µl infection medium. 
Following incubation at 37˚C for 24 h, the cells were stained 
with 0.5% crystal violet (in water) for 5 min and visualized 
using an inverted microscope (Olympus IX73; Olympus 
Corporation, Tokyo, Japan). The 50% tissue culture infec-
tious dose (TCID50) was calculated using the Reed-Muench 
method (11).

Cell isolation and culture. The cultured neonatal rat 
cardiac fibroblasts (NRCFs) were isolated from 1-day-old 
Sprague-Dawley rats. Briefly, following anesthesia with 2% 
ether, the chest cavities of the neonatal rats were opened and 
the rat hearts were harvested. Subsequently, the neonatal rat 
hearts were minced and digested using 0.1% trypsin (Roche 
Diagnostics GmbH, Mannheim, Germany) and 0.03% colla-
genase II (Worthington Biochemical Corporation, Lakewood, 
NJ, USA). The collected cells were seeded into 10-cm 
cell culture plates containing 10 ml DMEM supplemented 

with 1% penicillin-streptomycin and 10% FBS. In order to 
allow the fibroblasts to attach to the cell culture plates, the 
cell suspension was placed in a 37˚C 5% CO2 incubator for 
60 min. Subsequently, the fibroblasts were washed twice 
with DMEM and cultured in DMEM with 10% FBS at 
37˚C for 48 h until they reached confluence. All the NRCFs 
were incubated in DMEM with 2% FBS for 24 h prior to 
performing the respective experiments. The animal care and 
experimental protocols were in compliance with the Animal 
Management Rule of the People's Republic of China (The 
State Council of the people's Republic of China; http://www.
gov.cn/gongbao/content/2014/content_2692743.htm). The 
present study was approved by the Committee on Ethics of 
Biomedicine Research at the Third Affiliated Hospital of 
Nantong University (Wuxi, China).

Hydroxyproline measurement. The cell culture supernatants 
were collected following treatment, following which the levels 
of hydroxproline were detected using a hydroxyproline ELISA 
kit (cat. no. KB2847A; Kaibo Biochemical Reagents Co., Ltd., 
Shanghai, China), according to the manufacturer's protocol. 
Hydroxyproline concentrations were determined by the optical 
density values at 450 nm on an ELISA plate reader (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA).

Western blot analysis. Following washing once with cold PBS, 
the cell samples were lysed in buffer containing 10 mmol/l 
sodium pyrophosphate, 100 mmol/l NaCl, 50 mmol/l NaF, 
1 mmol/l sodium vanadate, 5 mmol/l EDTA, 1% sodium 
deoxycholate, 20 mmol/l Tris-HCl (pH 7.4), 0.1% sodium 
dodecyl sulphate (SDS), 1 mmol/l phenylmethylsulphonyl 
fluoride, 0.1 mmol/l aprotinin, 1 mmol/l leupeptin, 1% Triton 
X-100 and 10% glycerol. The protein concentrations were 
estimated using a bicinchoninic acid protein assay kit (Pierce 
Biotechnology, Inc., Rockford, IL, USA). Equal quantities 
of the protein samples (30 µg) were mixed with an equal 
volume of 2X SDS sample buffer containing 4% SDS, 
100 mM Tris-HCl (pH 6.8), 20% glycerol, 200 mM DTT and 
0.2% bromophenol blue. After boiling the mixture at 95˚C 
for 5 min, the protein samples were loaded and separated 
on 8 or 10% SDS-polyacrylamide gels. Subsequently, the 
samples were electroblotted onto nitrocellulose membranes 
(Pall Life Sciences, East Hill, NY, USA). Nonspecific binding 
was then blocked with 5% nonfat milk. The membranes were 
incubated overnight at 4˚C with rabbit anti-p-AMPKα-Thr172 

(1:1,000), anti-AMPKα (1:1,000), anti-p-p38 (1:1,000) and 
anti-p38 (1:1,000) polyclonal antibodies, mouse anti-collagen I 
monoclonal antibody (1:200), goat anti-collagen IV polyclonal 
antibody (1:200) and rabbit anti-GAPDH monoclonal antibody 
(1:3,000), followed by incubation with HRP-conjugated goat 
anti-rabbit and anti-mouse secondary antibodies (1:6,000) for 
1 h at room temperature. An enhanced chemiluminescence 
system (ECL kit; Pierce Biotechnology, Inc.) was used to visu-
alize the membranes. The following primary antibodies were 
used, at 1:1,000 dilutions: Anti-collagen I, anti-collagen IV, 
anti-AMPKα, anti-p-AMPKα (Thr172), anti-p38, anti-p-p38 
and anti-GAPDH.

Statistical analysis. All the experiments were performed 
at least three times. Data are expressed as the mean ± stan-
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dard error of the mean. One-way analysis of variance was 
performed for multiple-group comparisons, and unpaired 
two-tailed t-tests were used to evaluate the significance 
between groups. Statistical analyses were performed using 
SPSS software 20.0 (IBM SPSS, Armonk, NY, USA). P<0.05 
were considered to indicate a statistically significant differ-
ence.

Results

AICAR reduces collagen production in CVB3‑induced NRCFs 
in a dose‑dependent manner. Although a substantial volume of 
data regarding AMPK and collagen secretion is now available, 
their association in NRCFs induced by CVB3 remains to be 
fully elucidated. In the present study, it was hypothesized that the 
activation of AMPK may affect the production of collagen in the 
NRCFs infected with CVB3. Following treatment with AICAR 
for 30 min, 5x104 NRCFs incubated in DMEM with 2% FBS 
were infected with CVB3 (100 TCID50) for 48 h. As expected, 
CVB3 infection promoted the levels of hydroxyproline in the 
supernatant (Fig. 1A) and the production of collagen I/collagen 

IV (Fig. 1B and C) in the cell lysate, compared with the control 
group. However, these effects were dose-dependently inhibited 
following pretreatment with AICAR.

Inhibitory effects of AICAR are reversed by compound C. To 
examine whether AMPK is a involved in the inhibitory effects 
of AICAR, the cardiac fibroblasts of mice (5x104 per well) were 
preincubated with 1 µM compound C, an AMPK inhibitor, for 
30 min, followed by treatment of the cells with AICAR (1 mM) 
and CVB3 (100 TICD50), as above. In the NRCFs preincubated 
with compound C, return of the CVB3-induced increases in 
hydroxyproline content in the supernatant (Fig. 2A) and the 
production of collagen I/collagen IV (Fig. 2B and C) in the cell 
lysate were observed.

P38 mitogen‑activated protein kinase (MAPK) is a downstream 
kinase of AMPK in NRCFs. It has been reported that p38 MAPK 
is an important regulator in collagen production of fibro-
blasts (12). Therefore, the present study examined whether p38 
MAPK was involved in the inhibitory effects of AICAR in the 
CVB3-infected NRCFs. It was observed that AMPK and p38 

Figure 1. AICAR reduces collagen production in NRCFs induced by CVB3. The cells were infected by CVB3 for 48 h following treatment with AICAR 
(1 mM) for 2 h, following which (A) hydroxyproline content in the supernatant, and the expression levels of (B) collagen I and collagen (C) collagen IV in the 
cell lysate were detected. GAPDH served as an internal control for normalization. Data are presented as the mean ± standard error of the mean (n=3). *P<0.05 
vs. the control group; #P<0.05 vs. the CVB3 group. CVB3, coxsackie virus B3; NRCFs, neonatal rat cardiac fibroblasts; AICAR, 5-aminoimidazole-4-carbox-
amide-1-4-ribofuranoside; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Figure 2. Effects of AICAR are inhibited by compound C in NRCFs infected by CVB3. The NRCFs were preincubated with compound C (1 µM) for 30 min, 
followed by treatment with AICAR (1 mM) and infection with CVB3 for 48 h. (A) Hydroxyproline content in the supernatant, and the expression levels 
of (B) collagen I and (C) collagen IV in the cell lysate were detected. GAPDH served as an internal control for normalization. Data are presented as the 
mean ± standard error of the mean (n=3). *P<0.05 vs. the control group; #P<0.05 vs. the CVB3 group. CVB3, coxsackie virus B3; NRCFs, neonatal rat cardiac 
fibroblasts; AICAR, 5-aminoimidazole-4-carboxamide-1-4-ribofuranoside; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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phosphorylation were significantly increased by AICAR in the 
NRCFs (Fig. 3A). SB03580, a p38 MAPK-specific inhibitor, 
inhibited p38 MAPK phosphorylation in a dose-dependent 
manner, however, AMPK was not affected (Fig. 3B).

P38 MAPK is required for the inhibitory effect of AICAR on 
collagen production of NRCFs induced by CVB3. To confirm 
the hypothesis that p38 MAPK is required for the inhibitory 
effects of AICAR in the collagen production of NRCFs induced 
by CVB3, the NRCFs were pre-incubated with SB203580 
(10 µM) for 30 min. The cells were then treated with AICAR 
(1 mM) and CVB3 (100 TICD50) in turn, as described above. 
Similar effects to those of compound C were observed. The 
CVB3-induced increases in hydroxyproline content in the 
supernatant (Fig. 4A) and production of collagen I/collagen IV 
(Fig. 4B and C) in the cell lysate returned following pretreat-
ment with SB203580.

Discussion

CVB3 infection commonly induces viral myocarditis and 
dilated cardiomyopathy, eventually resulting in heart failure (13). 

Interstitial collagen deposition and the fibrotic remodelling of 
cardiac tissues are key determinants in the progression of heart 
failure (14). Cardiac fibroblasts, which produce and degrade the 
myocardial extracellular matrix, are critical in cardiac inflamma-
tion and maladaptive ventricular remodeling. Cardiac fibroblasts 

Figure 4. SB203580 reverses the effects of AICAR in NRCFs infected with 
CVB3. The NRCFs were treated with AICAR (1 mM) following pre-incuba-
tion with SB203580 (10 µM) for 30 min, after which the cells were treated 
with AICAR and infected with CVB3. (A) Hydroxyproline content in the 
supernatant, and the expression levels of (B) collagen I and (C) collagen IV 
in the cell lysate were detected. GAPDH served as an internal control for 
normalization. Data are presented as the mean ± standard error of the mean 
(n=3). *P<0.05 vs. the control group; #P<0.05 vs. the CVB3 group. AICAR, 
5-aminoimidazole-4-carboxamide-1-4-ribofuranoside; AMPK, adenosine 
monophosphate-activated protein kinase; CVB3, coxsackie virus B3; 
NRCFs, neonatal rat cardiac fibroblasts; GAPDH, glyceraldehyde 3-phos-
phate dehydrogenase.

Figure 3. SB203580 inhibits the phosphorylation of p38 mitogen-activated 
protein kinase in a dose-dependent manner, but not AMPK. Cells pre-incu-
bated with or without SB203580 at various concentrations for 30 min were 
treated with AICAR (1 mM) for 48 h. The cell lysates were then immunob-
lotted with antibodies against (A) p-AMPK (α-Thr172), AMPKα, (B) p-p38 
and total p38. Data are presented as the mean ± standard error of the mean 
(n=3). *P<0.05 vs. the control group; #P<0.05 vs. the AICAR group. AICAR, 
5-aminoimidazole-4-carboxamide-1-4-ribofuranoside; AMPK. adenosine 
monophosphate-activated protein kinase; p-, phosphorylated; t-, total.
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are involved in the pathology of CVB3-induced myocarditis 
and dilated cardiomyopathy by promoting cell-specific viral 
replication (5), aggravating collagen deposition (15) and 
immunolesions (16). Hydroxyproline, a major component of 
collagen, can stabilize the triple-helical structure of collagen 
via maximizing interchain hydrogen bond formation (17). The 
measurement of hydroxyproline levels has been used as an 
indicator of collagen content (18). In the present study, it was 
observed that CVB3 infection promoted hydroxyproline content 
in the supernatant and the production of collagen I/collagen IV 
in the cell lysate, compared with the control group.

AMPK, a heterotrimeric complex with a catalytic (α) and 
two regulatory subunits (β and γ) has been confirmed as a key 
regulator of cellular energy homeostasis (19). It monitors the 
AMP/ATP ratio to regulate cellular metabolism by restoring 
levels of ATP. The α-subunit, containing a serine-threonine 
kinase domain, is essential for AMPK activity. It has a critical 
activating residue within the catalytic cleft (Thr172) (20,21). The 
phosphorylation status of α-Thr172 has been used as an indicator 
of the state of AMPK activation (22). AMPK can be activated 
by a variety of signals, which are not directly associated with 
metabolism, including ischemia (22), hypoxia, oxidative stress, 
catecholamines and nitric oxide (23). Furthermore, a variety of 
signal transduction proteins, including endothelial nitric oxide 
synthase (24), c-Jun N-terminal kinase (25) and p38MAPK (26), 
can be activated by AMPK. It has been reported that AMPK is 
involved in certain heart diseases, including myocardial isch-
emia (22,27), pressure overload or thyroid hormone-induced 
cardiac hypertrophy (28,29) and heart failure (30). However, 
whether AMPK activation is involved in viral myocarditis 
induced by CVB3 remains to be elucidated.

In the present study, the production of collagen in NRCFs 
induced by CVB3 was dose-dependently inhibited by AICAR, a 
well-known pharmacological activator of AMPK. Pretreatment 
with compound C, an AMPK inhibitor, and SB203580 a p38 
inhibitor, reversed the effects of AICAR. AICAR signifi-
cantly increased the levels of AMPKα-Thr172 and p38 MAPK 
phosphorylation. However, only p38 MAPK phosphorylation 
was inhibited by SB203580. These results indicated that p38 
may be the downstream kinase of AMPK in CVB3-infected 
NRCFs. The pharmacological activation of AMPK reduced 
collagen production via the p38 MAPK-dependent pathway 
in the cardiac fibroblasts induced by CVB3. The secretion of 
collagen by cardiac fibroblasts is a key cause of myocardial 
fibrosis (31). This finding suggests that AMPK, in addition 
to its effects on glucose metabolism, may be involved in the 
cardiac fibrosis observed in the CVB3-infected heart.

In conclusion, the present study demonstrated that the acti-
vation of AMPK with AICAR inhibited collagen production via 
the p38 MAPK-dependent pathway in CVB3-infected NRCFs. 
The inhibitory effects of AMPK activation in the production of 
collagen in CVB3-infected cardiac fibroblasts may contribute 
to identifying an effective therapy for CVB3-induced myocar-
ditis and CVB3-associated dilated cardiomyopathy.
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