
Viral myocarditis is a common illness worldwide that

can lead to severe consequence or death in infants and

young adults [1-3]. Enteroviruses, especially coxsackie-

virus B (CVB), are the most common pathogens that con-

tribute to viral myocarditis [4, 5]. CVB is a group of non-

enveloped, single-stranded RNA viruses of the

Enterovirus genus, Picornaviridae family. Although most

CVB-related cardiac illnesses are subclinical, severe viral

myocarditis can lead to heart failure or sudden cardiac

death [6-8]. About 10% of symptomatic patients eventu-

ally develop to dilated cardiomyopathy [9-11]. Previous

studies have shown that both of the virus-induced damage

to the heart and the host immune response play a role in

the pathogenesis of CVB-related myocarditis, while the

precise mechanism of viral myocarditis remains to be

resolved [12-14]. Studies in recent years have shown that

autophagy is involved the process of CVB infection [15-

20].

Macroautophagy, hereafter referred as autophagy, is

a significant cellular catabolic process in which long-lived

proteins and damaged organelles are degraded in lyso-

somes [21]. The principal role of autophagy is to supply

nutrient and energy to prolong the survival of the cell

under stress conditions such as starvation, cellular dam-

age, and pathogen invasion [22, 23]. Autophagic response

begins by the growth of a small, flat membrane sac
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Abstract—Viral myocarditis is a common disease that contributes to dilated cardiomyopathy or heart failure. Coxsackievirus

B (CVB) is one of the major causative pathogens of viral myocarditis. Previous studies have shown that autophagy is exploit-

ed to promote CVB replication in cell lines. To study whether cardiac myocytes respond to CVB infection in a similar way,

viral myocarditis was established by the inoculation of 3-week-old BALB/c mice with CVB3. Electron microscopic obser-

vation showed that autophagosome-like vesicles were induced in the cardiac myocytes of mice infected by CVB3 at 3, 5, and

7 days after viral infection. The lipidated microtubule-associated protein 1 light chain 3 (LC3), LC3-II, was also signifi-

cantly increased in both myocardium and the cardiac myocytes extracted from the ventricles of mice infected with CVB3.

The increased LC3-II coincided with high level of viral RNA and proteins in both myocardium and isolated cardiac

myocytes. Moreover, viral protein synthesis was significantly decreased in primary cardiac myocytes by the treatment with

3-methyladenine, an inhibitor of autophagy. The expression and the phosphorylation of extracellular signal regulated kinase

(ERK) were also increased in both myocardium and in the isolated cardiac myocytes of the virus-infected mice, while the

interplay of ERK with autophagic response remains to be studied. This study demonstrated that cardiac myocytes respond

to CVB3 infection by increased formation of autophagosomes in vivo, which might be exploited for viral replication.
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(known as isolation membrane or phagophore) of

unknown origin. This membrane sac elongates, curves,

and finally fuses its ends to form a double-membrane

vesicle termed autophagosome. The autophagosome then

fuses with lysosome to form autophagolysosome, in

which the sequestered materials are degraded by lysoso-

mal enzymes [24, 25]. Increasing evidence has shown that

autophagy plays a crucial role in viral infection. Some

viruses can evade autophagy, while others, such as CVB,

may exploit autophagic response to promote viral replica-

tion [17, 18].

Studies have shown that autophagy is utilized to pro-

mote CVB replication. CVB3 and CVB4 induce the for-

mation of autophagosomes in vitro, and inhibited

autophagy decreases virion production [17-19]. It is

believed that CVB3 inhibits the fusion of autophagosomes

with lysosomes in order to provide sufficient membrane

structures upon which viral RNA replication complex

assembles [26]. The interplay between CVB and autophagy

has also been demonstrated in vivo. Like the findings in

HeLa cells, CVB3 induces the formation of autophago-

somes and inhibits the fusion of autophagosomes with

lysosomes, thus leading to the generation of megaphago-

somes [18]. Specific disruption of autophagy in pancreat-

ic acinar cells markedly reduced CVB replication, espe-

cially at the early stage of viral infection. Disrupted

autophagy also improved pancreatic function [17]. These

data seem to suggest that autophagy might be a potential

therapeutic target for CVB infection, since autophagy is

utilized to promote both viral replication and cellular

damage. However, it remains unexplored whether

autophagy plays a similar role in cardiac myocytes, the

primary target of CVB.

In cardiac myocytes, autophagy is essential to main-

tain cellular structure and function [27]. Studies have

shown that autophagy protein 5 (Atg5)-deficient mice

developed significant cardiac dysfunction and ventricle

dilation, while enhanced autophagy by the overexpression

of Atg7 significantly improved cardiac function and sur-

vival of autophagy-deficient mice [28]. In contrast, basal

autophagy might be dispensable in pancreatic acinar

cells, since deficiency of Atg5 in these cells seems have

little impact on pancreatic morphology and function

[17]. These studies suggest that the biological importance

of autophagy can vary in different types of cells. In addi-

tion, the activation of autophagy has been detected in

diverse forms of cardiac conditions such as ischemia,

ischemia–reperfusion, and genetic cardiomyopathy [23-

27, 29].

Given the importance of autophagy in cardiac

myocytes, the present study examined whether CVB3

could induce autophagic response in cardiac myocytes by

using a mouse model of viral myocarditis. We also studied

the role of autophagy in viral replication in cultured pri-

mary cardiac myocytes treated with 3-methyladenine (3-

MA), an autophagy inhibitor. Overall, our data provide

direct evidence that CVB3 infection induces autophagic

response in cardiac myocytes in vivo, which might be

exploited to facilitate viral replication.

MATERIALS AND METHODS

Antibodies and chemical reagents. Polyclonal anti-

body against enterovirus VP1 (M 7064; Dako, USA),

antibody against LC3-I/II (L7543; Sigma, USA), anti-

ERK1/2 and anti-phospho-ERK1/2 antibodies (9102L

and 9101; Cell Signaling, USA), and antibody against β-

actin (TA09; Zhongshan Golden Bridge, China) were

used at dilution of 1 : 1000. Goat anti-mouse horseradish

peroxidase-conjugated secondary antibody (2B-2305;

Zhongshan Golden Bridge) was used at dilution of 1 :

5000. 3-MA was purchased from Sigma-Aldrich (USA).

Cell culture and virus propagation. HeLa cells were

cultured in RPMI 1640 medium (Life Technologies,

USA) supplemented with 5% fetal bovine serum (FBS)

(Biological Industries, Israel) and penicillin-strepto-

mycin. CVB3 Nancy strain was obtained from the Center

for Endemic Disease Control of China. The virus was

propagated in HeLa cells in RPMI 1640 medium supple-

mented with 5% FBS. Virus titer was determined by

plaque assay as described previously [30].

Infection of mice. BALB/c mice were purchased

from the Laboratory Animal Center of Harbin Medical

University. The animal experiment was carried out in

accordance with the Regulation for the Use of Laboratory

Animals of Harbin Medical University. The experimental

protocol used in this study was approved by the commit-

tee for the use of experimental animals of Harbin Medical

University. Male BALB/c mice at the age of three weeks

were inoculated intraperitoneally with 1.2·108 pfu of

CVB3 in 0.3 ml of saline. The mice were sacrificed by cer-

vical dislocation at day 0, 3, 5, and 7 post-infection (p.i.).

The heart was fixed by retrograde perfusion through the

thoracic aorta for 10 min with 2% paraformaldehyde and

2% glutaraldehyde in 0.1 M sodium cacodylate buffer

(pH 7.4), at room temperature. Immediately after the

perfusion, the heart was removed and the ventricle was

isolated. The ventricle was subjected to histopathological

observation, preparation of ultra-thin sections for elec-

tron microscopy, and extraction of RNA and proteins.

Primary cardiomyocyte isolation and infection.

Primary cultures of ventricular cardiac myocytes from

BALB/c mice were prepared as described previously [31,

32]. Purity of the preparation was monitored visually by

phase-contrast microscopy. Cardiac myocytes isolated

from the mice infected with CVB3 were subjected to

extraction of protein and Western blot analysis. Isolated

cardiac myocytes (105/ml) were cultured for 2 h. Cells

were then treated with 40 µM 3-MA for 1 h and infected

with CVB3 at 104 pfu/ml for 8 h. Proteins were extracted

and subjected to Western blot analysis.
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Quantitative reverse transcription polymerase chain

reaction (RT-qPCR). CVB3 RNA was determined by RT-

qPCR with a LightCycler 2.0 (Roche, Switzerland).

SybrGreen master mix (TaKaRa, China) was used accord-

ing to the manufacturer’s instructions. Briefly, total RNA

was extracted from the cardiomyocytes cultured in 6-well

plates by 500 µl TRIzol reagent (Invitrogen, USA) and

resolved in 20 µl ddH2O. RNA (1 µl) and the antisense

primer were used for cDNA synthesis using the

PrimeScript RT reagent (TaKaRa, Japan). To perform

real-time PCR, each 20 µl of reaction mixture contain 1×

SybrGreen master mix, l µl of cDNA product, and 600 nM

of forward and reverse primers. GAPDH mRNA was used

as loading control. Each reaction was performed in tripli-

cates. The cycle threshold (Ct) was used to measure the

level of RNA by the 2–∆∆Ct method [33]. The primer

sequences for CVB3 RNA are 5′-GCACACACCCT-

CAAACCAGA-3′ (sense) and 5′-ATGAAACACGGA-

CACCCAAAG-3′ (antisense). The primers for GAPDH

are 5′-AGGGCATCTTGGGCTACAC-3′ (sense) and 5′-

CATACCAGGAAATGAGCTTGA-3′ (antisense).

Western blot. Mouse ventricles or primary cardiac

myocytes were washed with PBS and lysed with RIPA

buffer (Thermo, USA) containing protease inhibitor

cocktail and 1% phenylmethylsulfonyl fluoride (PMSF;

Beyotime, China) on ice for 15 min. Cell lysates were

harvested and centrifuged at 12,000g for 10 min at 4°C.

The protein concentration in the supernatant was deter-

mined by the Bradford assay with Protein Assay Kit (Bio-

Rad, USA). Proteins were separated by 15% SDS-PAGE

and then transferred to polyvinylidene difluoride (PVDF)

membrane (Millipore, USA). The membrane was

blocked for 1 h with 5% skim milk dissolved in 1× TBS

containing 0.3% Tween 20. The membrane was probed

overnight with primary antibodies at 4°C. After three

washes with TBS containing 0.3% Tween 20 and 5% skim

milk, the membrane was incubated with anti-mouse

horseradish peroxidase-conjugated secondary antibody

(Dako) for 2 h at room temperature. Proteins in the cel-

lular or tissue lysates were visualized with the enhanced

chemiluminescence technique using SuperSignal West

Pico chemiluminescent substrate (Thermo, USA). Actin

was used as loading control.

Electron microscopy. Ventricles from CVB3-infected

mice were fixed in 2% glutaraldehyde for 24 h and post-

fixed in 1% osmium tetroxide (Electron Microscopy

Sciences, USA). The tissues were then subjected to

preparation of ultrathin sections. Ultrathin sections were

prepared using an ultramicrotome (Reichert-Jung,

Germany) and stained with saturated aqueous uranyl

acetate and lead citrate (both from Electron Microscopy

Sciences) at room temperature. Sections were examined

with a transmission electron microscope (H7650;

Hitachi, Japan).

Statistical analysis. Data are presented as the mean ±

standard deviation. Differences between the test and con-

trol groups were analyzed by Student’s t-test using Prism

software. Significance was set at p < 0.05 (*) and

p < 0.01 (**).

RESULTS AND DISCUSSION

Autophagosome-like vesicles are induced in myocardi-

um infected by CVB3. To determine the autophagic

response in cardiac myocytes, we evaluated the two crite-

ria that represent the activation of autophagy. First, we

determined the morphological alteration of the CVB3-

infected myocardium by analyzing the double-membrane

autophagosomes, the prominent character of autophagy.

Second, we analyzed the lipidated form of the micro-

tubule-associated protein 1 light chain 3 (LC3) in the

myocardium and in the isolated cardiac myocytes from

CVB3-infected mice.

We began this study by examining the formation of

autophagosomes in myocardium after viral infection. To

establish the mouse model of viral myocarditis, BALB/c

mice at the age of three weeks were inoculated intraperi-

toneally with 4·108 pfu/ml of CVB3 in 0.3 ml of saline.

The ventricles of the mice were collected at 0, 3, 5, and 7

days p.i. and subjected to histological observation. Focal

myocyte necrosis with inflammatory infiltrate was

observed at 3, 5, and 7 days p.i. (Fig. 1A). Since

myocarditis is primarily characterized by inflammation of

myocardium [11, 34, 35], we considered that CVB3

infection led to acute myocarditis in the mice.

Ventricles collected from the mice at 0, 3, and 5 days

p.i. were subjected to the preparation of ultrathin sections.

Transmission electron microscopy (TEM) observation

showed that myofibrils were well organized with orderly

distributed mitochondria in between in the cardiac

myocytes of the control mice (Fig. 1B). At day 3 p.i.,

organized myofibrils disappeared and irregularly shaped

mitochondria were crowded in the cytoplasm of the necrot-

ic cells (Fig. 1B). Clusters of autophagosome-like vesicles

with double membranes 0.20-0.35 µm in size were observed

(Fig. 1B). These double-membrane-enclosed vesicles were

very likely autophagosomes since they contained cytosolic

contents, small ribosome-like dots. Although there was no

intact cardiac myocytes in the CVB3-infected region seen

by TEM, it was unlikely that these autophagosome-like

vesicles were from non-myocytes, since the myocyte is

characterized by containing abundant mitochondria in the

cytoplasm [36]. Unlike the effect of CVB3 on HeLa cells,

the number of the double-membrane vesicles was much

fewer than that in HeLa cells. In addition, the size of the

autophagosome-like vesicles formed in the myocardium

was smaller than that in pancreatic acinar cells after CVB3

infection, in which megaphagosomes were found [17, 18].

Nevertheless, our observation at least demonstrated that

autophagosome-like vesicles were indeed induced in the

myocardium during CVB3 infection.
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Fig. 1. Autophagosome-like vesicles induced by CVB3 infection in cardiac myocytes of mice. BALB/c mice at the age of 3 weeks were infect-

ed with CVB3 (4·108 pfu/ml, 0.3 ml per mouse). The myocardial tissues were collected at 0, 3, 5, and 7 days p.i. and subjected to histopatho-

logical and electron microscopic observation. A) Light microscopy after HE staining shows that the infiltration of inflammatory cells in the

myocardial tissues appeared at days 3, 5, and 7 p.i. Myocardial infarction was dispersed among cardiac muscle at the time points of 3, 5, and

7 days p.i. Severe damage in cardiac muscle occurred at day 7 p.i. Representative histological micrographs are presented (n = 5). Amplification:

100× (upper row); 200× (lower row). B) Electron microscopy shows that severely damaged myofibrils and disorganized mitochondria appeared

in the cytoplasm of cardiac myocytes infected with CVB3. Small double-membrane-enclosed vesicles (arrowheads) in size ranging from 0.2 to

0.5 µm diameter were dispersed in the proximity of mitochondria (M) (c, d). a, b) The micrographs taken from the control mice.

Amplification: 8000× (a, c); 15,000× (b, d). Representative electron micrographs obtained at day 3 p.i. are presented.

a b

c d
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LC3-II is markedly increased in myocardium infected

by CVB3. The assembly of autophagosomes involves the

conversion of cytosolic LC3-I into lipidated form LC3-

II, which is recruited to the membrane of autophago-

somes [37]. Thus, the processing of LC3-I to LC3-II rep-

resents the appearance of autophagosomes or autophagic

response. To determine the autophagic response in the

myocardium, BALB/c mice at the age of three weeks

were inoculated with CVB3. Myocardial tissues were col-

lected at days 0, 3, 5, and 7 p.i. Viral RNA was deter-

mined by RT-qPCR. LC3-I/II and VP1 were determined

by Western blotting (Fig. 2).

As shown in Fig. 2a, both LC3-I and LC3-II were

undetectable in the myocardium of uninfected tissues,

while the levels of both proteins were increased at days 3,

5, and 7 p.i., suggesting the change of in vivo gene expres-

sion in response to CVB3 infection. The ratio of LC3-II

to LC3-I was dramatically increased at day 3 p.i. (Fig.

2b), corresponding to the accumulation of autophago-

some-like vesicles (Fig. 1B, c and d). The increased level

of LC3-II coincided with markedly increased synthesis of

viral RNA (Fig. 2d) and proteins (Fig. 2c). The ratio of

LC3-II to LC3-I then declined at days 5 and 7 p.i., when

viral RNA and proteins also decreased. These data can

suggest that both the virus production and the synthesis of

cellular proteins are affected by the necrosis of the cardiac

myocytes and their clearance by phagocytes. This impli-

cation is supported by our previous study in which the

levels of viral RNA and proteins were gradually decreased

in the myocardium of suckling mice infected with CVB3

[38].

The autophagic response also coincided with the

activation of extracellular signal regulated kinase (ERK)

(Figs. 2a and 3b), while the association between

autophagic response and ERK was not studied here.

Although the intensity of autophagic response may vary in

different context, our study indicates that the increased

LC3-II is associated with CVB3 replication in myocardi-

um.

In vivo study has shown that p62, the adaptor protein

that is degraded together with autophagosomes, was

accumulated in CVB3-infected pancreatic acinar cells,

indicating that CVB3 replication blocks autophagic flux

[39, 40]. In contrast, a study by Wong et al. showed that

the level of p62 remained unchanged in HeLa cells during

CVB infection [20]. Similarly, change in p62 level was not

Fig. 2. Increased LC3-II level in the tissue of myocardium infected with CVB3. BALB/c mice were infected with CVB3. Ventricles of the mice

were collected at different time intervals p.i. and subjected to Western blot analysis (a) and RT-qPCR (d). b, c) Densitometric measurements

of LC3 and VP1 in the Western blot normalized to β-actin. Experiments were repeated three times. ERK1/2 and p-ERK1/2 are dephospho-

and phospho-forms of ERK protein kinase of types 1 and 2.

a b

c d
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found in the present study (data not shown). Although

cellular p62 level is widely considered as one of the mark-

ers of autophagic flux [41], it remains to be clarified

whether p62 is exclusively degraded by autophagosomes.

A study by Bardag-Gorce et al. found that p62 was

increased when the proteasome was inhibited, indicating

that p62 may also be degraded by proteasomes [42].

Moreover, p62 has been found to play a critical role in the

delivery of K63-polyubiquitinated proteins for degrada-

tion through the ubiquitin–proteasome system (UPS)

[43]. Since CVB3 infection promotes the UPS [44, 45],

the upregulated UPS might explain the unchanged p62 in

the present study. Nonetheless, it remains to be clarified if

the increased level of LC3-II was due to increased forma-

tion of autophagosomes or inhibited processing of the

autophagosomes by lysosomal enzymes.

Previous studies have indicated that ERK activation

is required for the replication of enteroviruses 71 (EV71)

[46-48]. In addition, studies have shown that ERK sig-

naling regulates the expression of autophagy and lysoso-

mal genes or interacts with LC3 [49, 50]. Although the

induction of autophagic response was accompanied by

increased expression and the phosphorylation of ERK

during CVB3 infection (Figs. 2a and 3b), here we cannot

conclude that ERK activation is required for the

autophagic response or that it is only a concomitant

event.

LC3-II is increased in cardiac myocytes isolated from

CVB3-infected myocardium. Heart is composed of multi-

ple cell types. The permanent cellular constituents of the

heart include cardiac myocytes, fibroblasts, endothelial

cells, and vascular smooth muscle cells [51, 52]. During

stressful conditions such as inflammation, a population

of lymphocytes, macrophages, and master cells are

recruited to the heart [4, 53, 54]. Although morphologi-

cal observation by electron microscopy showed the pres-

ence of the autophagosome-like vesicles (Fig. 1B), there

is no direct evidence that demonstrates autophagic

response occurred in the cardiac myocytes. Therefore,

we isolated cardiac myocytes from the mouse ventricles

after CVB infection and determined the change in LC3.

As shown in Fig. 3c, significantly increased LC3-II was

obtained at day 7 p.i. Like the change observed in the

myocardium, the increased level of LC3-II coincided

Fig. 3. Changes of LC3-II/LC3-I ratio (c) and levels of viral RNA (e) and protein VP1 (d) in cardiomyocytes isolated from myocardium of

mice infected with CVB3. a) Electron photographs of isolated rod-shaped cardiac myocytes. LC3-II was increased in CVB3-infected cardiac

myocytes. b, e) Viral RNA and proteins were extracted from the isolated cardiac myocytes and subjected to Western blot analysis (b) and RT-

qPCR (e). c, d) Densitometric measurements of LC3 and VP1 in the Western blot normalized to β-actin. The experiments were repeated three

times. NC, myocytes from control animals; CVB3, myocytes from animals infected with the virus.

a b

c d e
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with increased synthesis of viral protein VP1 and the

activation of ERK (p-ERK) (Fig. 3, b and d). Although

the fold changes of LC3-II/LC3-I, viral RNA, and viral

protein obtained from the isolated cardiac myocytes did

not match exactly with that from the tissue of myocardi-

um (compare with Fig. 2), these data at least demon-

strate that autophagic response was indeed induced in the

cardiac myocytes during CVB3 infection. Our results

indicate that as the key target of CVB3, cardiac myocytes

also respond to viral infection by increasing the accumu-

lation of autophagosomes, which may provide the intra-

cellular membrane required for viral RNA replication

[55].

CVB3 replication is partially downregulated by an

autophagy inhibitor in cardiac myocytes. It has been

reported that autophagy stimulated CVB3 replication

both in vitro and in vivo [17-20]. To show whether such

interplay between autophagy and CVB3 replication also

exists in cardiac myocytes, cardiac myocytes isolated

from the ventricles of healthy mice were infected with

CVB3 and then treated with 3-MA, an autophagy

inhibitor. LC3-I, LC3-II, and VP1 were determined by

Western blotting. As shown in Fig. 4, LC3-II was signifi-

cantly increased after CVB3 infection, while it was

markedly decreased by the treatment with 3-MA.

Correspondingly, the synthesis of viral proteins was also

significantly reduced in the cardiac myocytes by the inhi-

bition of autophagy, indicating that autophagic response

might be exploited by CVB3 to facilitate viral replication.

Our results are consistent with a report that the disruption

of autophagic gene Atg5 in pancreatic acinar cells dra-

matically reduced CVB3 replication and improved pan-

creatic function [17]. It was postulated that CVB3 repli-

cation is inhibited due to the lack of intracellular mem-

brane. However, from the data presented here, we can

only conclude that autophagy benefits CVB3 replication,

while the precise mechanism remains to be studied fur-

ther.

A study has shown that EV71 also induces autophagy,

and viral production decreased in the presence of 3-MA

while it increased with treatment by autophagy inducer

[56]. It seems that the induction of autophagy and the

accumulation of autophagosomes might be a common

mechanism used by enteroviruses to promote viral repli-

cation. Therefore, autophagy might be a potential target

for anti-CVB treatment. While mice infected with EV71

showed alleviated symptom and decreased viral load by

treatment with 3-MA [57], it remains to be elucidated if

the autophagy inhibitor would have similar effect on CVB

replication in vivo.

In summary, the present study demonstrated that

cardiac myocytes respond to CVB3 infection by increased

formation of autophagosomes in vivo, which might be

exploited by viral replication. These findings indicate that

targeting the autophagic pathway is a potential therapeu-

tic strategy for CVB-induced myocarditis.
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