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ABSTRACT

Viral myocarditis, which is most prevalently caused by coxsackievirus B3 (CVB3), is a serious clinical condition characterized by
excessive myocardial inflammation. Recent studies suggest that regulation of protein acetylation levels by inhibiting histone
deacetylase (HDAC) activity modulates inflammatory response and shows promise as a therapy for several inflammatory dis-
eases. However, the role of HDAC activity in viral myocarditis is still not fully understood. Here, we aim to investigate the role of
HDAC activity in viral myocarditis and its underlying mechanism. CVB3-infected BALB/c mice were treated with the HDAC
inhibitor (HDACI) suberoylanilide hydroxamic acid (SAHA) or trichostatin A (TSA). We found inhibition of HDAC activity
aggravated rather than ameliorated the severity of CVB3-induced myocarditis, which was contrary to our expectations. The ag-
gravated myocarditis by HDACI treatment seemed not to be caused by an elevated inflammatory response but by the increased
CVB3 replication. Further, it was revealed that the increased CVB3 replication was closely associated with the HDACI-enhanced
autophagosome formation. Inhibition of autophagosome formation by wortmannin or ATG5 short hairpin RNA dramatically
suppressed the HDACI-increased CVB3 replication. The increased viral replication subsequently elevated CVB3-induced myo-
cardial apoptosis. Conversely, inhibition of CVB3 replication and ensuing myocardial apoptosis by the antiviral drug ribavirin
significantly reversed the HDACI-aggravated viral myocarditis. In conclusion, we elucidate that the inhibition of HDAC activity
increases CVB3 replication and ensuing myocardial apoptosis, resulting in aggravated viral myocarditis. Possible adverse conse-
quences of administering HDACI should be considered in patients infected (or coinfected) with CVB3.

IMPORTANCE

Viral myocarditis, which is most prevalently caused by CVB3, is characterized by excessive myocardial inflammation. Inhibition
of HDAC activity was originally identified as a powerful anti-cancer therapeutic strategy and was recently found to be implicated
in the regulation of inflammatory response. HDACI has been demonstrated to be efficacious in animal models of several inflam-
matory diseases. Thus, we hypothesize that inhibition of HDAC activity also protects against CVB3-induced viral myocarditis.
Surprisingly, we found inhibition of HDAC activity enhanced myocardial autophagosome formation, which led to the elevated
CVB3 viral replication and ensuing increased myocardial apoptosis. Viral myocarditis was eventually aggravated rather than
ameliorated by HDAC inhibition. In conclusion, we elucidate the role of HDAC activity in viral myocarditis. Moreover, given the
importance of HDACI in preclinical and clinical treatments, the possible unfavorable effect of HDACI should be carefully evalu-
ated in patients infected with viruses, including CVB3.

Coxsackievirus B3 (CVB3) is a single-stranded positive-sense
RNA virus of the genus Enterovirus in the Picornaviridae fam-

ily (1). CVB3 is considered the most commonly identified infec-
tious agent that causes viral myocarditis and has been linked to the
ensuing development of dilated cardiomyopathy (DCM) (2).
CVB3-induced cardiac injury is caused either by a direct cyto-
pathic effect (CPE) of the virus or through inflammation-medi-
ated mechanisms (3–6).

Many clinical studies have revealed that tumor necrosis fac-
tor-� (TNF-�), interleukin-6 (IL-6), and other proinflamma-
tory cytokines play a crucial role in the pathogenesis of cardiac
injury in myocarditis (7, 8). Therefore, modulation of inflam-
matory response is considered a potential therapeutic strategy
for viral myocarditis. In fact, we have previously demonstrated
that the shift of Th1 to Th2 inflammatory responses could al-
leviate the myocarditis severity (9–11). We also found that A20
(also known as tumor necrosis factor alpha-induced protein 3,
or TNFAIP3) protected against CVB3-induced myocarditis by

inhibiting inflammatory response (12). More recently, we
demonstrated an essential role of pyrin domain containing 3
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(NLRP3) activation and IL-1� secretion in mediating the path-
ological response to CVB3 infection (13).

As a major form of epigenetic mechanism, acetylation modifi-
cation of both histone and nonhistone proteins is governed by the
opposing activities of histone acetyltransferases (HAT) and his-
tone deacetylases (HDAC). HDAC plays a key role in the homeo-
stasis of the acetylation level (14). Inhibition of HDAC activity was
originally identified as a powerful anti-cancer therapeutic strategy
and was recently found to be implicated in the regulation of the
inflammatory response (15). We have previously reported the im-
portant effect of HDAC activity on IFN-stimulated gene induc-
tion (16). Of note, HDAC inhibitor (HDACI) has been demon-
strated to be efficacious in animal models of several inflammatory
diseases, such as arthritis (17), colitis (18), graft versus host disease
(19), systemic lupus erythematosus (SLE) (20), and septic shock
(21). Thus, it is reasonable to hypothesize that HDACI plays a
protective role in viral myocarditis. To this end, in the present
study, we explored the role of HDAC activity in CVB3-induced
viral myocarditis.

Our results suggested that inhibition of HDAC activity by
HDACI suppressed proinflammatory cytokine expression, as ex-
pected. However, we found that HDACI enhanced myocardial
autophagosome formation, which led to the elevated CVB3 viral
replication and ensuing increased myocardial apoptosis. Conse-
quently, viral myocarditis was aggravated rather than ameliorated
by HDACI treatment. We elucidate the role of HDAC activity in
the pathogenesis of viral myocarditis. Possible side effects of clin-
ically administering HDACI should be fully considered in patients
infected with viruses, including CVB3.

MATERIALS AND METHODS
Cell culture, mice, and virus. HeLa cells were grown and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum. Five-week-old male BALB/c mice
were purchased from the Department of Laboratory Animal Science of
Fudan University. All animal experiments were performed according to
the Guide for the Care and Use of Medical Laboratory Animals (Ministry
of Health, People’s Republic of China, 1998) and with the ethical approval
of the Shanghai Medical Laboratory Animal Care and Use Committee
(permit number SYXK 2009-0036), as well as the Ethical Committee of
Fudan University (permit number 2009016). CVB3 (Nancy strain) was
propagated in HeLa cells (ATCC CCL-2) and stored at �80°C. Viral titer
was routinely determined by a 50% tissue culture infectious dose
(TCID50) assay of HeLa cell monolayer prior to infection.

Reverse transcription-PCR (RT-PCR) and real-time PCR. Total
RNA was extracted from heart tissues or culture cells by TRIzol reagent
(Invitrogen) and reverse transcripted into cDNA. Subsequently, cDNA
was subjected to quantitative real-time PCR using a Lightcycler480 and
SYBR green system (TaKaRa) by following the manufacturer’s protocol.
The primers for real-time PCR were the following: CVB3, 5=-CCC TGA
ATG CGG CTA ATC C-3= (forward) and 5=-AAA CAC GGA CAC CCA
AAG TAG TC-3= (reverse); mouse LC3, 5=-ACA GCA TGG TGA GTG
TGT CCA C-3= (forward) and 5=-ATT GCT GTC CCG AAT GTC TCC-3=
(reverse); mouse TNF-�, 5=-AAG CCT GTA GCC CAC GTC GTA-3=
(forward) and 5=-GGC ACC ACT AGT TGG TTG TCT TTG-3= (reverse);
mouse IL-6, 5=-ACA ACC ACG GCC TTC CCT ACT T-3= (forward) and
5=-CAC GAT TTC CCA GAG AAC ATG TG-3= (reverse); mouse ATG5,
5=-TTG ACG TTG GTA ACT GAC AAA GT-3= (forward) and 5=-TGT
GAT GTT CCA AGG AAG AGC-3= (reverse); mouse glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), 5=-CTC TGG AAA GCT GTG GCG
TGA TG-3= (forward) and 5=-ATG CCA GTG AGC TTC CCG TTC AG-3=
(reverse). The expression of individual genes was normalized by GAPDH
expression.

CVB3 infection and drug treatment in mice. BALB/c mice in each
group were infected by an intraperitoneal injection with 1 � 103 TCID50

CVB3 on day 0. To examine the therapeutic effects of suberoylanilide
hydroxamic acid (SAHA; Selleck), the solution of SAHA in 2-hydroxy-
propyl-�-cyclodextrin (HOP-�-CD; Sigma-Aldrich) was prepared as
previously described (22). Mice were orally administered daily with 50
mg/kg of body weight of SAHA, starting from the day of virus inoculation.
In addition, trichostatin A (TSA; Selleck) was dissolved in dimethyl sul-
foxide (DMSO) and injected intraperitoneally into mice at 0.5 mg/kg/day.
Ribavirin (Selleck) was dissolved in phosphate-buffered saline (PBS) and
injected intraperitoneally into mice at 100 mg/kg/day.

Tissue histopathology. The apical half of the heart was fixed in 4%
paraformaldehyde solution, sectioned, and stained with hematoxylin and
eosin (H&E). To quantify the number of inflammatory cells in heart tis-
sue, five to 10 fields were randomly selected per section (two sections/per
heart, n � 8). The average number of inflammatory cells per square mil-
limeter was graphed. The heart sections also were analyzed by terminal
deoxynucleotidyl transferase dUTP nick end labeling assay (TUNEL).
TUNEL staining was finally developed using diaminobenzidine (DAB).
Nuclear staining by hematoxylin was performed as counterstaining. Pic-
tures were acquired with a Nikon Eclipse TE2000-S microscope (Nikon,
Tokyo, Japan) with a magnification of �200 or �400.

Echocardiography. On day 7 after CVB3 infection, echocardiography
was performed on isoflurane-anesthetized mice with a high-resolution
ultrasound imaging system (Vevo2100; Visual Sonics) equipped with a
30-MHz microscan transducer. The echocardiographic measurements of
left ventricular ejection fraction (LVEF) and left ventricular fractional
shortening (LVFS) were performed according to the operator’s manual.

Preparation of cardiac myocytes and fibroblasts. Cardiac myocytes
from neonatal mice within 72 h of birth were prepared as previously
reported (12). Briefly, the hearts were minced finely and subjected to
stepwise enzymatic digestion with 0.1% trypsin. The dissociated cells were
adsorbed to plastic flasks at 37°C for 2 h for cardiac fibroblast attachment.
(i) The nonadherent myocytes were removed, resuspended in complete
basal medium, and dispensed into tissue culture wells precoated with
collagen protein. After a period of 48 h, the myocytes were attached firmly
to the plastic. According to observations on the shape and beating activity
of the cells obtained, more than 95% of cells were identified as cardiac
myocytes. (ii) The adherent cardiac fibroblasts were washed with PBS and
cultured overnight in DMEM supplemented with 10% heat-inactivated
fetal bovine serum before use.

Lentiviral particle production and transduction. The short hairpin
RNA (shRNA) ATG5 lentiviral plasmids were from Open Biosystems. The
recombinant pseudotyped lentivirus was generated by cotransfection of
three plasmids, pLKO.1-shATG5/pLKO.1-scramble shRNA, psPAX2,
and pMD2.G (Addgene), into 293T cells using Lipofectamine 2000 (In-
vitrogen). The transduction of cardiac myocytes with lentiviral particle
solution expressing either scramble shRNA (Lenti-Ctrl) or ATG5 shRNA
(Lenti-shATG5) was described previously (23). Briefly, cells were plated
in 24-well plates. On the day of infection, the medium was removed and
replaced with viral supernatant to which 8 �g/ml Polybrene had been
added. Twenty-four hours after exposure, cells were washed with PBS
twice and further incubated for 24 h in fresh culture medium.

Western blotting. For Western blotting, equal amounts of protein
were separated by SDS-PAGE and transferred to polyvinylidene difluo-
ride (PVDF) membranes. Membranes were blocked for 1 h with nonfat
dry milk solution (5% in Tris-buffered saline) containing 0.1% Tween 20.
The blots were probed with primary antibodies for p-p70S6K (catalog
number 9208; Cell Signaling Technology), p70S6K (catalog number 9202;
Cell Signaling Technology), p-4EBP (catalog number 2855; Cell Signaling
Technology), 4EBP (catalog number 9644; Cell Signaling Technology),
CAR (catalog number sc-15405; Santa Cruz Biotechnology), LC3 (catalog
number L7543; Sigma), Bcl-2 (catalog number 2870; Cell Signaling Tech-
nology), and vp1 (catalog number M706401; Dako). Horseradish perox-
idase (HRP)-conjugated anti-rabbit (catalog number 7074; Cell Signaling
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Technology) or anti-mouse IgG (catalog number 7076; Cell Signaling
Technology) was used as a secondary antibody. Immunoreactive bands
were visualized by enhanced chemiluminescence (Pierce).

ELISA for proinflammatory cytokines. Levels of TNF-� and IL-6 of
cell culture supernatants were determined by enzyme-linked immunosor-
bent assay (ELISA) (eBioscience) by following the manufacturer’s instruc-
tions.

Measurement of HDAC activity. HDAC activity was assessed using
the HDAC assay kit (Active Motif) according to the manufacturer’s in-
structions. In brief, 10 �g of cardiac myocyte lysate in the presence or
absence of 1 �M SAHA was added to each well in 96-well microtiter plates
with HDAC substrate, provided by the assay kit, at 37°C for 1 h. The
optical density of each well was measured at 405 nm.

Flow cytometric analysis. For flow cytometric analysis, cells were de-
tached from the plate by incubation with 0.25% trypsin. To assess the cell
apoptosis, flow cytometric analysis was performed with fluorescein iso-
thiocyanate (FITC)-labeled annexin V and 7-aminoactinomycin D
(7-AAD) (eBioscience). Flow cytometric data were acquired on a BD
FACSCalibur (BD Biosciences) in CellQuest (BD Biosciences) and ana-
lyzed by FlowJo software (Tree Star).

Statistical analysis. All data are shown as the means � standard errors
of the means (SEM). Statistical analysis of the data was performed using
the GraphPad Prism (version 5.0) statistical program. The unpaired Stu-
dent’s t test was used to compare differences between two groups, whereas
comparison of multiple groups was performed using analysis of variance
(ANOVA) with post hoc tests to compare differences between individual
groups. The survival rates of CVB3-infected mice were compared and
analyzed with a Kaplan-Meier plot. P 	 0.05 was considered statistically
significant.

RESULTS
Inhibition of HDAC activity exacerbates rather than attenuates
CVB3-induced viral myocarditis. To investigate the role of
HDAC activity in CVB3-induced viral myocarditis, mice were
infected with CVB3 or PBS (control) and then treated daily
with SAHA, the first FDA-approved HDACI drug. Contrary to
our expectations, in CVB3-infected mice, SAHA treatment re-
sulted in more body weight loss (Fig. 1A) and lower survival
rate (Fig. 1B) than those with the non-SAHA-treated group.
Histological analysis of heart sections revealed that SAHA
treatment led to more focal lesions accompanied by less in-
flammatory cell infiltration (Fig. 1C and D). In line with the
histological result, left ventricular function was deteriorated
after SAHA treatment, as revealed by the decreased LVEF and
LVFS (Fig. 1E, F, and G). Moreover, SAHA treatment increased
serum creatine kinase (CK) and CK-MB levels in those CVB3-
infected mice (Fig. 1H and I).

To further confirm that the effect of SAHA was through
inhibition of HDAC activity, we treated CVB3-infected mice
with a structurally distinct HDAC inhibitor, TSA. We found
TSA also resulted in more body weight loss (Fig. 1J) and lower
survival rate (Fig. 1K), indicating the exacerbation of viral
myocarditis by TSA. Together, those results suggested that in-
hibition of HDAC activity aggravated rather than attenuated
CVB3-induced viral myocarditis.

Exacerbation of viral myocarditis by HDACI is not due to an
increased inflammatory response. It is well known that CVB3-
induced cardiac injury is caused either by direct virus-induced
cellular damage or through inflammatory response (24). Our
above-described data showed that the inhibition of HDAC activity
reduced inflammatory cell infiltration in the hearts of CVB3-in-
fected mice (Fig. 1C). To confirm the anti-inflammatory effect of

HDACI, cardiac myocytes were isolated and exposed to CVB3 in
the presence or absence of SAHA for various time periods. As
expected, we found SAHA downregulated the expression of pro-
inflammatory cytokines TNF-� and IL-6 at both mRNA (Fig. 2A
and B) and protein (Fig. 2C and D) levels. The result was con-
firmed with another HDAC inhibitor, TSA. We showed that TSA
also reduced TNF-� and IL-6 expression both at the mRNA (Fig.
2E and F) and protein (Fig. 2G and H) levels. We have also ana-
lyzed the mRNA levels of TNF-� and IL-6 in the heart tissues of
CVB3-infected mice. It was found that SAHA significantly down-
regulated the expression levels of TNF-� (Fig. 2I) and IL-6 (Fig.
2J) in vivo.

Those findings further verified the anti-inflammatory proper-
ties of HDACIs reported by other investigators (14) and suggested
that the exacerbation of viral myocarditis by HDACI treatment
was not due to an increased inflammatory response.

HDACI treatment increases CVB3 viral replication. As
shown above, HDACI-mediated aggravation of CVB3-induced
myocarditis was not due to an increased inflammatory response.
Reports also indicate that CVB3 can directly cause the damage to
myocytes (24). Thus, we further investigated the effect of HDAC
activity on CVB3 viral replication. Our data showed that inhibi-
tion of HDAC activity with SAHA increased viral protein vp1
expression (Fig. 3A) and progeny virus production (Fig. 3B) in
heart tissues of CVB3-infected mice.

To confirm the role of HDAC activity in CVB3 replication,
isolated cardiac myocytes and fibroblasts were infected with CVB3
in the presence or absence of SAHA for various time periods. We
showed that SAHA significantly increased CVB3 RNA levels (Fig.
3C and D), protein vp1 expression (Fig. 3E and F), and viral prog-
eny production (Fig. 3G, H, I, and J) in both cardiac myocytes and
fibroblasts. Moreover, another HDACI, TSA, also increased CVB3
RNA levels (Fig. 3K), protein vp1 expression (Fig. 3E and F), and
viral progeny production (Fig. 3L).

Coxsackie adenovirus receptor (CAR) is the primary receptor
for CVB3 to infect permissive cells. It was reported that HDACI
increases the expression of CAR in several cancer cell lines (25,
26). To investigate whether HDACI enhanced CVB3 replication
by increasing CAR expression and CVB3 entry into cells, cardiac
myocytes were treated with SAHA or TSA for various time peri-
ods, and CAR expression was determined by Western blotting. We
found no significant change in CAR expression in those myocytes
after SAHA or TSA treatment (Fig. 3E).

Taken together, these results indicated HDACI treatment sig-
nificantly increased CVB3 viral replication.

HDACI-increased CVB3 replication is mediated by the en-
hancement of autophagosome formation. Several reports indi-
cated that autophagosome formation plays a crucial role in CVB3
replication (27, 28). HDACI, including SAHA, have been found to
regulate the autophagosome formation by inhibiting mammalian
target of rapamycin (mTOR) and upregulating LC3 expression
(29). Thus, we further investigated whether HDACI enhanced
CVB3 viral replication through regulating the autophagosome
formation. Our results showed that SAHA treatment significantly
increased the transcript level of LC3 (Fig. 4A), the most widely
used marker for autophagosomes, and conversion of LC3-I to
LC3-II in CVB3-infected cardiac myocytes (Fig. 4B), indicating
the enhanced autophagosome formation by SAHA. Furthermore,
in order to examine the mechanism by which SAHA enhanced
autophagosome formation, the activity of the mTOR signal path-
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FIG 1 Inhibition of HDAC activity exacerbates rather than attenuates CVB3-induced viral myocarditis. BALB/c mice were sham infected with PBS (control) or
infected with CVB3 on day 0 and then treated (or not) with SAHA (50 mg/kg) daily from day 0 to day 7 postinfection (p.i.). The body weight change (A) and
survival rate (B) were monitored daily until day 7 p.i. (n � 26). (C) Paraffin sections of heart tissues were prepared on day 7 p.i., and cardiac injury was revealed
by H&E. (D) The number of inflammatory cells per square millimeter was determined by analysis of the H&E-stained sections (n � 8). (E) Representative
M-mode echocardiogram recordings on day 7 p.i. Small arrow, systole; large arrow, diastole. LVEF (F) and LVFS (G) from echocardiographic data (n � 5) are
shown. Serum CK (H) and CK-MB levels (I) were detected on day 7 p.i. (n � 5). (J and K) BALB/c mice were sham infected with PBS (control) or infected with
CVB3 on day 0 and then treated (or not) with TSA (0.5 mg/kg/day) from day 0 to day 7 p.i. The body weight change (J) and survival rate (K) were monitored daily
until day 7 p.i. (n � 10). Scale bar, 50 �m. *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001; NS, no significance; ND, not detected.
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way was assessed. The results showed that 4EBP and p70S6K, two
substrates of mTOR, were dephosphorylated after SAHA treat-
ment (Fig. 4B), demonstrating the inhibition of the mTOR signal
pathway. In agreement with the in vitro results, the enhanced au-
tophagy was also observed in CVB-infected mice after SAHA
treatment (Fig. 4C). Collectively, these results suggested that
SAHA enhanced autophagosome formation in cardiac myocytes,
which was through upregulation of LC3 expression and inhibition
of the mTOR signal pathway.

To investigate whether SAHA-enhanced autophagosome forma-
tion contributed to the increased CVB3 replication, we inhibited
myocyte autophagy with wortmannin, a widely used inhibitor of au-
tophagy. Results showed that wortmannin significantly decreased
SAHA-enhanced CVB3 viral replication, as demonstrated by the re-
duced vp1 expression (Fig. 4D) and viral progeny titer (Fig. 4E).

To confirm that the inhibitory effect of wortmannin on CVB3
replication was through the blocking of autophagosome forma-

tion rather than through nonspecific effects, we employed an RNA
interference approach to further investigate the role of autopha-
gosome formation in SAHA-increased CVB3 replication. Cardiac
myocytes were infected with lentivirus expressing shRNA specifi-
cally targeting ATG5 (Lenti-shATG5), an autophagy-related pro-
tein required for autophagosome formation. Real-time PCR
result suggested the efficient knockdown of ATG5 gene transcrip-
tion in those myocytes (Fig. 4F). Consistent with this, conversion
of LC3-I to LC3-II was significantly inhibited after transduction of
Lenti-shATG5, indicating the suppression of autophagosome for-
mation (Fig. 4G). In agreement with those results with wortman-
nin treatment, viral protein expression (Fig. 4G) and supernatant
viral titer (Fig. 4H) were significantly decreased by ATG5 knock-
down.

Those results demonstrated that HDACI-increased CVB3 rep-
lication was mediated by the enhancement of autophagosome for-
mation.

FIG 2 HDACI significantly suppresses CVB3-induced proinflammatory cytokine production. (A and B) Cardiac myocytes were sham infected or infected with
CVB3 for the indicated time points at a multiplicity of infection (MOI) of 5 in the presence or absence of 1 �M SAHA. Total RNA was extracted and subjected
to real-time RT-PCR for TNF-� (A) and IL-6 (B) transcript level analysis (n � 3). (C and D) Cells were treated as described for panels A and B for 24 h. Levels
of TNF-� (C) and IL-6 (D) in the cell culture supernatants were determined by ELISA (n � 3). (E and F) Cardiac myocytes were sham infected or infected with
CVB3 for 12 h (MOI, 5) in the presence or absence of 1 �M TSA. Real-time RT-PCR was used for TNF-� (E) and IL-6 (F) transcript level analysis (n � 4). (G
and H) Cells were treated as described for panels E and F for 24 h. Levels of TNF-� (G) and IL-6 (H) in the cell culture supernatants were determined by ELISA
(n � 4). (I and J) BALB/c mice were sham infected with PBS (control) or infected with CVB3 on day 0 and then treated (or not) with SAHA (50 mg/kg) daily from
day 0 to day 7 p.i. Total RNA was extracted from heart tissues of the mice on day 7 p.i. and subjected to real-time RT-PCR for TNF-� (I) and IL-6 (J) transcript
level analysis (n � 6). *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001; ****, P 	 0.0001; ND, not detected.

Zhou et al.

10516 jvi.asm.org October 2015 Volume 89 Number 20Journal of Virology

http://jvi.asm.org


Increased CVB3 viral replication by HDACI elevates CVB3-
induced myocardial apoptosis. It was reported that the autopha-
gosome supports CVB3 replication. Inhibition of autophagosome
formation reduces CVB3 viral replication and CVB3-induced
CPE (27). We had shown that HDACI increased CVB3 replication

by enhancing autophagosome formation. We further wondered
whether HDACI increased CVB3-induced apoptosis. Our results
showed that inhibition of HDAC activity with SAHA accumulated
acetyl-histone H3 in a dose-dependent manner in cardiac myo-
cytes (Fig. 5A). HDAC activity assay further confirmed the inhi-

FIG 3 HDACI increases CVB3 viral RNA synthesis, viral protein expression, and viral progeny production. BALB/c mice were sham infected with PBS or infected
with CVB3 on day 0 and then either left untreated or treated with SAHA (50 mg/kg) daily from day 0. Hearts were removed aseptically, weighed, and
homogenized for Western blotting at the indicated time points (A) and TCID50 assay on day 7 p.i. (B) (n � 6). GADPH expression was examined as a protein
loading control. (C to J) Cardiac myocytes and fibroblasts were infected with CVB3 (MOI, 5) in the presence or absence of 1 �M SAHA for the indicated time
points. Viral RNAs of cardiac myocytes (C) and fibroblasts (D) were extracted and determined by real-time RT-PCR (n � 6). Cell lysates were collected and
immunoblotted with the indicated antibodies for cardiac myocytes (E) and fibroblasts (F). Anti-GAPDH antibody was used as a loading control. Intracellular and
extracellular CVB3 titers were measured by TCID50 assay for cardiac myocytes (G and H) and fibroblasts (I and J) (n � 6). (K and L) Cardiac myocytes were
infected with CVB3 (MOI, 5) in the presence or absence of 1 �M TSA for 24 h. Viral RNA was extracted and determined by real-time RT-PCR (K) (n � 4), and
CVB3 titers in cell culture supernatants were measured by TCID50 assay (L) (n � 4). *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001; NS, no significance.
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FIG 4 HDACI-increased CVB3 replication is mediated by enhancement of autophagosome formation. (A) Cardiac myocytes were left untreated or were treated
with 1 �M SAHA for 18 h, and RNA was extracted from those myocytes and subjected to real-time RT-PCR for LC3 transcript level analysis with GAPDH used
as an internal control (n � 4). (B) Cardiac myocytes were sham infected or infected with CVB3 in the presence or absence of 1 �M SAHA for the indicated time
points. Cell extracts then were analyzed by Western blotting with the indicated antibodies (top), and band intensity of LC3-II and LC3-I was quantified using
Image J software (bottom) (n � 3). (C) BALB/c mice were left uninoculated or were inoculated with CVB3 and treated with SAHA (50 mg/kg) daily from day 0.
Hearts were removed and subjected to Western blotting for LC3 expression analysis on days 3 and 7 p.i. (left), and band intensity of LC3-II and LC3-I was
quantified using Image J software (right) (n � 5). (D and E) CVB3-infected cardiac myocytes were left untreated or were treated with 1 �M SAHA in the presence
or absence of 4 �M wortmannin (wort) for 24 h. (D) Cell extracts were analyzed by Western blotting with the indicated antibodies (left), and the band intensity
of LC3-II and LC3-I was quantified using Image J software (right) (n � 3). (E) CVB3 titers in cell culture supernatants were determined by TCID50 assay (n �
6). (F to H) Cardiac myocytes were transduced with lentivirus expressing scramble shRNA (Ctrl) or shRNA targeting ATG5 for 72 h and infected with CVB3
(MOI, 5) in the presence or absence of 1 �M SAHA for another 24 h. (F) Transduction efficiency was quantified by real-time PCR (n � 4). (G) Expression of LC3
and vp1 were examined by Western blotting (left), and band intensity of LC3-II and LC3-I was quantified using Image J software (right) (n � 3). (H) CVB3 titers
in cell culture supernatants were determined by TCID50 assay (n � 3). *, P 	 0.05; **, P 	 0.01; ****, P 	 0.0001.
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bition effect of SAHA on HDAC activity (Fig. 5B). SAHA in-
creased CVB3 protein vp1 expression in a dose-dependent
manner (Fig. 5A). In parallel with the increased vp1, SAHA mark-
edly decreased antiapoptotic Bcl-2 protein levels and promoted
apoptotic effector caspase 3 cleavage (Fig. 5A), suggesting elevated
myocardial apoptosis. Conversely, inhibition of CVB3 replication
by wortmannin decreased caspase 3 cleavage in a dose-dependent
manner (Fig. 5C). Our data also indicated SAHA significantly pro-
moted the CVB3-induced CPE in cardiac myocytes (Fig. 5D). In

those CVB3-infected cardiac myocytes, flow cytometric analysis
further revealed that the frequency of annexin V-positive (apop-
totic) cells was increased by SAHA treatment (Fig. 5E). In agree-
ment with the in vitro results, SAHA treatment also increased
myocardial apoptosis in hearts of CVB3-infected mice (Fig. 5F).

These findings suggested that the increased CVB3 replication
by HDACI resulted in elevated CVB3-induced apoptosis.

Inhibition of viral replication and ensuing myocardial apop-
tosis ameliorates HDACI-exacerbated viral myocarditis. To fur-

FIG 5 Increased CVB3 viral replication by HDACI elevates CVB3-induced myocardial apoptosis. (A) Cardiac myocytes were sham infected or infected with CVB3 and
treated with the indicated concentrations of SAHA for 24 h. Cell extracts were analyzed by Western blotting with the indicated antibodies. (B) The inhibition of HDAC
activity with 1 �M SAHA in 10 �g of cardiac myocyte lysate was determined with an HDAC assay kit (n � 3). (C) CVB3-infected cardiac myocytes were treated with 1
�M SAHA in the presence or absence of the indicated concentrations of wortmannin (wort) for 24 h. Cell extracts were analyzed by Western blotting with the indicated
antibodies. CVB3-infected cardiac myocytes also were treated with 20 �M Z-VAD-FMK for 24 h, which was used as a positive control for cleaved caspase 3 determi-
nation. (D and E) Cardiac myocytes were sham infected or infected with CVB3 in the presence or absence of 1 �M SAHA for 24 h. (D) Cell morphology was examined
by a light microscope (scale bar, 100 �m). (E) Cells were collected and stained with 7-AAD and FITC-labeled annexin V, followed by flow cytometric analysis. (F)
CVB3-infected mice were left untreated or were treated with SAHA (50 mg/kg/day) from day 0 to day 7. On day 7 p.i., cardiac apoptosis in those mice was revealed by
TUNEL staining. Brown-stained cells indicated by arrows were TUNEL positive and considered to be apoptotic (scale bar, 25 �m). *, P 	 0.05; ***, P 	 0.001.
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ther confirm that HDACI-exacerbated viral myocarditis is due to
the increased viral replication and ensuing myocardial apoptosis,
we used the antiviral drug ribavirin, a synthetic guanosine ana-
logue (30), to inhibit viral replication in SAHA-treated viral myo-
carditis mice and monitored parameters of the severity of the dis-
ease. We first examined the inhibitory effect of ribavirin on CVB3
viral replication in cardiac myocytes. Consistent with our expec-
tations, ribavirin inhibited both viral protein vp1 expression (Fig.
6A) and progeny virus production (Fig. 6B), whereas it had no
CPE on cardiac myocytes (Fig. 6C). Furthermore, ribavirin mark-
edly reduced the CPE of CVB3-infected and SAHA-treated car-
diac myocytes (Fig. 6D). Flow cytometric analysis also revealed
that ribavirin decreased the frequency of annexin V-positive
(apoptotic) cells in those cardiac myocytes (Fig. 6E and F). We
next simultaneously treated SAHA-treated viral myocarditis
mice with ribavirin. Our results showed that ribavirin signifi-
cantly improved the survival rate (Fig. 6G) and reversed heart
injury (Fig. 6H).

Collectively, these results further confirmed that HDACI was
through increasing viral replication and myocardial apoptosis to
aggravate viral myocarditis.

DISCUSSION

Excessive inflammatory response evoked by CVB3 infection plays
a critical role in the pathogenesis of viral myocarditis. Several ap-
proaches have been reported to modulate the inflammatory re-
sponse for treating viral myocarditis in mouse models (24). Re-
cent studies suggest that inhibition of HDAC activity modulates
inflammation response and shows promise in several inflamma-
tory diseases (31). To investigate the role of HDAC activity in viral
myocarditis, we treated CVB3-induced myocarditis mice with
HDACI. Contrary to our expectation, results showed that HDACI
treatment aggravated rather than ameliorated viral myocarditis.
Further study suggested that the exacerbation of viral myocarditis
was not caused by an increased inflammatory response but by the
elevated CVB3 viral replication.

FIG 6 Inhibition of viral replication and ensuing myocardial apoptosis ameliorates HDACI-exacerbated viral myocarditis. (A) CVB3-infected cardiac myocytes
(MOI, 5) were treated with 1 �M SAHA and the indicated concentrations of ribavirin for 24 h. Cell extracts were analyzed by Western blotting with the indicated
antibodies. (B) CVB3-infected cardiac myocytes (MOI, 5) were treated with 1 �M SAHA and 200 �g/ml ribavirin for 24 h. CVB3 titers in cell culture supernatants
were determined by TCID50 assay (n � 4). (C) Cardiac myocytes were treated with 200 �g/ml ribavirin for 24 h. Cells morphology was examined by light
microscope (scale bar, 100 �m). (D to F) CVB3-infected cardiac myocytes (MOI, 5) were treated with 2 �M SAHA in the presence or absence of 800 �g/ml
ribavirin for 24 h. (D) Cell morphology was examined by light microscope (scale bar, 100 �m). (E and F) Cells were collected and stained with 7-AAD and
FITC-labeled annexin V, followed by flow cytometric analysis (n � 3). (G and H) BALB/c mice were infected with CVB3 on day 0 and then simultaneously treated
with SAHA (50 mg/kg) and ribavirin (100 mg/kg) or vehicle PBS daily from day 0 to day 7 p.i. (G) Survival rate was monitored daily until day 7 p.i. (n � 10). (H)
Paraffin sections of heart tissues were prepared on day 7 p.i., and cardiac injury was revealed by H&E (scale bar, 50 �m). *, P 	 0.05; ***, P 	 0.001.
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The replication of several viruses has been reported to be mod-
ulated by HDAC activity. HDACI activates human immunodefi-
ciency virus (HIV) replication in latently infected cells (32, 33).
HDACI increases oncolytic herpes simplex virus (HSV) replica-
tion in breast cancer cells (34). Moreover, SAHA is also reported
to stimulate hepatitis B virus (HBV) replication (35). On the con-
trary, hepatitis C virus (HCV) replication is suppressed by SAHA
(36). In our study, we found that inhibition of HDAC activity with
SAHA or TSA significantly increased CVB3 replication at 24 h
postinfection (p.i.) in both cardiac myocytes and fibroblasts. This
result is in conflict with the Shim et al. study in which TSA sup-
pressed the CVB3 replication at 24 h p.i. in HeLa cells and pro-
tected against CVB3-induced myocardial injury in vivo (37). The
reason for this apparent discrepancy is unclear. However, we used
the CVB3 Nancy strain in the current study, whereas Shim et al.
used the Woodruff strain (37). The different CVB3 strain might
account for the discrepancy. Of note, we found apoptosis was
detected in HeLa cells as early as 8 h after HDACI treatment (data
not shown) but not in primary cardiac myocytes as late as 24 h
after HDACI treatment (Fig. 5D and E). The result was supported
by a prior publication in which proapoptotic activities of HDACI
were confined to cancer cells (like HeLa cells), whereas normal
cells were less sensitive to HDACI (like primary cardiac myocytes)
(38). Those findings demonstrated that it is more appropriate to
investigate the role of HDAC activity in CVB3 replication in pri-
mary cardiac myocytes rather than in HeLa cells.

Autophagy is a catabolic pathway responsible for maintaining
cytoplasmic homeostasis (39, 40). The process involves the forma-
tion of vesicles, called autophagosomes, which capture and deliver
protein aggregates and damaged organelles to lysosomes for deg-
radation (41, 42). Autophagy also protects against many infec-
tions by inducing the lysosome-mediated degradation of invading
pathogens. However, previous studies suggest that CVB3 not only
evades these protective effects but also exploits autophagy to facil-

itate its replication (43, 44). The kinase mTOR is a critical regula-
tor of autophagy induction, with activated mTOR suppressing
autophagy, whereas the negative regulation of mTOR promotes it
(45). Work by other investigators has proved that HDACI acti-
vated autophagy by inhibiting mTOR and upregulating LC3 ex-
pression in glioblastoma cells (29). Comparable results were ob-
served in cardiac myocytes in the present study. We found SAHA
also enhanced autophagosome formation by increasing LC3 ex-
pression and inhibiting mTOR activity in cardiac myocytes, which
increased CVB3 replication.

It is commonly believed that both direct CVB3-induced myo-
cardial injury and inflammatory response contribute to the devel-
opment and progression of myocarditis. However, the relative
contributions of virus and inflammatory response to myocardial
tissue destruction have long been debated (24). In fact, the crucial
role of direct CVB3-induced myocardial injury has been sup-
ported by numerous studies. For instance, CVB3-infected severe
combined immunodeficiency (SCID) mice, which lack mature T
and B lymphocyte functions, develop more aggravated myocardi-
tis with increased viral titers (4). Apoptosis is an important mech-
anism of cardiomyocyte death in viral myocarditis and is associ-
ated with the development of fatal heart failure (1, 46).
Mitochondrial release of cytochrome c is associated with CVB3-
induced apoptosis, which triggers the activation of caspases indi-
cated by caspase cleavage (47, 48). In the present study, we found
HDACI increased CVB3 replication in cardiac myocytes, which
led to decreased antiapoptotic Bcl-2 protein levels and elevated
caspase 3 activation in those cells. Consistent with this, HDACI
increased CVB3-induced CPE and apoptosis in cardiac myocytes.
These results showed that HDACI increased CVB3 viral replica-
tion in cardiac myocytes, which promoted myocardial apoptosis.

Although inhibition of HDAC activity has shown promising
efficacy in several inflammatory diseases (49), it is more compli-
cated in the virus-induced inflammatory diseases. In addition to

FIG 7 Proposed model of the mechanism of HDACI effect on CVB3-induced myocarditis. CVB3 infection induces both proinflammatory cytokine expression
and myocardial autophagosome formation. Proinflammatory cytokines secreted by cardiac myocytes trigger the inflammation response, and the myocardial
autophagosome supports CVB3 replication, leading to myocardial apoptosis. Both inflammatory response and myocardial apoptosis are thought to be the major
contributors to myocarditis. The HDACI-enhanced autophagosome formation results in excessive CVB3 replication, which aggravates apoptotic myocyte
damage and consequent myocarditis. To some extent, inflammation response has a cardioprotective effect by limiting CVB3 replication. Thus, HDACI-mediated
inhibition of proinflammatory cytokine expression also might enhance CVB3 replication and contribute to the exacerbation of the disease. The arrow indicates
positive regulation, and the crossbar indicates negative regulation. The dotted crossbar represents a likely effect. The well-accepted mechanisms of CVB3-induced
myocarditis are colored black, and our proposed mechanisms by which HDACI exacerbates this disease are colored red.
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inflammatory responses modulated by HDACI in the progress of
these diseases, HDACI also regulates viral replication (such as that
of CVB3). CVB3 infection increases both proinflammatory cyto-
kine expression and myocardial autophagosome formation. Au-
tophagosomes support CVB3 viral replication, which leads to
myocardial apoptosis (27). Proinflammatory cytokine expression
causes inflammation response, which to some extent inhibits
CVB3 replication (50). Both inflammation response and apopto-
sis are thought to be the crucial causes of myocytes damage and
ensuing myocarditis (24). In our study, HDACI treatment of
CVB3-infected mice aggravated viral myocarditis. The mecha-
nism proposed here was that the HDACI-enhanced autophago-
some formation excessively increased viral replication, which
dramatically aggravated myocyte damage and consequent myo-
carditis. Additionally, the HDACI-mediated inhibition of inflam-
matory response also might contribute to the increased viral rep-
lication and the ensuing exacerbation of the disease (Fig. 7). The
proposed mechanism was further confirmed by our finding that
inhibition of CVB3 viral replication and ensuing myocardial
apoptosis by ribavirin significantly reversed HDACI-exacerbated
viral myocarditis, as demonstrated by the improvement of sur-
vival rate and revision of cardiac injury (whereas there was no
improvement in body weight loss; data not shown). In addition,
we also assessed the effect of the broad-range caspase inhibitor
Z-VAD-FMK on SAHA-treated viral myocarditis mice. We found
Z-VAD-FMK did not relieve SAHA-exacerbated viral myocarditis
(data not shown), which is supported by Carthy et al., in which
Z-VAD-FMK did not inhibit the CVB3-induced CPE in HeLa cells
(48).

In conclusion, we report that the inhibition of HDAC activity
enhances myocardial autophagosome formation, which leads to
elevated CVB3 viral replication and ensuing increased myocardial
apoptosis. Viral myocarditis is eventually aggravated rather than
ameliorated by HDAC inhibition. We elucidated the role of
HDAC activity in viral myocarditis. Moreover, given the impor-
tance of HDACI (such as SAHA) in preclinical and clinical treat-
ments for several diseases, possible adverse consequences of ad-
ministering HDACI should be carefully evaluated in patients
infected with viruses, including CVB3.
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