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Lipopolysaccharides (LPS) induce tumor necrosis factor-�
(TNF-�) production in cardiomyocytes, which contributes to
myocardial depression during sepsis. However, the underlying
mechanisms remainnot fully understood.This studywasunder-
taken to investigate the contribution of histone deacetylase
(HDAC) toTNF-� expression in cardiomyocytes and the signal-
ing mechanism of LPS-induced HDAC activation. Here, we
show for the first time that LPS increases HDAC activity and
that inhibition of HDAC decreases LPS-stimulated TNF-�
expression via the accumulation of NF-�B/p65 at the TNF-�
promoter in cardiomyocytes. Using a positive screen, we have
further identified HDAC3 as a specific member of the HDAC
family able to regulate TNF-� production. Furthermore, our
data reveal that LPS-induced HDAC activity is mediated
through reactive oxygen species from mitochondria and c-Src
signaling. In summary, this study demonstrates a novel signal-
ingmechanism by which LPS viamitochondrial reactive oxygen
species/c-Src/HDAC3 pathways mediate TNF-� expression in
cardiomyocytes.

Tumor necrosis factor-� (TNF-�),2 a pro-inflammatory
cytokine, has been demonstrated to impair cardiac contract-
ile function in intact animals, isolated hearts, and cardiom-
yocytes (1–3). Lipopolysaccharides (LPS) of Gram-negative
bacteria induce TNF-� expression in cardiomyocytes, which
may be a major local source of TNF-� in the myocardium dur-
ing sepsis (4). Blocking TNF-� reduces myocardial depression
induced by endotoxemia (1, 4). Thus, modulation of local myo-
cardial TNF-� levels produced by cardiomyocytes may be of
therapeutic significance in sepsis-inducedmyocardial dysfunc-
tion. However, regulation of TNF-� expression remains not
fully understood in cardiomyocytes.

LPS induces intracellular signaling via a well delineated cas-
cade of events (5). LPS binds to LPS-binding protein, which
presents LPS to CD14. Binding of LPS to CD14 activates TLR-4
(Toll-like receptor-4). Activation of TLR-4 results in the
recruitment of myeloid differentiation factor 88, Toll/interleu-
kin-1 receptor domain-containing adaptor protein, and inter-
leukin-1 receptor-associated protein kinases, which activates
the NF-�B signaling pathway, leading to production of pro-
inflammatory factors including TNF-�. However, the signaling
pathways downstream of the TLR-4 complex have not been
fully defined.
Histone deacetylase (HDAC) is a class of enzymes that re-

move acetylation from lysine residues within histones, which is
important in the regulation of gene expression (6). The HDAC
family has 18 members in four classes: class I (HDAC1, -2, -3,
and -8), class II (HDAC4, -5, -6, -7, -9, and -10), class III (sirtuin-
1,- 2, -3, -4, -5, -6, and -7), and class IV (HDAC11).HDACs have
been shown to induce or repress the production of pro-inflam-
matory cytokines in a range of disease models in mice, includ-
ing septic shock (7–9). However, the isoform-specific contribu-
tion ofHDAC remains to be determined. In addition, the role of
HDAC in LPS-induced TNF-� expression has never been
shown in cardiomyocytes.
The purpose of this study was to investigate the role of

HDAC in cardiomyocyte TNF-� expression upon LPS stimula-
tion and to determine the signaling mechanism by which LPS
induce HDAC activation in cardiomyocytes. We demonstrate
that mitochondrial reactive oxygen species (ROS)/c-Src path-
ways mediate HDAC3 activation, which promotes TNF-� pro-
duction in LPS-stimulated cardiomyocytes.

EXPERIMENTAL PROCEDURES

Animals—All experimental protocols were approved by
the Animal Use Subcommittee at the University of Western
Ontario. Breeding pairs of C57BL/6 mice were purchased from
The Jackson Laboratory. A breeding program for mice was
implemented at our animal care facilities.
Neonatal Mouse Cardiomyocyte Culture—The neonatal car-

diomyocytes were prepared and cultured according tomethods
we described previously (10).
Reagents—LPS (Salmonella typhosa), rotenone, antimycin

A, apicidin, trichostatin A (TSA), and PP2 were purchased

* This work was supported by Grant-in-aid T6717 (to T. P.) from the Heart and
Stroke Foundation of Ontario.

1 Recipient of a New Investigator Award from the Heart and Stroke Founda-
tion of Canada. To whom correspondence should be addressed: VRL 6th
Floor, A6-140, 800 Commissioners Rd., London, Ontario N6A 4G5, Canada.
Tel.: 519-685-8300 (ext. 55441); Fax: 519-685-8341; E-mail: tpeng2@
uwo.ca.

2 The abbreviations used are: TNF-�, tumor necrosis factor-�; LPS, lipopo-
lysaccharide/s; HDAC, histone deacetylase; ROS, reactive oxygen species;
Ad, adenovirus; siRNA, small interfering RNA; TSA, trichostatin A; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 13, pp. 9429 –9436, March 26, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

MARCH 26, 2010 • VOLUME 285 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 9429



from Sigma or Calbiochem. Peptides SS31 and SS20 were syn-
thesized using a published protocol (11) as described previously
(12). The class II-specific HDAC inhibitors MC1568 and
MC1575 were synthesized as described elsewhere (13, 14).
Adenoviral Infection of CulturedCardiomyocytes—Cardiom-

yocytes were infectedwith adenoviral vectors containing SOD2
(Ad-SOD2) or UCP2 (uncoupling protein 2; Ad-UCP2) (Gene
Transfer Vector Core, University of Iowa) or �-galactosidase
(Ad-�-galactosidase; Vector Biolabs) as a control at amultiplic-
ity of infection of 100 plaque-forming units/cell. Adenovirus-
mediated gene transfer was implemented as described previ-
ously (10, 15).
Gene Knockdown Using Small Interfering RNA (siRNA)—To

knock down HDAC1, -2, and -3 and c-Src expression, a siRNA
against mouse HDAC1, -2, or -3 or c-Src was obtained (Santa
Cruz Biotechnology, Santa Cruz, CA), and a scrambled siRNA
was employed as a control. Transfection was performed using
TransMessenger transfection reagent (Qiagen) according to
the manufacturer’s instructions as described previously (16).
Analysis of TNF-� mRNA by Real-time Reverse Transcrip-

tion-PCR—Total RNA was extracted from cardiomyocytes
using the TRIzol reagent (Invitrogen) following the manu-
facturer’s instructions. Real-time reverse transcription-PCR
for mouse TNF-� and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) mRNA was performed. The primers for
TNF-� and GAPDH were described previously (10).
Measurement of TNF-� Protein—Concentrations of TNF-�

protein in culture medium were determined with a mouse
TNF-� enzyme-linked immunosorbent assay kit (eBiosciences
Inc.) as described in our previous report (10).
Chromatin Immunoprecipitation Assay—Chromatin immu-

noprecipitation assay was performed to assess NF-�B/p65
binding to the TNF-� promoter as described previously (17).
Briefly, cardiomyocytes were fixed in 1% formaldehyde (to
cross-link DNA-proteins) for 10 min at room temperature.
Cross-linked chromatinwas isolated and sheared by sonication.
This process generates chromatin fragments containing DNA
ranging in size from 200 to 500 bp. The sheared chromatin was
recovered by centrifugation at 12,000 rpm at 4 °C. The chroma-
tin solution was precleared with salmon sperm DNA/protein
G-agarose for 2 h at 4 °C. Ten microliters of the chromatin
solution were reserved as “input” sample. The remaining chro-
matin was immunoprecipitated by incubation at 4 °C overnight
with antibodies specific to NF-�B/p65 (Santa Cruz Biotechnol-
ogy). The immunoprecipitated complexes were further incu-
bated for 1 h at 4 °C with protein G-agarose, washed, and then
eluted in a buffer containing 1% SDS and 0.1 M NaHCO3. The
immunoprecipitated and input sample cross-links were
reversed by heating at 65 °C overnight. After proteinase K
digestion, DNA was isolated via phenol/chloroform extraction
and purified via ethanol precipitation. Real-time PCR was per-
formed to quantify p65 binding to the TNF-� promoter using
primers complementary to two sites flanking a �300-bp frag-
ment of the murine TNF-� promoter between nucleotides
�434 and �722 relative to the transcription start site and
encoding �B sites 2 and 2a: 5�-AGTCATACGGATTGG-
GAGAAATCCTG-3� (forward) and 5�-AGTTCTTGGAG-
GAAGTGGCTGAAGGCA-3� (reverse).

HDAC Activity Assay—Intracellular HDAC activity in car-
diomyocytes was determined with the HDAC fluorometric cel-
lular activity assay kit (BIOMOL International) following the
manufacturer’s instructions. Changes in fluorescence are
expressed in arbitrary units.
Intracellular ROS Measurement—The production of ROS

was measured by using the ROS-sensitive dye 2,7-dichlorodi-
hydrofluorescein diacetate (Invitrogen) as an indicator. The
assay was performed on cultured cardiomyocytes as we de-
scribed in our recent report (15). The fluorescent product
formed was quantified using a spectrofluorometer at 485/525
nm. Changes in fluorescence are expressed in arbitrary units.
Western Blot Analysis—HDAC3, c-Src, phosphorylation of

c-Src (Tyr-418), and acetylation of p65 (Lys-310), histone 2A,
I�B, and GAPDH were determined by Western blot analysis
using the respective specific antibodies.
Statistical Analysis—All data are given as mean � S.D. Anal-

ysis of variance followed by the Newman-Keuls test was per-
formed for multigroup comparisons. A value of p � 0.05 was
considered statistically significant.

RESULTS

HDAC3 Activation Contributes to LPS-stimulated TNF-�
Expression—HDAC plays an important role in regulation of
gene transcription (6). Interestingly, LPS treatment time- and
dose-dependently increased HDAC activity (Fig. 1, A and B).
Co-incubation with TSA, a pan-inhibitor for HDAC, abrogated
basal and LPS-induced HDAC activity in cardiomyocytes (Fig.
1C). LPS-induced TNF-� production was significantly reduced
by TSA (Fig. 1D). TSA also attenuated TNF-� mRNA in LPS-
stimulated cardiomyocytes (Fig. 1E), suggesting a putative role
for HDAC in the transcriptional control of TNF-� expression.
To support the transcriptional regulation by HDAC, we ana-
lyzed the recruitment of NF-�B/p65 at the promoter of TNF-�
in LPS-stimulated cardiomyocytes because NF-�B is an impor-
tant transcription factor in control of TNF-� transcription. In
line with the down-regulation of TNF-� expression, the accu-
mulation of NF-�B/p65 at the promoter of TNF-� was signifi-
cantly reduced by TSA in LPS-stimulated cardiomyocytes (Fig.
1F). These data demonstrate that HDAC positively regulates
LPS-induced TNF-� expression at least in part through a tran-
scriptional mechanism.
To define the isoform-specific contribution of HDAC, we

incubated cardiomyocytes with LPS in the presence of the class
I-specific HDAC inhibitor apicidin (5 �M), particularly active
against HDAC2 (IC50 � 120 nM) and HDAC3 (IC50 � 43 nM)
(18), or the class II-specific HDAC inhibitors MC1575 (20 �M)
and MC1568 (20 �M) (19, 20). If LPS-induced HDAC activity
resulted from both class I and class II HDAC, the levels of
HDAC activity would be similar between basal and LPS-stimu-
lated cardiomyocytes after incubation with their inhibitors.
Indeed, treatment with apicidin reduced basal and LPS-stimu-
lated HDAC activity to a similar level, whereas MC1575 or
MC1568 reduced only basal but not LPS-stimulated HDAC
activity (Fig. 2A), suggesting a putative role of class I HDAC in
LPS-induced HDAC activity. Consistently, apicidin inhibited
LPS-induced TNF-� mRNA and protein to the same extent as
TSA (Fig. 2, B and C). In contrast, the class II-specific HDAC
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inhibitors MC1575 and MC1568 had no effect on TNF-�
expression in LPS-stimulated cardiomyocytes (Fig. 2B). Thus,
class I HDAC activation contributes to LPS-induced TNF-�
expression.
To further confirm and dissect the isoform-specific role of

class I HDAC, we employed siRNA to specifically knock down
HDAC1, -2, and -3 in cardiomyocytes. Cardiomyocytes were
transfected with siRNA against HDAC1, -2, or -3 or a scram-
bled siRNA as control and then incubated with LPS for 4
h. Transfection with HDAC3 siRNA significantly decreased
HDAC3 protein expression (Fig. 3A), suggesting a successful
knockdown. Similarly, down-regulation of HDAC3 reduced
basal and LPS-stimulated HDAC activity to a similar level (Fig.
3B) and significantly decreased LPS-stimulated TNF-� mRNA
and production (Fig. 3, C and D). In contrast, knockdown of
HDAC1or -2 did not alter LPS-inducedTNF-� expression (Fig.
3, E and F). These data demonstrate that LPS-induced HDAC
activity results from HDAC3 activation, which contributes to
TNF-� expression in cardiomyocytes.
LPS Induces HDAC Activation via Mitochondrial ROS Pro-

duction—Oxidative stress has been shown to modulate
HDAC activation. Mitochondria are important ROS sources

in cardiomyocytes. To determine whether ROS from mito-
chondria contributes to HDAC activation, we analyzed the
effect of themitochondrially targeted antioxidant peptide SS31
(H-D-Arg-dimethyltyrosine-Lys-Phe-NH2) or rotenone on
HDAC activity. SS31 specifically quenches mitochondrial
ROS (12). The structurally related peptide SS20 (H-Phe-D-
Arg-Phe-Lys-NH2), which lacks antioxidant properties,
served as a control (12). Furthermore, we examined the
effect of SOD2 overexpression on HDAC activation induced
by LPS in cardiomyocytes because SOD2 has been shown to
specifically neutralize mitochondrial ROS (21). Cardiomyo-
cytes were infected with Ad-SOD2 or Ad-�-galactosidase as
a control for 24 h or incubated with SS31 or SS20 (2.5 �M) as
a control for 15 min and then exposed to LPS (5 �g/ml) for
4 h. Both infection of Ad-SOD2 and treatment with SS31 or
rotenone significantly attenuated LPS-stimulated but not
basal HDAC activity in cardiomyocytes (Fig. 4, A and B),
suggesting that mitochondrial ROS induce the increase in
HDAC activity.
To identify the link between mitochondrial ROS and HDAC

activation, we focused on c-Src because c-Src is ROS-sensitive
(22) and has been shown to activate HDAC3 (23, 24). Indeed,
LPS treatment increased the levels of c-Src phosphorylation at
Tyr-418, indicating c-Src activation, which was inhibited by
rotenone (Fig. 4C). This result supports an important role of
mitochondrial signals in c-Src activation in LPS-stimulated
cardiomyocytes. Furthermore, knockdown of c-Src by siRNA

FIGURE 1. Effects of TSA on HDAC activity and TNF-� expression. A and B,
time- and dose-dependent activation of HDAC in response to LPS. A, cardiom-
yocytes were incubated with LPS (5 �g/ml). At different time points (0, 0.5, 2,
and 4 h) after LPS treatment, HDAC activity was determined in cardiomyo-
cytes. B, cardiomyocytes were exposed to different doses of LPS (0, 2.5, and 5
�g/ml). Four hours later, HDAC activity was measured. C–F, effects of TSA.
Cardiomyocytes were incubated with LPS or saline in combination with TSA
or vehicle for 4 h. TSA treatment significantly inhibited HDAC activity (C),
TNF-� protein (D), TNF-� mRNA (E), and the accumulation of NF-�B/p65 at the
promoter of TNF-� (F). Data are mean � S.D. (n � 3–5). *, p � 0.05 versus 0 or
vehicle in saline; #, p � 0.05 versus vehicle in LPS.

FIGURE 2. Role of class I HDAC in TNF-� expression. Cardiomyocytes were
incubated with LPS or saline in combination with apicidin, MC1568, MC1575,
or vehicle. Four hours later, HDAC activity (A), TNF-� mRNA (B), and TNF-�
protein (C) were measured. Data are mean � S.D. (n � 3–5). *, p � 0.05 versus
vehicle in saline or vehicle in LPS; #, p � 0.05 versus vehicle in LPS.
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decreased LPS-induced HDAC activity (Fig. 4, D and E). The
role of c-Src in HDAC activity was also examined by using a
selective Src inhibitor, PP2. Consistently, incubation with PP2
(10 �M) inhibited LPS-induced HDAC activity in cardiomyo-
cytes (Fig. 4F). These results demonstrate that mitochondrial
ROS induces HDAC activity in a c-Src-dependent manner in
LPS-stimulated cardiomyocytes.
To explore the potential signaling mechanisms of c-Src-me-

diated HDAC3 activity, we first measured the protein levels of
HDAC3 in nuclei. AlthoughHDAC3 levels in whole cell lysates
were not altered in response to LPS, LPS treatment significantly
elevated nuclear HDAC3, which was prevented by inhibition of
c-Src with PP2 (Fig. 5A). This result suggests that c-Src activa-
tion increases the nuclear translocation of HDAC3. It has been
shown that I�B degradation promotes translocation of HDAC3
from the cytoplasm to the nucleus (25). In this regard, we also
determined the levels of I�B protein in cardiomyocytes. LPS
reduced the levels of I�B in cardiomyocytes. However, inhibi-
tion of c-Src with PP2 preserved I�B in response to LPS (Fig.
5B). Thus, c-Src activation may induce the nuclear transloca-
tion of HDAC3 through I�B degradation in LPS-stimulated
cardiomyocytes.

Inhibition of c-Src and HDAC3 Promotes p65 Acetylation—
Acetylation of p65 has been suggested to attenuateNF-�B tran-
scriptional activity (26). We therefore investigated the role of
c-Src andHDAC in acetylation of p65 in LPS-induced cardiom-
yocytes. As shown in Fig. 5 (C and D), both c-Src inhibitor PP2
and HDAC inhibitor TSA significantly increased the levels of
acetylated p65. This result suggests that c-Src/HDAC signaling
deacetylates p65, presumably promotingNF-�B transcriptional
activity in cardiomyocytes.
Selective Inhibition of Mitochondrial ROS Reduces TNF-�

Biosynthesis in Response to LPS—To investigate the functional
link between mitochondrial ROS and TNF-� biosynthesis, we
analyzed the effect of SS31 and SOD2 on TNF-� production in
LPS-stimulated cardiomyocytes. Incubation with SS31 or over-
expression of SOD2 significantly reducedTNF-� production in
response to LPS, which was mirrored by a reduction in ROS

FIGURE 3. Contribution of HDAC3 to TNF-� expression in LPS-stimulated
cardiomyocytes. Cardiomyocytes were transfected with siRNA against
HDAC1, -2, or -3 or control siRNA for 24 h and then exposed to LPS for 4 h. A–D,
effects of HDAC3 siRNA. Transfection of HDAC3 siRNA down-regulated
HDAC3 protein (A), decreased HDAC activity (B), and reduced TNF-� mRNA (C)
and TNF-� protein (D). E and F, effects of HDAC1 and -2 siRNA. Knockdown of
HDAC1 and -2 was confirmed by down-regulation of their mRNA levels (E1
and E2). The TNF-� mRNA levels were not altered by knockdown of HDAC1 or
-2 (F). Data are mean � S.D. (n � 3–5). *, p � 0.05 versus vehicle in saline or
control siRNA; #, p � 0.05 versus vehicle in LPS.

FIGURE 4. Role of the mitochondrial ROS/c-Src pathway in HDAC activity.
A, cardiomyocytes were infected with Ad-SOD2 or Ad-�-galactosidase and
followed by LPS. Four hours later, HDAC activity was measured. B, cardiom-
yocytes were incubated with LPS alone or in combination with SS31, rote-
none, or vehicle for 4 h, and HDAC activity was determined. C, cardiomyocytes
were incubated with LPS in the presence of rotenone or vehicle for 4 h, and
phosphorylated c-Src (Tyr-418) was determined by Western blot analysis. The
upper panel is the representative Western blot for c-Src phosphorylation, and
the lower panel is the quantification of phosphorylated c-Src relative to
GAPDH. D, knockdown of c-Src by siRNA. Cardiomyocytes were transfected
with c-Src siRNA or control siRNA for 24 h. A representative Western blot for
down-regulation of c-Src protein by siRNA is presented. E and F, inhibition of
c-Src by siRNA or pharmacological inhibitor PP2 blocks LPS-induced HDAC
activity in cardiomyocytes. Data are mean � S.D. (n � 3–5). *, p � 0.05 versus
Ad-�-galactosidase in saline, vehicle in saline, or control siRNA in saline; #, p �
0.05 versus Ad-�-galactosidase in saline, vehicle in LPS, or control siRNA in
LPS.
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production (Fig. 6, A and C). Mitochondrially targeted antioxi-
dants also down-regulated TNF-�mRNAaccumulation (Fig. 6,
B and D) and the accumulation of NF-�B/p65 at the promoter
ofTNF-� (Fig. 6,E andF). These results demonstrate that selec-
tively blocking mitochondrial ROS down-regulates TNF-�
expression in LPS-stimulated cardiomyocytes.
To identify the source of mitochondrial ROS in regulation of

TNF-� expression, we analyzed the ability of cardiomyocytes to
produce TNF-� in culture conditions affecting mitochondrial
ROS generation. Because mitochondrial respiratory chain
complexes I and III are the major sites for superoxide genera-
tion (27), we incubated cardiomyocytes with LPS alone or in
combinationwith rotenone or antimycinA, inhibitors formito-
chondrial respiratory chain complex I or III, respectively. Co-
incubation with rotenone attenuated whereas antimycin A
slightly enhanced the capacity to produceTNF-� in response to
LPS, which paralleled the changes in ROS production (Fig. 7, A
and B). This result suggests that ROS frommitochondrial com-
plex I contribute to TNF-� expression. To further confirm the
contribution ofmitochondrial ROS, we overexpressedUCP2 in

cardiomyocytes by infectionwithAd-UCP2 and then incubated
these cells with LPS for 4 h. UCP2 has been shown to limit
mitochondrial ROS production by decreasing the mitochon-
drial membrane potential (28, 29). Consistent with these previ-
ous reports, overexpression of UCP2 reduced ROS production
induced by LPS (Fig. 7C). Similarly, TNF-� mRNA and protein
were significantly decreased in Ad-UCP2- compared with
Ad-�-galactosidase-infected cardiomyocytes (Fig. 7, C and D).
Thus, these data further support the fact that mitochondrial
ROS promote TNF-� expression in response to LPS.
c-Src Signaling Induces LPS-stimulated TNF-� Expression—

Having shown that mitochondrial ROS promoted TNF-�
expression and induced HDAC activation via c-Src signaling,
we hypothesized that c-Src activationmediated TNF-� biosyn-
thesis in LPS-stimulated cardiomyocytes. In support of this
hypothesis, knockdown of c-Src by siRNAor inhibition of c-Src
by PP2 significantly reduced TNF-� mRNA and production in
response to LPS (Fig. 8, A–D).

DISCUSSION

The major findings of this study are that LPS induces
HDAC3 activation via mitochondrial ROS and c-Src signaling
and that inhibition of HDAC3 suppresses TNF-� expression,

FIGURE 5. Role of c-Src in nuclear translocation of HDAC3 and I�B degra-
dation. A and B, cardiomyocytes were incubated with saline or LPS in the
presence of PP2 or vehicle (Veh). Four hours later, nuclei were isolated from
cardiomyocytes. HDAC3 protein was determined in isolated nuclei and whole
cell lysates by Western blot analysis. Histone 2A (A2) and GAPDH (A1) were
measured as load controls for nuclear and whole cell HDAC3, respectively.
The protein levels of I�B were also measured by Western blot analysis. Whole
cell HDAC3 is shown in A1. Upper panels are the representative Western blots
from three to five different experiments for nuclear HDAC3 (A2) and I�B pro-
tein (B), and lower panels are the quantification of the ratios of HDAC3 to
histone 2A (A2) and I�B to GAPDH (B). C and D, role of c-Src and HDAC3 in p65
acetylation. Cardiomyocytes were incubated with saline or LPS in the pres-
ence of PP2, TSA, or vehicle for 4 h. Western blotting was performed to ana-
lyze the effect of PP2 (C) and TSA (D) on acetylated p65. Upper panels are the
representative Western blots from three to five different experiments for
acetylated p65, and lower panels are the quantification of the ratio of acety-
lated p65 to GAPDH (C and D). Data are mean � S.D. (n � 3–5). *, p � 0.05
versus vehicle in saline; #, p � 0.05 vehicle in LPS.

FIGURE 6. Effects of mitochondrially targeted antioxidants on TNF-�
expression, NF-�B/p65 accumulation, and ROS production. Cardiomyo-
cytes were infected with Ad-SOD2 or Ad-�-galactosidase for 24 h and then
exposed to LPS for 4 h. In a separate experiment, cardiomyocytes were incu-
bated with SS31 or SS20 for 15 min, followed by LPS for 4 h. A and C, TNF-�
protein in culture medium and ROS production in cardiomyocytes were mea-
sured. B and D, TNF-� mRNA was quantified by real-time reverse transcrip-
tion-PCR. E and F, chromatin immunoprecipitation assay was performed to
determine the accumulation of NF-�B/p65 at the TNF-� promoter. Data are
mean � S.D. (n � 3–5). *, p � 0.05 versus Ad-�-galactosidase in saline or SS20
in saline; #, p � 0.05 versus Ad-�-galactosidase in LPS or SS20 in LPS.

Regulation of TNF-� by HDAC3

MARCH 26, 2010 • VOLUME 285 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 9433



suggesting an important role of HDAC3 in regulation of LPS-
induced TNF-� expression. Selective inhibition of mitochon-
drial ROS or c-Src attenuates TNF-� expression in cardiomyo-
cytes during LPS stimulation. Thus, our study demonstrates
a novel signaling mechanism by which LPS induces TNF-�
expression in cardiomyocytes.
Role of HDAC3 in LPS-induced TNF-� Expression—HDAC

activation is an important mechanism in regulation of gene
transcription. However, it has never been shown whether
HDAC plays a role in LPS-induced TNF-� expression in car-
diomyocytes. Our study aimed to investigate the role of
HDAC in LPS-induced TNF-� expression in cardiomyocytes.
Using cultured cardiomyocytes, we demonstrated the follow-
ing. First, LPS increases HDAC activity. This up-regulation of
HDAC activity is abrogated by a pan-HDAC inhibitor (TSA), a
class I-specific HDAC inhibitor (apicidin), or knockdown of
HDAC3, but not by class II HDAC inhibitors, suggesting that
the increase in HDAC activity results from HDAC3 activation
in LPS-stimulated cardiomyocytes. Second, TSA, apicidin, or
knockdown of HDAC3 inhibits TNF-� expression to the same
extent. Third, inhibition of class II HDAC or knockdown of
HDAC1 and -2 does not alter LPS-stimulated TNF-� expres-

sion. These results provide definite evidence to support the
view thatHDAC3 activation induces TNF-� expression in LPS-
stimulated cardiomyocytes. This is apparently different from
a recent report that demonstrated that HDAC3 activation
repressed TNF-� expression in LPS-stimulated mononuclear
phagocytes (30). It is currently unknown what causes this dis-
crepancy, but it may be due to different cell types used in dif-
ferent studies. Indeed, HDAC inhibitors have been shown to
potentiate TNF-� expression inmicroglial cells (31) but to sup-
press TNF-� expression in cultured human peripheral blood
mononuclear cells and macrophages in response to LPS (32,
33). Thus, the role of HDAC3 in regulation of TNF-� expres-
sion may be cell type-specific.
The molecular mechanisms by which HDAC3 induces

TNF-� expression remain to be determined in LPS-stimulated
cardiomyocytes. Our study shows that inhibition of HDAC
activity reduces the accumulation of NF-�B/p65 at the pro-
moter of TNF-� during LPS stimulation, suggesting that
NF-�Bmay be a potential downstreampathway of theHDAC3
signaling in regulation of TNF-� expression. Our data further
suggest that HDAC3 may promote NF-�B transcriptional
activity through direct deacetylation of p65 because acetylation
of p65 plays a key role in I�B�-mediated attenuation of NF-�B
transcriptional activity (26). However, this study could not
exclude other mechanisms such as modulation of histone
acetylation and other signaling pathways upstream of NF-�B
(23).
Contribution of Mitochondrial ROS to TNF-� Expression

during LPS Stimulation—ROSproduction bymitochondria has
been shown to play an important role in cardiac pathophysiol-
ogy (34). In this study, we have demonstrated that mitochon-
drial ROS from complex I promote LPS-stimulated TNF-�
expression in cardiomyocytes. This conclusion is supported by

FIGURE 7. Roles of the mitochondrial electron transport chain in TNF-�
expression and ROS production. Cardiomyocytes were infected with Ad-
UCP2 or Ad-�-galactosidase for 24 h and then exposed to LPS for 4 h or
incubated with LPS in combination with rotenone, antimycin A, or vehicle for
4 h. A and C, TNF-� protein in culture medium and ROS production in car-
diomyocytes were measured. B and D, TNF-� mRNA was quantified by real-
time reverse transcription-PCR. Data are mean � S.D. (n � 3–5). *, p � 0.05
versus Ad-�-galactosidase in saline or vehicle in saline; #, p � 0.05 versus
Ad-�-galactosidase in LPS or vehicle in LPS.

FIGURE 8. Role of c-Src in TNF-� expression during LPS stimulation. A and
B, cardiomyocytes were transfected with c-Src siRNA or control siRNA for 24 h
and then exposed to LPS for 4 h. TNF-� mRNA in cardiomyocytes (A) and
TNF-� protein in culture medium (B) were measured. C and D, cardiomyocytes
were incubated with LPS in combination with PP2 or vehicle for 4 h, and
TNF-� mRNA (C) and TNF-� protein (D) were quantified. Data are mean � S.D.
(n � 3–5). *, p � 0.05 versus vehicle in LPS or control siRNA in LPS.

Regulation of TNF-� by HDAC3

9434 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 13 • MARCH 26, 2010



the following lines of evidence. First, overexpression of SOD2
or incubation with SS31 reduces LPS-induced ROS and TNF-�
production. SOD2 and SS31 per se may also inhibit cytosolic
ROS, which have been suggested to contribute to TNF-� ex-
pression in LPS-stimulated cardiomyocytes (35, 36). However,
SOD2 and SS31 are predominantly present in mitochondria
(12, 21), and thus, the possible inhibitory effect of SOD2 and
SS31 on cytosolic ROS is negligible in this study. Second, over-
expression of UCP2 inhibits ROS and TNF-� production in
LPS-stimulated cardiomyocytes. Third, rotenone but not anti-
mycin A down-regulates ROS and TNF-� production induced
by LPS, supporting an important role of mitochondrial respira-
tory chain complex I.
This study further shows that blocking mitochondrial ROS

decreases the recruitment of NF-�B/p65 at the promoter of
TNF-� during LPS stimulation, suggesting that mitochondrial
ROS-promoted TNF-� expression may be related to the NF-
�B/p65-dependent pathway because NF-�B activation is an
important mechanism in mediating TNF-� expression in
response to LPS. Mitochondrial ROS-induced NF-�B activa-
tion has also been suggested in cancer cells under hypoxia (37).
Thus, NF-�B may represent an important mechanism that
mediates the cross-talk of mitochondria to nuclei.
It is worthwhile to mention that selective inhibition of

mitochondrial ROS attenuates but does not abrogate cellular
ROS production and TNF-� expression induced by LPS, sug-
gesting that additional ROS-related pathways may be involved
in regulation ofTNF-� expression. Indeed,NAD(P)Hoxidase is
another important source of ROS in cardiomyocytes, which has
been demonstrated to contribute to LPS-stimulated TNF-�
expression in cardiomyocytes (36). Both mitochondria and
NAD(P)H oxidase have been suggested to cross-talk to each
other in producing ROS (38, 39). However, whether such cross-
talk is operative in regulation of ROS production and conse-
quent TNF-� expression in cardiomyocytes during LPS stimu-
lation merits future studies.
Mitochondrial ROS in HDAC3 Activation during LPS

Stimulation—Another important finding of this study is that
blocking mitochondrial ROS inhibits HDAC3 activation in
LPS-stimulated cardiomyocytes. This suggests that mito-
chondrial ROS are important signals in HDAC3 activation in
response to LPS. However, the involved signaling pathways
remain not fully understood. It has been shown that mitochon-
drial ROS induce c-Src activation during hypoxia (22, 37). In
agreementwith those previous reports, this study demonstrates
that LPS induces c-Src activation, which is blocked by selective
inhibition of mitochondrial ROS in cardiomyocytes. Further-
more, blocking c-Src inhibits LPS-induced TNF-� expression.
Thus, mitochondrial ROS-promoted TNF-� is mediated
through c-Src activation. A recent study has suggested that
c-Src signaling may directly activate HDAC3 and increase the
nuclear translocation ofHDAC3 (24). c-Src can also induce I�B
phosphorylation and degradation, which promote localization
of HDAC3 from the cytoplasm to the nucleus (25). In this
regard, our study shows that blocking c-Src signaling either by
knockdown of c-Src or by using the pharmacological inhibitor
PP2 abrogates the increase in HDAC3 activity and the protein
levels of nuclear HDAC3 in cardiomyocytes during LPS stimu-

lation. These results support the role of c-Src in HDAC3 acti-
vation. Thus, it is likely that mitochondrial ROS activate c-Src,
which may be present in mitochondria (40). c-Src then induces
HDAC3nuclear translocation and activation, leading toTNF-�
expression in cardiomyocytes during LPS stimulation.
In summary, this study demonstrates for the first time that

activation of HDAC3 and mitochondrial ROS promote LPS-
stimulated TNF-� expression in cardiomyocytes. Moreover,
mitochondrial ROS induces HDAC3 activation through
c-Src signaling in LPS-stimulated cardiomyocytes. These
findings provide a novel pathway in which LPS viamitochon-
drial ROS/c-Src/HDAC3 pathways produces TNF-� expres-
sion in cardiomyocytes.
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