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Oxidative stress plays a pivotal role in chronic heart failure.
SIRT1, an NAD�-dependent histone/protein deacetylase, pro-
motes cell survival under oxidative stress when it is expressed in
the nucleus. However, adult cardiomyocytes predominantly
express SIRT1 in the cytoplasm, and its function has not been
elucidated.Thepurposeof this studywas to investigate the func-
tional role of SIRT1 in the heart and the potential use of SIRT1
in therapy for heart failure. We investigated the subcellular
localization of SIRT1 in cardiomyocytes and its impact on cell
survival. SIRT1 accumulated in the nucleus of cardiomyocytes
in the failing hearts of TO-2 hamsters, postmyocardial infarc-
tion rats, and a dilated cardiomyopathy patient but not in con-
trol healthy hearts. Nuclear but not cytoplasmic SIRT1-induced
manganese superoxide dismutase (Mn-SOD), whichwas further
enhanced by resveratrol, and increased the resistance of C2C12
myoblasts to oxidative stress. Resveratrol’s enhancement ofMn-
SOD levels depended on the level of nuclear SIRT1, and it sup-
pressed the cell death induced by antimycin A or angiotensin II.
The cell-protective effects of nuclear SIRT1 or resveratrol were
canceled by theMn-SOD small interfering RNA or SIRT1 small
interfering RNA. The oral administration of resveratrol to TO-2
hamsters increased Mn-SOD levels in cardiomyocytes, sup-
pressed fibrosis, preserved cardiac function, and significantly
improved survival. Thus, Mn-SOD induced by resveratrol via
nuclear SIRT1 reduced oxidative stress and participated in car-
diomyocyte protection. SIRT1 activators such as resveratrol
could be novel therapeutic tools for the treatment of chronic
heart failure.

Heart failure arises as a consequence of various heart dis-
eases, including myocardial infarction, hypertension, and idio-

pathic dilated cardiomyopathy (DCM).2 The death of cardiom-
yocytes and the consequent maladaptive changes in the
remaining myocytes and extracellular matrix induce the
clinical manifestation of heart failure (1). Over the past 20
years, the arsenal of treatments available for heart failure has
increased considerably, with the introduction of � blockers,
angiotensin-converting enzyme inhibitors, angiotensin II type
1 receptor blockers, aldosterone antagonists, and nonpharma-
cological therapies including cardiac resynchronization ther-
apy (2). However, even with the very best current therapy, the
annual mortality rate among patients with heart failure is still
�10% (3).
The mitochondrial electron transport chain is the main

source of reactive oxygen species (ROS) inmost cells (4). Hearts
consume large amounts of O2 and yield high levels of ROS (5).
Various factors, including angiotensin II and tumor necrosis
factor-�, also induce ROS formation, leading to cardiomyocyte
death and heart failure (5). Superoxide dismutase (SOD) has a
pivotal role in the detoxification of ROS. SOD catalyzes the
dismutation of superoxide into oxygen and hydrogen peroxide,
which in turn is reduced to water by catalase and glutathione
peroxidase (5). Three isoforms of SOD have been identified in
mammals: copper-zinc SOD (Cu,Zn-SOD, SOD1), manganese
SOD (Mn-SOD, SOD2), and extracellular SOD (SOD3). Al-
though cytoplasmic Cu,Zn-SOD knock-out mice (6) and extra-
cellular SOD knock-out mice (7) lack a deleterious heart phe-
notype, mice deficient in mitochondrial Mn-SOD have an
enlarged heart with endocardial fibrosis, a typical phenotype of
DCM, and die within the first 10 days of life (8). Patients with
hemochromatosis, in which iron overload induces robust oxi-
dative stress, have a significantly higher prevalence of cardiom-
yopathy if they have a mutation in theMn-SOD gene that leads
to reduced enzymatic activity (9). Adriamycin increases ROS
and induces cardiomyocyte death. However, the cardiotoxicity
from adriamycin is less severe in transgenic mice expressing
high levels of Mn-SOD than in nontransgenic mice (10).
Recently, the FOXO3a (forkhead box O transcription factor
3a)-dependent induction of Mn-SOD by SIRT3, a Sir2 ortho-
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logue, was reported to block cardiac hypertrophy (11). Thus, an
increase inMn-SOD levelsmay provide a prognostic advantage
for heart failure patients.
SIRT1, an NAD�-dependent protein/histone deacetylase,

is one of the mammalian orthologues of yeast Sir2 (12, 13).
SIRT1 deacetylates and activates peroxisome proliferator-ac-
tivated receptor � coactivator-1� (PGC-1�), a transcriptional
coactivator, resulting in the induction of gluconeogenesis (14)
andmitochondrial oxidative phosphorylation (15). PGC-1�has
been reported to induceMn-SOD expression (16). SIRT1 plays
an important role in development, and SIRT1-deficient mice
exhibit severe developmental abnormalities, such as a small
body, heart defects, and exencephaly, and they only infre-
quently survive postnatally (17, 18). SIRT1 is a nucleocytoplas-
mic shuttling protein (19, 20). Its nuclear translocation induces
neuronal differentiation in neural precursor cells (20). SIRT1 is
also involved in cell survival. It binds and inhibits the tumor
suppressor p53 and thereby represses apoptosis induced by
DNA damage and oxidative stress (12, 13). SIRT1 deacetylates
and inhibits poly(ADP-ribose) polymerase-1, an NAD�-
dependent enzyme that contributes to caspase-independent
myocyte death in failing hearts (21). Consistent with these find-
ings, mild to moderate heart-specific overexpression of SIRT1
in transgenicmice improves the resistance of the heart to stress
(22). Moreover, SIRT1 deacetylates and activates the FOXOs
under oxidative stress, thereby inducing Mn-SOD expression
(23).
SIRT1 is predominantly expressed in the cytoplasm in adult

cardiomyocytes (19), but its nuclear localization is necessary for
it to regulate gene expression. Cytoplasmic SIRT1may serve as
a reservoir for nuclear SIRT1; it may be translocated into the
nucleus on demand in some pathological conditions. In this
study, we investigated the subcellular localization of SIRT1 in
failing hearts.

EXPERIMENTAL PROCEDURES

Transfection—This study was approved by the Human and
Animal Research Ethics Committees, SapporoMedical Univer-
sity. Transient transfection was performed using a Nucleofec-
tor kit (Amaxa). siRNAs (100 nmol/liter) were transfected twice
into C2C12 cells with an interval of 24 h, with or without the
simultaneous transfection of EGFP-fused plasmids. Twenty-
four h after the second introduction of siRNA and/or plasmids,
the cells were treated with resveratrol (40 or 100 �mol/liter) or
vehicle for 12 h and then exposed to antimycin A for 8 h (20 or
100 �mol/liter) or angiotensin II (100 �mol/liter) for 12 h to
induce oxidative stress. For each gene, we purchased three dif-
ferent siRNAs (B-Bridge, see supplementalMethods), whichwe
used as a mixture (100 nmol/liter) to knock down expression
efficiently. In experiments examining the effect of resveratrol
on acetyl-H3 levels, the cells were treated with 50 nmol/liter
tricostatin A for 24 h before harvesting. Tomeasure ROS levels,
the cells were incubated with 7 �M dichlorofluorescein diac-
etate added to the culture medium for 10 min at 37 °C, washed
twice with phosphate-buffered saline, and then examined by
confocal microscopy (Bio-Rad Radiance 2100MP).
Immunostaining—Human heart specimens were obtained at

autopsy from a patient who died of New York Heart Associa-

tion class IV heart failure due to DCM at Sapporo Medical
University Hospital. Immunostaining was carried out as
described previously (19). Five sections separated by at least 50
�m from each other were analyzed. For the analysis of hamster
hearts, immunostained areas from 10 separate sections per
heart from four hamsters in each group were compared. The
amount of nuclear SIRT1, fibrosis, and MnSOD protein levels
were quantified as described in supplemental Methods.
Hamsters and Diet—Male 4-week-old TO-2 and control

golden hamsters were purchased from Bio Breeders, individu-
ally housed, and fed a standard control diet (Oriental Yeast,
Tokyo) ad libitum. At 6 weeks of age, the TO-2 and golden
hamsters were randomly assigned to one of two groups: control
groups receiving the control diet and resveratrol-treated
groups receiving control diet supplemented with resveratrol (4
g/kg control diet).
Statistical Analysis—Results are presented as means � S.E.

Differences were tested by an unpaired t test and analysis of
variance. When the overall analysis of variance indicated a sig-
nificant difference, multiple comparisons were conducted by
the Student-Newman-Keuls post hoc test. Survival rates were
monitored and compared using the Kaplan-Meier survival
analysis and the log-rank test. A p value of �0.05 was consid-
ered significant.

RESULTS

The subcellular localization of SIRT1 was examined in the
heart of TO-2 hamsters, which have a genetic defect in the
�-sarcoglycan gene and spontaneously develop DCM (24).
The expression levels of nuclear SIRT1 in the cardiomyo-
cytes fromTO-2 hamsters with DCMweremuch higher than
in control hearts (Fig. 1A). Quantitative analysis of immuno-
stained sections revealed that the amount of nuclear SIRT1
in failing hearts significantly increased, by 370 and 209%,
respectively, compared with its level in the hearts of control
hamsters and young TO-2 hamsters that had not yet devel-
oped heart failure (Fig. 1A). Furthermore, an exclusively
nuclear expression of SIRT1 was observed in 3.2% of car-
diomyocytes in the failing hearts of TO-2 hamsters (n �
3,000, supplemental Fig. 1A). In contrast, this nuclear accu-
mulation of SIRT1 was absent in control and in young TO-2
hamsters (n � 3,000 each). In rats, 4 weeks after myocardial
infarction, the cardiomyocytes also showed the nuclear
accumulation of SIRT1. The expression levels of nuclear
SIRT1 in rat hearts after myocardial infarction were twice as
high as in sham-operated hearts (n � 4,000 each, Fig. 1B)
with 7.0% of cardiomyocytes expressing SIRT1 exclusively in
the nucleus (n � 4000, supplemental Fig. 1B). We further
examined the heart of a patient who died of New York Heart
Association class IV heart failure due to DCM.Western blot-
ting showed that the failing heart expressed SIRT1 at a sim-
ilar level to a control heart (supplemental Fig. 1C). Quanti-
tative analysis showed a 2.1-fold increase in the intensity of
nuclear SIRT1 immunostaining in the DCM heart compared
with the control heart (n � 4,000 each, Fig. 1C). In the failing
heart, 1.7% of the cardiomyocytes expressed SIRT1 only in
the nucleus (n � 4,000), whereas SIRT1 was diffusely distrib-
uted in the control heart (Fig. 1C). Thus, significantly higher
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levels of SIRT1 were expressed in
the nucleus of cardiomyocytes in
three different models of failing
hearts compared with control
hearts.
To clarify the functional role

of nuclear SIRT1, C2C12 myoblast
cells were transfected with expres-
sion constructs for nucleus-directed
(SIRT1-EGFP), cytoplasm-directed
(mtNLS-EGFP), or dominant-neg-
ative (H355Y-EGFP) SIRT1 (19).
The cells were then exposed to
antimycin A, which inhibits com-
plex III of the mitochondrial elec-
tron transport chain and increases
superoxide production. The over-
expression of SIRT1-EGFP mark-
edly reduced the number of apopto-
tic cells (Fig. 2A and supplemental
Fig. 2A) and the LDH activity in
the culture medium (Fig. 2A),
compared with the overexpression
of EGFP alone. The overexpres-
sion of nuclear SIRT1 also reduced
the number of cells showing
necrotic features, i.e. the breakdown
of the cytoplasmic and nuclear
membranes (supplemental Fig. 2, B
and C). However, in cells overex-

FIGURE 1. Nuclear expression of SIRT1 in failing hearts. Left ventricular sections were stained with an anti-SIRT1 antibody (green), phalloidin-TRITC (actin, red), and
Hoechst 33342 (nucleus, blue). A, representative immunostainings of 35-week-old TO-2 hamsters suffering from severe heart failure, control golden hamsters, and
12-week-old TO-2 hamsters that had not yet developed heart failure. B, non-necrotic, viable areas of rat hearts were analyzed 4 weeks after myocardial infarction (MI)
or a sham operation (Sham). C, immunostaining of left ventricular muscles from a DCM patient and a patient without heart disease. In the bottom panels, quantitative
analyses of the level of nuclear SIRT1 relative to that of cytoplasmic SIRT1 are shown. *, p � 0.05 versus age-matched (35-week-old) golden hamsters, sham-operated
rats, or control patient. †, p � 0.05 versus young (12-week-old) TO-2 hamsters that had not yet developed heart failure; W, weeks.

FIGURE 2. An indispensable role of Mn-SOD for the cell-protective function of nuclear SIRT1. C2C12 cells
expressing EGFP, SIRT1-EGFP (nuclear SIRT1), mtNLS-EGFP (cytoplasmic SIRT1), or H355Y-EGFP (dominant-
negative SIRT1) were exposed to 100 �mol/liter Ant A for 8 h. A, the percentage of TUNEL-positive cells in
EGFP-positive cells and LDH activity in the culture medium from four separate series of experiments are shown.
B, representative immunoblots of C2C12 cells overexpressing each plasmid and quantitative analyses of the
Mn-SOD expression. C, C2C12 cells expressing EGFP or SIRT1-EGFP were transfected with control siRNA or
Mn-SOD siRNA and then exposed to 20 �mol/liter Ant A for 8 h. The percentage of EGFP-positive cells that were
TUNEL-positive and the LDH activity in the culture medium from four separate series of experiments are
shown. *, p � 0.05 versus EGFP-transfected cells. NS, no significant difference; LDH, lactate dehydrogenase;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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pressing mtNLS-EGFP, which bears mutations in two SIRT1
nuclear-localization signals and is therefore restricted to the
cytoplasm (19), the number of apoptotic cells and level of LDH
release were similar to those in the control EGFP-expressing
cells (Fig. 2A). The overexpressed dominant-negative SIRT1
(H355Y-EGFP) also failed to suppress the antimycinA-induced
cell death despite its nuclear localization (Fig. 2A and supple-
mental Fig. 2, A–C), demonstrating that the cytoprotective
function of nuclear SIRT1-EGFP required the enzymatic activ-
ity of SIRT1.
SIRT1 activates FOXOs and PGC-1� (14, 25, 26), both of

which up-regulateMn-SOD (16, 23).Nuclear SIRT1may there-
fore induce Mn-SOD expression. Indeed, a Western blot anal-
ysis showed that SIRT1-EGFP significantly increasedMn-SOD
(Fig. 2B). On the other hand, catalase and glutathione peroxi-
dase, which also participate in the detoxification of ROS, were
not increased by SIRT1-EGFP (Fig. 2B). Immunostaining also
showed that the expression levels of Mn-SOD increased in the
C2C12 cells overexpressing SIRT1-EGFP, but not in cells over-
expressing EGFP, mtNLS-EGFP, or H355Y-EGFP (supplemen-
tal Fig. 2D).
To examine the function of Mn-SOD, we used Mn-SOD

siRNA. The expression of MnSOD siRNA reduced the pro-

tein level of Mn-SOD to 25% of
that in control cells (supplemental
Fig. 3A) and did not affect the
deacetylation of histone H3 pro-
moted by the overexpression of
nuclear SIRT1 (supplemental Fig.
3B). The Mn-SOD siRNA substan-
tially enhanced the cell death
induced by 100 �mol/liter antimy-
cin A, in that most cells detached
from the culture dish even in the
presence of nuclear SIRT1 (supple-
mental Fig. 3C). Therefore, we
switched to a lower dose of antimy-
cin A, 20 �mol/liter, which induced
only negligible cell death in the
absence of Mn-SOD siRNA (Fig.
2C). When Mn-SOD siRNA was
expressed, the overexpression of
SIRT1-EGFP inhibited neither the
apoptosis nor the increase in LDH
release induced by antimycinA (Fig.
2C and supplemental Fig. 3D).
Thus, the cell-protective function of
nuclear SIRT1 required Mn-SOD.
Resveratrol, a well known antiox-

idant, is a potent activator of SIRT1
(27). We next examined whether
SIRT1 is involved in the antioxida-
tive and cell-protective functions
of resveratrol. Resveratrol signifi-
cantly attenuated the increase in
ROS levels induced by antimycin A
(Fig. 3A and supplemental Fig. 4)
and angiotensin II (supplemental

Fig. 4), as shown by the significantly lower level of dichlorofluo-
rescein staining. The knockdown of SIRT1 by siRNA (supple-
mental Fig. 5) completely inhibited the decrease in ROS levels by
resveratrol in C2C12 cells (Fig. 3A), indicating that the antioxi-
dative function of resveratrol depends on SIRT1. SIRT1 is
known to deacetylate histone H3. Resveratrol promoted the
deacetylation of histone H3 in C2C12 cells and neonatal rat
ventricular myocytes (NRVMs, supplemental Fig. 6, A and B),
and this deacetylation was blocked by SIRT1 siRNA (supple-
mental Fig. 6C). Resveratrol significantly suppressed the
apoptosis of NRVMs induced by antimycin A (Fig. 3B) and by
angiotensin II (Fig. 3C). The expression of SIRT1 siRNA
abolished the antiapoptotic function of resveratrol in
NRVMs (Fig. 3D and supplemental Fig. 7A) and C2C12 cells
(supplemental Fig. 7B). Thus, both the antioxidative and
antiapoptotic functions of resveratrol completely depended
on SIRT1 in these experimental conditions.
Resveratrolmay induceMn-SODvia the activation of SIRT1.

Indeed, resveratrol significantly increased the mRNA and pro-
tein levels of Mn-SOD in NRVMs (Fig. 4A and supplemental
Fig. 8). Nicotinamide, an SIRT1 inhibitor, suppressed the res-
veratrol-mediated increase in Mn-SOD mRNA and, in fact,
reduced its expression to levels below that of the control cells

FIGURE 3. Resveratrol inhibits oxidative stress-induced cell death via SIRT1 in vitro. A, SIRT1 siRNA inhibits
the antioxidative function of resveratrol (RSV). C2C12 cells expressing SIRT1 siRNA or control siRNA were
pretreated with RSV or vehicle for 4 h and then exposed to 100 �mol/liter Ant A for 3 h. Representative images
of dichlorofluorescein fluorescence and quantitative analyses of the fluorescence intensity are shown. B and C,
NRVMs were pretreated with RSV or vehicle for 4 h and then exposed to 100 �mol/liter antimycin A for 8 h (B)
or angiotensin II (Ang II) for 12 h (C). Representative immunostaining images and the percentage of TUNEL-
positive cells are shown. D, SIRT1 siRNA inhibits the antiapoptotic function of RSV. NRVMs expressing SIRT1
siRNA or control siRNA were pretreated with RSV or vehicle for 4 h and then exposed to Ant A for 8 h. The
percentages of TUNEL-positive cells are shown. †, p � 0.05 versus untreated cells; *, p � 0.05 versus cells
exposed to Ant A or angiotensin II in the absence of RSV; NS, no significant difference; DCF,
2�,7�-dichlorofluorescein.
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(Fig. 4A). In addition, theMn-SOD siRNAblocked resveratrol’s
reduction of the ROS levels (Fig. 4B) and inhibition of apoptosis
(Fig. 4C). Resveratrol had no effect on either the expression
level of SIRT1 (Fig. 4D and supplemental Fig. 9) or its subcellu-
lar localization (supplemental Fig. 9). Because nuclear but not
cytoplasmic SIRT1 induced Mn-SOD expression (Fig. 2B), the
expression levels of nuclear SIRT1 are likely to determine the
levels ofMn-SOD induced by resveratrol. In fact, the treatment
of C2C12 cells overexpressing nuclear SIRT1 with resveratrol
further enhanced the already elevatedMn-SOD levels (Fig. 4D).
Moreover, the overexpression of cytoplasmic SIRT1 did not
affect theMn-SOD levels, and resveratrol induced similar levels
of Mn-SOD regardless of the presence or absence of cytoplas-
mic SIRT (Fig. 4D). These results indicated that resveratrol
decreased ROS and promoted cell survival via Mn-SOD induc-
tion, and this protection was strongly influenced by the expres-
sion levels of nuclear SIRT1.
Because the cardiomyocytes of failing hearts express nuclear

SIRT1, resveratrol may have a more potent effect on failing
hearts than on healthy ones. Resveratrol was orally adminis-

tered to control golden hamsters
and TO-2 hamsters from the age of
6 weeks. The average daily caloric
intake of the animals was not
affected by the administration of
resveratrol (supplemental Fig. 10A).
At the age of 30weeks, we examined
the cardiac function of control and
TO-2 hamsters. Ventricular wall
motion was severely impaired in
TO-2 hamsters fed the control diet,
but the impairment was signifi-
cantly less pronounced in the ani-
mals treated with resveratrol (Fig.
5A). The administration of res-
veratrol attenuated the deteriora-
tion of cardiac function in TO-2
hamsters, as revealed by their sig-
nificantly higher left ventricular
ejection fraction (LVEF) (34.4 �
2.2% versus 27.9 � 1.6%, n � 15
each) and fractional shortening
(17.3 � 1.1% versus 12.7 � 0.8%,
n � 15 each) compared with those
of the TO-2 hamsters fed the con-
trol diet (Fig. 5A). Resveratrol did
not affect the cardiac wall motion
or function in control golden ham-
sters (Fig. 5A), and it did not affect
the heart rate in either the golden
hamsters (371 � 5 versus 371 � 8)
or the TO-2 hamsters (381 � 5
versus 387 � 6).
The hearts of control TO-2 ham-

sters at the age of 35 weeks showed
spherical ventricles and enlarged
atria with an increased heart weight
to body weight ratio. These mor-

phological features of heart failure were less evident in TO-2
hamsters treatedwith resveratrol (Fig. 5B), whose heartweights
were significantly lower than those of the control TO-2 ham-
sters (Fig. 5C). The administration of resveratrol significantly
attenuated the loss of cardiomyocytes and the development of
interstitial fibrosis (Fig. 6A). It also alleviated the up-regulation
of B-type natriuretic peptide (an index of the severity of heart
failure) mRNA in the cardiomyocytes of 35-week-old TO-2
hamsters (Fig. 6B). Resveratrol affected neither the expression
levels of SIRT1 nor its subcellular localization in the heart (data
not shown). The levels of acetyl-histone H3 in the hearts of
resveratrol-fed TO-2 hamsters were significantly lower than in
control hamsters (supplemental Fig. 10B), suggesting that the
cardiac SIRT1 of the TO-2 hamsters was activated by the oral
administration of resveratrol. Resveratrol increased the Mn-
SOD mRNA levels by �2-fold in the left ventricles of TO-2
hamsters compared with the levels in TO-2 hamsters fed the
control diet (Fig. 6C). Immunohistochemical examinations also
showed an increase in theMn-SOD levels in the hearts of TO-2
hamsters fed resveratrol (Fig. 6C).

FIGURE 4. Resveratrol up-regulates Mn-SOD through nuclear SIRT1 in vitro. A, RSV (100 �mol/liter) up-regu-
lated both Mn-SOD mRNA (left panel) and protein (right panel), and nicotinamide (NAM) (5 mmol/liter), an SIRT1
inhibitor, canceled the effect of RSV and further reduced the expression levels of Mn-SOD in NRVMs (left panel).
Representative ethidium bromide-stained agarose gel (left panel) and immunoblots (right panel) and the quantita-
tive data from four independent experiments are shown. B and C, Mn-SOD siRNA inhibited the antioxidative and
antiapoptotic functions of RSV. B, representative images and quantification of dichlorofluorescein fluorescence
from four independent series of experiments. Experiments were performed as described in Fig. 3A, except that the
MnSOD siRNA was transfected instead of the SIRT1 siRNA. C, C2C12 cells expressing the MnSOD siRNA or control
siRNA were pretreated with 100 �mol/liter of RSV or vehicle for 4 h and then exposed to 100 �mol/liter Ant A for 8 h.
Representative images and the percentage of apoptotic cells showing nuclear condensation from four indepen-
dent experiments are shown. Nuclei were stained with Hoechst 33342. D, resveratrol further augmented the Mn-
SOD induction by nuclear SIRT1. C2C12 cells expressing EGFP, SIRT1-EGFP (nuclear SIRT1), or mtNLS-EGFP (cytoplas-
mic SIRT1) were treated with 100 �mol/liter resveratrol for 12 h, and then the cells were exposed to 100 �mol/liter
antimycin A for 3 h before being used in the immunoblot analysis. GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; RT, reverse transcription; DCF, 2�,7�-dichlorofluorescein.
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The lifespan of TO-2 hamsters fed resveratrol was signifi-
cantly extended compared with that of the control TO-2 ham-
sters (average lifespan � 318 � 13 versus 287 � 10 days, p �
0.05) (supplemental Fig. 10C). A Cox proportional hazards
regression showed that resveratrol reduced the risk of death in
TO-2hamsters by 59% (Hazard ratio� 0.41,p� 0.03) (Fig. 6D).
Overall, the oral administration of resveratrol suppressed the
progression of heart failure and improved the survival of TO-2
hamsters.

DISCUSSION

Normal adult mouse cardiomyocytes express eight times
more SIRT1 in the cytoplasm than in the nucleus (19). Sim-
ilarly, normal human cardiomyocytes predominantly
expressed SIRT1 in their cytoplasm (Fig. 1C and data not
shown). We found that chronic heart failure induced a
nuclear translocation of SIRT1 in cardiomyocytes. The
nuclear accumulation of SIRT1 is likely to be an adaptive
mechanism of cardiomyocytes against heart failure, as indi-
cated by the potent cell protective effect of nuclear SIRT1
against ROS. Previously, we used the pharmacological inhi-
bition of phosphoinositide 3-kinase (PI3K) to exclude SIRT1
from the nucleus (19) and observed that insulin-like growth
factor 1, an upstream activator of PI3K, dose-dependently
promoted the nuclear localization of SIRT1 in NRVMs (data
not shown). These findings indicate that PI3K is a candidate
for signaling to induce the nuclear localization of SIRT1 in

failing hearts. PI3K is activated in the cardiomyocytes of
hypertrophic and failing hearts (28), and enhanced PI3K
activity prolongs the lifespan of mice with DCM, whereas the
diminished activity of this kinase shortens it by �50% (29).
Therefore, a PI3K-enhanced increase in nuclear SIRT1 levels
may have contributed to the prognostic advantage of the
mice. The expression level of nuclear SIRT1 in the failing
hearts was different from cell to cell (Fig. 1). Because many
cardiomyocytes in failing hearts still express abundant cyto-
plasmic SIRT1, agents that promote the nuclear transloca-
tion of SIRT1may elicit additional cardioprotective function
when combined with resveratrol.
Resveratrol has been proposed to be responsible for the

cardioprotective effects of red wine, invoked by the so-called
French paradox (30). Resveratrol enhances SIRT1 activity by
increasing the affinity of SIRT1 for NAD� and for acetylated
peptides by an allosteric interaction (27) and suppresses the
cell death induced by various oxidative stressors (31). In the
present study, we found that the antioxidative and cell-pro-
tective functions of resveratrol depended on SIRT1 because
SIRT1 siRNA cancelled the resveratrol-mediated decrease in
ROS levels (Fig. 3A) and cell survival (Fig. 3D and supple-
mental Fig. 7B). SIRT1 has been shown to protect cardiom-
yocytes by inhibiting p53 and poly(ADP-ribose) polymer-
ase-1 (21, 31, 32). We showed here that the Mn-SOD
induced by nuclear SIRT1 and resveratrol plays an indispen-

FIGURE 5. Resveratrol attenuated the deterioration of cardiac function and hypertrophy in TO-2 hamsters. A, echocardiography of control golden
hamsters and TO-2 hamsters fed the control or RSV-containing diet (4 g/kg control diet). The left ventricular ejection fraction (LVEF) and fractional shortening
(%FS) of fifteen animals in each group were examined. Representative M-mode left ventricular short axis images (top panels) and statistical analyses (bottom
panels) are shown. B, representative whole heart images of hamsters excised at 6 or 35 weeks of age. Note that the morphological features of heart failure,
including spherical ventricles and enlarged atria, were less evident in the TO-2 hamsters treated with resveratrol, at the age of 35 weeks. C, quantitative analyses
of the heart weight (HW)/body weight (BW) ratio. Note that the increase in HW/BW was significantly suppressed by resveratrol in the TO-2 hamsters. W, week.
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sable role in this protection. Mn-SOD was important for the
decrease in ROS levels (Fig. 4B) and cell survival (Fig. 4C)
promoted by resveratrol and has been shown to protect car-
diomyocytes from oxidative stress and to prevent cardiom-
yopathy (8–10). Together, these findings strongly indicate
that the elevated levels of cardiac Mn-SOD in TO-2 ham-
sters treated with resveratrol (Fig. 6C) plays a significant role
in the cardioprotection and survival of the animals with fail-
ing hearts. The effectiveness of resveratrol’s induction of
Mn-SOD was determined by the expression level of nuclear
SIRT1 (Fig. 4D). Recently, the administration of resveratrol
to healthy mice was shown to increase Mn-SOD expression
in the brain but not the heart (33). We observed that the oral
administration of resveratrol to normal animals with healthy
hearts had little effect on left ventricular function, cardiac
hypertrophy, fibrosis, or B-type natriuretic peptide expres-
sion (Figs. 5 and 6). These findings indicate that resveratrol
has a minimal effect on healthy cardiomyocytes, in which
SIRT1 is predominantly located in the cytoplasm.
The plasma concentration of resveratrol in mice fed 200–

400 mg resveratrol/kg/day was reported to be 44–526 nmol/
liter (15). In the present study, the plasma concentration of
resveratrol was estimated at 30–200 nmol/liter, which was
lower than that used in our in vitro experiments (Figs. 3 and 4).
However, resveratrol significantly decreased the acetyl-histone
H3 levels in the heart of TO-2 hamsters, indicating that the
dose of resveratrol used in the present study was sufficient to

activate SIRT1 in cardiomyocytes
(supplemental Fig. 10B). Previous
experiments showed that resvera-
trol is much more potent when
given orally to animals than when
incubated with cultured cells in
vitro (34, 35). This might be
explained, at least in part, by the tis-
sue accumulation of resveratrol
resulting from its hydrophobicity.
The average daily intake of resvera-
trol by the hamsters was �145
mg/kg of body weight, which corre-
sponds to the daily ingestion of as
much as 9 g in humans. Recently,
small molecule activators of SIRT1
that are 1,000-fold more potent
than resveratrol have been devel-
oped (36). Similar to resveratrol,
these compounds improve insulin
resistance and diabetes in mice and
rats (36). Other SIRT1 activators, as
well as resveratrol, should be con-
sidered for clinical applications.
Current therapies using � block-

ers, angiotensin II type 1 receptor
blockers, angiotensin-converting
enzyme inhibitors, and aldosterone
blockers mainly aim at neurohu-
moral factors that aremaladaptively
activated in failing hearts. Because

these medications neither directly detoxify ROS nor induce
Mn-SOD, the protective function resveratrol for cardiomyo-
cytes is distinct. Thus, a combination regimen that uses SIRT1
activators along with the above-mentioned medications may
turn out to be an improvement on current therapeutic
approaches.
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