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Abstract
Myocardial ischemia followed by reperfusion (I/R) induces irreversible damage to cardiac muscle.
Medical treatment that effectively prevents I/R injury would alleviate the consequent development
of cardiac remodeling and failure. Mechanisms that extend lifespan often make organisms
resistant to stress, and an accumulation of such mechanisms may prevent aging and susceptibility
to age-associated diseases. Sirtuins are a group of molecules involved in longevity and stress
resistance. Stimulation of silent information regulator 1 (Sirt1), the mammalian ortholog of yeast
Sir2 and a member of the sirtuin family, extends the lifespan of mice fed a high fat diet and retards
aging in the heart. Recent evidence suggests that stimulation of Sirt1 mimics ischemic
preconditioning and protects the heart from I/R injury, suggesting an intriguing possibility of
using longevity factors to treat cardiac disease. Here, we discuss the cardioprotective effects of
Sirt1 and possible underlying mechanisms.

Introduction
Myocardial ischemia/reperfusion (I/R) induces irreversible myocardial damage despite
relieving the myocardial ischemia, which in turn leads to cardiac remodeling characterized
by dilation of the left ventricle (LV) and reduced contractility. Despite recent advancement
in thrombolysis and primary percutaneous coronary interventions, which contribute to better
preservation of a viable myocardium in post-myocardial infarction (MI) patients, I/R injury
remains the major cause of heart failure. The mortality rate of post-MI patients after one
year remains over 20%. Minimizing I/R injury would dramatically attenuate cardiac
remodeling and improve the prognosis of patients. Although many interventions alleviating
the extent of myocardial injury in animal models of I/R have been tested in patients, thus far
none of them have exhibited definitive advantages over the control, suggesting that a novel
mechanism of intervention is needed (Yellon and Hausenloy 2007).

Elucidating the mechanisms mediating aging and controlling the lifespan of organisms is an
important theme in modern biology, and some interventions and molecular mechanisms
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affecting the lifespan of animals have already been identified. One such intervention is
caloric restriction (CR), which led to the extension of lifespan and/or the delayed onset of
age-related pathologies in a rodent model (McCay et al. 1989). Several key intracellular
signaling mechanisms critically regulate the lifespan of various organisms (Guarente 2011).
For example, sirtuins play an important role in mediating lifespan extension induced by
nutrient restriction, and stimulation of sirtuins is sufficient to prolong the lifespan of many
organisms, including mice fed a high fat diet (Guarente 2011). Although the underlying
mechanisms through which the reported interventions eventually affect the lifespan of the
organisms remain to be clarified, one well-received hypothesis, termed the “hormesis”
hypothesis, proposes that the longevity mechanisms confer stress resistance, the
accumulation of which extends the lifespan. This raises a possibility that activation of
longevity mechanisms may protect the heart from I/R injury as well.

Sirtuins are mammalian homologs of the silent information regulator 2 protein (Sir2p),
which was initially identified in yeast. Sirtuins consist of a class of proteins that possess
NAD+-dependent deacetylase and mono-ADP-ribosyltransferase activity. While some
prokaryotes lack sirtuins, all eukaryotes encode several sirtuins in their genomes (Imai et al.
2000). Mammals have seven sirtuins (Sirt1-7) distributed in different subcellular
compartments, including the nucleus (Sirt1, −2, −6, and −7), cytoplasm (Sirt1 and Sirt2)
and mitochondria (Sirt3, −4, and −5) (Haigis and Guarente 2006). Sirt1 deacetylates many
transcription factors, including p53, Forkhead box O (FoxO) transcription factors,
peroxisome proliferator-activated receptor γ (PPARγ), liver X receptor (LXR), NF-κB and
BMAL1, as well as nuclear coactivators, including PPARγ coactivator 1α (PGC1α), c-AMP
responsive element binding protein regulated transcription coactivator 2 (CTCR2, also
known as TORC2) and period homolog 2 (PER2). Sirt1 also deacetylates endothelial nitric
oxide synthase (eNOS), serine/threonine kinase 11 (STK11, also known as LKB1), and
histones H1, H3 and H4 (Haigis and Guarente 2006). Sirt1 plays a protective role against
aging and age-related diseases, such as neurodegenerative disease, cardiovascular disease,
osteoporosis, chronic kidney disease and metabolic syndrome (Guarente 2011). Sirtuins
have drawn much of the public’s attention because their activity is stimulated by resveratrol,
a component of red wine seeds (Howitz et al. 2003), and because sirtuins may mediate
longevity (Lombard et al. 2011), although these points are somewhat controversial. We have
shown recently that stimulation of Sirt1 retards aging and inhibits I/R injury in the heart
(Hsu et al. 2010). This raises the possibility that enhancing the activity of a longevity factor
may represent a novel modality of reducing myocardial injury associated with I/R. Here, we
discuss the protective role of Sirt1 in the heart during I/R and the underlying mechanisms
involved.

Regulation of Sirt1 expression and activity
Expression of Sirt1 is increased by stress, such as pressure overload and nutrient starvation,
in the heart (Alcendor et al. 2007; Shinmura et al. 2008). Sirt1 is also upregulated in
response to a locally acting mIGF-1 isoform (Vinciguerra et al. 2009), and after exercise
(Ferrara et al. 2008) and acute ischemic preconditioning (IPC) (Hsu et al. 2010). However,
Sirt1 is downregulated 24 hours after I/R (Hsu et al. 2010). The expression of Sirt1 is
positively and negatively regulated by transcription factors and cofactors. E2F1 is a crucial
activator (Wang et al. 2006), whereas p53, hypermethylated in cancer (HIC), and C-
terminal-binding protein (CtBP), which forms a complex with HIC, are repressors (Chen et
al. 2005; Zhang et al. 2007). FoxO3 induces Sirt1 expression through an interaction with
p53 on the Sirt1 promoter region (Nemoto et al. 2004), and FoxO1 is recruited to the Sirt1
promoter region in a positive feedback manner (Xiong et al. 2011). Sirt1 is also recruited to
both coactivator and corepressor complexes as a cofactor, regulating its own expression by
deacetylating or interacting with certain transcription factors. Hu antigen R (HuR) binds and
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stabilizes Sirt1 mRNA, whereas Sirt1 mRNA is dissociated from HuR and degraded when
HuR is phosphorylated in response to oxidative stress (Abdelmohsen et al. 2007). In
addition, several microRNAs, such as miR-34a, miR-134, miR-195, miR-199a, miR-217
and others, have been reported to regulate Sirt1 expression (Gao et al. 2010; Menghini et al.
2009; Rane et al. 2009; Yamakuchi et al. 2008).

Sirt1 activity is also regulated by post-translational mechanisms, including post-translational
modification and protein-protein interactions. Sirt1 is phosphorylated by the c-Jun N-
terminal kinase 1 (JNK1) and cyclin B/Cdk1, to enhance its deacetylation activity (Nasrin et
al. 2009; Sasaki et al. 2008). On the other hand, serine-specific protease-1 (SENP1)
represses the deacetylation activity of Sirt1 by detaching small ubiquitin-related modifier 1
(SUMO1) (Yang et al. 2007). Active regulator of Sirt1 (AROS) and deleted in breast cancer
1 (DBC1), which bind to Sirt1, are positive and negative regulators of Sirt1, respectively
(Kim et al. 2007; Kim et al. 2008; Zhao et al. 2008). Sirt1 has both nuclear localization
signals and nuclear export signals, suggesting that nucleocytoplasmic shuttling may regulate
the function of Sirt1 (Tanno et al. 2007). Some caspases suppress the activity of Sirt1
through cleavage and degradation (Ohsawa and Miura 2006), while Sirt1 is sumoylated
during IPC, which enhances the activity of Sirt1 in the mouse heart (Nadtochiy et al. 2011a).
Whether the function of Sirt1 is affected by other forms of post-translational modification
and/or protein-protein interaction during I/R is not known.

An enzymatic reaction depends upon the concentration of its substrates and end products.
The intracellular level of nicotinamide adenine dinucleotide (NAD+), which is a substrate of
Sirt1, or the NAD+/NADH ratio, is increased by CR, fasting and exercise. NAD+ is essential
for the deacetylase and mono-ADP-ribosyltransferase activity of Sirt1 (Imai et al. 2000).
Nicotinamide phosphoribosyltransferase (Nampt) catalyzes the transfer of a phosphoribosyl
residue from phosphoribosyl pyrophosphate (PRPP) to nicotinamide, to produce
nicotinamide mononucleotide (NMN), thereby serving as a rate-limiting enzyme in the
mammalian NAD+ salvage pathway (Imai 2011). Interestingly, the protein and mRNA
expression levels of Nampt are reduced by aging and some stresses, including transverse
aortic constriction (TAC) and ischemia/reperfusion (I/R) in the heart (Hsu et al. 2009b).
Overexpression of Nampt in the heart reduces infarct size and apoptosis in response to I/R
(Hsu et al. 2009a). Although downregulation of Nampt impairs glucose tolerance in mice,
administration of NMN partially restores insulin secretion from pancreatic β cells (Revollo
et al. 2007). These results suggest that NMN may be given exogenously to compensate for
decreased NAD+ and Sirt1 activity in the heart. Nampt is also regulated with the circadian
rhythm by clock genes, including aryl hydrocarbon receptor nuclear translocator-like 1
(ARNTL1, also known as BMAL1) and PER2, via Sirt1-mediated deacetylation (Asher et
al. 2008; Nakahata et al. 2008; Ramsey et al. 2009). It is possible that the circadian
oscillation in Nampt expression may contribute to the known circadian oscillation in
ischemic susceptibility in coronary artery disease patients, through regulation of NAD+ and
Sirt1 (Krantz et al. 1996).

The mechanism mediating the protective effect of Sirt1 during I/R
Mild to moderate myocyte-specific overexpression of Sirt1 inhibits, whereas cardiac-
specific downregulation of Sirt1 enhances, I/R injury by regulating transcription of
cardioprotective and/or apoptotic genes (Hsu et al. 2010). Sirt1 also mediates the protective
effect of first window IPC (Nadtochiy et al. 2011a; Nadtochiy et al. 2011b). IPC rapidly
activates Sirt1 through sumoylation (Nadtochiy et al. 2011a), which in turn induces lysine
deacetylation of cytosolic proteins involved in cardioprotection (Nadtochiy et al. 2011a).
NF-κB, isocitrate dehydrogenase, GAPDH and eNOS have been proposed as functional
targets of IPC -induced Sirt1 (Nadtochiy et al. 2011b). Thus, Sirt1 protects the heart against
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I/R injury through both transcriptional and post-translational mechanisms, allowing Sirt1 to
protect the heart against both early and late phases of I/R.

Oxidative stress
During reperfusion, generation of superoxide anions (O2

−) from mitochondria is robustly
increased. O2

− is dismutated by superoxide dismutase (SOD) to produce hydrogen peroxide
(H2O2) (Shao et al. 2011). O2

− can also be a source of OH− and ONOO−, which are highly
reactive molecules. Increased production of reactive oxygen species causes oxidation of
mitochondrial proteins and induces mitochondrial dysfunction, which exacerbates oxidative
stress. Increasing lines of evidence suggest that Sirt1 protects cardiomyocytes from
oxidative stress (Alcendor et al. 2007) (Vinciguerra et al. 2011). Overexpression of Sirt1
upregulates expression of anti-oxidants, including MnSOD and thioredoxin, and attenuates
oxidative stress in the heart in response to I/R (Hsu et al. 2010). Protein expression of
catalase is also increased in cardiac-specific Sirt1 transgenic mice exposed to paraquat
(Alcendor et al. 2007). Sirt1 deacetylates FoxO family transcription factors, induces nuclear
translocation of FoxOs, and activates transcription of anti-oxidants and other
cardioprotective molecules (Daitoku et al. 2004). It should be noted, however, that very high
cardiac Sirt1 expression induces oxidative stress in transgenic mice, in association with
dysregulation of the mitochondrial biogenesis program and mitochondrial function. These
findings suggest that the cardiac effect of Sirt1 against oxidative stress is dose-dependent
(Alcendor et al. 2007).

During I/R, both oxygen and energy depletion, and subsequent acute recovery of oxygen and
energy supply, induce accumulation of unfolded proteins in the endoplasmic reticulum (ER),
a phenomenon known as ER stress. Excessive ER stress induces apoptosis through
upregulation of C/EBP homologous protein (CHOP) and caspase-12. Sirt1 overexpression
and resveratrol decrease splicing of X-box binding protein 1 (XBP1), a marker of ER stress,
in the murine liver, suggesting that Sirt1 can serve as a negative regulator of the unfolded
protein response (UPR) in diabetes (Li et al. 2011). Whether the protective effect of Sirt1
during I/R is mediated through alleviation of ER stress remains to be elucidated.

Apoptosis and necrosis
Sirt 1 deacetylates known facilitators of apoptosis, including p53, and inhibitors of
apoptosis, such as the DNA repair factor Ku70, thereby inhibiting apoptosis. Post-
translational modification of signaling molecules rapidly affects the survival and death of
cardiomyocytes during I/R. Downregulation of Sirt1 and Nampt during ischemia may
contribute to rapid activation of p53 and consequent apoptosis in the heart (Hsu et al. 2010).
In addition, Sirt1 positively affects transcription of protective molecules and negatively
affects that of proapoptotic molecules through deacetylation of the FoxO family
transcription factors. For example, Sirt1 induces deacetylation and nuclear translocation of
FoxO1 and upregulates B cell lymphoma-2 (Bcl-2) and Bcl-like X (Bcl-xL), anti-apoptotic
members of the Bcl-2 family, whereas it downregulates Bcl-2-associated X (Bax), a
proapoptotic member of the Bcl-2 family of proteins, during I/R in Sirt1 transgenic mice
(Hsu et al. 2010). FoxOs act as both independent transcription factors and transcription
factor co-factors. The precise mechanisms by which Sirt1 controls gene expression in either
direction through FoxO1 during cardiac stress remain to be elucidated.

Both mPTP opening and activation of a specific signaling pathway induce necrosis, which
constitutes a significant portion of the cell death that occurs during I/R. Necrotic cells
distribute noxious substances and debris in the vicinity, including ATP, uric acid, high
mobility group box 1 (HMGB1) and soluble extracellular matrices, which in turn recruit
macrophages and neutrophils (Medzhitov 2008). Sirt1 decreases the transcriptional activity
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of NF-κB through deacetylation of RelA/ p65, a subunit of NF-κB, which may, in turn,
prevent inflammation and consequent cardiac remodeling (Nadtochiy et al. 2011b).

Autophagy
Autophagy is an important mechanism of bulk degradation occurring in three different
forms: microautophagy, chaperone-mediated autophagy, and macroautophagy.
Macroautophagy, characterized by the formation of an autophagosome, a double membrane
vesicle, which fuses to lysosomes for degradation, is the most studied, and is often referred
to simply as “autophagy” (Mizushima et al. 2010). Autophagy is typically activated by
nutrient/energy starvation, where activation of the self-eating mechanism recycles amino
acids and fatty acids recovered from the lysosomes to produce ATP for cell survival.
Autophagy plays a salutary role in mediating cellular quality control, by eliminating
misfolded or unfavorably modified proteins and dysfunctional organelles. Nutrient
starvation induces activation of Sirt1, which in turn induces autophagy in cardiomyocytes.
Sirt1 induces deacetylation of FoxO1, thereby upregulating proteins required for autophagy,
such as Rab-protein 7 (Rab7), which stimulates autophagosome-lysosome fusion (Hariharan
et al. 2010). Sirt1 also stimulates autophagy by deacetylating some Atg proteins (Lee et al.
2008), as well as through stimulation of AMPK (Fulco et al. 2008; Matsui et al. 2007).
Protein expression of Nampt is reduced during ischemia, and Nampt supplementation
enhances autophagy and reduces myocardial injury (Hsu et al. 2009b). These results suggest
that the Nampt-Sirt1 pathway stimulates autophagy during myocardial ischemia, thereby
protecting the heart from cell death. It should be noted, however, that excessive activation of
autophagy at the time of reperfusion could exacerbate myocardial injury. Thus, whether
stimulation of autophagy contributes to the overall protective mechanism of Sirt1 during I/R
may be determined by the length of myocardial ischemia before reperfusion.

Other sirtuins
Mitochondria are the main source of ROS and are an important regulator of cell death during
I/R (Yellon and Hausenloy 2007). Cardiac-specific Sirt3-overexpressing mice show an
increased expression of MnSOD and catalase and attenuated ROS production in response to
angiotensin II or isoproterenol stimulation (Sundaresan et al. 2009). Sirt3 has been reported
to deacetylate cyclophilin D (CypD), the regulatory component of the mitochondrial
permeability transition pore (mPTP), and mitochondrial function is impaired in
cardiomyocytes obtained from Sirt3 knockout mice (Hafner et al. 2010). A recent report
showed that CR induces a reduction in mitochondrial ROS production, as well as the
deacetylation of NADH dehydrogenase (ubiquinone) Fe-S protein 1 (NDUFS1) and the
cytochrome bc1 complex Rieske subunit (Shinmura et al. 2011). According to this report,
Sirt3 is one of the leading candidates for the deacetylase responsible for these CR-induced
deacetylations, although a significant increase in Sirt3 expression was not observed in CR
hearts. Despite the accumulating reports on the protective effects of Sirt3 against stresses,
there is presently no report on its protective effect against I/R injury. Sirt7, a nuclear form of
sirtuin, also has a protective role in the heart (Vakhrusheva et al. 2008). However, the role of
Sirt7 during I/R remains to be elucidated. On the other hand, Sirt2, another nuclear form of
sirtuin, is upregulated by anoxia-reoxygenation in H9c2 cells, and downregulation of Sirt2
protects against anoxia-reoxygenation injury. Downregulation of Sirt2 causes upregulation
of 14-3-3-ζ, and changes the subcellular localization of BAD from mitochondria to the
cytosol (Lynn et al. 2008). Interestingly, small molecule inhibitors of Sirt2 are available and
exhibit neuro-protection in a cellular model of Parkinson’s disease (Outeiro et al. 2007).
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Sirt1-activating compounds (STACs)
Medical treatment to stimulate the activity of endogenous Sirt1 may represent an effective
method for induction of pharmacological preconditioning and/or treatment of I/R injury.
Resveratrol, a polyphenol found in red wine, is well known as a natural potent activator of
Sirt1 (Howitz et al. 2003). Resveratrol is well known to be cardioprotective against I/R
injury, but its cardioprotective effects have been attributed to its antioxidant properties and
to upregulation of NO (Hung et al. 2000). Thus far, over 3,500 Sirt1-activating compounds
(STACs) have been synthesized and analyzed (Lavu et al. 2008). Whether STACs and
resveratrol really act through Sirt1 has been debated (Beher et al. 2009; Pacholec et al.
2010). However, a recent report showed that STACs directly interact with Sirt1 and
stimulate its enzymatic activity through an allosteric mechanism (Dai et al. 2010). Several
clinical trials on obesity, metabolic syndrome, diabetes and aging have been launched to
evaluate the efficacies of resveratrol and STACs, including SRT2104, SRT2379 and
SRT501 (Camins et al. 2010).

Concluding remarks
Increasing lines of evidence suggest that Sirt1 protects the heart from aging and I/R.
Stimulating endogenous Sirt1 and/or sirtuins appears to be a promising modality to reduce
the level of I/R injury. However, there are many unsolved issues regarding the function of
Sirt1 in the heart. First, whether Sirt1 is protective or detrimental appears to depend upon the
nature of the stress. For example, our recent study suggested that upregulation of Sirt1
during pressure overload is not necessarily protective (Oka et al. 2011). Thus, in order to use
stimulation of Sirt1 as a modality to treat patients with heart diseases, care must be taken to
determine in which conditions stimulation of Sirt1 is purely beneficial. At present, it is hard
to generalize the function of Sirt1 in the heart. Activation of Sirt1 may be beneficial when
the heart has to conserve energy, like during starvation and ischemia (Hariharan et al. 2010;
Hsu et al. 2010), but not necessarily when the heart requires more energy to maintain
contractility, such as during pressure overload (Oka et al. 2011). Further investigations are
needed to elucidate the functionality of Sirt1 in the heart against different forms of stress.
Second, the effect of Sirt1 is dose-dependent. Mild overexpression of Sirt1 failed to protect
the heart from I/R injury (Nadtochiy et al. 2011b), whereas a high level of Sirt1 expression
can either be harmful by itself (Alcendor et al. 2007) or can facilitate heart failure in
response to pressure overload (Oka et al. 2011). The optimum level of Sirt1 must be
identified in order to achieve the maximum treatment benefit against each stress condition.
Third, although both CR and resveratrol protect the heart from I/R, whether Sirt1 mediates
their effect remains to be shown (Shinmura et al. 2011). Fourth, how NAD+/NADH is
regulated in the heart during stress is not fully understood. Coupling between sirtuins and
Nampt, and interactions between Sirt1 and the cardiac mitochondrial metabolism and other
NAD+-consuming enzymes, such as Poly [ADP-ribose] polymerase 1, remain to be
elucidated. Fifth, Sirt1 affects metabolism through interaction/deacetylation of key
transcription factors or co-factors, such as PPAR and PGC-1 (Oka et al. 2011). How Sirt1-
mediated changes in glucose and fatty acid metabolism affect I/R injury remains to be
elucidated. Finally, the cellular targets of Sirt1 and the role of protein deacetylation in
mediating the protective effects of Sirt1 during I/R injury should be elucidated. Since
several clinical trials have already been launched to evaluate STACs in the treatment of non-
cardiac diseases, STACs may also become a new class of treatment for I/R injury in the near
future (Baur 2010). Furthermore, elucidating the relevant downstream targets of Sirt1 may
allow us to develop even more effective methods to protect the heart from I/R injury.
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Figure 1. Cardioprotective Effects of Sirt1 on Ischemia/Reperfusion. Expression and activity of
Sirt1 are regulated by multiple mechanisms
Sirt1 protects the heart from I/R injury through multiple mechanisms. For example, Sirt1
suppresses ROS production, apoptosis and inflammation, whereas it also induces autophagy.
The effect of Sirt1 is mediated through both protein deacetylation (post-translational
modification) and transcription (such as modulation of FoxO).
ROS: reactive oxygen species; UPR: unfolded protein response; NF-κB: nuclear factor of κ
light polypeptide gene enhancer in B-cells; XBP: X-box binding protein; Bcl-xL: B cell
lymphoma like X; Bax: Bcl-2-associated X; MnSOD: manganese superoxide dismutase;
Trx: thioredoxin; Rab7: Rab-protein 7; LC3-II: light chain 3-II; FoxO1: forkhead box O1;
NAD: nicotinamide adenine dinucleotide; STACs: Sirt1-activating compounds.
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