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Since the discovery of NAD-dependent deacetylases, sirtuins,
it has been recognized that maintaining intracellular levels of
NAD is crucial for the management of stress response of cells.
Here we show that agonist-induced cardiac hypertrophy is asso-
ciated with loss of intracellular levels of NAD, but not exercise-
induced physiologic hypertrophy. Exogenous addition of NAD
was capable of maintaining intracellular levels of NAD and
blocking the agonist-induced cardiac hypertrophic response in
vitro as well as in vivo. NAD treatment blocked the activation of
pro-hypertrophic Akt1 signaling, and augmented the activity of
anti-hypertrophic LKB1-AMPK signaling in the heart, which
prevented subsequent induction of mTOR-mediated protein
synthesis. By using gene knock-out and transgenic mouse mod-
els of SIRT3 and SIRT1, we showed that the anti-hypertrophic
effects of exogenous NAD are mediated through activation of
SIRT3, but not SIRT1. SIRT3 deacetylates and activates LKB1,
thus augmenting the activity of the LKB1-AMPK pathway.
These results reveal a novel role of NAD as an inhibitor of car-
diac hypertrophic signaling, and suggest that prevention of
NAD depletion may be critical in the treatment of cardiac
hypertrophy and heart failure.

Cardiac hypertrophy is a complex growth response of the
heart, whereby terminally differentiated cardiac myocytes
structurally, genetically, and functionally remodel in response
to a variety of physiologic and pathologic stimuli. In settings of
pathologic stimuli, such as hypertension, ischemic disease, or
valvular insufficiency, cardiac hypertrophy develops with
enlarged cardiomyocytes, which are associated with formation
of new sarcomeres and induction of a group of genes (fetal
genes), which are usually expressed during development of the
fetal heart. These changes provide a short term mechanism for
decreasing ventricular wall stress and improving heart func-
tion. However, during prolonged intervals of pathologic hyper-
trophy, this program becomes maladaptive, resulting in myo-
cyte cell death, fibrosis, and ventricular dilation and the
transition to heart failure (1). Recent evidence suggests that
reduction of cardiac hypertrophy could block the onset of heart
failure and improve patient survival (1-3). One novel approach
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that is gaining increasing attention in this direction is the acti-
vation of endogenous cell signaling pathways that negatively
regulate cardiac hypertrophy (4). Exogenous agents that can
facilitate the activity of these pathways are of particular interest
as new therapeutic tools for the management of cardiac hyper-
trophy and heart failure.

At the cellular level various signaling mechanisms have been
described that lead to development of cardiac hypertrophy.
Among them, oxidative stress is recognized as a critical com-
mon signal to various stimuli, which directs to evolution of
pathologic hypertrophy (5). Severe oxidative stress can result in
increased NAD turnover due to increased activity of NAD-con-
suming enzymes such as poly(ADP-ribose) polymerase-1
and/or decreased activity of NAD salvage pathways, with a net
result of depletion of intracellular NAD levels (6). Loss of NAD
can make a cell unable to carry out its energy-dependent func-
tions and defend itself against oxidative stress because of loss of
activity of certain cell-survival factors that are NAD-depen-
dent, such as sirtuins.

Sirtuins are class IIl HDACs,> which are expressed as seven
different (SIRT1-SIRT7) isoforms in mammals. They are con-
sidered to be key regulators of many cellular functions, includ-
ing stress resistance, energy metabolism, apoptosis, and aging
(7). Increased activity of the prototype member of this family,
SIRT1, has been shown to protect cardiomyocytes from oxida-
tive stress-mediated cell death and retard certain cardiac
degenerative changes associated with aging. However, these
cardioprotective effects of SIRT1 were seen only at low dosage,
but not at a high dosage of SIRT1. In fact, overexpression of
SIRT1 in mouse hearts was shown to produce hypertrophic
cardiomyopathy associated with ATP depletion and reduced
expression of citrate synthase and peroxisome proliferator-ac-
tivated receptor-vy co-activator la, an indication of impaired
mitochondrial function and density (8).

Another sirtuin analogue, SIRT3, has been shown to be
highly expressed in the heart and it is activated during cardio-
myocytes stress. Increased activity of SIRT3 protects cardio-

2 The abbreviations used are: HDAC, histone deacetylase; AMPK, AMP-acti-
vated kinase; PE, phenylephrine; Cx43, connexin 43; Nampt, nicotinamide
phosphoribosyltransferase; ISO, isoproterenol; LV, left ventricle; ROS, reac-
tive oxygen species; Ang-ll, angiotensin-Il; ANF, atrial natriuretic factor;
CARP, cardiac ankerin repeat protein; PCAF, p300/CREB-associated factor;
CREB, cAMP-response element-binding protein; GSK, glycogen synthase
kinase; mTOR, mammalian target of rapamycin; Bicine, N,N-bis(2-hydroxy-
ethyl)glycine; CM-H,DCFDA, 5-(and 6)-chloromethyl-2,7-dichlorodihy-
drofluorescein diacetate; Luc, luciferase; Ac-K, acetyllysine.
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myocytes from oxidative stress-mediated cell death by
increased expression of antioxidants, Mn-SOD and catalase (9).
SIRT3 has been also shown to preserve the ATP biosynthetic
capacity of the heart (10). Among different sirtuin analogues,
SIRT3 is the only analogue that has been implicated in exten-
sion of the lifespan of humans. The polymorphism in the SIRT3
promoter, which renders gene activation, was found to be asso-
ciated with human longevity (11, 12). A recent study has shown
that SIRT3 levels are reduced in older patients (65 plus years)
with a sedentary lifestyle and are elevated after endurance exer-
cise, which delayed signs of senescence, thus suggesting a role
of SIRT3 in counteracting the aging process in humans (13).
However, chemical agents that could elevate cellular levels of
SIRT3, without inducing cellular stress, have not yet been iden-
tified. Previous studies have shown that the intracellular NAD/
NADH ratio regulates the levels of sirtuins, including SIRT3
and SIRT1 (14). Although high levels of NAD up-regulate the
levels of sirtuins, high levels of NADH and nicotinamide do the
opposite. A recent report has indicated that exogenous NAD
can enter the neurons and protect them from degeneration
and ischemia-induced cell death (15). It is therefore likely
that by maintaining an adequate intracellular level of NAD,
cardiomyocytes could be also protected from hypertrophy
and cell death by increasing the activity of one or more sir-
tuin analogues.

In this study we report that pathologic cardiac hypertrophy is
associated with depletion of cellular NAD levels. Exogenous
supplementation of NAD restores the intracellular levels of
NAD and blocks the cardiac hypertrophic response. We also
demonstrate that anti-hypertrophic effects of NAD are medi-
ated via activation of SIRT3, but not SIRT1. The experiments
performed to delineate the downsteam mechanism of NAD-
mediated cardiac protection demonstrated that exogenous
NAD restored the activity of endogenous anti-hypertrophic
signaling via activation of the SIRT3-LKB1-AMPK pathway. To
the best of our knowledge, this report represents the first appli-
cation of NAD in the treatment of cardiac hypertrophy.

MATERIALS AND METHODS

Induction of Hypertrophy in Mice—Angiotensin-II or isopro-
terenol were dissolved in 150 mM NaCl and 1 mM acetic acid.
Angiotensin-II was delivered chronically at a rate of 3.0 mg/kg/
day for 14 days. Isoproterenol was infused at a rate of 8.7 mg/kg/
day for 7 days by implanting osmotic mini-pumps (ALZET
model 2002) in the peritoneal cavity of mice. Control mice
underwent the same procedure, except that the respective
pumps were filled only with vehicle (150 mm NaCl, 1 mM acetic
acid). Exogenous NAD was given at the rate of 1 mg/kg/day for
the entire duration of treatment with the hypertrophy agonist.
Physiologic hypertrophy was induced by subjecting the mice to
swimming for 12 weeks at 1-h/day for 5 days a week.

Primary Cultures of Cardiomyocytes, Transfection/Infection,
and Luciferase Assay—Neonatal rat cardiomyocytes were cul-
tured and infected with adenoviral vectors as described earlier
(16). NFAT-luciferase, CARP-luciferase, and ANF-luciferase
vector contains multiple binding sites for NFAT, CARP, and
ANF, respectively. Cells were transfected with the use of Tfx-20
(Promega) reagent as per the manufacturer’s protocol. A lucif-
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erase activity assay was performed by use of the luciferase activ-
ity assay kit from Promega according to the manufacturer’s
protocol. Values were normalized with the protein content of
the cell.

Reactive Oxygen Species (ROS) Detection—ROS were de-
tected using CM-H,DCFDA (Invitrogen) as per the manufac-
turer’s instructions. Briefly, primary cultures of cardiomyocytes
were treated with 20 um phenylephrine (PE) in the presence or
absence of 250 um NAD for 15 min. Cells were stained with
CM-H,DCEDA. Cells were acquired by FACSCalibur and ana-
lyzed with FlowJo. The mean fluorescence intensity of cells pos-
itive for CM-H,DCFDA staining was determined.

Histology and Immunohistochemistry—For detection of cell
size, heart sections were stained with wheat germ agglutinin
coupled to tetramethylrhodamine isothiocynate (Sigma). The
cell size of myocytes was measured by use of NIH Image] soft-
ware. Fibrosis was detected with use of Masson’s trichrome
staining kit from Sigma according to the manufacturer’s proto-
col. ANF release from nuclei of cardiomyocytes was deter-
mined by staining the cells with antibodies specific for a-acti-
nin and ANF.

Real Time PCR Analysis of mRNA Levels—The mRNA levels
of ANF, brain natiuretic peptide, 3-myosin heavy chain, and
Collagen-o were measured by SYBR Green real time PCR as per
the protocol described earlier (17). Total RNA was isolated
from mouse hearts using TRIzol reagent (Invitrogen). The
residual genomic DNA was digested by incubating the RNA
preparation with 0.5 units of RNase-free DNase I/ug of RNA in
1X reaction buffer for 15 min at room temperature, followed by
heat inactivation at 90 °C for 5 min. The quality of DNase
I-treated RNA was tested by formaldehyde-agarose gel electro-
phoresis. Two micrograms of DNase I-treated RNA was reverse
transcribed by use of the Superscript III (Invitrogen). The
resultant cDNA was diluted 10-fold prior to PCR amplification.
A reverse transcriptase minus reaction served as a negative
control.

[PH]Leucine Incorporation—Immediately after treatment of
cardiomyocytes with PE, cells were incubated with [*H]leucine
(1.0 mCi/ml, 163 Ci/mmol specific activity, Amersham Bio-
sciences) in leucine-free minimal essential medium (Invitro-
gen) for 48 h. Cells were washed with phosphate-buffered saline
and then incubated in 10% trichloroacetic acid to precipitate
proteins. The resultant pellet was solubilized in 0.2 N NaOH
and diluted with one-sixth volume of scintillation fluid and
counted in a scintillation counter. Values were normalized
with DNA content, which was measured by use of Quant-iT
picogreen double-stranded DNA assay kit (Invitrogen).

Antibodies—SIRT3 and phospho-mTOR (Ser-2446) anti-
bodies were from Abgent, SIRT1 antibody was from Millipore,
LKB1 was from Sigma, and Nampt antibody from Alexis, Inc.
All other antibodies were purchased from Cell Signaling Inc.

NAD and ATP Estimation—The NAD levels were measured
according to the method described previously by Jacobson and
Jacobson (18) with a slight modification. An average of 1 X 10°
cells or 50 mg of frozen crushed tissue was suspended in 200 ul
of 0.5 M perchloric acid. The cell extract was neutralized with an
equal volume of 1 m KOH and 0.33 m KH,PO,/K,HPO, (pH
7.5) and centrifuged to collect the supernatant and remove the
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KCIlO, precipitate. The supernatant (50 ul; or NAD standard)
was added to 200 ul of NAD reaction mixture (600 mm ethanol,
0.5 mm 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, 2 mMm phenazine ethosulfate, 5 mm EDTA, 1 mg/ml of
bovine serum albumin, and 120 mm Bicine, pH 7.8) and incu-
bated for 5 min at 37 °C. The reaction was initiated by the addi-
tion of 25 ul of alcohol dehydrogenase (0.5 mg/ml in 100 mm
Bicine, pH 7.8) and incubated for 20 min at 37 °C, and stopped
by addition of 250 ul of 12 mm iodoacetate. The absorbance of
the reaction mixture was read at a wavelength of 570 nm. The
NAD content was measured from the standard curve and nor-
malized to the protein content of the sample. The cellular ATP
levels were measured using a bioluminescence assay kit (Roche
Applied Science). Cells (1 X 10°) or frozen crushed tissue (50
mg) were lysed in 200 ul of cell lysis reagent (Roche Applied
Science). Luciferase reagent (100 wl) and dilution buffer (50 ul)
were added to 50 ul of lysate, and luminescence was analyzed
after a 1-s delay with a 10-s integration on a luminometer. A
standard curve was generated from known amounts of ATP
and used to calculate the ATP content of the sample. Values
were normalized to the total protein content of the sample.

Sirtl~’~, Sirt3/", and Sirt3 Transgenic Mice—Sirt3 and
Sirt]l knock-out mice were generously provided by F. W. Alt
and M. W. McBurney, respectively. All experiments with Sirt3
transgenic mice, except in vivo interaction of Sirt3 with LKB1,
were performed using transgenic mice expressing the short
form of SIRT3 (9). For studying in vivo interaction of SIRT3
with LKB1, Sirt3 transgenic mice expressing the long form of
Sirt3 with the C-terminal hemagglutinin tag was utilized. These
transgenic mice were generated and characterized similar to
the method described earlier (9).

In Vitro Acetylation Assay—Immunoprecipitated LKB1
bound to beads were incubated with 200 ng of active PCAF (or
P300) enzyme (Upstate Biotechnology), 0.5 mm acetyl-CoA
(Sigma), 50 mM nicotinamide, and 10 uM trichostatin in 1X
HAT buffer (50 mm Tris, pH 8.0, 10% glycerol, 0.1 mm EDTA, 1
mM dithiothreitol) for 30 min at 30 °C on a rotator. Unacety-
lated LKB1 contained all components except acetyl-CoA. Reac-
tions were terminated by adding SDS sample buffer and
resolved on a 10% SDS-polyacrylamide gel. Proteins were trans-
ferred to a Hybond-P membrane (GE Healthcare) and detected
by Western analysis with anti-Ac-K antibody.

In Vitro Deacetylation Assay—Immunoprecipitated and in
vitro acetylated LKB1 bound to beads was resuspended in 1X
HDAC buffer (25 mm Tris/Cl, pH 8.0, 137 mm NaCl, 2.7 mm
KCl, 1 mm MgCl,, and 0.1 mg/ml of bovine serum albumin). For
SIRT3-mediated deacetylation, 40 ng/ul of SIRT3 (catalytic
domain, Abcam, Inc.) was added to HDAC bulffer in the pres-
ence or absence of 500 uM NAD. The reaction mixture was
incubated for 1 h at 30 °C on a nutator. Proteins were resolved
by SDS-PAGE and analyzed by either autoradiography or
Western blotting with anti-Ac-K antibody.

Echocardiography of Mice—Chest hair of mice were removed
with a topical depilatory agent and transthoracic echocardio-
graphy was performed under inhaled isoflurane (~1%) for
anesthesia, delivered via nose cone. Limb leads were attached
for electrocardiogram gating, and the animals were imaged in
the left lateral decubitus position with a VisualSonics Vevo 770
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machine, using a 30 MHz high frequency transducer. Body
temperature was maintained using a heated imaging platform
and warming lamps. Two-dimensional images were recorded
in parasternal long- and short-axis projections, with guided
M-mode recordings at the midventricular level in both views.
LV (left ventricle) cavity size and wall thickness were measured
in at least 3 beats from each projection and averaged. LV wall
thickness (interventricular septum and posterior wall thick-
ness) and internal dimensions at diastole and systole (LVIDd
and LVIDs, respectively) were measured. LV fractional short-
ening ([LVIDd — LVIDs]/LVIDd) and relative wall thickness
([interventricular septum thickness + posterior wall thick-
ness]/LVIDd) were calculated from M-mode measurements.

Statistical Analysis—Student’s paired two-tailed test was ap-
plied to determine statistical significance between two groups. p
values less than 0.05 was considered significant.

RESULTS

NAD Treatment Protects Cardiomyocytes from Agonist-me-
diated Hypertrophy—Mounting evidence has indicated that
induction of ROS is necessary for the development of cardio-
myocyte hypertrophy (5, 9, 19, 20). Therefore, to test the car-
dioprotective effects of NAD, we first examined the ability of
NAD to block agonist-induced ROS production of cardiomyo-
cytes. Cultures of cardiomyocytes were treated with PE, a
hypertrophy agonist, in the presence or absence of NAD. Cells
were stained with CM-H,DCFDA, a non-fluorescent dye that
fluoresces by ROS-mediated removal of an acetate group by
intracellular esterases. We found that NAD treatment sup-
pressed the PE-induced mean fluorescence intensity of the dye
to a level that was comparable with control cells, thus suggest-
ing that NAD treatment was capable of blocking the PE-in-
duced ROS synthesis of cardiomyocytes (Fig. 1).

These data also indicated that hypertrophy of cardiomyo-
cytes may result from loss of cellular NAD levels, and if so, then
supplementation of NAD should be able to rescue cells from
developing hypertrophy. To test this hypothesis, we treated
cardiomyocytes with PE (20 uMm), or PE treatment was given
together with NAD (250 um). The results showed that PE treat-
ment caused depletion of cellular NAD levels by nearly 25%,
and exogenous addition of NAD was capable of rescuing cells
from this NAD loss. A corresponding depletion of ATP was also
observed, which was again rescued by NAD treatment (Fig. 2, A
and B). To examine the effect of NAD on hypertrophy of car-
diomyocytes, we stimulated cells with PE (20 uMm) or angioten-
sin-1I (Ang-1II) (2 um), another hypertrophy agonist, in the pres-
ence or absence of NAD (250 uM). The hypertrophic response
of cells was measured by increased protein synthesis as deter-
mined by increased [*H]leucine incorporation into total cellu-
lar proteins and by release of ANF from nuclei, a hallmark of
cardiac hypertrophy. We found significantly higher [*H]leucine
incorporation in PE- and Ang-II-treated cardiomyocytes com-
pared with controls. Addition of NAD to cultures prevented
this agonist-mediated increased leucine incorporation into
proteins (Fig. 2C). Similarly, NAD treatment also blocked the
induction of ANF release from nuclei, thus suggesting the anti-
hypertrophic activity of NAD (Fig. 2D). To confirm these
results, we examined the effect of NAD on the promoter activity
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FIGURE 1. Exogenous NAD blocks the PE-induced oxidative stress of cardiomyocytes. A, primary cultures of cardiomyocytes were treated with PE (20 um)
in the presence or absence of NAD (250 um) for 15 min. Cells were stained with CM-H,DCFDA. ROS production was measured by fluorescence-activated cell
sorter. B, quantification of the mean fluorescence intensity in different groups of cells. Values are mean = S.E. of five experiments.

of three hypertrophy signal-sensitive genes, ANF, CARP, and
NFAT. The results indicated that PE-mediated activation of
these promoters was significantly reduced by treatment of cells
with NAD, thus again demonstrating the anti-hypertrophic
potential of NAD (Fig. 2, E-G). We next asked how NAD enters
into cardiomyocytes. Bruzzone et al. (21) have shown that con-
nexin 43 (Cx43) channels are permeable to extracellular NAD.
Because cardiomyocytes express a large amount of Cx43 chan-
nels, we tested the effect of exogenous NAD in the presence of
a Cx43 channel blocker, carbenoxolone. The results showed
that in the presence carbenoxolone NAD treatment failed to
block agonist-induced ANF release from nuclei, thus demon-
strating that exogenous NAD is likely to enter into cardiomyo-
cytes via the Cx43 channels (Fig. 2D).

NAD Treatment Blocks Agonist-induced Cardiac Hypertro-
phy in Vivo—To determine the ability of NAD to block the
hypertrophic response of hearts in vivo, we infused mice with
Ang-1II for 2 weeks. Mice were simultaneously treated with
NAD at 1 mg/kg/day for 2 weeks, or with the vehicle. Ang-II
infusion in control mice produced nearly 25% cardiac hypertro-
phy, which was associated with increased size of myocytes and
accumulation of fibrosis in the interstitial space. These changes
were markedly reduced by treatment of mice with NAD (Fig. 3,
A-D). Ang-1l infusion also significantly induced the expression
of ANF, brain natiuretic peptide, 3-myosin heavy chain, and
Collagen-o mRNAs in the control hearts. Expression levels of
these markers was also dramatically reduced by NAD treat-
ment of the mice, thus suggesting that NAD treatment has the
capacity to block Ang-II-mediated cardiac hypertrophy in vivo
(Fig. 3, E and F). We also measured the NAD and ATP levels in
these hearts, and we found that, whereas NAD levels were
reduced by nearly 28% in Ang-II-infused hearts, they were gen-
erally maintained at control levels in NAD-treated hearts (Fig.
3G). Similar changes were noted for ATP levels of NAD-treated
and untreated hearts (Fig. 3H). Thus, consistent with our in
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vitro results, these data demonstrated that NAD treatment was
capable of maintaining cellular NAD levels and blocking the
cardiac hypertrophic response.

Knowing that maintenance of intracellular levels of NAD
prevents development of agonist-induced hypertrophy, we
then measured NAD levels in hearts of mice subjected to swim-
induced physiologic hypertrophy. The results showed that,
unlike Ang-II-infused hearts, no NAD loss was detected in
hearts of mice having exercise-induced physiologic hypertro-
phy, thus suggesting that depletion of cellular NAD levels is in
fact a characteristic of pathologic cardiac hypertrophic re-
sponse (Fig. 3, G and H).

NAD Treatment Blocks Cardiac Hypertrophy via Activation
of the LKBI-AMPK Signaling Pathway—In skeletal muscle
cells, increased intracellular levels of NAD were shown to acti-
vate AMPKa (hereafter referred as AMPK) (22). Activation of
AMPK has also been implicated in limiting the cardiac hyper-
trophic response (23). We therefore focused our attention on
the involvement of the AMPK signaling pathway in NAD-me-
diated cardiac protection. The results showed that AMPK acti-
vation (phosphorylation) was reduced substantially in PE-stim-
ulated cells, but not when PE stimulation was given together
with NAD (Fig. 4A). The activity of AMPK is known to be reg-
ulated by an upstream kinase, LKB1 (24). We therefore exam-
ined phosphorylation of LKB1, and found that, just as for
AMPK, LKB1 phosphorylation was also substantially reduced
in PE-stimulated cardiomyocytes, but again not when cells were
treated with NAD, thus suggesting that NAD treatment had the
capacity to protect the activity of LKB1 and AMPK.

We then examined the downstream targets of AMPK that
are involved in the development of cardiomyocyte hypertro-
phy. mTOR and GSK3 are two key enzymes that participate
in the evolution of cardiac hypertrophy (25). Whereas
increased activity of mTOR promotes induction of hypertro-
phy, activation of GSK3p does the opposite (25). The activity of
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FIGURE 2. NAD treatment blocks cardiac hypertrophic response in vitro. A, cardiomyocytes were treated
with PE either alone or together with NAD. After 48 h of treatment cells were harvested and NAD content
measured. B, ATP content was measured in the same groups of cells. C, cardiomyocytes were treated with PE
(20 um) or Ang-ll (2 um) in the presence or absence of NAD and labeled with [*Hlleucine. Forty-eight hours after
treatment, cells were harvested, and [>H]leucine incorporation into total cellular protein was measured. D, car-
diomyocytes were stimulated with PE and then treated with NAD, either alone or together with carbenoxolone
(10 wm). Cardiomyocytes were identified by a-actinin staining using anti-a-actinin antibody (green). The
release of ANF from nuclei was determined by staining cells with an anti-ANF antibody (red). 4’,6-Diamidino-
2-phenylindole (DAPI) stain was used to mark the position of nuclei. £ and F, cardiomyocytes were transfected
with luciferase reporter plasmids responsive to ANF (E) or CARP (F). Luciferase activity was measured after 8 h of
treatment with PE, in the presence or absence of NAD (G). Cardiomyocytes were infected with a NFAT respon-
sive luciferase reporter adenovirus vector. Twelve hours after infection cells were treated with PE in the pres-
ence or absence of NAD, and luciferase activity was determined 8 h post-treatment. Cont., control. Values
presented in histograms are mean = S.E. of six experiments.

mTOR is regulated by Raptor, a target of AMPK. AMPK phos-
phorylates Raptor at Ser-792, which promotes its ability to
bind to mTOR, resulting in inhibition of mTOR (26). AMPK
also directly inhibits mTOR by phosphorylating mTOR at Thr-
2446 (27), thereby blocking its pro-hypertrophic activity. We

control.
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found that phosphorylation of
Raptor (Ser-792) and mTOR (Thr-
2446) was reduced in PE-stimulated
cells, whereas it was maintained at
control levels in NAD-treated car-
diomyocytes (Fig. 4A4).

AMPK activation is also known to
negatively regulate the activity of
PKB/Aktl (23, 27), an upstream
kinase of both mTOR and GSK3p.
Contrary to the finding for AMPK,
we found increased phosphoryla-
tion of Aktl and GSK3p in PE-stim-
ulated cells, but not in NAD-treated
cells (Fig. 4A). In this experiment,
we also found increased phosphory-
lation of extracellular signal-regu-
lated kinase (ERK) 1/2 in PE-stimu-
lated cells, which was again restored
to control levels after NAD treatment
(Fig. 4A). These results indicated
that NAD treatment prevented the
development of cardiomyocyte hy-
pertrophy via activation of the
inherent anti-hypertrophic mecha-
nism by augmenting the activity of
the AMPK signaling pathway.

We then asked whether the sig-
naling mechanism operating in
vitro can be recapitulated in in
vivo models of cardiac hypertro-
phy. The results showed that, same
as in vitro, Ang-II-stimulated hy-
pertrophied hearts had decreased
phosphorylation of AMPK, LKB1,
Raptor, and mTOR (Thr-2446), and
increased phosphorylation of Aktl
and GSK3p (Fig. 4B). Akt1 is known
to phosphorylate mTOR at Ser-
2448, which (unlike Thr-2446 phos-
phorylation) increases the activity
of mTOR and thereby enhances its
capacity to promote protein synthe-
sis by activating the downstream
kinases that phosphorylate riboso-
mal proteins. In accordance with
Akt1 activation, we found increased
phosphorylation of mTOR at Ser-
2448 and S6 ribosomal protein dur-
ing Ang-II-induced hypertrophy of
the heart. The activity of all of these
targets of AMPK and Aktl was
restored to control levels after NAD

treatment of mice (Fig. 4B). We, however, found no change in
the activity of p38 in these hearts, which served as a negative

Because in our earlier experiments we found no change in
intracellular levels of NAD during physiologic hypertrophy, we
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FIGURE 3. NAD treatment blocks the agonist-induced cardiac hypertrophy in vivo. A, heart weight (HW)/
body weight (BW) ratio of different groups of mice (vehicle, NAD, Ang-Il, or Ang-Il plus NAD-treated mice, as
well as mice subjected to swim exercise). B, top panel, hematoxylin- and eosin-stained sections of whole hearts
of different groups; middle panel, sections of hearts stained with Masson's trichrome to detect fibrosis (blue);
bottom panel, heart sections stained with wheat germ agglutinin to demarcate cell boundaries. C and D,
quantification of cardiac fibrosis and the myocyte cross-sectional area in different groups of mice. E and F, Anf,
brain natiuretic peptide (BNP), B-myosin heavy chain (MHC), and Collagen-a mRNA levels in the heart samples
of Ang-Il alone or Ang-Il plus NAD-treated mice. G and H, quantification of NAD and ATP contents in the heart
lysate of different groups of mice as in panel A. Values are mean = S.E. of five to eight experiments.

subjected to swim exercise was
increased compared with controls
(Fig. 4C). These data thus confirmed
that maintenance of intracellular
levels of NAD blocked the agonist-
induced pathologic hypertrophic
response in part, by activation of
LKB1-AMPK signaling pathway.
The Anti-hypertrophic Effect of
NAD Is Mediated via Activation of
SIRT3, but Not SIRTI—Knowing
that NAD protected the activity of
LKB1 and AMPK, we next explored
the upstream activator of these
kinases. AMPK has been shown to
activate the key enzyme of the NAD-
salvage pathway, Nampt (nicotina-
mide phosphoribosyltransferase)
(22). We therefore asked whether
the activity of Nampt was also
reduced during pathologic hyper-
trophy. The results indicated that
this was indeed the case. Decreased
levels of phospho-AMPK were
accompanied with decreased levels
of Nampt in hypertrophied hearts,
and NAD treatment rescued both of
them to control levels (Fig. 4B).
Increased cellular levels of Nampt
and NAD are known to enhance the
activity of SIRT1 (28). SIRT1 has
been shown to deacetylate LKB1 in
human embryonic kidney 293 cells,
resulting in activation (phosphory-
lation) of the kinase (29). Based on
this information, we posited that
the anti-hypertrophic effects of
NAD could be mediated by sequen-
tial activation of SIRT1, LKB1, and
AMPK. To test this hypothesis, we
examined the acetylation (which
corresponds with deactivation/de-
phosphorylation of the enzyme) of
LKB1 in hearts of mice of different
groups. We found increased acety-
lation of LKB1 during Ang-II-medi-
ated cardiac hypertrophy, which
was reduced substantially after
NAD treatment (Fig. 54). To test
whether SIRT1 was indeed involved
in NAD-mediated deacetylation
(activation) of LKB1, we examined
the phosphorylation of LKB1 and
AMPK in Sirt1~'~ mice. To our
surprise, we found increased phos-

wondered whether the activity of AMPK was maintained in  phorylation of both LKB1 and AMPK in Sirt1 '~ hearts, thus
these hearts. The results indicated that unlike Ang-II-stimu- suggesting that the activation of these kinases was not regulated
lated hearts, the activity of AMPK and LKB1 in hearts of mice by SIRT1 in the heart (Fig. 5B). This raised questions for the
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To get additional evidence for
these findings, we examined the
effect of in vitro NAD treatment in
the presence of splitomicin, a
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SIRT1 inhibitor (30). We also exam-
ined the effect of compound C, a
AMPK inhibitor (31) to obtain fur-
ther support for the involvement of
AMPK in NAD-mediated cardiac
protection. Cells were pretreated
with splitomicin or compound C
and then stimulated with PE, either
alone or together with NAD. The
hypertrophic response of cardio-
myocytes was examined by mea-
suring [*H]leucine incorporation
into total cellular protein. The
results showed that pretreatment of
cells with compound C, but not
splitomicin, eliminated the anti-hy-
pertrophic effect of NAD (Fig. 5H).
These data taken together indicate
that the anti-hypertrophic effect of
exogenous NAD was not dependent
on SIRT1, but required AMPK.
Besides SIRT1, no other sirtuin
has been shown so far to activate
LKB1 and AMPK. Because LKB1

Ll

GSK3p was deacetylated in NAD-treated

s6 p.S6 hearts, it indicated that there must

be another analogue of sirtuins,

P-ERK1/2 6 which has the capacity to deacety-
late and activate LKB1 in the heart.
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FIGURE 4. Exogenous NAD blocks the agonist-induced signaling pathways involved in development of
cardiac hypertrophy. A, cardiomyocytes were stimulated with PE in the presence or absence of NAD for 24 h.
Cell lysate was prepared and analyzed by Western blotting with kinase-specific and phosphokinase-specific
antibodies. Numbers in parentheses indicate the position of the phosphoamino acid recognized by the anti-
body. B, mice were treated with vehicle, NAD, Ang-Il, or Ang-Il plus NAD for 14 days. C, mice were subjected to
swim exercise for 12 weeks. Heart lysate was analyzed by Western blotting with antibodies as indicated. In

panel B and C, results are shown for two animals of each group.

participation of SIRT1 in the cardioprotective effects of NAD.
To confirm these results, we then examined the anti-hypertro-
phic effect of NAD in Sirt1™'~ mice (Sirt1~'~ mice rarely sur-
vive beyond a few days after birth). For this experiment, animals
were infused with isoproterenol (ISO), another potent agonist
of pathologic cardiac hypertrophy. The results showed a robust
hypertrophic response of SIRT1*/~ mice to ISO infusion,
which was again blocked by NAD treatment of mice, suggesting
that SIRT1 was not entirely needed for the anti-hypertrophic
effects of NAD (Fig. 5, C-E and G).

JANUARY 29, 2010+VOLUME 285+<NUMBER 5

family in hypertrophied hearts
treated with NAD. We found that
cardiac SIRT3 levels were highly
elevated after NAD treatment of
mice (Fig. 6A4). We then deter-
mined the role of SIRT3 in activa-
tion of LKB1. To this end we first
examined phosphorylation of LKB1
and its downstream target AMPK
in hearts of Sirt3 /'~ mice. Con-
trary to the findings in Sirtl /~
hearts (Fig. 5B), we found substan-
tially reduced phosphorylation of LKB1 and AMPK in
Sirt3~'~ hearts, suggesting that activation of these targets is
likely to be regulated via activation of SIRT3 (Fig. 6, B—-D). To
confirm these results, we examined the phosphorylation of
LKB1 and AMPK in hearts of transgenic mice having cardi-
ac-specific overexpression of Sirt3. The results showed
substantially increased phosphorylation of LKB1 and AMPK
in Sirt3 transgenic hearts, thus underscoring the role of
SIRT3 in activation of LKB1 and AMPK in cardiomyocytes
(Fig. 6, E-QG).
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FIGURE 5. NAD treatment blocks the agonist-mediated cardiac hypertrophy independent of SIRT1.
A, endogenous LKB1 was immunoprecipitated (IP) from heart lysates of mice treated with Ang-Il, Ang-Il plus
NAD, or NAD alone. It was analyzed by Western blotting with anti-Ac-K antibody. The stripped blot was probed
with anti-LKB1 antibody for loading control. B, expression of phospho (P)-LKB1 and phospho-AMPK in the
hearts of wild-type and Sirt7~’~ mice. Total LKB1 and AMPK were used as loading controls. Results are shown
for two mice of each group. C, heart weight/body weight ratio of wild-type (WT) and Sirt1*/~ mice treated with
vehicle (cont.) 1SO or ISO plus NAD for 7 days. D and E, quantification of cardiac fibrosis and the myocyte
cross-sectional area in wild-type and Sirt1™/~ mice subjected to different treatments. F, expression levels of
SIRT1 in wild-type and Sirt1*’~ hearts. G, Collagen-o and Anf mRNA levels in heart samples of wild-type and
Sirt17*/~ mice subjected different treatments. H, primary cultures of neonatal rat cardiomyocytes were pre-
treated with vehicle (control), 20 um compound C (comp.c), or 50 um splitomicin (splitom.) and then stimulated
with PE in the absence or presence of NAD. Cells were subsequently labeled with [*H]leucine and incorporation
of the isotope into total cellular proteins was measured 48 h after PE treatment. Bar diagrams represent val-
ues = S.E. of five experiments.

found increased acetylation of LKB1
in Sirt3”/~ hearts, compared with
wild-type controls, thus suggesting
that SIRT3 was capable of associat-
ing with LKB1 and deacetylating it
in vivo (Fig. 6I). To further confirm
these results, we then examined the
direct ability of SIRT3 to deacetylate
LKB1 in vitro. LKB1 was immuno-
precipitated from the heart lysate of
a wild-type mouse, and was sub-
jected to acetylation by PCAF or
P300 in vitro. Our results indicated
that LKB1 was preferably acetylated
by PCAF (Fig. 6/). To test the ability
of SIRT3 to deacetylate LKB1 in
vitro, we incubated acetylated
LKB1 with recombinant SIRT3 in
a HDAC buffer with or without
NAD. The results indicated that
SIRT3 was capable of deacetylat-
ing LKB1 in a NAD-dependent
manner (Fig. 6K).

We then tested the ability of
SIRT3 to deacetylate LKB1 during
hypertrophy of cardiomyocytes. Pri-
mary cultures of cardiomyocytes
were overexpressed with adenovi-
rus vectors expressing Sirt3 wild-
type or mutants and then stimulated
with PE. Subsequently, cell lysate
was prepared, LKB1 was immuno-
precipitated and its acetylation
examined by Western blotting. The
results showed that acetylation of
LKB1 was substantially reduced in
cells where Sirt3 wild-type, but not
the mutant, was overexpressed,
suggesting that SIRT3 was capable
of deacetylating LKB1 in vivo dur-
ing hypertrophy of cardiomyo-
cytes (Fig. 6L).

Finally, to test whether NAD
indeed requires SIRT3 to block the
cardiac hypertrophic response, we
examined the effect of NAD treat-
ment in Sirt3™'" mice. Sirt37/"
mice were chronically infused with
ISO, either alone or together with
NAD. We found that both NAD-
treated and untreated Sir£3~'~ mice

To add weight to these findings, we then tested the protein-
binding and deacetylation abilities of SIRT3 to LKB1. SIRT3
was immunoprecipitated from hearts of transgenic mice and
the resulting complex was tested for co-precipitation of LKB1.
The results showed that SIRT3 was capable of co-precipitating
LKBI from the heart lysate (Fig. 6H). Next we examined the
acetylation status of LKB1 in wild-type and Sirt3~'~ hearts. We
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had a significantly increased hypertrophic response as deter-
mined by the heart weight/body weight ratio, cross-sectional
area of myocytes, fibrosis of interstitial space, and expression of
Anfand Collagen-a mRNA. This suggests that NAD treatment
was unable to block ISO-induced hypertrophy of the Sirt3~/~
heart, whereas it was capable of doing so in control hearts (Fig.
7, A-E). We also confirmed these results by monitoring the
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FIGURE 6. SIRT3 binds to and deacetylates LKB1, leading to increased activity of the kinase. A, SIRT3 and
SIRT1 expression levels in the hearts of mice treated with Ang-Il, or Ang-Il plus NAD. B, expression of phospho
(P)-LKB1 and phospho-AMPK in the hearts of wild-type (WT) and Sirt3~/~ mice. Total LKB1 and AMPK were used
as loading controls. Cand D, quantification of P-LKB1 and P-AMPK levels in the hearts of wild-type and Sirt3~/~
mice. E, expression of phospho-LKB1 and phospho-AMPK in the hearts of non-transgenic (N.Tg) and Sirt3
transgenic (SIRT3.Tg) mice. F and G, quantification of P-LKB1 and P-AMPK levels in the hearts of non-transgenic
and Sirt3 transgenic mice. H, hemagglutinin-tagged SIRT3 was immunoprecipitated (/P) from heart lysates of
Sirt3-HA-Tg mice, and the resulting complex was analyzed by Western blotting with anti-LKB1 antibody.
I, endogenous LKB1 was immunoprecipitated from heart lysates of wild-type and Sirt3~/~ mice, and analyzed
by Western blotting with anti-Ac-K antibody. The stripped blot was probed with anti-LKB1 antibody for loading
control. J, LKB1 immunoprecipitated from the heart lysate of a control mouse was subjected to in vitro acety-
lation by recombinant PCAF or P300. Beads with LKB1 were separated, washed, and subjected to Western
blotting with Ac-K antibody. The stripped blot was probed with anti-LKB1 antibody for loading control. K, LKB1
was immunoprecipitated from heart lysates and subjected to acetylation in vitro with PCAF. Beads containing
acetylated LKB1 were then incubated with recombinant Sirt3, in the presence or absence of NAD. The acety-
lation status of LKB1 was determined by Western blotting with anti-Ac-K antibody. The stripped blots were
probed with anti-LKB1 antibody for loading controls. L, rat cardiomyocytes were overexpressed with adeno-
virus vectors expressing Sirt3 wild-type or the mutant, and treated with vehicle (control) or PE for 24 h. Cells
were lysed and LKB1 was immunoprecipitated and analyzed by Western blotting with anti-Ac-K antibody.
Stripped blots were probed with anti-LKB1 antibody for loading control. In panels A, B, E, and |, results are
shown for two animals of each group.

treatment preserved the LV func-
tion of ISO-treated wild-type mice.
Evaluation of the cardiac function of
Sirt3~’~ mice indicated that NAD
treatment was unable to prevent
loss of LV function induced by ISO
infusion (Fig. 7, Fand G). These data
thus provided strong evidence for
involvement of SIRT3-mediated
signaling in the anti-hypertrophic
effects of NAD.

DISCUSSION

This study was designed to
investigate the effects of exoge-
nous supplementation of NAD in
the development of cardiac hyper-
trophy. By using different in vitro
and in vivo models of hypertrophy
we showed that pathologic cardiac
hypertrophy is associated with
depletion of cellular NAD levels.
NAD treatment restored the cellu-
lar NAD levels and blocked the ago-
nist-mediated cardiac hypertrophic
response. We also identified a new
substrate of SIRT3, which is LKB1.
SIRT3 deacetylates LKB1, leading to
activation of the kinase. Experi-
ments carried out to demonstrate
the mechanism of cardioprotective
effects of NAD showed that it pre-
vented the hypertrophic response
by shutting down pro-hypertrophic
Aktl signaling, and maintaining the
activity of the anti-hypertrophic
AMPK signaling pathway. Another
important finding in this paper is
that we made a distinction between
the cardioprotective effects of two
sirtuin analogues that have been
studied in some detail. We showed
that whereas SIRT3 has the capacity
to block the cardiac hypertrophic
response, SIRT1 does not. These
results are important from the
mechanistic viewpoint of the evolu-
tion of cardiac hypertrophy as well
as from the clinical standpoint for
treatment of heart failure.

The role of NAD in the prevention

cardiac function of these mice by echocardiography. The LV
wall thickness of wild-type mice was significantly increased
after infusion of ISO, whereas it remained within control values
after NAD treatment. Quantification of LV fractional shorten-
ing indicated that it was significantly reduced in wild-type mice
subjected to ISO-mediated cardiac hypertrophy, but remained
unchanged in NAD-treated mice, thus suggesting that NAD

JANUARY 29, 2010+VOLUME 285+<NUMBER 5

and cure of diseases was first established in the middle of the last
century, when Elvehjem et al. (32) showed that niacin cured
pellagra in dogs. Even though NAD cured a multisymptom dis-
ease, it seemed that the therapeutic importance of this simple
molecule was neglected somewhat for nearly 50 years. A few
bright spots in NAD research during this time included the
observation that treatment with niacin and nicotinamide can
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cure the porphyrinuria of liver cirrhosis, lead poisoning, and
diabetes (33—-35). Although the research on the effect of exog-
enous NAD in preventing diseases still remains in its infancy,
the significance of maintaining intracellular levels of NAD for

cell protection gained momentum
with the discovery of NAD-depen-
dent deacetylases (7). The rejuvena-
tion of the concept of NAD treat-
ment came from studies of Araki
et al. (36) who showed that exoge-
nous addition of NAD to neurons
delayed axonal degeneration in
response to mechanical or chemical
damage. Consistent with this report,
Ying et al. (15) showed that intranasal
administration of NAD profoundly
decreased brain injury in a rat model
of transient focal ischemia, thus high-
lighting the therapeutic significance
of NAD. Our data supports the ther-
apeutic value of exogenous NAD, and
show for the first time that it also has
the potential to block cardiac hyper-
trophic response.

In this study we observed substan-
tial loss of NAD after stimulation of
hearts with hypertrophic agonists,
consistent with our previous studies
with an aortic banding model of
hypertrophy (6). In the swim-induced
physiologic hypertrophy, however, no
loss of NAD was detected. There
could be several reasons for deple-
tion of cellular NAD levels during
pathologic hypertrophy. Stimula-
tion of cells with hypertrophic ago-
nists is known to induce oxidative
stress, which activates poly(ADP-ri-
bose) polymerase-1. Poly(ADP-ri-
bose) polymerase-1 activation con-
sumes NAD during synthesis of
poly(ADP-ribose) polymers, result-
ing in depletion of cellular NAD lev-
els (6). Oxidative stress is also
known to induce opening of Cx43
hemi-channels, which would allow
passage of molecules up to 1000 Da
down to their respective concentra-
tion and electrochemical gradients
(37, 38). Because the extracellular
NAD concentration is lower than
intracellular, opening of these chan-
nels could also contribute to loss of
cellular NAD levels. There could be
yet another mechanism related to
the reduced activity of the NAD
biosynthetic pathway, because we
found reduced levels of Nampt, a
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occurring simultaneously leading to substantial loss of cellular
NAD levels.

NAD treatment restored the cellular NAD levels and this
effect was blocked by pretreatment of cells with a Cx43 channel
blocker, suggesting that NAD gets entry into cells at least in part
(if not all), through these channels, consistent with previous
reports (21, 39). In Fig. 7H, we illustrated a scheme showing the
sequential activation of pathways involved in NAD-mediated
cardiac protection. NAD treatment was capable of maintaining
the activity of AMPK. AMPK has been implicated in the activa-
tion of SIRT1 by enhancing the intracellular NAD/NADH ratio
via activation of Nampt (40). Because the increased intracellu-
lar NAD/NADH ratio also activates SIRT3 (41), it is likely that
stabilization of AMPK influences the activity of SIRT3 as well.
In this context it should be noted that both AMPK (this study)
and SIRT3 (9) are activated during physiologic hypertrophy.
The upstream kinase of AMPK is LKB1, which is known to be
activated by SIRT1-mediated deacetylation in human embry-
onic kidney 293 cells (29). In this study, however, we found that
LKBI is activated by SIRT3 in the heart, where SIRT1 has little
or no activity for this kinase. This observation is consistent with
other reports in which AMPK activation in hematopoietic stem
cells and neurons was found to be independent of SIRT1 (42,
43). Thus, for the cardioprotective effects of NAD, SIRT3 is
upstream of LKB1, followed by AMPK. The downstream tar-
gets of AMPK included activation of Raptor and GSK38 and
inhibition of Aktl and mTOR, thereby shifting the balance of
cell signaling from pro-hypertrophic toward an anti-hypertro-
phic pathway.

Another pathway that should be also considered involved in
the anti-hypertrophic effects of NAD is the ability of NAD to
reduce cellular ROS levels. Many previous studies have shown
that reduction of cellular ROS levels is necessary for prevention
of the cardiac hypertrophic response. Reduced cellular ROS
levels after NAD treatment could be also related to activation of
SIRT3. We have recently shown that SIRT3 activation induces
the expression of antioxidants, Mn-SOD and catalase, by
enhancing the activity of Foxo3a (9). Increased activity of anti-
oxidants reduces cellular ROS levels, thereby blocking the
activity of Ras and Ras-mediated activation of Aktl signaling
(9). These findings thus indicate that NAD treatment can block
the activity of the Aktl signaling by at least two ways, first by
curtailing the cellular ROS levels by SIRT3-mediated activation
of antioxidants, and second by stabilization of the activity of
AMPK pathway. At any event, cardiac hypertrophy is a result of
imbalance between the activity of prohypertrophic and anti-
hypertrophic pathways. Based on the data presented here and

NAD Blocks Cardiac Hypertrophic Response in Mice

published before, it seems that NAD treatment blocks the
cardiac hypertrophic response by maintaining the balance
between these two pathways, that is by suppressing the activity
of prohypertrophic Akt1 signaling and augmenting the activity
of the anti-hypertrophic AMPK-signaling pathway.

AMPK is a metabolic fuel gauge conserved along the evolu-
tionary scale in eukaryotes that senses changes in the intracel-
lular AMP/ATP ratio. In general, activation of AMPK boosts
cellular ATP levels (44). Therefore, one would expect to see
increased activation of AMPK in conditions of energy starva-
tion. In this study, however, we found reduced activity of
AMPK when cellular ATP levels were declined. This could be
because the pathways leading to activation of AMPK were
adversely affected by low levels of NAD during hypertrophy of
cardiomyocytes. For example, decreased activity of AMPK was
positively correlated with decreased activity of Nampt, which
would impact intracellular levels of NAD and consequently the
activity of SIRT1 and/or SIRT3 involved in activation of AMPK.
Our observation that SIRT3 has the ability to activate AMPK
can also explain why SIRT3-deficient hearts have defects in the
ATP biosynthetic capacity (10).

The role of SIRT1 in mammalian cell growth is controversial
(45—48). This is also true regarding the mechanism of exten-
sion of the lifespan by SIRT1 (49). Although enhanced activity
of Sir2 and its corresponding homologues has been shown to
increase the lifespan of lower organisms such as yeast, worms,
and flies, similar findings were not noted in higher organisms
with SIRT1. Overexpression of SIRT1 does not extend the rep-
licative lifespan of human fibroblasts or prostrate epithelial
cells; rather, it caused replicative senescence in response to
chronic cellular stress (50, 51). Also, hematopoietic stem cells
obtained from SIRT1-deficient mice showed increased growth
capacity and decreased dependence on growth factors (42). A
similar discrepancy exists regarding the ability of SIRT1 to pro-
tect hearts during stress (8, 48). Although SIRT1 activation was
shown to protect cardiac myocytes from cell death, it was never
found to block the cardiac hypertrophic response. In this study,
by using knock-out and transgenic mice, we found that it is
SIRT3, and not SIRT1, which is responsible for transmitting the
anti-hypertrophic signals of NAD. This observation is consist-
ent with previous reports showing distinct cardiac phenotype
between Sirt3- and Sirtl-deficient mice. Although Sirtl ™/~
mice carry cardiac developmental defects, the hearts of
Sirt3~'~ mice show signs of hypertrophy and fibrosis (9, 52).

In summary, we demonstrated that exogenous NAD can
block cardiac hypertrophy via activation of SIRT3. We identi-
fied a new cascade of an anti-hypertrophic signaling pathway

FIGURE 7. NAD treatment is unable to block the cardiac hypertrophic response of Sirt3~/~ mice. A, heart weight/body weight ratio of control (Veh), 1SO,
or IS0 plus NAD-treated wild-type (WT) and Sirt3~/~ mice. Band C, quantification of the cross-sectional area of myocytes and fibrosis in different groups of mice.
DandE, Collagen-aand AnfmRNA levels in heart samples of WT and Sirt3~/~ mice subjected to ISO-mediated hypertrophy in the presence or absence of NAD.
F and G, echocardiographic measurements of LV fractional shortening and wall thickness of control (Veh), SO, or ISO plus NAD-treated wild-type and Sirt3~/~
mice. Values are mean = S.E,, n = 6. H, scheme illustrating signaling pathways modified by NAD to block the cardiac hypertrophic response. Stimulation of
cardiomyocytes with an agonist causes reduction of cellular Nampt and NAD levels, which results in the reduced activity of SIRT3. Deceased activity of SIRT3
negatively affects the activity of the LKB1-AMPK-Raptor signaling pathway, which leads to increased activity of mTOR. Reduced activity of AMPK also regulates
positively the activity of Akt1, resulting in a further activation of mTOR and suppression of the activity of GSK3B. The net result of these changes is increased
protein synthesis and development of cardiac hypertrophy. Exogenous NAD enters into cardiomyocytes via connexin 43 channels, and elevates cellular NAD
levels, thereby activating SIRT3. SIRT3 activation stabilizes the activity of the LKB1-AMPK signaling pathway, thus blocking the prohypertrophic activity of
mTOR and of Akt1. As reported before (9), SIRT3 activation can also block cardiac hypertrophy by reducing cellular ROS levels and in so doing suppress the
ROS-mediated activation of Akt1 signaling.
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that includes sequential activation of SIRT3-LKB1-AMPKI.
Because oxidative stress is a common cause of many diseases, it
is likely that many diseases are associated with depletion of
cellular NAD levels. If so, then as demonstrated in this study,
NAD treatment may become a panacea for prevention and cure
of many diseases in the future.
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