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Abstract. Sirtuin 1 (Sirtl) exerts its cardioprotective effects
in various cardiovascular diseases via multiple cellular activi-
ties. However, the therapeutic implications of Sirtl in hypoxic
cardiomyocytes and the underlying mechanisms remain
elusive. The present study investigated whether Sirtl regulates
autophagy and apoptosis in hypoxic HOC2 cardiomyocytes
and in an experimental hypoxic mouse model. Right ventric-
ular outflow tract biopsies were obtained from patients with
cyanotic or acyanotic congenital heart diseases. Adenovirus
Ad-Sirtl was used to activate Sirtl and Ad-Sh-Sirtl was used
to inhibit Sirtl expression in H9C2 cells, in order to investi-
gate the effect of Sirtl on cellular autophagy and apoptosis.
SRT1720, a pharmacological activator of Sirtl and EX-527,
a Sirtl antagonist, were administered to mice to explore the
role of Sirtl in hypoxic cardiomyocytes in vivo. The levels
of autophagy and apoptosis-related proteins were evaluated
using western blotting. Apoptosis was investigated by TUNEL
staining and Annexin V/7-aminoactinomycin D flow cytometry
analysis. Heart tissue samples from cyanotic patients exhibited
increased autophagy and apoptosis, as well as elevated Sirtl
levels, compared with the noncyanotic control samples. The
data from the western blot analysis revealed that Sirtl promoted
autophagic flux and reduced apoptosis in hypoxic HOC2 cells.
In addition, Sirtl activated AMP-activated protein kinase
(AMPK), and the AMPK inhibitor Compound C abolished
the effect of Sirtl on autophagy activation. Further explora-
tion of the mechanism revealed that Sirtl protects hypoxic
cardiomyocytes from apoptosis, at least in part, through
inositol requiring kinase enzyme lo (IREla). Consistent with
the in vitro results, treatment with the Sirtl activator SRT1720
activated AMPK, inhibited IREla, enhanced autophagy,
and decreased apoptosis in the heart tissues of normoxic
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mice compared with the hypoxia control group. Opposite
changes were observed in hypoxic mice treated with the Sirtl
inhibitor EX-527. These results suggested that Sirt]l promoted
autophagy via AMPK activation and reduced hypoxia-induced
apoptosis via the IREla pathway, to protect cardiomyocytes
from hypoxic stress.

Introduction

Sirtuin 1 (Sirtl), a member of class III histone deacetylases,
is a nicotinamide adenine dinucleotide (NAD™)- dependent
histone deacetylase. Recently, it has become clear that Sirtl
deacetylates histone and non-histone proteins to participate
in multiple cellular process, including apoptosis, autophagy,
calorie restriction, energy metabolism, cell differentiation,
anti-aging and DNA damage repair (1-4). Of note, Sirtl helps
cells to cope with environmental stress by targeting abundant
transcription factors, such as the Forkhead box O (FOXO)
proteins, tumour protein p53, nuclear factor (NF)-«B, peroxi-
some proliferator-activated receptor-y coactivator (PGC)-la,
and E2F transcription factor 1 (3,5-7). Previous evidence
indicates that Sirtl exerts a protective role in cardiovascular
diseases. Hariharan et al (3) have reported that Sirt]l mediates
glucose starvation-induced autophagy by deacetylating FOXO
in cardiomyocytes. In addition, Sirtl overexpression protects
the heart from ischemia reperfusion injury by inhibiting proa-
poptotic molecules (8). These studies demonstrate that Sirtl is
involved in cardioprotection.

Hypoxia is the fundamental and inevitable pathophysi-
ological process of cyanotic congenital heart disease (CHD),
such as the Tetralogy of Fallot (TOF). Although the underlying
mechanism of CHD pathogenesis remains unclear, cardiac
apoptotic cell death is vitally important in CHD (9). Of note,
previous studies have demonstrated that Sirtl promoted
cellular survival under hypoxic conditions by deacetylating
hypoxia-inducible factor (Hif)-la (10) and Hif-2a (11),
implying that Sirtl may have a critical role in hypoxic environ-
ment. Therefore, it is possible that Sirtl may serve a role in
protecting cardiomyocytes from hypoxic injury.

Autophagy is a catabolic process of intracellular degra-
dation in which cytoplasmic materials are recycled through
autophagosomal sequestration and subsequent lysosomal
degradation (12). Autophagy exists under stress-free conditions
to maintain cellular homeostasis. Cardiac-specific deficiency
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of the autophagy related 5 (ATGS) gene under physiological
conditions induces heart failure in mice, demonstrating that
autophagy is required to maintain basal heart function (13).
Autophagy has a pivotal role in energy metabolism and
protein quality control and has been found to be beneficial
to cardiac function in harsh environments, including during
ischemia-reperfusion injury (14).

Our group has previously demonstrated that AMP-activated
protein kinase (AMPK) protects cardiomyocytes from
hypoxia-induced injury through mitophagy (15). In addition,
AMPK has been demonstrated to promote autophagy via
unc-51 like autophagy activating kinase 1 (ULKI1) activation
and mammalian target of rapamycin (mTOR) 1 suppres-
sion (16). Whether Sirtl modulates autophagy in hypoxic
cardiomyocytes via AMPK has not been fully investigated.

The most conserved endoplasmic reticulum (ER)-resident
unfolded protein response (UPR) regulator, the inositol
requiring kinase enzyme la (IREla), functions as a cell fate
executor. In response to mild ER stress, the kinase domain
of IREla is autophosphorylated, subsequently activating
its endoribonuclease activity to splice the X-box binding
protein 1 (XBP1) mRNA to re-establish protein folding
homeostasis. However, under excessive or sustained ER
stress, continuous engagement of IREla results in events
that simultaneously aggravate protein misfolding and apop-
tosis (17). IREla inhibition has been demonstrated to attenuate
single prolonged stress-induced neuronal apoptosis in locus
coeruleus (18). Furthermore, IREla is of vital importance
for cytokine-induced apoptosis via c-Jun N-terminal kinase
(JNK) activation in human pancreatic beta cells (19,20).
Jain et al (21) have reported that IREla is activated in cardio-
myocytes of rats subjected to chronic hypobaric hypoxia, with
an accompanying increase in apoptosis. Therefore, it can be
hypothesized that Sirt]l may inhibit chronic hypoxia-induced
apoptosis through IREla.

The present study sought to investigate the role of Sirtl
in modulating autophagy and apoptosis in cardiac cells under
chronic hypoxic conditions. The target molecules involved in
mediating these effects, such as AMPK and IREla, were also
assessed.

Materials and methods

Patients studied and myocardial biopsies. A total of
20 patients were enrolled in this study (from January 2015 to
January 2017), all of whom underwent surgical correction for
congenital heart diseases with extracorporeal circulation in the
Department of Cardiovascular Surgery of Xingiao Hospital
(Chongqing, China). Ten patients had cyanotic (4 females
and 6 males; mean age, 22 months; 9-32, arterial SpO2, 72%;
63-76) and 10 had acyanotic (4 females and 6 males; mean age,
18 months; 8-27, arterial SpO2, 97%; 95-100) cardiac defects.
The relatively normoxic ventricular tissues samples used as
control were obtained from patients with ventricular septal
defect combined with right ventricular outflow tract obstruc-
tion. The hypoxic ventricular tissue samples were obtained
from patients with Tetralogy of Fallot (TOF) as previously
described (22).

The investigation conformed with the Declaration of
Helsinki and was approved by the Human Ethical Committee
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of Xingiao Hospital. Informed consent was obtained from all
subjects involved in the study prior to surgery.

Adenoviral and lentiviral constructs. The Ad-Easy adenoviral
vector system (Qbiogene, Inc., Santa Ana, CA, USA) was
used to construct the Ad-Sirtl, Ad-Sh-Sirtl and Ad-IREla,
according to the protocol of the manufacturer. A previously
reported Sirtl-RNAi sequence was used (23). Ad-LacZ was
used as a control. The adenoviruses were transduced at multi-
plicity of infection (MOI) 50. The Sh-IREla and Sh-Scramble
lentivirus were purchased from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA). To knockdown IREla, H9C2 cells were
infected with Sh-IREla, and stable cell lines were obtained
following puromycin selection.

Cell culture. The H9C2 cell line (American Type Culture
Collection, Manassas, VA, USA) was maintained in high
glucose Dulbecco's modified Eagle's medium (DMEM; Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA), supple-
mented with 10% fetal bovine serum (FBS; Gibco; Thermo
Fisher Scientific, Inc.), 100 U/ml of penicillin, and 100 mg/ml
streptomycin at 37°C. After the indicated treatment, the cells
were incubated in serum-free medium overnight. Then, cells
in the hypoxia group were placed in a modular incubator
(Ruskinn Technology Ltd., Bridgend, UK), containing a
gaseous mixture of 94% N,, 5% CO, and 1% O, at 37°C for
24 h. The cells in normoxia group were placed in a 21% O,
environment. Unless otherwise stated, the hypoxic cells were
subjected to hypoxia for 24 h. To inhibit AMPK, Compound C
(20 uM; Sigma- Aldrich; Merck KGaA, Darmstadt, Germany)
was applied 2 h before hypoxia treatment.

In vivo hypoxia mouse model. Six to eight weeks old C57BL/6J
male mice were purchased from the Laboratory Animals
Center of Third Military Medical University (Chongqing,
China). All animal protocols were performed in accordance
with approved principles of laboratory animal care and
ethical approval was obtained from the Experimental Animal
Committee of The Second Affiliated Hospital of The Third
Military Medical University, Chongqing, China.

A total of 40 C57BL/6J mice were randomly divided into
four groups: control group, mice placed in a normoxic 21%
O, environment (21% O,+DMSO); hypoxic untreated group,
mice exposed to hypoxia and treated with vehicle control
(10% O,+DMSO0); SRT1720 treated group, mice exposed to
hypoxia and treated with SRT1720 (10% O,+SRT1720); and
EX-527 treatment group, mice exposed to hypoxia and treated
with EX-527 (10% O,+EX-527).

O, control glove boxes and cabinets (Baker Ruskinn
InvivO, 1000; Ruskinn Technology, Ltd.) were used to main-
tain a hypoxic environment for the animal studies. The oxygen
concentration was stably maintained at 10% O, to mimic a
hypoxic environment. A carbon dioxide absorbent (Tiger-sorb,
Guangzhou, China) was used to remove the CO, produced by
the mice in the hypoxic chamber.

Drug administration. The Sirtl specific activator SRT1720
(Selleck Chemicals, Houston, TX, USA) and the Sirtl
inhibitor EX-527 (Sigma-Aldrich; Merck KGaA) were
dissolved in dimethyl sulfoxide (DMSO) and diluted to
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a final concentration with normal saline to ensure that the
final DMSO concentration was 0.5%. To activate or inhibit
Sirtl, mice were weighed and injected daily with SRT1720
(50 mg/kg) or EX-527 (10 mg/kg) intraperitoneally for one
week prior to hypoxia exposure. The mice in the normoxic
or hypoxic control groups received an equivalent volume of
diluted DMSO intraperitoneally at the indicated time points.
Next, all of the mice in the hypoxic groups were housed in
the hypoxic environment (10% O,) for 2 weeks. During the
hypoxia exposure, the mice were administered daily the same
drug doses as aforementioned. The normoxic mice were
housed in a normoxic environment as a control. The mice
were euthanized at the end of the hypoxia experiment and the
hearts were harvested for further analysis.

Western blot analysis. Total protein was extracted from the
HO9C2 cells or heart samples using cell extraction buffer
(Invitrogen; Thermo Fisher Scientific, Inc.) supplemented
with protease and phosphatase inhibitors (Roche Applied
Science, Mannheim, Germany). Protein concentrations
from myocardial tissues and H9C2 cells were measured by
bicinchoninic acid assay, and then separated (50 pg) by 12%
SDS-PAGE gel. Then, protein samples were transferred to
polyvinylidene fluoride membranes (Roche Applied Science)
and blocked with 5% BSA for 1 h at room temperature. The
membranes were probed with the indicated primary antibodies
at 4°C overnight, followed by incubation with horseradish
peroxidase (HRP)-conjugated secondary antibodies for 1 h
at room temperature, and detection with enhanced chemilu-
minescence reagents (Beyotime Institute of Biotechnology,
Shanghai, China). Changes in protein expression were deter-
mined using ImageJ software (National Institutes of Health,
Bethesda, MD, USA). The antibodies against microtubule
associated protein 1 light chain 3b (LC3B; cat. no. 3868), p62
(cat. no. 39749), phosphorylated (p-) INK (cat. no. 4668), INK
(cat. no. 9252), p- Jun proto-oncogene (c-jun; cat. no. 3270),
c-jun (cat. no. 9165), NF-xB p65 (cat. no. 8242), NF-«B
p-p65 (cat. no. 3033), p53 (cat. no. 2524), cleaved Caspase-3
(cat.no. 9661), AMPK (cat. no. 5831), p-AMPK (cat. no. 2535),
and P-actin (cat. no. 4970) were used at 1:1,000 dilution and
purchased from Cell Signaling Technology,Inc. (Danvers, MA,
USA). The antibodies against acetyl-p53 (cat. no. ab61241),
IREla (cat. no. ab37073), phospho-IREla (cat. no. ab48187),
Sirtl (cat. no. ab110304), and Bcl2 (cat. no. ab59348) were
used at 1:1,000 dilution and obtained from Abcam. The goat
anti-rabbit (cat. no. 7074) and goat anti-mouse (cat. no. 7076)
IgG-HRP antibodies were obtained from Cell Signaling
Technology, Inc.

Flow cytometry. Cell apoptosis was assessed via an
Annexin V-phycoerythrin (PE)/7-aminoactinomycin (AAD)
assay. Briefly, after the indicated treatments, HOC2 cells were
digested with trypsin, washed twice with cold PBS, collected,
and suspended in Annexin V binding buffer. PE-conjugated
Annexin V and 7-AAD (BD Biosciences, San Jose, CA, USA)
were added to the cells. Following incubation, Annexin V
binding buffer was added, and the cell suspensions were
analysed by flow cytometry (BD LSRFortessa X-20; BD
Biosciences) and data were analysed by Kaluza 2.0 (Beckman
Coulter, Inc., Brea, CA, USA).
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Determination of apoptosis by TUNEL staining. The apop-
tosis rates in tissue sections of mouse hearts (prepared as
described below for the immunofluorescence experiments)
were analysed by TUNEL staining using an in situ cell death
detection kit (Roche Applied Science), according to manu-
facturer's protocol. In brief, the slides were incubated with
TUNEL reaction mixture solution to mark the apoptotic cells,
and the total number of cells was determined using DAPI
staining. The slides were visualized under a Leica TCS-SP5
laser-scanning confocal microscope (Leica Microsystems
GmbH, Wetzlar, Germany). The apoptotic rate was calculated
as a % of the number of TUNEL-positive cells over the total
number of DAPI-stained cells.

Immunofluorescence staining. Frozen mouse hearts were
embedded in optimal cutting temperature (OCT) compound
(Sakura Finetek Inc., Torrance, CA, USA) and 6 ym cryosec-
tions were cut. The slides were fixed in 4% paraformaldehyde
for 30 min, washed five times with PBS and incubated with
10% goat serum (Boster Biological Technology, Ltd., Wuhan,
China) at room temperature. The tissues were immunos-
tained with Hifla (cat. no. abl; Abcam; 1:200), a-actin
(cat. no. SAB4503474; Sigma-Aldrich; 1:400), cardiac
troponin T (TNT; cat. no. ab8295; Abcam; 1:400), or LC3B
(cat. no. L7543; Sigma-Aldrich; 1:200), and washed five times
with PBS. The samples were then stained with Cy3-labeled
goat anti-mouse IgG (cat. no. A0521; 1:500) or Alexa Fluor
488-labeled goat anti-rabbit IgG (cat. no. A0423; 1:500)
secondary antibodies (Beyotime Institute of Biotechnology,
Shanghai, China) for 1 h at room temperature. The nuclei
were counterstained with DAPI. The cells were imaged with
confocal laser scanning microscopy (Leica Microsystems
GmbH).

Statistical analysis. Data are expressed as the mean + stan-
dard error of the mean. Statistical significance was analysed
with GraphPad Prism 5.0 software (GraphPad Software,
Inc. La Jolla, CA, USA). Comparisons between two groups
were performed by using Student's t-test. Differences among
multiple groups were analysed using one-way analysis of vari-
ance (ANOVA) followed by Tukey's post hoc test or, two-way
ANOVA followed by Bonferroni correction. P<0.05 was
considered to indicate a statistically significant difference.

Results

Autophagy, apoptosis and Sirtl are upregulated in cyanotic
patients. Specimens of the right ventricular outflow tract
were isolated from patients diagnosed with cyanotic or
acyanotic congenital heart diseases. Western blot analysis
was used to detect the autophagy markers LC3-II and p62,
and apoptosis-associated proteins, namely the pro-apoptotic
cleaved Caspase-3 and the anti-apoptotic protein Bcl2. The
results demonstrated that expression of LC3-II, an indicator
of autophagosome accumulation, was increased and while the
levels of p62, which is degraded via autophagy, were decreased
in the myocardial samples from patients with cyanotic
congenital heart disease (Fig. 1A and C). Additionally, the
cleaved Caspase-3 levels were increased while the Bcl2 levels
were decreased in the cyanotic group (Fig. 1B and C). These
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Figure 1. Expression levels of autophagy and apoptosis-related proteins and Sirtl expression in the myocardium of congenital heart disease patients.
(A and B) Representative western blot images of LC3-II, p62, cleaved Caspase-3, Bcl2 and Sirtl protein expression in myocardial samples from acyanotic
and cyanotic patients. (C) Densitometric analysis. n=10, “P<0.05 vs. the acyanotic group. Sirtl, sirtuin 1; LC3, microtubule associated protein 1 light chain 3.

results indicated that autophagy and apoptosis were activated
in the heart samples of patients with cyanotic congenital heart
disease.

Furthermore, to examine whether hypoxia affected cardiac
Sirtl levels, its expression was detected by western blotting.
The results revealed that Sirtl protein expression was increased
in the myocardia of cyanotic patients compared with acyanotic
controls (Fig. 1B and C).

Sirtl enhances autophagy in cardiomyocytes. To examine the
role of Sirtl in the autophagy process, Sirtl was overexpressed
in H9C2 cells by use of the Ad-Sirtl adenovirus, as well as
silenced by use of the Ad-Sh-Sirtl adenovirus. Ad-LacZ was
used as control. Fig. 2A illustrates that Ad-Sirtl success-
fully increased Sirtl expression and Ad-Sh-Sirtl suppressed
Sirtl expression compared with the control group. Ad-Sirtl
stimulated a significant accumulation in baseline levels of
LC3-II and a decrease in p62 compared with the control
group, indicating that autophagy was activated when Sirtl
was overexpressed (Fig. 2A and B). By contrast, Sirtl knock-
down resulted in p62 accumulation and LC3-II reduction
compared with the control group (Fig. 2A and B). To analyse
the potential role of Sirtl in hypoxia-induced autophagy,
Ad-Sh-Sirtl-transduced H9C2 cells were subjected to
24 h hypoxia treatment. Knockdown of Sirtl significantly
decreased LC3-II expression and increased p62 expression in
hypoxic cardiomyocytes, compared with the hypoxic control
group, indicating that autophagy is impaired when Sirtl is
silenced (Fig. 2C and D).

Sirtl promotes autophagy in hypoxic cardiomyocytes by
activating AMPK. To determine whether Sirtl modulates
AMPK in H9C2 cells exposed to hypoxia, the levels of
p-AMPK and AMPK were determined. Western blotting
revealed that the p-AMPK levels were increased significantly
in the Ad-Sirtl + hypoxia group compared with the hypoxia
control group (Fig. 2E and F). Compared with the hypoxia
group, the p-AMPK/AMPK ratio was significantly decreased
in the Ad-Sh-Sirtl + hypoxia group (Fig. 2E and F). To
investigate whether the pro-autophagy effect of Sirtl was asso-
ciated with AMPK, the cells were pretreated with the AMPK
inhibitor Compound C (20 uM) along with Ad-Sirtl prior
to the hypoxia treatment. The results demonstrated that the
pro-autophagy effect of Sirtl was reversed when Compound C
was added (Fig. 2G and H), suggesting that the ability of Sirtl

to promote autophagy in hypoxic cardiomyocytes is mediated
by AMPK.

Sirtl alleviates hypoxia-induced apoptosis. To determine
the effects of Sirtl on apoptosis in the context of hypoxia,
several methods were employed. Western blotting results
demonstrated that Sirtl overexpression attenuated the levels of
cleaved Caspase-3 and increased anti-apoptotic Bcl2 expres-
sion in hypoxic H9C2 cells (Fig. 3A and B). Furthermore,
flow cytometry analysis revealed that the cell apoptosis rate
(early apoptotic + late apoptotic) was increased following 24 h
induction of hypoxia (Fig. 3C); however, Sirtl overexpression
resulted in a significant decrease in the % of apoptotic cells
(Fig. 3C). Collectively, these results revealed that Sirtl allevi-
ated apoptosis in hypoxic HOC2 cells.

Sirtl alleviates apoptosis via IREla suppression. First, the
effects of Sirtl on the IREla pathway were examined by
analysing the protein expression levels of IREla and its phos-
phorylated form. As illustrated in Fig. 4A, hypoxia activated
IREla, as demonstrated by an increase in the p-IREla/IREla
ratio. Ad-Sirtl transduction significantly reduced the activa-
tion of IREla, whereas Sirtl silencing significantly enhanced
the activation IREla (Fig. 4A and B). These findings demon-
strated that Sirtl regulated hypoxia-induced IREla activation.

Next, the role of IREla in hypoxia-induced apoptosis
in H9C2 cells was investigated. IREla was overexpressed
in the cells via Ad-IREla transduction. To inhibit IREla
expression in H9C2 cells, stable cell lines were established by
transduction with the Lv-Sh-IREla lentivirus and subsequent
puromycin selection. The protein expression levels of IREla
were markedly increased or decreased following Ad-IREla
or Lv-Sh-IREla transduction, respectively (Fig. 4C). Western
blot analysis was performed to assess changes in the levels of
apoptosis-related proteins following IREla modulation. After
IREla overexpression in HOC2 cells exposed to hypoxia for
24 h, the levels of cleaved Caspase-3 were upregulated, while
Bcl2 was drastically decreased. However, IREla inhibition
exerted the opposite effects on the expression levels of these
apoptosis-related proteins (Fig. 4C and D).

To explore how IREla modulates apoptosis, we investi-
gated whether IREla promoted apoptosis by targeting the
pro-apoptotic JNK/c-jun pathway in hypoxic HOC2 cells.
p-JNK and p-cjun were activated after 24 h hypoxia treatment
(Fig. 4C). In addition, the p-JNK/JNK and p-c-jun/c-jun ratios
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Figure 2. Sirtl activates AMPK to promote autophagy in hypoxic HIC2 cells. (A) Western blot analysis revealed the expression levels of Sirtl, LC3-II and
p62 proteins in HIC2 cells transduced with Ad-Sirtl, Ad-Sh-Sirtl or Ad-LacZ. (B) The relative protein expression levels as determined by densitometric
analysis. (C) Representative blots of LC3-1I, p62 and B-actin in H9C2 transduced with Ad-Sh-Sirtl or Ad-LacZ in the presence of normoxia or hypoxia
for 24 h. (D) Densitometric analysis of LC3-1I and p62 of H9C2 cells subjected to the indicated treatments. (E) Western blot analysis of AMPK, p-AMPK
and P-actin levels after the indicated treatments. (F) Relative levels of p-AMPK vs. total AMPK in each group as determined by blot densitometry. (G) The
protein expression levels of LC3-1I and p62 in cell lysates were detected by Western blotting after the indicated treatments. (H) Densitometric analysis of
the LC3-II and p62 levels in H9C?2 cells subjected to the indicated treatments. n=3. "P<0.05 vs. Normoxia + Ad-LacZ group; “P<0.05 vs. Hypoxia + Ad-LacZ
group; $P<0.05 vs. Ad-Sirtl + Hypoxia group. Sirtl, sirtuin 1; LC3, microtubule associated protein 1 light chain 3; AMPK, AMP-activated protein kinase;

p-, phosphorylated; sh, short hairpin.

were significantly increased in the Ad-IREla+hypoxia group
compared with its hypoxia control group (Fig. 4D). Silencing
of IREla by Lv-Sh-IREla decreased the p-JNK/JNK and
p-c-jun/c-jun ratios, compared to the Lv-Sh-scramble +hypoxia
group (Fig. 4C and D). These results indicated that IREla
silencing blocked JNK and c-jun activation, leading to
decreased cellular apoptosis.

Next, we explored whether IREla regulates apoptosis
through NF-kB p65. IREla overexpression further acti-
vated NF-kB p65 in hypoxic HO9C2 cells, as demonstrated
by a significant increase in the phosphorylation of NF-xB
p65 compared with its phosphorylation state in the hypoxic
control (Fig. 4C and D). Conversely, IREla silencing reversed
the regulatory effect of hypoxia on NF-kB p65 activation
(Fig. 4C and D). Taken together, these data suggest that IREla
activation may exert its pro-apoptotic effect through the
JNK/c-jun pathway and NF-kB p65.

To determine whether Sirtl mitigated hypoxia-induced
apoptosis through IREla, Ad-Sirtl was coexpressed
with Ad-IREla. Western blot results demonstrated that
Sirtl and IREla coexpression significantly mitigated the

IRElo-dependent increase in apoptosis, as demonstrated by a
decrease in cleaved Caspase-3 and an increase in Bcl2 expres-
sion compared with the IREla + hypoxia group (Fig. 5). In
addition, the p-JNK/JINK, p-c-jun/c-jun, and NF-«B p-p65/p65
ratios were decreased in the Ad-Sirtl + Ad-IREla group
compared with the ratios in the Ad-IREla group (Fig. 5).
Taken together, these findings suggest that Sirtl exerted its
anti-apoptotic effects in hypoxic cardiomyocytes by inhibiting
IREla activation.

Effects of SRT1720 and EX-527 on Sirtl expression in hypoxic
mice. The expression of Hifla, a marker of hypoxia, was
assessed by immunofluorescence staining in control and
hypoxic mice. To examine the effects of hypoxia exposure,
Hifla was co-immunolabeled with a-actin, and the nuclei
were stained with DAPI, in the heart samples of normoxic
and hypoxic mice. The results revealed that the immuno-
fluorescence intensity of Hifla was markedly increased in the
hypoxic group compared with the control mice (Fig. 6A).

To study the functional role of Sirtl in cardiac protec-
tion in hypoxic mice, hypoxia-exposed mice were treated
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Figure 4. Continued. (D) Densitometric analysis for the western blot data of panel B. n=3. "P<0.05 vs. Lv-Sh-Scramble + Normoxia group; “P<0.05
vs. Lv-Sh-Scramble + Hypoxia group; ¥P<0.05 vs. Ad-LacZ + normoxia group; ®P<0.05 vs. Ad-IREla + Hypoxia group. IREla, inositol requiring kinase
enzyme la; p-, phosphorylated; JNK, c-Jun N-terminal kinase; c-jun, Jun proto-oncogene; NF, nuclear factor; sh, short hairpin.

with SRT1720, a Sirtl activator, or EX-527, a selective Sirtl
inhibitor. As illustrated in Fig. 6B and C, SRT1720 adminis-
tration increased Sirtl expression whereas EX-527 treatment
suppressed Sirtl expression in the hearts of hypoxic mice. As
p53 is a widely accepted Sirtl substrate, the acetylation levels
of p53 were evaluated in order to determine the deacetylase
activity of Sirtl in the heart samples from the four groups.
The acetyl-p53/p53 ratio was increased in the EX-527-treated
group, while the ratio was significantly decreased in the
SRT1720-treated group, compared with the hypoxia untreated
group (Fig. 6B and C). These results demonstrated that
SRT1720 and EX-527 administration is effective in modu-
lating the expression and deacetylase activity of Sirtl.

Sirtl enhances autophagy and inhibits apoptosis in cardio-
myocytes of hypoxic mice. To examine whether Sirtl induced
autophagy in the heart, the LC3-II and p62 expression levels
were assessed. Long-term treatment with SRT1720 increased
cardiac autophagy in hypoxic mice, as indicated by an increase
in LC3-II abundance and a decrease in p62 accumulation
(Fig. 7A). EX-527 treatment inhibited autophagy in hypoxic
mice (Fig. 7A). In addition, AMPK was significantly activated
in the heart tissues of mice housed under hypoxic conditions.
SRT1720 treatment enhanced the AMPK activation. By contrast,
EX-527 administration inhibited AMPK phosphorylation in
the myocardium of mice housed in a hypoxic environment
compared with the hypoxia untreated group (Fig. 7A).

The immunofluorescence intensity of the LC3B staining in
the heart samples was significantly increased in the hypoxic
mice, compared with the control group (Fig. 7B). As expected,
treatment with SRT1720 induced a significant increase in the

LC3B intensity in the hearts from hypoxic mice, whereas
EX-527 administration led to a reduced elevation of this
marker (Fig. 7B), indicating that Sirtl increases cardiac
autophagic flux in vivo.

Next, the expression levels of apoptosis-related proteins
were evaluated. Exposure to hypoxia for two weeks resulted
in a significant increase in the levels of cleaved Caspase-3,
as well as a robust decrease in Bcl2, compared with the
control group (Fig. 7C). There was a significant decrease in
cleaved Caspase-3 and significant increase in Bcl-2 levels in
the hearts of the SRT1720-treated hypoxic mice compared
with hypoxic untreated mice. EX-527 treatment resulted
in the opposite effects (Fig. 7C). In addition, IREla was
significantly activated in hypoxic mice, while SRT1720
treatment decreased IREla activation. By contrast, EX-527
administration enhanced IREla activation in the myocar-
dium of EX-527-treated mice compared with the hypoxia
untreated group (Fig. 7C).

Finally, TUNEL staining was used to explore whether
Sirtl activation by SRT1720 in mice could protect cardio-
myocytes from hypoxia-induced apoptosis. Hypoxia exposure
resulted in a significant increase in the % of TUNEL-positive
cardiomyocytes in the wall of the heart (Fig. 7D; P<0.05).
Sirtl overexpression induced by SRT1720 treatment signifi-
cantly ameliorated the myocardial apoptosis compared the
hypoxic untreated mice (Fig. 7D; P<0.05). By contrast, the
EX-527-treated hypoxic mice displayed a robust increase in
the number of apoptotic cardiomyocytes compared with the
hypoxic untreated mice (Fig. 7D; P<0.05). These results indi-
cated that Sirtl activation in the heart protects cardiomyocytes
from hypoxia-induced apoptosis.
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These in vivo results indicate that Sirtl enhanced autophagy
and protected cardiomyocytes from apoptosis in the heart of
hypoxia-exposed mice.

Discussion

Hypoxia is commonly observed in patients with cyanotic
congenital heart disease (24), and identifying cellular protec-

tive mechanisms that counteract hypoxia-induced injury in
cardiomyocytes is of great importance. Tetralogy of Fallot
(TOF) is a common cyanotic heart lesion that consists of
four anatomical malformations (25). In the present study, it
was demonstrated that autophagy and apoptosis are activated
in heart samples of cyanotic patients in response to hypoxia.
In addition, Sirtl expression levels were demonstrated to be
significantly higher in the samples from the cyanotic group
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compared with the samples from the acyanotic controls, indi-
cating that Sirt]l might mediate cellular adaptive response to
hypoxia. Owing to the development of ultrasonography used
in prenatal diagnosis, the number of patients with congenital
heart disease has decreased over the recent years. Therefore,
a limitation of the present study is that only ten heart samples
were collected for each group. It has been accepted that
mammalian cells have developed an adaptive mechanism to
activate prosurvival signalling pathways to cope with oxygen
level decrease or oxygen deficiency (25,26). Therefore, it can
be speculated that upregulation of Sirtl could be a compensa-
tory mechanism by which cardiomyocytes cope with hypoxic
stress.

Accumulating studies have confirmed that Sirtl has a
crucial role in cardiac protection in various cardiovascular
diseases through a complex signalling network, including
autophagy (3) and apoptosis (23). The present study
demonstrated that Sirtl protected cardiomyocytes from
hypoxia-induced apoptosis, at least in part, by inhibiting the
IREla cascade in cardiomyocytes and by promoting autophagy
via AMPK activation. AMPK is a serine/threonine kinase that
senses the cellular energy status and regulates energy homeo-
stasis (15). It is widely accepted that AMPK activation inhibits
mTOR, leading to enhanced autophagy (16). The present study
demonstrated that Sirtl activated AMPK in cardiomyocytes
under hypoxic conditions, and that the pro-autophagy effect
of Sirtl was abolished when AMPK was inhibited. Cells were
pre-incubated with Compound C for 2 h prior to hypoxic expo-
sure to inhibit AMPK. In previous studies, the timing of the
administration of Compound C before treatments varied from
minutes to hours (27-29), suggesting that Compound C has a
long term effect in inhibiting AMPK.

Cardiomyocyte apoptosis has a detrimental role in the
progression of CHD (9). In the present study, expression of
phosphorylated IREla was demonstrated to be increased in
HI9C?2 cells exposed to 24 h hypoxia and in heart samples
from mice that were exposed to 2 weeks hypoxia. IREla over-
expression increased the rate of hypoxia-induced apoptosis
in H9C2 cells exposed to hypoxia for 24 h, whereas IREla
inhibition limited apoptosis in HOC2 cells under the same
conditions. These results demonstrated that sustained IREla
activation increases apoptosis in hypoxic cardiomyocytes. It
is widely accepted that activated JNK translocates from the
cytoplasm to the nucleus, and consequently phosphorylates
ser63 and ser73 of transcription factor c-jun, and promotes
apoptosis by regulating apoptosis-related proteins (9). NF-kB
p65, a member of the NF-xB family, is involved in immune
responses and inflammation, and activation of the NF-xB
signalling pathway can induce the production of inflammatory
cytokines. A recent study revealed that persistent activation
of NF-kB was pro-apoptotic in HOC2 cardiomyocytes (30).
The current study demonstrated that the IREla branch of the
UPR promoted apoptosis in chronically hypoxic cardiomyo-
cytes by activating the pro-apoptotic JNK/c-jun signalling
pathway and the NF-«B p65 pathway, and that these effects
could be reversed by activation of Sirtl. Collectively, the
present findings suggest that Sirtl may exert its protective
effects in hypoxic H9C2 cells by decreasing apoptosis via
IREla inhibition and promoting autophagy through AMPK
activation.

LUO et al: Sirtl PROMOTES AUTOPHAGY AND INHIBITS APOPTOSIS IN HYPOXIC CARDIOMYOCYTES

To further elucidate the protective role of Sirtl in
hypoxia-induced cardiotoxicity in vivo, a hypoxic mouse
model was established. SRT1720 and EX-527 were used to
modulate the cardiac Sirtl expression in mice. SRT1720 is a
specific and effective Sirtl agonist, and has been reported to be
1,000-fold more potent than resveratrol (31). EX-527 inhibits
Sirtl by closing the NAD* binding site of Sirtl, and it has
been widely used as a selective Sirtl inhibitor (32). Consistent
with the in vitro results, the in vivo study demonstrated that
treating hypoxic mice with the Sirtl agonist SRT1720 limited
hypoxia-induced apoptosis and upregulated autophagy in mice
housed in hypoxic conditions. EX-527 treatment exhibited
the opposite trends. The in vivo results support the beneficial
pharmacological effect of SRT1720.

Recent studies have revealed that autophagy is closely
related to apoptosis (33). Autophagy could block the induction
of apoptosis by inhibiting the activation of apoptosis-associated
caspases. It is widely accepted that autophagy exhibits a protec-
tive role by inhibiting apoptosis (34). Therefore, it is possible
that Sirtl inhibits hypoxia-induced apoptosis in cardiomyo-
cytes partially by promoting autophagy, which needs to be
investigated in future studies. The present study has certain
limitations. Firstly, only one cell line, HOC2, was used for the
in vitro experiments. Secondly, further studies will be needed
to fully elucidate how Sirtl regulates AMPK and IREa. The
current results, however, suggest that Sirtl has the potential
to favourably modulate autophagy and decrease apoptosis in
the context of hypoxic cardiomyopathy, and that the beneficial
effects of Sirtl depend at least partially on AMPK activation
and IREla inhibition. Therefore, Sirtl may be a promising
protective target to prevent hypoxia-induced cardiac damage.
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