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Abstract: The present study explored changes of the SIRT6/NF-kB pathway in myocardial hypoxia/reoxygenation
induced injury and the effects on mitochondrial damage and myocardial damage by regulating SIRT6. SIRT6 expres-
sion decreased and NF-kB expression increased in H9¢2 cells during hypoxic injury. Cell death and mitochondrial
defects paralleled mPTP opening, and a decrease in AWm occurred in hypoxic myocytes compared with normoxic
control cells in annexin V and propidium iodide staining and TUNEL results. These effects were suppressed in cells
overexpressing SIRT6, but reemerged in cells expressing the SIRT6 mutant. We also found that NF-kB p65 increased
in both the cytoplasm and nuclei, which could be repressed by SIRT6 overexpression. The expression level of NF-kB
was significantly and negatively correlated with the SIRT6 mRNA level. Our data demonstrated that SIRT6/NF-«kB
changed during hypoxic injury and SIRT6 overexpression averted mitochondrial defects through inhibition of NF-kB
in hypoxic H9c2 cells. Activation of SIRT6 may be a potential method for hypoxia/reoxygenation injury therapy.
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Introduction

Myocardial hypoxia/reoxygenation (H/R) indu-
ced injury is significantly important in mediat-
ing the pathogenesis of acute myocardial
infarction (AMI), and interest has therefore
arisen concerning the mechanisms capable of
limiting myocardial damage [1]. Methods to
attenuate myocardial damage after H/R are
being thoroughly investigated. The energy
metabolism of cardiomyocytes is disrupted in
AMI and is increasingly recognized as an effec-
tive therapeutic strategy.

Sirtuins are a family of NAD+-dependent pro-
tein deacetylases that mediate cellular func-
tions. Among the sirtuins, Sirtuin6 (SIRT6) is
involved in transcriptional proteins, stress tol-
erance, DNA repair, inflammation and life span
[2-5]. Over expression of SIRT6 plays a protec-
tive role in hypertrophic cardiomyocytes and
smooth muscle cells [6], as well as SIRT1 [7].
Functional studies showed that SIRT6 protects
the heart from oxidative damage and metabolic

imbalance through inhibiting NF-kB-dependent
transcriptional activation [8-11].

In the pathological process of AMI, modulation
of the mitochondrial proteins is vitally impor-
tant. The heart is an oxygen-sensitive site of
metabolic regulation in coronary heart disease.
Mitochondria are the power houses of cells that
function in cardiac energy metabolism. The
occurrence of oxidative damage after AMI can
mediate mPTP opening, AWm loss [12-17], and
a decrease of ATP synthesis [18, 19], triggering
cell apoptosis [20].

Studies suggest that mitochondrial enzymes
are regulated through deacetylation by sirtuins
and energy metabolism [3, 21]. However, con-
troversy surrounds the mechanism of sirtuins
on mitochondria. Using purified hepatic mito-
chondria from mice, Hirschey et al. demonstrat-
ed that SIRT3 may modulate mitochondrial
intermediary metabolism via long-chain acyl
coenzyme A dehydrogenase (LCAD) during fast-
ing [22]. Meanwhile, SIRT1 deacetylates PGCLlx
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and is involved in mitochondrial biogenesis
and activity [23-25]. To the best of our knowl-
edge, it remains unclear whether mitochondria
may mediate the interaction between SIRT6
and NF-kB during hypoxic stress. We presently
intend to study the involvement of SIRT6 in
regulating cardiomyocyte apoptosis, mitochon-
drial defects and further explore the potential
mechanisms.

Materials and methods
Chemicals and reagents

SiRNA-SIRT6 and its reagents were purchased
from Invitrogen (Carlsbad, CA, USA). The cDNA
fragment encoding SIRT6 was isolated with
the Takara RNA PCR kit (Takara, Japan). Rabbit
anti-NF-kB p65 antibody was used (Bioworld
Technology, USA). Other reagents were obtained
(St. Louis, Missouri).

Cell culture and hypoxia-reoxygenation (H/R)
model

An HO9c2 cardiac myoblast cell line was obtained
from the Cell Bank of Type Culture Collection of
the Chinese Academy of Sciences (Shanghai,
China). The cells were cultured in high glucose
Dulbecco’s modified Eagle medium supple-
mented with 10% fetal bovine serum, 1% peni-
cillin/streptomycin, and 25 mM Hepes in 0.5%
CO, at 37°C. Then, the cells were placed in an
incubator at 37°C. N, (95%) and CO, (5%) were
used to produce a hypoxic environment (less
than 1% O,). After 2 hours of culture, H9c2
cells were reoxygenated under normoxia (21%
0,) for 2 h.

Adenovirus-mediated overexpression of SIRT6
and siRNA treatment of H9c2 cells

HOC2 cardiac myoblast cells were infected with
adenoviral vectors containing cDNAs for SIRT6
using a multiplicity of infection of 1000 viral
particles per cell (20 infectious units per well).
The infection efficiency (95-100%) was moni-
tored 48 hours later by Western blot. Cells
infected with adenovirus containing empty
vectors served as controls.

Specific siRNA and negative control GFP siRNA
targeting SIRT6 from Invitrogen were used. All
of the treatments of H9c2 cells with SIRT6
siRNA or GFP siRNA oligonucleotides were at
20 uM for 72 h before the cells were harvested
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and the hypoxic assay and Western blot analy-
ses were performed.

PCR

RNA was isolated from H9c2 cells using a Total
RNA Kit, and then converted into cDNA. One-
fourth of the cDNAs were subjected to qRT-
PCR amplification. The relative mRNA levels of
SIRT6 and NF-kB were measured with 3-actin
as the internal control.

Western blotting

Cell extraction was performed on ice, and pro-
tein concentration was determined by BCA
assays. Samples (60 pg) were loaded onto 10%
SDS-PAGE, transferred to membranes, and
blocked with 5% nonfat milk. The blots were
incubated with the primary antibody (anti-p-
actin, anti-SIRT6 antibodies) for 2 h at 37°C,
and then incubated with the secondary anti-
body. A chemiluminescence system was used
to detect the immunoreactive bands.

Apoptosis assays

To investigate the mechanism of apoptosis, we
performed an annexin V-FITC/PI double stain-
ing assay. Cells were washed twice with PBS
and then re-suspended in a binding buffer, fol-
lowed by staining with annexin V-FITC and
propidium iodide for 15 min (dark, 37°C). FACS
flow cytometry was utilized to analyze the
stained cells. The apoptosis index (positive
cells/total cells x100%) was used as the apop-
tosis correlation indicator.

Cardiac myocyte apoptosis was also monitored
by the TUNEL method. After fixing and permea-
bilizing the cells, they were incubated in a
TUNEL reaction mixture for 1 h at 37°C. The
fluorescence density was analyzed using im-
munofluorescent confocal microscopy (Leica
Tes sp2) (Ex =485 nm; Em = 530 nm) as previ-
ously described. The cells were also stained by
annexin V-FITC/Pl. Annexin V positive cells
were excited and detected at 495/519 nm by
Leica confocal microscopy (Ex = 495 nm; Em =
519 nm), and the fluorescence was quantitated
using Image J software.

Mitochondrial PTP and AWm

To determine whether SIRT6 could damage the
mitochondria during H/R, we assessed the
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Figure 1. SIRT6 protein and mMRNA levels decrease in H9c2 cell lines, especially at 1 h of reoxygenation (A, B). SIRT6
protein and mRNA expression for the (1) control, (2) H/R-treated, (3) H/R+Ad-GFP-treated, (4) H/R+SiNC-treated, (5)
H/R+Ad-SIRT6-treated and (6) H/R+SiRNA-SIRT6-treated groups (C, D). Data are presented as the means + S.E.M.

#P<0.05 vs. control group. *P<0.05 vs. HR group.

mitochondrial PTP opening using the calcein-
AM/cobalt method as reported previously [1,
25]. H9¢2 cells were loaded with 1 umol/L cal-
cein-acetoxymethyl ester (calcein-AM, Biotium)
as molecular probes in the presence of 1
mmol/L CoCl,. After washing twice with warm
DMEM without serum, the cells were observed
by confocal microscopy (Ex = 490 nm; Em =
515 nm).

Cellular AWm was monitored using tetrame-
thylrhodamine ethyl ester (TMRE), which accu-
mulates in the mitochondria in a potential-
dependent manner. Cells were loaded with 50
nmol/L and visualized with confocal microsco-
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py (Ex = 540 nm; Em = 600 nm). Sequential
digital images were acquired and integrated
the average fluorescence density.

NF-kB translocation assays

Immunocytochemistry was utilized to identify
whether NF-kB translocates from the cyto-
plasm to the nucleus. After being washed and
fixed, the cells were immersed in 3% H,0, solu-
tion to inactivate the endogenous peroxidase.
After being saturated on ice by 10% BSA for 30
min, the samples were thereafter incubated
overnight with 1 yg/mL of anti-NF-kB p65, then
incubated for one hour with an anti-rabbit 1gG
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Figure 2. SIRT6 inhibits apoptosis in H9c2 cells. A. Representative FACS analysis using the annexin V and FITC/PI staining for the (1) control, (2) H/R-treated, (3) H/
R+Ad-GFP-treated, (4) H/R+SiNC-treated, (5) H/R+Ad-SIRT6-treated and (6) H/R+SiRNA-SIRT6-treated groups where the Q4 quadrant indicates early apoptotic cells
and the percentage is shown inset. B. The representative scatterplot of fragmented DNA was detected by the TUNEL method using a confocal microscope. Immuno-
fluorescence staining was performed by annexin V labeling on phosphatidylserine externalization. C. Mean fluorescence intensity was quantified using ImageJ 1.48
software (NIH, Bethesda, MD, USA). Values are given as the mean + SEM (n = 5). #P<0.05 with respect to control; *P<0.05 with respect to the H/R-treated group.
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secondary antibody at room temperature. 3,
3’-Diaminobenzidine (DAB) stained slices were
acquired and observed by the Olympus-Tokyo
inverted microscope. Cytoplasmic and nuclear
cells with golden-brown staining were denoted
as positive cells and counted separately. The
images were processed with Image J software.

Statistical analysis

The data are presented as the mean + SEM.
The Tukey test in ANOVA and repeated mea-
sures ANOVA were utilized to detect statistical
differences. P<0.05 is considered significantly
different. Linear regression was used to ana-
lyze the correlation between SIRT6 and NF-kB
expression levels.

Results

SIRT6 decreased in H9c2 cells after hypoxia
damage

After H9c2 cells were under hypoxic conditions
for 2 h, they were re-oxygenated for up to 2 h (O,
30, 60 and 120 min). Our data revealed that
the SIRT6 protein and mMRNA expression
decreased after H/R, peaking at 2/1 h (P<0.05).
Based on this result, all of the experiments
were performed at the time of 2 h/1 h of hypox-
ia/reoxygenation in the following study (Figure
1A, 1B).

The cells were divided into 6 groups: the con-
trol group (Control), H/R group (HR), H/R+
adenovirus blank vector group (H/R+Ad), H/
R+siRNA negative control GFP group (H/R+
SiNC), HR+adenovirus-mediated overexpres-
sion of SIRT6 group (H/R+Ad-SIRT6), and H/
R+siRNA treated SIRT6 group (H/R+SiRNA-
SIRT6).

The mRNA and protein levels of SIRT6 among
the H/R, H/R+Ad and H/R+SiNC treated groups
was not different (P>0.05). Overexpression of
SIRT6 showed significantly increased rates of
its protein and mRNA levels, especially during
conditions of hypoxic stress (P<0.05). In con-
trast, the expression of SIRT6 was down-regu-
lated in SIRT6-slienced cells (P<0.05).

SIRT6 inhibits HIC2 cell apoptosis

To observe whether SIRT6 influenced cell apop-
tosis, we performed FACS to detect apoptotic
cells. We observed a significant increase in
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apoptosis in H9c2 cells, and this apoptosis
was further exacerbated in cells lacking SIRT6
after H/R (P<0.05). Compared with the control
group, apoptosis increased in H/R cells in-
fected with siRNA-SIRT6 (P<0.05). In contrast,
SIRT6 overexpression treatment resulted in
down-regulation of TUNEL positive cells (P<
0.05) (Figure 2A). Additionally, no differences
were measured in H/R-treated, H/R+Ad-GFP-
treated and H/R+SiNC-treated groups (P>
0.05).

To further observe apoptosis under the above
conditions, we assessed annexin-V binding to
externalized phosphatidylserine. Hypoxia led to
a significant up-regulation of cell apoptosis
after exposure to H/R treatment (P<0.05).
Additionally, after pre-treatment of Ad-SIRTG6,
H/R induced cell apoptosis was significantly
antagonized (P<0.05) (Figure 2B and 2C).
These results indicate that SIRT6 negatively
contributes to apoptosis in H9c2 cells.

Enhanced mitochondrial defects in SIRT6-
deficient cells and attenuated mitochondrial
defects in SIRT6-overexpression cells

Because perturbations to mitochondria inter-
mediary metabolism were observed as a char-
acteristic of hypoxia-induced mitochondrial
death, we further observed whether SIRT6
influenced mitochondrial PTP and AWm. As
showed in Figure 3, the control group displayed
dotted green fluorescence distribution, sug-
gesting that PTP was in a closed state. In con-
trast, we observed a significant decrease
(P<0.01) of the green fluorescence in the H/R
group as an index of PTP opening. More impor-
tantly, hypoxia-induced PTP opening could be
inhibited in H9¢2 cells using adenovirus-medi-
ated SIRT6 overexpression but not in the siR-
NA-SIRT6 group, consistent with the loss of
mitochondrial AWm (P<0.01).

SIRT6 inhibits NF-kB signaling

NF-kB plays important roles in many human
diseases. Normal H9c2 cells express NF-kB in
the cytoplasm but not in the nuclei. To explore
whether NF-kB is activated during hypoxia, an
immunocytochemical analysis of NF-kB translo-
cation was performed. After treatment with
H/R, the numbers of cytoplasmic- and nuclear-
positive cells were counted separately. As
showed in Figure 4A-C, DAB staining increased

Am J Transl Res 2016;8(11):5005-5015
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Figure 3. The confocal images of mMPTP opening and AWm in cultured H9c2 cells (A, B). Variation in relative fluorescence intensity of mitochondrial inner membrane
potential (%, mean + SEM) (C, D). Bar = 100 um.
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Figure 4. Effects of SIRT6 on H/R-induced NF-kB p65 activity in HO9C2 cells. DAB staining of NF-kB p65 translocation assay (A). The cytoplasm and nucleus mlOD of
the H/R group both increased significantly compared with the control group. DAB staining increased in the SiRNA-SIRT6 groups while SIRT6 overexpression led to
an opposite effect (B and C). Effects of SIRT6 on mRNA of NF-kB p65 by RT-PCR (D). Linear regression indicates the correlation between SIRT6 and NF-kB levels (E).
#P<0.05 vs. control group. *P<0.05 vs. HR group.
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in both the cytoplasm and nuclei of H/R groups
compared with the control groups (P<0.05).
SiRNA-SIRT6 groups displayed increased DAB
staining in both the cytoplasm and nuclei com-
pared to the H/R groups (P<0.05).

We then detected NF-kB expression after H/R
compared to normal H9c2 cells. As illustrated
in Figure 4D, NF-kB mRNA expression remained
increased after H/R and significantly increased
in the siRNA-mediated SIRT6 knockout group.
We explored whether NF-kB levels were corre-
lated with SIRT6 mRNA levels in H9c2 cells,
and the linear regression analysis indicated
that the NF-kB level was significantly and nega-
tively correlated with the SIRT6 mRNA level
(Figure 4E).

Discussion

Despite improvements focusing on reper-
fusion in AMI treatment, the disease prognosis
remains poor. Apoptosis is a key pathologic
feature in acute myocardial infarction and
heart failure. Mitochondrial impairment is a
critical event leading to hypoxia-induced cell
death. It is widely assumed that the mitochon-
drial respiratory chain is the predominant
intracellular site of superoxide production,
which is generated from electron leaks in the
mitochondrial electron transport system [26].

Mitochondria play vital roles in apoptosis by
releasing mitochondrial proteins into the cyto-
plasm. We presently confirmed that hypoxia
may lead to cell apoptosis and mitochondrial
defects (dysfunctions of mPTP and AWm). The
results strongly suggested that the opening of
mPTP causes loss of AWm and ultimately, ade-
nosine triphosphate depletion and apoptosis.

SIRT6 has various physiological activities,
including glucose and free fatty acid utilization,
mitochondrial biogenesis, and inflammatory
responses [27]. PCR and western blots at dif-
ferent time points indicate that SIRT6 de-
creased significantly at 2 h/1 h of H/R. Through
overexpression and knockout in H9¢c2 cells, we
further showed that SIRT6 overexpression
inhibited apoptosis and the mitochondrial
defects of H9c2 cells induced by H/R. The
results indicate the subtle possibilities of
therapies targeting SIRT6.

Possible explanations concerning SIRT6 pro-
tecting against mitochondrial perturbations
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during hypoxia are not well understood.
Previous studies showed that SIRT6 protects
the heart from oxidative damage and meta-
bolic imbalance by inhibiting NF-kB mediated
transcription activation [8-11]. NF-kB is widely
accepted as an important transcription factor
and its role has been deeply investigated in
hypertrophic cardiomyopathy and heart failure.
We also demonstrated that the up-regulation
of NF-kB was observed after H/R, and NF-kB
levels significantly and negatively correlate with
SIRT6 mRNA levels. Based on the previous
studies, we provide 3 possibilities that may
explain the relationship between SIRT6 and
NF-kB:

(1) After histone H3 lysine 9 and K56 of NF-kB
target gene promoters were deacetylated by
SIRT6, the NF-kB RELA promoter occupancy
decreased accordingly, which subsequently
promotes the translation and expression of
p50/p65 and activation of NF-«kB signaling [11].

Moreover, other sirtuin family members also
regulate NF-kB signaling, which subsequently
induce changes of stress- or age-associated
genes [28, 29]. We presently demonstrated
that SIRT6 correlated with NF-kB expression
after cardiac hypoxia/reoxygenation. We there-
fore speculate that the prevention of hypoxia-
induced NF-kB activation is an important
mechanism by which SIRT6 protects against
apoptosis.

(2) NF-kB is an important anti-apoptotic factor
and protects cardiomyocytes from hypertrophy.
Previous studies demonstrated that NF-kB
was associated with myocytes death. ROS and
oxidative stress may lead to the activation of
AP-1 and NF-kB, which subsequently increa-
ses downstream factor expression (cytokines,
adhesion molecules and proinflammatory
enzymes) [30]. Furthermore, mitochondrial-
derived ROS may activate the NF-kB pathway,
which then releases proinflammatory factors
in aging [31]. Regula et al. presented that NF-
KB activation may suppress apoptosis in ven-
tricular myocytes during hypoxia by preventing
mitochondrial defects that underlie PTP open-
ing [32]. The results above indicated that NF-kB
might affect metabolic disorders in different
diseases. The different roles of NF-kB in differ-
ent diseases are worth further research.

(3) The sirtuins play a key role in cardioprotec-
tion by inducing mitochondrial expansion and
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oxidative metabolism [33-35], mitigating the
effects of ROS and inflammation [20, 36, 37].
Recently, several sirtuins have been shown to
possess more efficient activity for the removal
other acyl lysine modifications. The crystal
structure of SIRT6 reveals a large hydrophobic
pocket that can accommodate long chain fatty
acyl groups. Long chain fatty acid, a previously
ignored protein, can be hydrolyzed by SIRT6
and enhance SIRT6 acetylation activity by pro-
moting the secretion of TNFa through lysine
demyristoylation [21, 38].

In this study, we showed that transgenic cells
that overexpress exogenous mouse SIRT6
are protected against mitochondrial defects
caused by hypoxia while mitochondrial protein
acetylation is driven by acetyl-CoA from fatty
acid oxidation [33]. Further studies are required
to evaluate the contribution of SIRT6 to long
chain fatty acids, in addition to its effect on
cardiac energy metabolism.

Conclusions

In conclusion, these findings confirmed a novel
metabolic regulatory mechanism where SIRT6
attenuated hypoxia-induced apoptosis and
mitochondrial defects via down-regulation and
translocation of NF-kB p65. We therefore spec-
ulate that the prevention of hypoxia-induced
NF-kB activation is an important mechanism by
which SIRT6 protects against apoptosis. These
findings will lead to further investigations of
the SIRT6 pathways in preclinical and clinical
settings in the future.
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