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BACKGROUND AND PURPOSE
Hydrogen sulfide (H2S) is a gaseous signal molecule with antioxidative properties. Sirtuin 3 (SIRT3) is closely associated with
mitochondrial function and oxidative stress. The study was to investigate whether and how H2S improved myocardial
hypertrophy via a SIRT3-dependent manner.

EXPERIMENTAL APPROACH
Neonatal rat cardiomyocytes were pretreated with NaHS (50 μM) for 4 h followed by angiotensin II (Ang II, 100 nM) for 24 h.
SIRT3 was silenced with siRNA technology. SIRT3 promoter activity and expression, cell surface, hypertrophic gene mRNA
expression, mitochondrial oxygen consumption rate and membrane potential were measured. Male 129S1/SvImJ [wild-type
(WT)] and SIRT3 knockout (KO) mice were injected with NaHS (50 μmol·kg�1·day�1; i.p.) followed by transverse aortic con-
striction (TAC). Echocardiography, heart mass, mitochondrial ultrastructure, volume and number, oxidative stress, mitochondria
fusion and fission-related protein expression were measured.

KEY RESULTS
In vitro, NaHS increased SIRT3 promoter activity and SIRT3 expression in Ang II-induced cardiomyocyte hypertrophy. SIRT3 si-
lencing abolished the ability of NaHS to reverse the Ang II-induced cardiomyocyte hypertrophy, mitochondrial function impair-
ment and permeability potential dysfunction, along with the decline in FOXO3a and SOD2 expression. In vivo, after TAC. NaHS
attenuated myocardial hypertrophy, inhibited oxidative stress, improved mitochondrial ultrastructure, suppressed mitochondrial
volume but increased mitochondrial numbers, enhanced OPA1, MFN1 and MFN2 expression but suppressed DRP1 and FIS1
expression in WT mice but not in SIRT3 KO mice

CONCLUSION AND IMPLICATIONS
NaHS improved mitochondrial function and inhibited oxidative stress in myocardial hypertrophy in a SIRT3-dependent manner.

LINKED ARTICLES
This article is part of a themed section on Spotlight on Small Molecules in Cardiovascular Diseases. To view the other articles in this
section visit http://onlinelibrary.wiley.com/doi/10.1111/bph.v175.8/issuetoc

Abbreviations
Ang II, angiotensin II; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; CBS, cystathionine β-synthase; CSE,
cystathionine γ-lyase; DBP, diastolic BP; DHE, dihydroethidium; DRP1, dynamin-related protein 1; EF, ejection fraction;
FIS1, mitochondrial fission 1 protein; FOXO3a, forkhead box O3a; FS, fraction shortening; GYY4137, p-methoxyphenyl)
morpholino-phosphinodithioic acid; HMI, heart mass index; HW, heart weight; IVS, interventricular septum; LVPW, left
ventricular posterior wall; LVW, left ventricular weight; MAP, mean arterial pressure; MDA, malondialdehyde; MFN1,
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mitofusin 1;MFN2,mitofusin 2;MPST, 3-mercaptypyruvate sulfurtransferase; OCR, oxygen consumption rate; OPA1, optic
atrophy 1; PGC-1α, PPARγ coactivator-1α; SBP, systolic BP; SIR2, silent information regulator 2; SIRT3, sirtuin 3; TAC,
transverse aortic constriction; T-AOC, total antioxidant capacity; TL, tibia length; β-MHC, β-myosin heavy chain

Introduction
Myocardial hypertrophy is characterized by increased
myocardial cell volume, greater ventricular wall thickness
and enhanced myocardial contractility in the early stage of
overload pressure (Shimizu and Minamino, 2016). However,
myocardial hypertrophy gradually becomes more severe,
accompanied with serious interstitial fibrosis, deteriorating
cardiac function and disordered energy metabolism if
suffering from persistent pathological stress. Myocardial
hypertrophymay develop into heart failure, which is an inde-
pendent risk factor of cardiovascular diseases (Lazzeroni
et al., 2016). It is important to find more effective tar-
gets in the attempt to attenuate myocardial hypertrophy
(Rodrigues et al., 2016).

Hydrogen sulfide (H2S) is a gas that smells of rotten eggs.
High concentrations of H2S are toxic to the nervous system,
immune system and reproductive system (Meng et al., 2015).
In recent years, H2S has emerged as an endogenous gaseous
signalmolecule, which plays a vital role in physiological func-
tions (Liu et al., 2013;Meng et al., 2015;Wu et al., 2015; Feliers
et al., 2016; Szabo, 2017). Exogenous H2S reduced coronary
artery wall thickness in the spontaneously hypertensive rat,
which might be related to inhibition of ROS (Shi et al., 2007).
H2S attenuated phenylephrine-induced cardiomyocyte hy-
pertrophy via improved glucose metabolism or up-regulation
of mir-133 (Liu et al., 2011; Liang et al., 2015). H2S also
prevented endothelin- or smoking-induced enhancement of
left ventricular mass (Yang et al., 2014; Zhou et al., 2015). H2S
attenuated myocardial hypertrophy induced by abdominal
aortic constriction in rats, through connexin 43up-regulation
(Huang et al., 2012). Our latest study confirmed that H2S
regulated the transcription activities of Krüppel-like factor 5
via sulfhydration of the transcription factor Sp1 at Cys664, to
prevent myocardial hypertrophy (Meng et al., 2016). The
exact mechanism(s) underlying the effects of H2S on cardiac
hypertrophy in different models were not completely
consistent. However, almost all studies suggested that the

anti-hypertrophiceffectofH2Swasclosely related to itsantiox-
idative ability (Liu et al., 2011; Lu et al., 2013; Shen et al., 2015;
Zhou et al., 2015). Therefore, exploring the specific mecha-
nism by which H2S inhibits ROS formation in myocardial
hypertrophy is helpful to further understand the role of H2S
in the cardiovascular systemand to clarify the effective biolog-
ical targets of H2S to delay or reverse myocardial hypertrophy.

The histone deacetylase SIR2, was found in yeast to be an
important regulator of antioxidant genes (Oppikofer et al.,
2013). Inmammals, a total of sevenmembers of the same class
of histone deacetylases have been found, sirtuins 1-7 (SIRT1–-
SIRT7) and these enzymes play important roles in physiologi-
cal metabolism, cell survival, cancer, aging, energy restriction
longevity and in pathological processes (Chakraborty and
Doss, 2013; Oppikofer et al., 2013; Yao et al., 2014; Matsu-
shima and Sadoshima, 2015; Poulose and Raju, 2015). One
of these sirtuins, SIRT3, mainly located in mitochondria, is
closely associated with oxidative stress (McDonnell et al.,
2015; Koentges et al., 2016a,b; Ansari et al., 2017).

Currently, it is not known if H2S stimulates SIRT3-related
signalling to modulate mitochondrial function inmyocardial
hypertrophy. Therefore, a major goal of the present study was
to determine whether H2S protected against angiotensin II
(Ang II)-induced cardiomyocyte hypertrophy and transverse
aortic constriction (TAC)-induced myocardial hypertrophy,
by improving mitochondrial function in a SIRT3-dependent
manner.

Methods

Animals
All animal care and experimental procedures complied with the
US National Institutes of Health Guidelines for Care and Use of
Laboratory Animals and were approved by the Committee
on Animal Care of Nantong University (approval no. NTU-
ERLAUA-20150153). Animal studies are reported in compliance
with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and
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Lilley, 2015). The animals were kept in cages in the experimental
animal centre of Nantong University. The mice were fed a stan-
dard laboratory diet and tap water ad libitum with a 12 h
light/dark cycle, under a temperature of 20°C.

Neonatal cardiomyocyte culture and treatment
Neonatal Sprague Dawley rats, from 1 to 3 days old were killed
by decapitation and hearts were removed immediately in a ster-
ile environment. The residual blood was washed awaywith PBS.
Ventricular tissue was separated from the atria and digested
repeatedly with 0.25% trypsin in Hanks’ balanced salt solution
(Beyotime, Shanghai, China; 100 μL per heart) at 37°C for
5min once. After 7–10 cycles of digestion, all supernatants were
collected together (except the first time). DMEM (Wisent Inc,
Pitt Meadows, BC, Canada) containing 10% FBS (Wisent Inc)
was added to terminate digestion with the same volume of su-
pernatants (about 100 μL per heart). After centrifugation at
1000 x g for 5 min, the cell pellet was resuspended in DMEM
containing 10% FBS and cultured at 37°C in a humidified
5% CO2 incubator. Four hours later, the cardiomyocytes were
in suspension in the culture medium, while the cardiac fibro-
blasts adhered to the wall of the dishes. The cardiomyocytes
and medium were transferred into another 6-well plate for
24h. Then the medium was changed into fresh DMEM (2
mL per well) containing 10% FBS for 2 or 3 days. Then the
medium was changed to DMEM supplemented with 0.5%
FBS (2 mL per well) for 24 h, Cells (105 cells mL-1) were then
incubated (37°C) with NaHS (50 μM) or GYY4137 (50 μM, pro-
vided by Professor Philip K.Moore from the National University
of Singapore) for 4 h. Ang II (100 nM final concentration) was
then added to the cells and incubation continued for another
24 h. Cardiomyocytes (2x 105 cells) were digested with 1 mL
of 0.1% trypsin (Sigma-Aldrich, St. Louis, MO) in Hanks’
balanced salt solution for about 10 s at room temperature.
DMEM containing 10% FBS (1 mL) was added to terminate di-
gestion immediately. The cells were then photographed using
an inverted microscope (magnification 10×). Cell surface area
of cardiomyocytes was calculated using Imagepro-Plus system.

Luciferase reporter assay
Neonatal rat cardiomyocytes (105 cells) were cultured in 12-
well plates with DMEM and 10% FBS (1mL) for 24 h and then
were transfected with 1 μg SIRT3 promoter luciferase fusion
plasmid (provided by Professor Yongsheng Chang from
Peking Union Medical College) and 0.1 μg of pRL-TK reporter
plasmid (control reporter) using Lipofectamine 3000 reagent
(Invitrogen, Carlsbad, CA, USA). Twenty-four hours later, the
mediumwas changed to DMEMwith antibiotics and 10% FBS
(1 mL ) and cells incubated with NaHS (50 μM) for 4h,
followed by Ang II (100 nM) stimulation for 24 h. Cells were
harvested in cell lysis buffer, and luciferase activity was evalu-
ated with a dual luciferase reporter assay system (Promega,
Madison, WI, USA). The relative luciferase activities
compared with the luciferase activities of pRL-TK were deter-
mined in triplicate and normalized to that of control reporter.

SIRT3 RNA interference
Neonatal rat cardiomyocytes (105 cells mL-1) were cul-
tured in 6-well plates with DMEM, antibiotics and 10%
FBS (2 mL per well) for 24 h. Then the medium was
changed to DMEM without antibiotics and FBS (2 mL

per well) for 2 h. The cells were then transfected with
double-strand RNA oligonucleotides (2 μL, 20 μM) specific
for rat SIRT3 (SIRT3 siRNA, sense, 50-CCAUCUUUGAACUA
GGCUUTT-30, and antisense, 50-AAGCCUAGUUCAAAGA
UGGTT-30; GenePharma, Shanghai, China) using 4 μL Lipo-
fectamine 3000 reagent (Invitrogen) at 37 °C. Commercially
available non-specific control siRNA (2 μL, 20 μM) with ran-
dom sequences (NC siRNA, sense, 5’-UUCUCCGAACGUGU
CACGUTT-3’, antisense, 5’-ACGUGACACGUUCGGAGAA
TT-3’) were transfected using 4 μL Lipofectamine 3000 re-
agent at 37 °C. Medium was changed to DMEM and 10%
FBS after 4 h. Another twenty hours later, the cells were
washed with PBS twice and were harvested in cell lysis
buffer (60 μL per well). The efficiency of SIRT3 silencing
was detected by Western blots. The cells were then
pretreated with NaHS (50 μM) for 4 h followed by Ang II
(100 nM) for 24 h, as described above.

Cardiomyocyte area was measured as described above. Ex-
pression of mRNA and protein for atrial natriuretic peptide
(ANP), brain natriuretic peptide (BNP) and β-myosin heavy
chain (β-MHC) expression was measured with Western blot
and real time PCR. Oxidative stress was measured as superox-
ide formation, using fluorescence microscopy and the fluo-
rescent probe dihydroethidium (DHE). These procedures are
detailed below.

Mitochondrial respiration assessment
Neonatal rat cardiomyocytes were plated (about 1000 cells per
well) in an XF96-well plate (Seahorse Bioscience, Massachu-
setts, USA) and transfected with SIRT3 siRNA or NC siRNA,
as described above. Twenty-four hours later, the cells were
pretreated with NaHS (50 μM, 4 h), followed by addition of
medium or Ang II (100 nM) for 24 h. Immediately before the
respiration assay, the medium was changed to unbuffered
DMEM containing glucose (10 mM), pyruvate (10 mM) and
GlutaMAX (2mM; Invitrogen). Mitochondrial respiration ox-
ygen consumption rate (OCR)wasmeasured by a Seahorse Ex-
tracellular Flux Analyzer XF96 (Seahorse Bioscience)
according to our previous procedure (Xie et al., 2016). Firstly,
basal respiration was measured in an unbuffered medium.
Then oligomycin (2 μg·mL�1) was added to inhibit ATP syn-
thesis and to detect respiration linked to ATP production.
The uncoupler carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP, 2 μM) was applied to measure respi-
ratory reserve capacity andmaximal respiration. Finally, com-
bination of rotenone plus antimycin A (rot & AA, 4 μM) was
added to inhibit complexes III and I, in order to completely
block mitochondrial oxygen consumption.

Assessment of mitochondrial membrane
potential (Δψm)
The mitochondrial membrane potential (Δψm) was mea-
sured with a commercial JC-1 kit (Beyotime, Shanghai,
China) following the manufacturer’s instructions. Briefly, af-
ter SIRT3 siRNA or NC siRNA was transfected into
cardiomyocytes for 24 h, cardiomyocytes were pretreated
with NaHS (50 μM) for 4 h followed by Ang II (100 nM)
for 24 h. Cells were rinsed with PBS and incubated in
1 mL JC-1 staining solution at 37°C for 20 min. In healthy
cells with normal membrane potential, JC-1 went through
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the mitochondrial membrane to form aggregates and emit-
ted red fluorescence (570 nm). In damaged cells with mito-
chondrial membrane potential depolarization, JC-1 failed
to accumulate in the mitochondrial matrix. Monomers of
JC-1 was formed to emit green fluorescence (535 nm). The
intensity of red (aggregate JC-1)/green (monomeric JC-1)
fluorescence was detected with an inverted microscope
(Olympus, Tokyo, Japan), and the ratio of the red: green
fluorescence was proportional to the Δψm.

Animals and treatment
Male 8-week-old adult 129S1/SvImJ (WT) and SIRT3
knockout (KO) mice (18–22 g) were randomly assigned to
treatment with NaHS (50 μmol·kg�1·day�1), GYY4137
(133 μmol·kg�1·day�1) or saline once daily (Xie et al., 2016).
Two weeks later, mice were anaesthetized with a mixture
of ketamine (100 mg·kg�1) and xylazine (5 mg·kg�1) by in-
traperitoneal injection. Anaesthesia was monitored by the
lack of reflex to toe pinching. The chest cavity was opened
in the second intercostal space at the left upper sternal bor-
der through a small incision and the animals were venti-
lated with a respirator. After the aortic arch was exposed,
TAC was carried out between the left common carotid
artery and the brachiocephalic artery, by tying a 6-0 nylon
suture ligature against a 26-gauge needle. After the needle
was withdrawn quickly, an incomplete constriction was
formed. In the sham operation group, mice were subjected
to the same surgical procedures but without the constric-
tion. At the end of the procedure, the chest was closed by
sutures. All of the mice received NaHS (50 μmol·kg�1·day�1)
or saline for another 2weeks. The mice were monitored
closely for any signs of post-operative pain or labored
breathing. In the case of any signs of pain, animals received
buprenorphine (TIPR Pharmaceutical Responsible Co., Ltd,
Tianjin, China; 0.1-2.5 mg·kg�1, by s.c. injection) every
6-12 h, as needed. There was no post-operative deaths in
our experiments.

Echocardiography
After treatment, mice were anaesthetised with isoflurane
(1–2%). After cutting off hair carefully on the left chest, car-
diac geometry was measured from the parasternal long axis
view using a small animal colour ultrasonic diagnostic appa-
ratus (Visual Sonic Vevo 2100, Toronto, ON, Canada) with a
probe frequency of 30 MHz. A clear image of the left ventric-
ular area was recorded using M-type echocardiography.
Thickness of interventricular septum (IVS) and left ventricu-
lar posterior wall (LVPW) was detected. Ejection fraction
(EF) and left ventricular fraction shortening (FS) were then
calculated based on the mean values from 10 cardiac cycles.

BP measure
During treatment, non-invasive systolic BP (SBP) was
measured by the tail cuff method (Visitech Systems, Apex,
NC, USA) every week. After echocardiography, anaesthesia
was induced using 3% isoflurane in oxygen (3 L·min�1 ) and
maintained with 2.5% isoflurane. The right carotid artery
was then cannulated with a polyethylene catheter filled with
heparin saline to the proximal end. This allowed invasive
SBP, diastolic BP (DBP) and mean arterial pressure (MAP) to

be recorded by a pressure transducer connected with a
biological signal acquisition system (MedLab-U/4C501,
Nanjing, China).

Measurement of H2S in plasma and H2S
production in myocardium
H2S concentration in culture medium or plasma was mea-
sured using a H2S-specific microelectrode (ISO-H2S-2; World
Precision Instruments, Sarasota, FL, USA) connected to a free
radical analyser (TBR4100; World Precision Instruments) as
previously described (Xie et al., 2016). The sensor was
depolarized prior to the start of the experiment and then
calibrated with 0.5, 1, 2, 4 and 8 μmol·L�1 Na2S, to provide
a standard curve. Experimental values (H2S concentration
in culture medium or plasma) were calculated from the stan-
dard curve.

Myocardium was homogenized in iced 100 mM
potassium phosphate buffer (1/10, w/v). Samples of myocar-
dialhomogenate (460μL)were incubatedwith20μLL-cysteine
(10mmol·L�1) and20μLpyridoxal50-phosphate (2mmol·L�1)
in tightly sealed vials for 30min at 37°C. The concentration of
H2S in the incubation mixture was measured using a H2S-
specific microelectrode, as described above. Finally, H2S
production in the myocardium, representing the activity
of enzymes for H2S production, was corrected for the pro-
tein content of the homogenate. The expression of mRNA
for cystathionine γ-lyase (CSE), cystathionine β-synthase
(CBS) and 3-mercaptypyruvate sulfurtransferase (MPST)
was carried out by real-time PCR.

Determination of cardiac index
After arterial BP was measured, the mice were killed with an
overdose of isoflurane (5%). The heart was excised immedi-
ately and washed with pre-cooled saline to remove any blood
clots. All of the connective tissues and vessels attached on the
heart were also removed. The heart was dried with filter pa-
per and then weighed (HW) with an electronic balance. The
left ventricular weight (LVW), including ventricular septal
weight, was determined after the atrium and right ventricle
had been removed. The heart mass index (HMI) and left
ventricular mass index (LVMI) was calculated as the ratio
of HW to body weight (BW) and LVW to BW respectively.
Tibia length (TL) was measured from the edge of the tibial
plateau to the medial malleolus distance on the right
hindlimb. The ratios of LVW to TL was calculated and repre-
sented as one index of cardiac hypertrophy. Some hearts
were fixed with 4% paraformaldehyde, and paraffin sections
(5μm) were prepared followed by haematoxylin and eosin
staining. The stained heart was photographed and histolog-
ical examination of myocardium was carried out with a
light microscope.

Measurement of superoxide formation
Superoxide production in cardiomyocytes or myocardium
was detected under a fluorescence microscope using the
fluorescent probe dihydroethidium (DHE). Cardiomyocyte
or myocardial sections (5 μm) were prepared and subse-
quently incubated (30 min, 37°C) in Krebs-HEPES buffer
(composition in mM: NaCl 99, KCl 4.7, MgSO4 1.2,
KH2PO4 1.0, CaCl2 1.9, NaHCO3 25, glucose 11.1, Na
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HEPES 20; pH 7.4) with DHE (2 μM) in a light-protected
chamber. The slides were examined with a Nikon TE2000
Inverted Microscope (Nikon, Tokyo, Japan), using excita-
tion and emission wavelengths of 480 and 610 nm
respectively.

Levels of malondialdehyde (MDA) in myocardium were
detected using a Lipid Peroxidation and Assay Kit, using
the thiobarbituric acid method (Beyotime). Total antioxi-
dant capacity (T-AOC) of myocardium was measured by
the T-AOC Assay Kit with ferric reducing ability of plasma
method (Beyotime). Activity of total SOD, Cu-Zn/SOD and
Mn-SOD in myocardium was assessed with the WST-1
(2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium) method (Beyotime).

Western blots
Protein samples from cardiomyocytes or myocardium were
separated by SDS-PAGE, transferred onto a PVDF membrane
(Millipore, Billerica, MA, USA). After blocking at room tem-
perature in 5% v/v non-fat milk with TBST buffer (Tris–HCl
10 mmol·L�1, NaCl 120 mmol·L�1, Tween-20 0.1%;
pH 7.4) for 2 h, membranes were incubated overnight with
appropriate primary anti-SIRT3 (1:1000; Santa Cruz Bio-
technology, St. Louis, MO, USA); anti-ANP (1:1000), BNP
(1:1000), FOXO3a (1:1000) and SOD2 (1:1000) (Abcam,
Cambridge, UK); β-MHC (1:1000) and β-tubulin (1:3000)
(Bioworld Technology, St. Louis Park, MN, USA); mitofusin
1 (MFN1, 1:1000), mitofusin 2 (MFN2, 1:1000) and mito-
chondrial fission 1 protein (FIS1, 1:1000) (Cusabio,

Baltimore, MD, USA); PPARγ coactivator-1α (PGC-1α,
1:1000; Bioss, Beijing, China); GAPDH (1:7000; Sigma-
Aldrich, St. Louis, MO, USA) at 4°C. Then membranes were
incubated with HRP-conjugated secondary antibody at
room temperature for 2 h. Protein bands were visualized
by enhanced chemiluminescence (Thermo Fisher Scientific
Inc., Rockford, IL, USA).

Quantitative real-time PCR
Total RNA was extracted from myocardium or
cardiomyocytes using Trizol reagent (Takara, Kyoto, Japan)
followed by reverse transcription using a PrimeScript™ RT
Master Mix Kit (Takara). Quantitative real-time PCR were per-
formed with the above cDNAs using SYBR Green Fast qPCR
mix (Takara) with ABI 7500 Real Time PCR System (ABI,
Carlsbad, CA, USA). 18S was used as a housekeeping gene.
Each cDNA from different groups was run and analysed in
triplicate. Experimental cycle threshold values were normal-
ized to 18S, and relative mRNA expression was calculated ver-
sus a control sample (structures of all primers used are listed
in Table 1).

Ultrastructural examination of myocardium
Fresh myocardium was cut into pieces of 1 mm3, fixed with
4% glutaraldehyde and 1% osmic acid in turn. The samples
were dehydrated by acetone, embedded with Epon812,
stained with toluidine blue, cut into slices of 70 nm and
double-stained with uranyl acetate and lead citrate. The

Table 1
Sequence of primers

Gene Sense primer Antisense primer

Rat SIRT1 50-CACCAGAAAGAACTTCACCACCAGA-3 50-ACCATCAAGCCGCCTACTAATCTG-30

Rat SIRT2 50-AGGGACAAGGAGCAGGGTTC-30 50-GAAGAGAGACAGCGGCAGGAC-3

Rat SIRT3 50-GAGGTTCTTGCTGCATGTGGTTG-30 50-AGTTTCCCGCTGCACAAGGTC-30

Rat SIRT4 50-TTGTGCCAGCAAGTCCTCCTC-30 50-GTCTCTTGGAAAGGGTGATGAAGC-30

Rat SIRT5 50-TCCAGCGTCCACACGAAACC-30 50-AACACCAGCTCCTGAGATGATGAC-30

Rat SIRT6 50-GCTGGAGCCCAAGGAGGAATC-30 50-AGTAACAAAGTGAGACCACGAGAG-30

Rat SIRT7 50-GAGCCAACCCTCACCCACATG-30 50-ACGCAGGAGGTACAGACTTCAATG-30

Rat ANP 50-GCTTCCGGGATGAAAACGTC-30 50-ACCAATCCATTGCCGACTATG-30

Rat BNP 50-CACCCGCGAGTACAACCTTC-30 50-CCCATACCCACCATCACACC-30

Rat β-MHC 50-CCTCGCAATATCAAGGGAAA-30 50-TACAGGTGCATCAGCTCCAG-30

Mouse ANP 50-GAGAAGATGCCGGTAGAAGA-30 50-AAGCACTGCCGTCTCTCAGA-30

Mouse BNP 50-CTGCTGGAGCTGATAAGAGA-30 50-TGCCCAAAGCAGCTTGAGAT-30

Mouse β-MHC 50-ATGTGCCGGACCTTGGAAG-30 50-CCTCGGGTTAGCTGAGAGATCA-30

Mouse CSE 50-GCTTGGAAAAAGCAGTGGCT-3 50-TCGTAATGGTGGCAGCAAGA-3

Mouse CBS 50-AGCTGGAACCTGCTCCTTTT-3 50-GTTGGCTCTTGAGTCCCCTC-3

Mouse MPST 50-TGGTATCTGCTACCCAACGC-3 50-CAGAGCTCGGAAAAGTTGCG-3

Rat CSE 50-GCCAGTCCTCGGGTTTTGTA-3 50-CAGTGCAGCCACTGCTTTTT-3

Rat CBS 50-ACCGCCATTGACCTGCTAAA-3 50-GCCATTCCTTGGTTCTGGGA-3

Rat MPST 50-GAGCACGTCATCTCTCAGGG-3 50-AATTCCGGCAGCCCTCTTAC-3

18S 50-AGTCCCTGCCCTTTGTACACA-3 50-CGATCCGAGGGCCTCACTA-30
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ultrastructure of myocardial tissue was examined with a
transmission electronmicroscope (JEM-1230). For mitochon-
drial structure and quantity to be assessed, the visible image
of 15 randomly selected areas per slice was photographed at
5000× magnification and the mitochondrial volumes were
calculated and the mitochondrial numbers were counted.

mtDNA copy number
The ratio mtDNA versus nDNA was determined using a quan-
titative real-time PCR assay, as previously described (Li and
Yang, 2015). The primers were designed to target nDNA (β-ac-
tin, 50-ATGGTGGGAATGGGTCAGAA-30 and 50-CTTTTCACG
GTTGGCCTTAG-30) or mtDNA (NADH dehydrogenase 1,
50-AAACGCCCTAACAACCAT-30 and 50-GGATAGGATGC
TCGGATT-30). The mtDNA content was normalized against
that of β-actin gene to calculate the relative mtDNA
copy number. Each measurement was repeated in tripli-
cate, and a non-template control was included in each
experiment.

Immunofluorescence
Frozen sections of myocardium were incubated with
anti-optic atrophy 1 (OPA1, 1:50; Santa Cruz Biotechnology)
and anti-dynamin-related protein 1 (DRP1, 1:50; Cell
Signaling Techonology, Danvers, MA, USA) antibodies over-
night at 4°C followed by Alexa Fluor 488- or Cy3-conjugated
IgG (1:500) or at 37°C for 1 h and was then visualized with a
fluorescence microscope (Nikon).

Data and statistical analysis
The data and statistical analysis in this study comply with the
recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015). All data are expressed as
mean ± SEM and were analysed by one-way ANOVA followed
by Bonferroni post hoc test as appropriate (STATA 13.0 soft-
ware). Values of P < 0.05 were considered statistically
significant.

Materials
NaHS and angiotensin II were supplied by Sigma-Aldrich; ro-
tenone and antimycin A by Seahorse Bioscience. GYY4137
was provided by Professor Philip K. Moore (National Univer-
sity of Singapore).

Results

NaHS promoted SIRT3 transcription and
expression in Ang II-induced cardiomyocyte
hypertrophy
Exposure of neonatal cardiomyocytes to Ang II increased
ANP, BNP and β-MHC expression at both mRNA and protein
levels, and these hypertrophic indicators were significantly
inhibited by NaHS (Figure 1A–C).

We then assessed the involvement of SIRT1–SIRT7 in the
protective effect of NaHS on cardiomyocyte hypertrophy, by
examining mRNA levels after Ang II stimulation. The mRNA
expression of SIRT1 and SIRT3 was reduced in Ang II-
stimulated cardiomyocytes, while that of SIRT2 and
SIRT4–SIRT7 was unchanged. Expression of mRNA for SIRT3,

but not SIRT1, was restored to near baseline by NaHS (50 μM,
4 h), suggesting that SIRT1 was not involved in the protective
effect of NaHS on cardiomyocyte hypertrophy (Figure 1D).
Moreover, NaHS alone did not alter any SIR2 mRNA expres-
sion in Ang II-stimulated cardiomyocytes (Figure 1D). Further
experiments confirmed that NaHS increased SIRT3 promoter
activity and protein expression in Ang II-stimulated
cardiomyocytes (Figure 1E, F). All of these data suggested
that NaHS increased SIRT3 transcription and expression
in cardiomyocyte hypertrophy induced by Ang II.

NaHS attenuated Ang II-induced cardiomyocyte
hypertrophy in a SIRT3-dependent manner
SIRT3 is highly expressed in organs or tissues with a highmet-
abolic rate such as heart (He et al., 2016; Yue et al., 2016).
SIRT3 is vital to protect against stress-mediated cardiomyo-
cyte death and doxorubicin-induced myocardial injury
(Chen et al., 2013; Pillai et al., 2016). The present data (see
above) showed that NaHS increased SIRT3 expression in
Ang II-stimulated cardiomyocyte. However, whether en-
hanced SIRT3 was crucial for the inhibitory effect of NaHS
on Ang II-induced cardiomyocyte hypertrophy remained to
be elucidated. Next, cell surface area, ANP, BNP and β-MHC
were measured in NaHS-treated cardiomyocytes with SIRT3
silencing. SIRT3-specific siRNA transfected into car-
diomyocytes significantly reduced SIRT3 expression
(Figure 2A). NaHS enhanced SIRT3 protein expression in
Ang II-stimulated cardiomyocyte (Figure 2B). However
SIRT3 silencing prevented NaHS from attenuating Ang
II-induced cardiomyocyte enlargement and to inhibit
mRNA and protein expression of ANP, BNP and β-MHC
by NaHS (Figure 2C–F). GYY4137, a water-soluble H2S-
releasing compound, also decreased cardiomyocyte surface
area and hypertrophic gene expression with Ang II stimula-
tion, which was alleviated after SIRT3 was knocked down
(Supporting Information Figure S1A–D). It is worth noting
that NaHS increased the H2S concentration in the culture
medium and the expression of CSE mRNA, in Ang
II-stimulated cardiomyocytes, with or without SIRT3
siRNA. There was also no significant difference in CBS
and MPST mRNA expression in the cells (Supporting
Information Figure S2A–D).

NaHS improved mitochondrial function and
mitochondrial permeability potential in Ang
II-stimulated cardiomyocyte in a
SIRT3-dependent manner
SIRT3 is localized in mammalian mitochondria and increased
SIRT3 activity is beneficial for mitochondrial function in
heart (Cheung et al., 2015; Koentges et al., 2015, 2016b; Lai
et al., 2016; Yu et al., 2016). We therefore tested the effect of
NaHS on OCR in cardiomyocytes with Ang II stimulation
and SIRT3 silencing. Basal respiration, respiratory reserve ca-
pacity and maximal respiration were significantly decreased
in Ang II-stimulated cardiomyocytes, all of which were im-
proved by NaHS. However, when SIRT3 was silenced, these
bioenergetic parameters were no longer able to be affected
by NaHS (Figure 3A, B).

Mitochondrial membrane potential (Δψm) was deter-
mined by JC-1 staining. Normal membrane potential
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exhibited red fluorescence intensity, while depolarization of
the mitochondrial membrane potential exhibited green fluo-
rescence intensity. Ang II increased green fluorescence inten-
sity but decreased red fluorescence intensity, indicating that
the Δψm of the cells was significantly reduced. Pretreatment
with NaHS weakened green fluorescence intensity but en-
hanced red fluorescence intensity, which suggested that
NaHS attenuated collapse of Δψm in Ang II-stimulated
cardiomyocytes. However, when SIRT3 was knocked down,
these above protective effects on mitochondrial membrane
potential were absent (Figure 3C). All of these results

suggested that NaHS improved mitochondrial function in
Ang II-stimulated cardiomyocytes via a SIRT3-dependent
manner.

NaHS increased FOXO3a and SOD2 expression
and suppressed oxidative stress on Ang
II-stimulated cardiomyocytes in a
SIRT3-dependent manner
The data, so far, suggested that H2S up-regulated SIRT3 to in-
hibit Ang II-induced cardiomyocyte hypertrophy. However,

Figure 1
Effect of NaHS on SIRT3 transcription and expression in Ang II-induced hypertrophy of cardiomyocytes. (A–C) Neonatal rat cardiomyocytes were
pretreated with NaHS (50 μM) for 4 h followed by Ang II (100 nM) for 24 h. Quantification of ANP, BNP and β-MHC expression in cardiomyocytes
was carried out by real-time PCR and Western blot. (D) Quantification of SIR2 family (SIRT1–SIRT7) mRNA expression was assessed by real-time
PCR. (E) Cardiomyocytes were transfected with SIRT3 promoter luciferase fusion plasmid. Twenty-four hours later, cells were treated with NaHS
(50 μM) followed by Ang II (100 nM) stimulation for 24 h. SIRT3 promoter luciferase activity was evaluated with a dual luciferase reporter assay
system. (F) Quantification of SIRT3 protein expression was assessed by Western blots. *P < 0.05, significantly different from untreated cells;
#P < 0.05, significantly different from cells treated with Ang II alone. n = 5.
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the possible downstream effects of SIRT3 in terms of the
anti-hypertrophic activity of H2S were not clear. FOXO3a is
a transcription factor whose action leads to inhibition of
ROS production and SOD2 is one of the most important

enzymes to reduce oxidative stress. Both FOXO3a and SOD2
are important downstream proteins in the SIRT3 signalling
pathway (Sundaresan et al., 2009; Xie et al., 2016). In our ex-
periments, NaHS increased FOXO3a and SOD2 expression

Figure 2
Effect of NaHS on Ang II-induced cardiomyocyte hypertrophy after SIRT3 was silenced. (A) After SIRT3 siRNA or NC siRNA was transfected into
neonatal rat cardiomyocytes for 24 h, SIRT3 protein expression was measured with Western blots. (B) After SIRT3 siRNA or NC siRNA was
transfected into neonatal rat cardiomyocytes for 24 h, cells were pretreated with NaHS (50 μM) for 4 h followed by Ang II (100 nM) for 24 h. SIRT3
protein expression was measured with Western blots. (C) Cells were digested with 0.1% trypsin and photographed using an inverted microscope.
Cell surface area of cardiomyocytes was calculated using Imagepro-Plus system and normalized to cells not undergoing any drug treatment (with
NC siRNA transfection). (D–F) Quantification of ANP, BNP and β-MHC expression in cardiomyocytes was carried out by real-time PCR andWestern
blots. *P < 0.05, significantly different from untreated cells (with NC siRNA transfection); #P < 0.05, significantly different from cells treated with
Ang II alone (with NC siRNA transfection); &P < 0.05, significantly different from untreated cells (with SIRT3 siRNA transfection). n = 5.
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and suppressed oxidative stress in Ang II-stimulated
cardiomyocytes, effects which were abolished by SIRT3 si-
lencing (Figure 4A–D). GYY4137 also enhanced SIRT3 expres-
sion in Ang II-stimulated cardiomyocytes (Supporting
Information Figure S3A) and increased FOXO3a and SOD2
protein expression but attenuated DHE fluorescence inten-
sity in Ang II-stimulated cardiomyocytes, which was blunted
after SIRT3 was knocked down (Supporting Information-
Figure S3B–D).

NaHS reduced BP and enhanced H2S level in
both WT mice and SIRT3 KO mice after TAC
Our results suggested that NaHS, by regulating SIRT3,
prevented Ang II-induced cardiomyocyte hypertrophy
in vitro. For further exploration of the pathophysiological role

of SIRT3 in the protective effects of NaHS in vivo, myocardial
hypertrophy was induced by TAC in SIRT3 KO mice. As the
H2S concentration in the circulation or in the heart is closely
related to BP (Cacanyiova et al., 2016; van Goor et al., 2016)
and BP is one of the most important factors affecting myocar-
dial hypertrophy (Nadruz, 2015), we measured BP and H2S
level in WT mice and SIRT3 KO mice. BP measured by both
non-invasive tail cuff method and invasive artery catheteriza-
tion was increased significantly after TAC. NaHS treatment
(50 μmol·kg�1) reduced SBP, DBP and MAP in both WT mice
and SIRT3 KO mice after TAC (Figure 5A, B). NaHS enhanced
H2S concentration in plasma and myocardium of both WT
mice and SIRT3 KO mice (Figure 5C, D). Mice with TAC
showed decreased expression of CSE, which was restored by
NaHS treatment, in both WT mice and SIRT3 KO mice. There
was no significant difference in the expression of mRNA for

Figure 3
Effect of NaHS on mitochondrial function and mitochondrial permeability potential in Ang II-stimulated cardiomyocytes after SIRT3 was si-
lenced. After SIRT3 siRNA or NC siRNA was transfected into neonatal rat cardiomyocytes for 24 h, cells were pretreated with NaHS (50 μM)
for 4 h followed by Ang II (100 nM) for 24 h. (A) The bioenergetic profiles of cardiomyocytes were measured by a Seahorse Extracellular
Flux Analyzer, OCR in cells treated with oligomycin (2 μg∙mL�1), FCCP (2 μM), rot & AA (4 μM). (B) Quantitative analysis of basal respira-
tion, ATP generation, respiratory reserve capacity and maximal respiratory is shown. (C) Mitochondrial permeability potential (Δψm) was de-
termined by JC-1 staining. Red fluorescence represented normal membrane potential, and green fluorescence represented mitochondrial
membrane potential depolarization. Bar = 50 μm. *P < 0.05, significantly different from untreated cells (with NC siRNA transfection);
#P < 0.05, significantly different from cells treated with Ang II alone (with NC siRNA transfection); &P < 0.05, significantly different from
untreated cells (with SIRT3 siRNA transfection). n = 6.
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Figure 4
Effect of NaHS on FOXO3a, SOD2 expression and oxidative stress in Ang II-stimulated cardiomyocytes. (A, B) Neonatal rat cardiomyocytes were
pretreated with NaHS (50 μM) for 4 h followed by Ang II (100 nM) for 24 h. FOXO3a and SOD2 protein expression was measured with Western
blots. *P< 0.05, significantly different from untreated cells; #P< 0.05, significantly different from cells treated with Ang II alone. n = 5. (C, D) After
SIRT3 siRNA or NC siRNA was transfected into neonatal rat cardiomyocytes for 24 h, cells were pretreated with NaHS (50 μM) for 4 h followed by
Ang II (100 nM) for 24 h. FOXO3a and SOD2 protein expression was measured with Western blots. *P < 0.05, significantly different from un-
treated cells (with NC siRNA transfection); #P < 0.05, significantly different from cells treated with Ang II alone (with NC siRNA transfection);
&P < 0.05, significantly different from untreated cells (with SIRT3 siRNA transfection). n = 5. (E) Superoxide production in cardiomyocytes was
detected under a fluorescence microscope with DHE fluorescent probe. Bar = 50 μm.

H2S protects myocardial hypertrophy via SIRT3 BJP

British Journal of Pharmacology (2018) 175 1126–1145 1135



CBS and MPST in the myocardium (Figure 5E–G). These data
showed that there were no differences between SIRT3 defi-
cient mice and WT mice, in BP and H2S levels.

NaHS improved myocardial structure in WT
mice but not in SIRT3 KO mice after TAC
To assess further the contribution of SRT3 to the effects of
NaHS on myocardial hypertrophy, we compared the myocar-
dial structure in WT mice and SIRT3 KO mice subjected to
TAC. M-mode echocardiography demonstrated that thick-
ness of IVS and LVPW increased in both WT mice and SIRT3

KO mice after TAC, showing that our model of TAC did in-
duce myocardial hypertrophy. The thickness of IVS and
LVPW was attenuated significantly in WT mice, but not in
SIRT3 KO mice, by NaHS treatment (Figure 6A, B). There
was no significant difference in EF and FS between the two
strains of mice (Figure 6C).

NaHS attenuated myocardial hypertrophy in
WT mice but not in SIRT3 KO mice after TAC
Compared with the sham group, TAC induced myocardial
hypertrophy with larger heart and greater HW, HMI, LVMI

Figure 5
Effect of NaHS on BP and H2S level in WT and SIRT3 KO mice after TAC. Male 129S1/SvImJ (WT) and SIRT3 KO mice were injected with NaHS
(50 μmol·kg�1·day�1; i.p) or saline for 2 weeks. Then, mice were subjected to TAC surgery. NaHS (50 μmol·kg�1·day�1) or saline was given for
another 2 weeks. (A) SBP was measured once a week by the tail cuff method. (B) SBP, DBP and MAP were measured from the left carotid
artery. (C, D) H2S concentration in plasma and H2S production in myocardium were measured with a H2S-specific microelectrode. (E, G)
Quantification of CSE, CBS and MPST mRNA expression in myocardium was carried out by real-time PCR. *P < 0.05, significantly different from
WT + SHAM; #P < 0.05, significantly different from WT + TAC; &P < 0.05, significantly different from SIRT3 KO + SHAM; $P < 0.05, signifi-
cantly different from SIRT3 KO + TAC. n = 6.
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and LVW/TL. Treatment with exogenous NaHS reduced all of
these indices in WTmice but not in SIRT3 KOmice after TAC
(Figure 7A–F). NaHS also failed to decrease ANP, BNP and β-
MHC mRNA expression in SIRT3 KO mice, which was re-
duced significantly by NaHS in WT mice (Figure 7G, H).
Primary adult cardiomyocytes were isolated from mice
subjected to TAC. The cells were photographed, and gene ex-
pression of ANP, BNP and β-MHC was measured. We found
that both NaHS and GYY4137 decreased cell surface areas
and reduced hypertrophic gene expression oi primary
adult cardiomyocytes isolated from WT mice, but not
from SIRT3 KO mice, subjected to TAC (Supporting
Information Figure S4A–D).

NaHS inhibited oxidative stress in myocardium
of WT mice but not of SIRT3 KO mice
after TAC
Oxidative stress derives from the mitochondria and plays an
important role in the pathogenesis of myocardial

hypertrophy (Maulik and Kumar, 2012; Walters et al., 2016).
To determine whether the protective role of NaHS against
TAC-induced myocardial hypertrophy was related to
SIRT3-dependent ROS reduction, the oxidative level was
measured in myocardium of WT mice and SIRT3 KO mice af-
ter TAC. Compared with Sham control, myocardial DHE fluo-
rescence and levels of MDA were elevated after TAC,
suggesting severe oxidative stress. After NaHS, both DHE fluo-
rescence and MDA levels were reduced significantly in WT
mice but not in SIRT3 KO mice (Figure 8A, B). NaHS also re-
stored T-AOC and total SOD activity (particularly Mn-SOD
but not Cu-Zn/SOD) in the myocardium of WT mice but
not of SIRT3 KO mice (Figure 8C, D).

NaHS restored mitochondrial ultrastructure and
volume and number in myocardium of WT
mice but not of SIRT3 KO mice after TAC
Transmission electron microscopy showed that the mito-
chondrial cristae of cardiomyocytes in mice after TAC

Figure 6
Effect of NaHS on myocardial structure in WT mice and SIRT3 KO mice after TAC. Male 129S1/SvImJ (WT) and SIRT3 KO mice were injected with
NaHS (50 μmol·kg�1·day�1; i.p) or saline for 2 weeks. Then, mice were subjected to TAC surgery. NaHS (50 μmol·kg�1·day�1) or saline was given
for another 2 weeks. (A) Representative 2-D M-mode echocardiograms of mice hearts are shown. (B) Quantitative analysis of IVS and LVPW thick-
ness by echocardiography. (C) Quantitative analysis of EF and FS by echocardiography. *P < 0.05, significantly different from WT + SHAM;
#P < 0.05, significantly different from WT + TAC; &P < 0.05, significantly different from SIRT3 KO + SHAM. n = 6.
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Figure 7
Effect of NaHS on myocardial hypertrophy in WT mice and SIRT3 KO mice after TAC. Male 129S1/SvImJ (WT) and SIRT3 KO mice were injected
with NaHS (50 μmol·kg�1·day�1; i.p) or saline for 2 weeks. Then, mice were subjected to TAC surgery. NaHS (50 μmol·kg�1·day�1) or saline
was given for another 2 weeks. (A) The whole heart of mice was stained with haematoxylin and eosin and was photographed. (B) Histological ex-
amination of myocardiumwas examined withmicroscope. Bar = 300 μm. (C) Cardiomyocyte area was calculated bymorphometric analysis. (D–F)
HW, HMI, LVMI and ratios of LVW to TL (LVW/TL) were measured and calculated. (G, H) Quantification of ANP, BNP and β-MHCmRNA expression
in myocardium was carried out by real-time PCR. *P < 0.05, significantly different from WT + SHAM; #P < 0.05, significantly different from
WT + TAC; &P < 0.05, significantly different from SIRT3 KO + SHAM. n = 6.
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became fewer, but fragmented and disordered. Some mito-
chondrial membranes was fused with vacuolar formation
and sarcomere disorder after TAC. NaHS increased cristae
numbers, restored cristae integrity and array and attenuated
vacuolar formation and sarcomere disorder, representing an
improvement of mitochondrial ultrastructure by NaHS in
myocardium of WT mice but not of SIRT3 KO mice
(Figure 9A). We also found that TAC induced mitochondria
swelling with greater volume, which was alleviated by NaHS
in WT but not in SIRT3 KO mice (Figure 9B). Mitochondrial
number was evaluated with transmission electron micros-
copy observation and mtDNA copy number measurement.
We found that NaHS increased mitochondrial number and

mtDNA copy number after TAC inWTmice, effects that were
absent from SIRT3 KO mice (Figure 9C, D).

Effect of NaHS on PGC-1α, SIRT3,
mitochondria fusion and fission-related protein
expressions in myocardium of WT mice and
SIRT3 KO mice after TAC
SIRT3, a target of PGC-1α, plays an important role in the sup-
pression of ROS and mitochondrial biogenesis (Kong et al.,
2010). Previous studies found that three mitochondrial fu-
sion genes, OPA1, MFN1 and MFN2, significantly increased
the efficiency of oxidative respiratory chain to protect tissue

Figure 8
Effect of NaHS on oxidative stress in myocardium of WT mice and SIRT3 KO mice after TAC. Male 129S1/SvImJ (WT) and SIRT3 KO mice were
injected with NaHS (50 μmol·kg�1·day�1; i.p) or saline for 2 weeks. Then, mice were subjected to TAC surgery. NaHS (50 μmol·kg�1·day�1) or
saline was given for another 2 weeks. (A) Superoxide production in myocardium was detected under a fluorescence microscope with DHE fluores-
cent probe. (B–D) Level of MDA, T-AOC, activity of SOD, Cu-Zn/SOD and Mn-SOD of myocardium were measured. *P < 0.05, significantly differ-
ent from WT + SHAM; #P < 0.05, significantly different from WT + TAC; &P < 0.05, significantly different from SIRT3 KO + SHAM. n = 6.
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from injury (Hall et al., 2016; Le Page et al., 2016). DRP1 and
FIS1 are two key proteins controlling mitochondrial fission
(Hu et al., 2017; Marín-García and Akhmedov, 2016). For fur-
ther exploration of the detailed protective mechanism of
NaHS against mitochondria function inmyocardial hypertro-
phy, the effects of NaHS on PGC-1α, SIRT3 andmitochondria-
related proteins in myocardium were assessed. Immunofluo-
rescence staining confirmed that TAC decreased OPA1 ex-
pression but increased DRP1 expression, in myocardium.
NaHS enhanced OPA1 expression but attenuated DRP1 for-
mation in WT mice but not in SIRT3 KO mice after TAC
(Figure 10A). NaHS enhanced PGC-1α in both WT mice and
SIRT3 KOmice after TAC (Figure 10B). There was a significant
decrease of SIRT3 in myocardium after TAC, which was ele-
vated by NaHS. There was no SIRT3 in the myocardium of

SIRT3 KO mice (Figure 10C). Decreased MFN1 and MFN2
but enhanced FIS1 after TAC were reversed by NaHS in WT
mice but not in SIRT3 KO mice (Figure 10D, E).

Discussion
The SIR2 family plays an important role in the regulation of
cellular stress response, metabolism, aging and apoptosis
(Oppikofer et al., 2013; Pucci et al., 2013). We hypothesized
that the SIR2 family might be responsible for the attenuation
by H2S, of myocardial hypertrophy in mice. Real-time PCR
was applied to find that SIRT3, but not SIRT1 and other SIRT
proteins, might be involved in its protective effect on cardio-
myocyte hypertrophy. Our previous study found that H2S in-
creased AP1 binding activity with the SIRT3 promoter, which

Figure 9
Effect of NaHS on mitochondrial ultrastructure, volumes and numbers in myocardium of WT mice and SIRT3 KO mice after TAC. Male 129S1/
SvImJ (WT) and SIRT3 KO mice were injected with NaHS (50 μmol·kg�1·day�1; i.p) or saline for 2 weeks. Then, mice were subjected to TAC sur-
gery. NaHS (50 μmol·kg�1·day�1) or saline was given for another 2 weeks. (A) Mitochondrial ultrastructure of myocardium was examined with
transmission electron microscope. Bar = 2 μm. (B, C) Mitochondrial volume and number were evaluated with transmission electron microscopy
observation. (D) mtDNA copy number was measured by real-time PCR. *P< 0.05, significantly different fromWT + SHAM; #P< 0.05, significantly
different from WT + TAC; &P < 0.05, significantly different from SIRT3 KO + SHAM. n = 6.
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Figure 10
Effect of NaHS on PGC-1α, SIRT3 andmitochondria-related protein expression inmyocardium ofWTmice and SIRT3 KOmice after TAC.Male 129S1/
SvImJ (WT) and SIRT3 KO mice were injected with NaHS (50 μmol·kg�1·day�1; i.p) or saline for 2 weeks. Then, mice were subjected to TAC surgery.
NaHS (50 μmol·kg�1·day�1) or saline was given for another 2 weeks. (A) OPA1 and DRP1 in myocardium was immunofluorescence-stained using
Cy3 (Red) and Alexa Fluor 488 (Green)-conjugated IgG respectively. Bar = 100 μm. (B–D) Quantification of PGC-1α (B), SIRT3 (C), MFN1, MFN2
(D) and FIS1(E) protein expression inmyocardiumbyWestern blots. *P< 0.05, significantly different fromWT+ SHAM; #P< 0.05, significantly different
from WT + TAC; &P < 0.05, significantly different from SIRT3 KO + SHAM; $P < 0.05, significantly different from SIRT3 KO + TAC. n = 5.
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was decreased after H2O2 treatment in endothelial cells. The
enhanced effect of H2S on SIRT3 promoter activity was
abolished by AP1 inhibitor, SR11302 or curcumin (Xie et al.,
2016). The present study confirmed that NaHS increased
SIRT3 promoter activity and enhanced SIRT3 mRNA expres-
sion, but the detailed mechanism remained to be studied.

There is evidence for the key role of SIRT3 in mitochon-
drial energy metabolism, raising the question of the patho-
logical significance of SIRT3 in cardiovascular disease
including myocardial hypertrophy (Lu et al., 2016; Yu et al.,
2016; Koentges et al., 2016a, b). Previous studies found that
there was no change on cardiac structure and function in
young SIRT3 KO mice, before 8 weeks of age. However, SIRT3
KO mice displayed cardiac dysfunction, accompanied by
myocardial hypertrophy in 13-month-old mice, suggesting
that SIRT3 was relevant to the maintenance of cardiac con-
tractility and structure (Hafner et al., 2009; Sundaresan et al.,
2009). One recent study also found that, 4 weeks later, a
greater degree of cardiac hypertrophy and fibrosis with de-
creased EF was induced by TAC (Koentges et al., 2015). We
used a model of accelerated myocardial hypertrophy, TAC,
in mice, in our study. Two weeks later, both WT mice and
SIRT3 KO mice exhibited myocardial hypertrophy, mani-
fested as greater IVS and LVPW thickness, greater heart mass
and higher hypertrophic gene expression. However, there
was no reduction in EF or FS on our model, because of a
shorter time for TAC.

The severity and duration of hypertension are known to
be positively correlated with myocardial hypertrophy. The
effects of H2S on BP and cardiac hypertrophy are
concentration-dependent (Meng et al., 2015). It is worth not-
ing that NaHS reduced BP and enhanced H2S level equally in
WT mice and SIRT3 KO mice. We also confirmed that SIRT3
silencing in vitro or even SIRT3 deficiency in vivo had no ef-
fects on endogenous H2S signalling. We would suggest that
the failure of NaHS to inhibit myocardial hypertrophy in
SIRT3 KO mice is due to SIRT3 deficiency but not due to a
direct effect on BP or on production of endogenous H2S.

Several studies have suggested that H2S exerts car-
dioprotective effects through its antioxidant properties. H2S
can reduce the generation and accumulation of ROS in the
myocardium after ischaemia/reperfusion. Na2S protected cul-
tures of H9c2 cells from oxygen-free radical-induced cell
death. More importantly, ROS activated a broad variety of hy-
pertrophy signalling kinases and transcription factors, which
play an important role in the occurrence and development of
myocardial hypertrophy (Burgoyne et al., 2012; Maulik and
Kumar, 2012). Inhibition of oxygen-derived free radicals or
increases in antioxidative proteins attenuates myocardial hy-
pertrophy (Tham et al., 2015). Moreover, many studies have
found that H2S to be a powerful antioxidant in protecting
against myocardial hypertrophy (Liu et al., 2011; Lu et al.,
2013; Shen et al., 2015; Zhou et al., 2015). Our study found
that SIRT3 silencing in vitro or global SIRT3 deficiency in vivo
abolished the protective effect of NaHS on cardiac hypertro-
phy. Associated with the finding that NaHS failed to inhibit
ROS production if SIRT3 was deficient, the results suggested
that SIRT3might be an essential factor in the inhibition of ox-
idative stress and thus prevention ofmyocardial hypertrophy.

The detailed mechanism of SIRT3 for oxidative stress was
then investigated. Using LC–MS/MS, Koentges et al. had

found that 84 acetylated mitochondrial proteins increased
in SIRT3 KO mice, including six enzymes of fatty acid import
and oxidation, 50 subunits of the electron transport chain
and three enzymes of the tricarboxylic acid cycle. Deficiency
of SIRT3 weakenedmitochondrial and contractile function in
the heart (Koentges et al., 2015). Also, lack of SIRT3 facilitated
the opening of the mitochondrial permeability transition
pore by increasing acetylation and spatial dislocation of
cyclophilin D (Hafner et al., 2009). Studies in failing hearts
showed decreased expression of SIRT3 and evidence of myo-
cardial NAD+ depletion and increased acetylation of mito-
chondrial enzymes, suggesting that SIRT3 is vital to
maintain the stability of mitochondrial environment (Hsu
et al., 2009; Pillai et al., 2010; Tanno et al., 2012; Lu et al.,
2016; Osborne et al., 2016). Our study found that H2S up-
regulated SIRT3 to increase FOXO3a and SOD2 expression
and to exhibit antioxidative ability to reduce oxidative stress
and attenuate hypertrophy in Ang II-stimulated
cardiomyocytes. These changes could be possible down-
stream effects of SIRT3 in mediating the anti-hypertrophic
activity of H2S.

NaHS failed to restore mitochondrial function and mito-
chondrial permeability potential in Ang II-stimulated
cardiomyocytes. NaHS also did not improve mitochondrial
ultrastructure in the myocardium of SIRT3 KO mice. How-
ever, NaHS did improve the quantity, structure and arrange-
ment of mitochondrial cristae; increased mitochondrial
number; and reduced mitochondrial swelling, which is vital
to ameliorate mitochondrial function, regulate energy me-
tabolism and reduce oxidative stress. Notably, the preventive
effects of NaHS disappeared completely when SIRT3 silenced
or deleted, indicating that SIRT3 was crucial in the alleviation
of mitochondrial dysfunction by H2S in TAC-induced myo-
cardial hypertrophy.

We had already found that H2S increased AP1 binding ac-
tivity with the SIRT3 promoter in hydrogen peroxide-
stimulated endothelial cells (Xie et al., 2016). Our present
study found that NaHS enhanced PGC-1α, which might be
involved in the mechanism for SIRT3 up-regulation. PGC-1α
interacts with oestrogen-related receptor α, which bound to
the SIRT3 promoter as its transcription factor to regulate
SIRT3 expression (Zhang et al., 2016). Two GTPase isoforms,
MFN1/2, as well as OPA1, are the main proteins required for
fusion of mitochondria. MFN1 or MFN2 deficiency greatly re-
duced levels of mitochondrial fusion, induced the imbalance
of fusion and even promoted mitochondrial fragmentation.
OPA1 regulates mitochondrial shape, respiration regulation
efficiency, respiratory chain components and the protein
complexes in the form of energy (Cogliati et al., 2013). Mito-
chondrial fission was regulated by interaction of two pro-
teins: a cytosolic GTPase, DRP1, and an outer mitochondrial
membrane-anchored protein, FIS1. DRP1 affected mitochon-
drial morphology and was important in mitochondrial and
peroxisomal fission in mammalian cells, which served as a
therapeutic target in cardiovascular diseases (Sharp, 2015;
Atkins et al., 2016). FIS1 has been proposed to act as a receptor
for DRP1, to promote mitochondrial fission (Palmer et al.,
2013). NaHS failed to restore balance of the above fusion-
and fission-related protein in SIRT3 KO mice after TAC. Alto-
gether, the improved mitochondrial function might be as-
cribed to SIRT3 but not to PGC-1α.

BJP G Meng et al.

1142 British Journal of Pharmacology (2018) 175 1126–1145



Our present study suggested that the CSE/H2S pathway
was impaired during hypertrophy. Exogenous NaHS restored
expression of CSE mRNA and H2S levels, which might be the
joint effect of direct exogenous supplementation and indirect
endogenous sulfide production. NaHS is known to be a rapid-
releasing H2S donor and diffuses rapidly, within 30–45 min,
which makes it difficult to ascertain the precise dosage of
H2S. Although not all of the circulating sulfide actually enters
the cell and NaHS does not elevate the H2S concentration to a
very high level in vivo, the released H2S spreads throughout
the body, which is likely to cause non-specific, systemic ef-
fects. This might be the most serious challenge to the success-
ful translation of research on H2S to clinical use. More novel
H2S donors targeting specific cells or organs, with better met-
abolic kinetic characteristics, are urgently needed to enhance
the efficacy and to reduce the adverse effects of H2S.

In conclusion, our present results have highlighted a
novel role for SIRT3 in the protective effect of H2S against ox-
idative stress in myocardial hypertrophy both in vitro and
in vivo. These results have shed new light on the molecular
mechanism(s) responsible for the cardioprotective effect of
H2S through SIRT3 activation in myocardial hypertrophy.
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Figure S1 Effect of GYY4137 on Ang II induced cardio-
myocyte hypertrophy. After SIRT3 siRNA or NC siRNA
was transfected into neonatal rat cardiomyocytes for
24 h, cells were pre-treated with GYY4137 (50 μM) for
4 h followed by Ang II (100 nM) for 24 h. (A) Cells were

digested with 0.1% trypsin and photographed using an
inverted microscope. Cell surface area of cardiomyocytes
was calculated using Imagepro-Plus system and normalized
to cells not undergoing any drug treatment (with NC
siRNA transfection). (B-D) Quantification of atrial natri-
uretic peptide (ANP), brain natriuretic peptide (BNP) and
β-myosin heavy chain (β-MHC) mRNA expression in
cardiomyocytes was carried out by real-time PCR.
*P < 0.05 versus cells not undergoing any drug treatment
(with NC siRNA transfection); #P < 0.05 verse cells treated
with Ang II alone (with NC siRNA transfection); &P < 0.05
versus cells not undergoing any drug treatment (with
SIRT3 siRNA transfection). n = 6.
Figure S2 Effect of NaHS on H2S level in Ang II stimulated
cardiomyocytes after SIRT3 was knocked down. After SIRT3
siRNA or NC siRNA was transfected into neonatal rat
cardiomyocytes for 24 h, cells were pre-treated with NaHS
(50 μM) for 4 h followed by Ang II (100 nM) for 24 h. (A)
H2S concentration in the culture medium was measured with
a H2S-specific microelectrode. (B-D) Quantification of cysta-
thionine γ-lyase (CSE), cystathionine β-synthase (CBS) and
3-mercaptypyruvate sulfertransferase (MPST) mRNA expres-
sion in cardiomyocytes was carried out by real-time PCR.
*P < 0.05 versus cells not undergoing any drug treatment
(with NC siRNA transfection); #P < 0.05 verse cells treated
with Ang II alone (with NC siRNA transfection); &P < 0.05
versus cells not undergoing any drug treatment (with SIRT3
siRNA transfection); $P < 0.05 versus cells treated with Ang
II alone (with SIRT3 siRNA transfection). n = 6.
Figure S3 Effect of GYY4137 on SIRT3, FOXO3a, SOD2 ex-
pression and oxidative stress in Ang II stimulated
cardiomyocytes. (A-C) After SIRT3 siRNA or NC siRNA was
transfected into neonatal rat cardiomyocytes for 24 h, cells
were pre-treated with GYY4137 (50 μM) for 4 h followed by
Ang II (100 nM) for 24 h. SIRT3, FOXO3a and SOD2 protein
expression was measured with western blot. *P < 0.05 versus
cells not undergoing any drug treatment (with NC siRNA
transfection); #P < 0.05 verse cells treated with Ang II alone
(with NC siRNA transfection); &P < 0.05 versus cells not un-
dergoing any drug treatment (with SIRT3 siRNA transfec-
tion). n = 5. (D) Superoxide production in cardiomyocytes
was detected under a fluorescence microscope with
dihydroethidium (DHE) fluorescent probe. Bar = 50 μm.
Figure S4 Effect of NaHS or GYY4137 on primary adult
cardiomyocytes isolated from WT and SIRT3 KO mice after
TAC. Male 129S1/SvImJ (WT) and SIRT3 KO mice were intra-
peritoneally injected with NaHS (50 μmol/kg/d) or GYY4137
(133 μmol/kg/d) or saline for 2 weeks. Then, mice were sub-
jected with transverse aortic constriction (TAC) surgery. NaHS
(50 μmol/kg/d) or GYY4137 (133 μmol/kg/d) or saline was ad-
ministrated for another 2 weeks. (A) Primary adult
cardiomyocytes were isolated from mice and photographed.
Bar = 200 μm. (B-D) Quantification of ANP, BNP and β-MHC
mRNA expression in primary adult cardiomyocytes was car-
ried out by real-time PCR. *P < 0.05 versus WT + SHAM;
#P < 0.05 versus WT + TAC; &P < 0.05 versus SIRT3 KO
+ SHAM. n = 6.
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