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Abstract

Background: A gasotransmitter hydrogen sulfide (H,S) plays an important physiological and pathological role in
cardiovascular system. Ischemic post-conditioning (PC) provides cardioprotection in the young hearts but not in the
aged hearts. Exogenous H,S restores PC-induced cardioprotection by inhibition of mitochondrial permeability transi-
tion pore opening and oxidative stress and increase of autophagy in the aged hearts. However, whether H,S contrib-
utes to the recovery of PC-induced cardioprotection via down-regulation of endoplasmic reticulum stress (ERS) in the
aged hearts is unclear.

Methods: The aged H9C2 cells (the cardiomyocytes line) were induced using H,O, and were exposed to H/R and
PC protocols. Cell viability was observed by CCK-8 kit. Apoptosis was detected by Hoechst 33342 staining and flow
cytometry. Related protein expressions were detected through Western blot.

Results: In the present study, we found that 30 uM H,0O, induced H9C2 cells senescence but not apoptosis. Sup-
plementation of NaHS protected against H/R-induced apoptosis, the expression of cleaved caspase-3 and cleaved
caspase-9 and the release of cytochrome c. The addition of NaHS also counteracted the reduction of cell viability
caused by H/R and decreased the expression of GRP 78, CHOP, cleaved caspase-12, ATF 4, ATF 6 and XBP-1 and the
phosphorylation of PERK, elF 2a and IRE 1a. Additionally, NaHS increased Bcl-2 expression. PC alone did not provide
cardioprotection in H/R-treated aged cardiomyocytes, which was significantly restored by the supplementation of
NaHS. The beneficial role of NaHS was similar to the supply of 4-PBA (an inhibitor of ERS), GSK2656157 (an inhibitor of
PERK), STF083010 (an inhibitor of IRE 1q), respectively, during PC.

Conclusion: Our results suggest that the recovery of myocardial protection from PC by exogenous H,S is associ-
ated with the inhibition of ERS via down-regulating PERK-elF 2a-ATF 4, IRE 1a-XBP-1 and ATF 6 pathways in the aged
cardiomyocytes.
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Background

Hydrogen sulfide (H,S) has been recognized as a gas-
otransmitter with important functions in tissues and
organs [1]. Endogenous H,S production is mainly cata-
lysed by cystathionine B-synthase (CBS), cystathionine-y-
lyase (CSE) and 3-mercaptosulphurtransferase (3-MPST)
[1]. Among them, CSE is a key enzyme in the production
of endogenous H,S in the cardiovascular system [2-4].
The abnormal metabolism and functions of the CSE/
H,S pathway have been linked to various cardiovascu-
lar diseases, including ischemia/reperfusion (I/R) injury,
atherosclerosis, hypertension, heart failure, myocardial
infarction etc. [2-5].

I/R (or hypoxia/reoxygenation, H/R) injury increases
endoplasmic reticulum stress (ERS) and then induces
apoptosis [6]. ERS related proteins, glucose regu-
lated protein 78 (GRP78), C/EBP homologous protein
(CHOP) and cleaved caspase-12, and related signal-
ing pathways, pancreatic endoplasmic reticulum kinase
(PERK)-eukaryotic translation initiation factor 2« (elF
2a)-activating transcription factor 4 (ATF 4), inositol-
requiring enzymela (IRE la)- X-box-binding protein-1
(XBP-1) and ATF 6 are increased during I/R (or H/R) [7-
10]. As well known that PC inhibits myocardial I/R (or
H/R) injury and apoptosis [3, 4]. However, it was recently
reported that PC loses its cardioprotection in aged hearts
(3,4, 10-14].

It was reported that H,S played an important role by
down-regulation of ERS in various systems, especially the
cardiovascular system [15-17]. For example, H,S sup-
pressed I/R induced-myocardial injury and apoptosis via
decrease of ERS [15]. H,S had a regulatory role in aortic
ERS and reduced atherosclerotic lesions in apoE (—/—)
mice fed with a Western type diet [15]. H,S attenuated
high fat diet-induced cardiac dysfunction via the inhibi-
tion of ERS [16]. H,S improved vascular calcification in
rats by reducing ERS [17].

Our previous studies demonstrated that PC lost car-
dioprotection, which was related to down-regulation of
the CSE/H,S pathway in the aged hearts [3, 4, 11-14].
Exogenous H,S contributes to recovery of PC-induced
myocardial protective effect by decrease of oxidative
stress via down-regulation of NF-kB and JAK2-STAT3
pathways, inhibition of mPTP opening via the activation
of the ERK1/2-GSK-3p, PI3 K-Akt-GSK-3p and PKC-e-
mitoK,rp pathways and increase of autophagy via up-reg-
ulation of AMPK-mTOR pathway (3, 4, 12—14]. However,
the involvement in recovery of cardioprotection from
PC by exogenous H,S via inhibiting ERS is unclear in
the aged cardiomyocytes. In order to indicate this ques-
tion, we used hydrogen peroxide (H,O,) induced-aged
HO9C2 cells (the cardiomyocytes line) exposed to PC
as an experimental model to demonstrate the effects of
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exogenous H,S on the ERS and relative mechanisms dur-
ing PC.

Methods

Materials

Sodium hydrogen sulfide (NaHS), 4-PBA (an inhibitor of
ERS), GSK2656157 (an inhibitor of PERK), STF083010
(an inhibitor of IRE la) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). The primary anti-
bodies for anti-Cyclin D1, p21“P'WAF=1" cleaved cas-
pase-3 and -9, Bcl-2, cytochrome ¢ (Cyt c¢), GRP 78,
CHOP, cleaved caspase-12, ATF 4, ATF 6, XBP-1 and
GAPDH were from Proteintech (Wuhan, China). Hoe-
chst 33342 was from Beyotime (Wuhan, China). The
anti-PERK, elF 2a and IRE 1« antibodies were obtained
from Cell Signaling Technology (Denver, USA). H,0, and
PBS solution were from Sigma Chemical Co. (St. Louis,
MO, USA). Western blotting relative solutions were from
Santa Cruz Biotechnology (Dallas, USA).

Culture of cardiomyocytes

Rat cardiomyocytes line H9C2 was purchased from the
American Type Culture Collection. HOC2 cells were cul-
tured in growth medium DMEM containing 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and 100 mg/
ml streptomycin. The experiments were performed when
the cells reached 70-80% confluence between passages 6
and 10.

H,0, treatment of the aged H9C2 cells

The treatment for H,O, induction was as previously
described [18]. Briefly, the DMEM supplemented with
10% FBS was removed, and DMEM supplemented with
different concentrations (0, 5, 10, 30, 50, 80, 100 puM)
H,0, was added to the HOC2 cells in the culture cluster
for 2 h and subsequently cultured for 3 days. The degree
of the aged cells was observed through SA p-Gal Stain-
ing, AGEs ELISA Assay and the expression of Cyclin D1
and p21©P/YAF-1 Tn the present study, we selected 30 uM
H,0O, concentrations for 2 h and subsequently cultured
for 3 days.

Hypoxia/reoxygenation (H/R) of the aged H9C2 cells

H/R model of the aged H9C2 cells was established as
described previously [3, 4, 12]. A hypoxic condition was
produced by D-Hank solution (in mM: 5.37 KCl, 0.44
KH,PO,, 136.89 NaCl, 4.166 NaHCO,, 0.338 Na,HPO,,
5 D-glucose, pH 7.3-7.4 at 37 °C) saturated with 95% N,
and 5% CO,. The pH was regulated to 6.8 with lactate
to mimic ischemic solution. The aged cardiomyocytes
were put into a hypoxic incubator that was equilibrated
with 1% O,/5% CO,/94% N,. After hypoxia, the culture
medium was rapidly replaced with fresh DMEM with
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10% fetal bovine serum (normoxic culture solution) for
initiating reoxygenation.

Experimental protocols of the aged HIC2 cells

The aged H9C2 cells were randomly divided into the fol-
lowing 6 groups. Each group included 8 samples (n = 8)
(Fig. 1): (1) Control group (Control); The aged HOC2 cells
were cultured for 9 h with 10% FBS-DMEM,; (2) Hypoxia/
reoxygenation group (H/R): The aged H9C2 cells were
exposed to hypoxic culture medium for 3 h and reoxy-
genated for 6 h by replacing the hypoxic culture medium
with fresh DMEM with 10% FBS; (3) H/R + NaHS group:
The procedure was similar to that for group 2, except that
100 pM NaHS were added in 6 h reoxygenation; (4) PC
group: At the end of 3 h of hypoxia, the aged HIC2 cells
were exposed to normoxic culture solution for 5 min,
after which cells were placed in hypoxic solution for
5 min. The PC cycle was repeated three times and fol-
lowed by 6 h of reoxygenation; (5) PC + NaHS group:
At the end of 3 h of hypoxia, initiated immediately at
the onset of reoxygenation, 100 uM NaHS were given
at the onset of reoxygenation for 5 min following with
5 min hypoxia. This protocol was repeated for another
two times. The cells were then treated as those of group
3; (6) PC + 4-PBA (or GSK2656157, or STF083010)

: oxygenation
- hypoxia

m hypoxia for 5 min/reoxygenation for 5 min

Control | |
N — |
3h 6h
H/R+NaH$S

|
3n 6h

NaH$

e [ MEENTITIITI |

3h PC 30 min 6h
PC+NaHs | I [T 1T1T] ]
3h PC 30 min 6h
NaHS
PC +4-PBA (or
GsK2es6157.0r | I TTTTTTT ]
STF083010) 3h PC 30 min 6h

4.PBA, or GSK2656157, or STF083010
Fig. 1 Summary of experimental treatments protocol. The aged
HIC2 cells were exposed to hypoxic culture medium for 3 h and
reoxygenated for 6 h by replacing the hypoxic culture medium with
fresh DMEM with 10% fetal bovine serum. For details of ischemic
post-conditioning (PC), NaHS, 4-PBA, GSK2656157 and STF083010
treatments see text
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group: 0.5 mM 4-PBA (or 10 uM GSK2656157 or 50 uM
STF083010) were added to the medium 40 min before
the end of hypoxia. The cells were then treated as those
of group 4.

AGEs ELISA assay

The rat advanced glycation end products (AGEs) assay
was performed with AGEs ELISA kit according to the
instructions from the manufacturer and was as previously
described [4, 19, 20]. The reagents of the test kit were
placed at room temperature for 30 min and diluted 1:20
with distilled water. Aliquots of 100 pl of the standards
and samples were added to blank micropores and 50 pl
enzyme marker solution was added. Microtiter plates
were incubated at 37 °C for 60 min and then washed five
times and put aside for 10-20 s each time. The A and B
substrate solutions (50 pl) were added into the microti-
ter plates for 15 min dark reactions at 37 °C. The reaction
was terminated by the addition of 50 ul stop solution, and
the optical density (OD) at 450 nm was determined by an
ultra microplate reader (Bio-Rad Laboratories, Hercules,
CA, USA). An AGEs standard curve was generated and
the AGEs values of the samples were calculated from the
standard curve.

SA B-gal staining

Senescence-associated [-gal (SA p-gal) activity was
measured with the p-gal staining kit at pH 6.0 accord-
ing to the instructions from the manufacturer [4, 19,
20]. Briefly, the cells were washed in phosphate buffered
saline (PBS), fixed for 10~15 min at room temperature
with 1 ml of fixative solution and incubated overnight at
37 °C with the staining solution mix. Cells were observed
for development of the blue coloration with a microscope
at a magnification of x400. Aging cardiomyocytes were
assessed by counting the number of cells that displayed
blue coloration.

Caspase-3 activity assay

Caspase-3 activity was determined using the ApoAlert
Caspase Colorimetric Assay kit in accordance with the
manufacturer’s protocol [18]. In brief, at least 1 x 10°
cells per sample were lysed in 50 pl of lysis buffer, and
the protein concentrations in the samples were estimated
using the Bio-Rad protein assay. After incubation on ice
for 10 min, the samples were centrifuged at 16,000xg
for 3 min at 4 °C. Each supernatant was mixed with 50ul
2 x Reaction Buffer/DTT mix and 5 pl of 1 mM Cas-
pase-3 Substrate (DEVD-pNA, 50 pM final concentra-
tion), and the samples were then incubated for 1 h at
37 °C in the dark. Developed colour was measured at
405 nm, and caspase-3 activity was calculated in terms of
absorbance units per pg protein.
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Cell viability assay

Cell viability was measured by Cell Counting Kit-8 (CCK-
8). Cells were seeded in 96-well plates at a concentra-
tion of 3 x 10% cells/well. After 24 h of each treatment,
10 pl was added to each well of CCK-8 immediately. Sub-
sequently, they were incubated for 2 h at 37 °C. Using a
microplate spectrophotometer, the plates were read at
570 nm (A 570) to determine their optical density.

Apoptotic rate of cells by Hoechst 33342 staining

Cells were analyzed for apoptosis after visualization of
nuclei morphology with fluorescent DNA-binding dye
Hoechst 33342, as described previously [4, 12]. After
treatment, cells were rinsed with PBS and incubated with
5 pg/ml Hoechst 33342 for 10 min. Nuclei were visual-
ized at 400x magnification using fluorescent microscopy
at an excitation wavelength of 330-380 nm. Apoptotic
nuclei of cells were assessed by counting the number of
cells that displayed nuclear morphology changes, such as
chromatin condensation and fragmentation.

Apoptotic rate of cells by flow cytometry assay

The apoptotic rate was measured by flow cytometry as
described previously [4]. Cells were washed three times
with ice-cold PBS, and then stained with annexin V-flu-
orescein isothiocyanate for 15 min at room temperature
in 200 pl binding buffer. Next, 300 pl binding buffer was
added, and the cells were stained with propidium iodide
for 30 min at 4 °C. The fluorescence of the cells was ana-
lyzed by flow cytometry. The percentage of apoptotic
cells was determined using Mod Fit LT software (Verity
Software House Inc., Topsham, ME, USA).

Western blotting analysis

The related protein expressions were measured by West-
ern blot as described previously [2-6]. Brifely, equal
amounts of proteins were subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis and blotted
on polyvinylidene fluoride membranes. The membranes
were incubated with primary antibodies. The secondary
antibody was goat anti-rat immunoglobulin G. The inten-
sities of the protein bands were quantified by a Bio-Rad
ChemiDoc™ EQ densitometer and Bio-Rad Quantity
One software (Bio-Rad Laboratories). The protein con-
centration was quantified using the BCA Protein Assay
kit (Beyotime, Nantong, China).

Detection of Cyt c release from mitochondrial

Western blot analysis of Cyt c in the cytosolic fraction
was performed as described previously [3, 4, 12]. Briefly,
cells were harvested, washed twice with ice-cold PBS,
and incubated in ice-cold Tris-sucrose buffer (0.35 mM
sucrose, 10 mM Tris—HCl at pH 7.5, 1 mM EDTA,
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0.5 mM dithiothreitol, 0.1 mM phenylmethylsulphonyl
fluoride). After a 40 min incubation, cells were centri-
fuged at 1000xg for 5 min at 4 °C and the supernatant
was further centrifuged at 40,000xg for 30 min at 4 °C.
The supernatant was retained as the cytosolic fraction
and analyzed by Western blot with a primary rat anti-
Cyt ¢ monoclonal antibody and a secondary goat anti-rat
immunoglobulin G (Promage). GAPDH expression was
used as the control.

Statistical analysis

All data were expressed as the mean + SE and repre-
sented at least three independent experiments. Statistical
comparisons were made using student’s t test or one-way
ANOVA followed by a post hoc analysis (Tukey test)
where applicable. Significance level was set at p < 0.05.

Results

H,0, induced senescence in the HIC2 cells

H,0, can induce the senescence of cells by increas-
ing oxidative stress. The increase of AGEs content is an
important marker of the senescence. The up-regulation
of caspase-3 activity is key marker of the apoptosis. In
the present study, the HOC2 cells were exposed to various
concentrations of H,O, ranging from 0 to 100 uM for 2 h
and subsequently cultured for 3 days, after which senes-
cence and apoptosis were determined. The data showed
that we successfully induced the senescence of the HOC2
cells with 30 pM H,0, and the number of senescent cells
was increased in a dose-dependent manner (Fig. 2a),
However, it led to apoptosis when exposed to the con-
centrations of H,O, more than 30 pM and 30 pM H,0,
had no apparent effect on caspase-3 activity (Fig. 2b).
To further confirm this phenomenon, we performed SA
-Gal staining and the expression of cyclin D1 and p21<¥/
WAF=1 We found that the number of SA -gal-positive
cardiomyocytes and the expression of p21“P'WAF~1 yere
significantly increased and cyclin D1 expression were
markedly decreased after incubation with 30 uM H,0,
for 2 h and subsequently cultured for 3 days (Fig. 2c, d).
Taken together, the concentration of 30 uM H,0, induces
the senescence but not the apoptosis. Therefore, addi-
tional experiments were performed with 30 uM H,O.,,.

H,S increased the cell viability

Cell viability reflects the condition of cell growth. To
assay whether exogenous H,S restores PC-induced cardi-
oprotection, we observed the cell viability through CCK8
kit in the H,O, induced-aged H9C2 cells. Our results
showed that the cell viability was significantly reduced in
the H/R group (p < 0.01 versus control group). Compared
with the H/R group, the cell viability was increased in
the H/R + NaHS group (p < 0.05) and it change was not
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Fig. 2 Low dose of H,0, induced senescence in the HIC2 cells without causing apoptosis. a The AGEs content. The different concentrations (0,
5,10, 30, 50, 80, 100 pM) H,0, was added to the HIC2 cells in the culture cluster for 2 h and subsequently cultured for 3 days. All data were from
eight independent experiments. *p < 0.05, **p < 0.01 vs. control group. b The caspase-3 activity. Caspase-3 activity, measured as luminescence, in
the HIC2 cells 3 days after treatment with H,0, (30, 50, 80, 100 pM) for 2 h. All data were from four independent experiments. **p < 0.01 vs. control
group. € The number of SA 3-gal-positive H9C2 cells. Phase-contrast images showing morphologic changes and stained cells. (SA-3-gal positive
cells; Blue, magnification x400). Scale bar = 50 um. The aged HIC2 cells in at least five random fields were counted. **p < 0.01 vs. control group. d
The expression of cyclin D1 and p21“P"WA*=1 The intensity of each band was quantified by densitometry, and data were normalized to the GAPDH
signal. All data were from four independent experiments. *p < 0.05 vs. control group
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significant in the PC group (p > 0.05). Compared with the  on the cell viability was similar to PC + 4-PBA (or
PC group, the cell viability was obviously increased in the =~ GSK2656157, or STF083010), respectively. Compared
PC + NaHS (or 4-PBA, or GSK2656157, or STF083010)  with the H/R + NaHS group, the cell viability was further
(p < 0.01); and the beneficial role of PC + NaHS increased in the PC + NaHS group (p < 0.05) (Fig. 3a).
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Fig. 3 Exogenous H,S increased cell viability and decreased apoptotic rate in the aged HIC2 cells. a Cell viability was measured by CCK-8 kit. All
data are mean % S.E.M. of 8 determinations. b Detection of nuclear morphology in apoptotic cells by Hoechst 33342 staining. Apoptotic cells
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These indicate that exogenous H,S restores the PC-
induced increase of the cell viability.

H,S inhibited apoptosis

To investigate whether exogenous H,S protects against
PC-induced cardiac apoptosis, we examined cardiomyo-
cyte apoptosis by Hoechst 33342 staining and flow cytom-
etry. The data showed that H/R significantly increased
the apoptotic rate than that in control group (p < 0.01).
H/R 4 NaHS decreased the apoptotic rate (p < 0.05 versus
the H/R group). The apoptotic rate of the PC group was
similar to the H/R group. Compared with the PC, the apop-
totic rate of the PC + NaHS (or 4-PBA, or GSK2656157,
or STF083010) was markedly decreased (p < 0.01), and
the effect of PC 4+ NaHS on the apoptotic rate was similar
to PC + 4-PBA (or GSK2656157, or STF083010), respec-
tively. Compared with the H/R + NaHS group, the apop-
totic rate was further decreased in the PC 4+ NaHS group
(p < 0.05) (Fig. 3b, c). Our results suggest that exogenous
H,S restores PC-inhibited apoptosis.

H,S decreased pro-apoptotic factors and increased
anti-apoptotic factors

H/R damages mitochondria, and then pro-apoptotic fac-
tors (cleaved caspase-3, cleaved caspase-9 and Cyt ¢) and
anti-apoptotic factors (Bcl-2) are release from injured
mitochondria, which finally lead to apoptosis. The mito-
chondrial pathway is the most important apoptotic path-
way. To further demonstrate exogenous H,S restores
PC-induced cardioprotection via inhibiting apoptosis, we
detected the expression of cleaved caspase-3, cleaved cas-
pase-9 and Bcl-2 in the whole cell lysates as well as Cyt ¢
in the cytosolic fraction by western blotting.

Figure 4 showed that the expression of pro-apoptotic
factors and anti-apoptotic factors was significantly
increased in the H/R group compared with the con-
trol group (p < 0.05 or p < 0.01). Compared with H/R,
H/R 4+ NaHS decreased expression of pro-apoptotic
factors but increased expression of anti-apoptotic fac-
tors (p < 0.05). The results of the PC group were similar
to those of the H/R group. Compared with the PC, the
PC 4 NaHS (or 4-PBA, or GSK2656157, or STF083010)
obviously down-regulated pro-apoptotic factors but up-
regulated expression of anti-apoptotic factors (p < 0.01),
and the effect of PC 4+ NaHS on these indexes was simi-
lar to PC + 4-PBA (or GSK2656157, or STF083010),
respectively. PC + NaHS treatment decreased the
expression of pro-apoptotic factors and increased the
expression of anti-apoptotic factors in comparison with
the H/R + NaHS (p < 0.05). These results suggest that
exogenous H,S restores the anti-apoptotic effect of PC
against H/R by preventing the mitochondrial apoptotic
pathway (Cyt c—caspase-9—caspase-3).
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H,S inhibited ERS
H/R can increase ERS and then induce apoptosis.
The relative proteins of ERS mainly include GRP 78,
CHOP, cleaved caspase-12 and XBP-1. In this study,
we examined the expression of GRP 78, CHOP, cleaved
caspase-12 and XBP-1. Our results showed that the
expression of GRP 78, CHOP, cleaved caspase-12 and
XBP-1 was significantly increased in the H/R group
(p < 0.01 versus the control group). The expression of
these proteins was decreased in the H/R + NaHS group
(p < 0.05 or p < 0.01 versus the H/R group). The change
of these indexes in the PC group was similar to that in the
H/R group. Compared with the PC, the PC + NaHS (or
4-PBA, or GSK2656157, or STF083010) obviously down-
regulated the expression of these proteins (p < 0.01), and
the effect of PC 4+ NaHS on these proteins was similar
to PC + 4-PBA (or GSK2656157, or STF083010), respec-
tively. Compared with the H/R + NaHS, PC + NaHS fur-
ther decreased the expression of these proteins (p < 0.05)
(Fig. 5), indicating that exogenous H,S restores PC-
induced myocardial protective effect by inhibiting ERS.

H,S down-regulated PERK-elF 2a-ATF 4, IRE 1a-XBP-1

and ATF 6 pathways

PERK-eIF 2a-ATF 4, IRE 1a-XBP-1 and ATF 6 pathways
involve in ERS. To detect whether exogenous H,S restores
PC protective role by inhibiting PERK-eIF 2a-ATF 4, IRE
1a-XBP-1 and ATF 6 pathways, we observed the change
of these pathways. The activity of phosphorylated PERK,
elF 2a and IRE 1a and the expression of ATF 4, ATF 6 and
XBP-1 in the H/R group were significantly higher than
that in the control group (p < 0.05 or p < 0.01). The level
of these indexes was lower in the H/R + NaHS group
than in the H/R group (p < 0.05 or p < 0.01). The change
of these indexes in the PC group was similar to those in
the H/R group. Compared with the PC group, the level of
these indexes was markedly decreased in the PC 4+ NaHS
(or 4-PBA, or GSK2656157, or STF083010) (p < 0.01).
The effect of PC + NaHS on PERK-elF 2a-ATF 4, IRE
1a-XBP-1 and ATF 6 pathways was similar to inhibitor of
these pathways, respectively. In the PC + NaHS group,
the change of these indexes was decreased to a larger
extent than that in the H/R + NaHS (p < 0.05) (Figs. 6, 7).
These results demonstrate that exogenous H,S restores
PC-induced cardioprotection by inhibiting ERS via
down-regulating PERK-elF 2a-ATF 4, IRE 1a-XBP-1 and
ATF 6 pathways.

Discussion

H,0O, induces senescence by increase of oxidative stress
[18]. The increase of AGEs content is one of the most
important markers in senescence [21-23]. SA B-gal activ-
ity, AGEs content and p21“P'WAF-1 expressions were
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rised and cyclin D1 expressions were reduced in senes- ¢ expressions between the H/R and PC groups was not
cence [4, 21-23]. Our data showed that the number of SA  significant in the aged cardiomyocytes (Fig. 3, 4). These
B-gal-positive cells, the AGE content and the expression results indicate that PC loses protective role against H/R
of p21“P"WAF=1 were increased and cyclin D1 expres- injury in the aged cardiomyocytes. It is consistent with
sion was decreased in cardiomyocytes, while the change  our previous results [3, 4, 12—14].
of caspase-3 activity was not significant, in treated with ERS that disrupts ER function can occur in response
30 uM H,0, concentrations for 2 h and subsequently to a wide variety of cellular stressors that lead to the
cultured for 3 days (Fig. 2). This indicates the success- accumulation of unfolded and misfolded proteins in the
ful establishment of H,O,-induced aged cardiomyocytes ER [7-10, 24]. Protein markers of ERS mainly include
model used in the present study. GRP78, CHOP and cleaved caspase-12 [5, 24]. ERS is
It is well known that PC inhibits I/R (or H/R) injury increased during I/R (or H/R) and promotes apoptosis
and apoptosis [3, 4, 11-14]. However, it was reported  [6, 18, 24]. In the present study, compared with the H/R
that PC loses its myocardial protection in aged hearts  group, the cell viability, the apoptotic rate and the expres-
[3, 4, 11-14]. The main reason is that aging affects car-  sion of cleaved caspase-9, cleaved caspase-3, Cyt ¢, GRP
diomyocytes at several subcellular and molecular levels, 78, CHOP, cleaved caspase-12 and XBP-1 was signifi-
including alterations at the level of the DNA, increased cantly decreased and the expression of Bcl-2 was obvi-
oxidative stress, changes in gene/protein expression and  ously increased in the H/R + NaHS group. Meanwhile,
decreased autophagy [3, 4, 11-14]. Our results showed  we also found that PC + NaHS further enhanced the car-
that the difference in cell viability, the apoptotic rate  dioprotective roles of H/R + NaHS. The effect of NaHS
and cleaved caspase-9, cleaved caspase-3, Bcl-2 and Cyt  was similar to 4-PBA (an inhibitor of ERS), GSK2656157
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(an inhibitor of PERK), STF083010 (an inhibitor of IRE
1a) during PC, respectively (Figs. 3, 4, 5). These data sug-
gest that exogenous H,S restored PC-induced cardiopro-
tection by inhibition of ERS in the aged cardiomyocytes.
ERS includes three signaling pathways: PERK, IRE 1
and ATF 6 [5, 6, 25]. PERK is an ERS sensor and a ser-
ine threonine kinase that phosphorylates eukaryotic
translation initiation factor 2a (eIF 2a) on ERS [6, 26].
The phosphorylated elF 2a induces the expression of
ATF 4, and then increases CHOP [6]. In mammalian
cells, the substrate for the IREla endoribonuclease is
the XBP-1 mRNA [7, 27]. After activation, the IRElx
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endoribonuclease splices the XBP-1 mRNA with an
altered reading frame. Activated IREla- XBP-1 pathway
up-regulates the GRP 78, CHOP and cleaved caspase-12,
and then promotes apoptosis [7, 25]. ATF 6 is an ER
transmembrane protein [8]. After cleavage, the cytosolic
N-domain of ATF 6 translocates into the nucleus where
it induces the expression of GRP78, CHOP and XBP-1
[9, 26]. Our data showed that H/R + NaHS decreased
PERK-elF 2a-ATF 4, IRE 1la-XBP-1 and ATF 6 path-
ways. PC 4+ NaHS further enhanced the effects of H/R
+NaHS. And the effect of NaHS on PC was similar to
4-PBA, GSK2656157, STF083010 during PC, respectively

The aged cardiomyocytes

H,S +

Cardioprotection of PC ¢

Exogenous H,S

PERK-elF 2a-ATF4 pathway ¢
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| ATF6 pathwayu

GRP78

CHOP |

Caspase-12 ¢

S

-

Endoplasmic reticulum stress ¢

* Decrease

Apoptosis and injury ¢

? Increase

PC:Post-conditioning

Cardioprotection of PC f

aged cardiomyocytes

Fig. 8 Exogenous H,S restores PC-induced cardioprotection in the aged cardiomyocytes. Exogenous H,S contributes to recovery of PC-induced
cardioprotection by down-regulation of endoplasmic reticulum stress via inhibition of PERK-elF 2a-ATF 4, IRE 1a-XBP-1 and ATF 6 pathways in the
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(Figs. 6, 7). Taken together, these findings suggest that
exogenous H,S plays an important role in the recovery of
PC-induced cardioprotection by down-regulation of ERS
via the inhibiting PERK-eIF 2a-ATF 4, IRE 1a-XBP-1 and
ATF 6 pathways in the aged cardiomyocytes.

Conclusion

In conclusion, our present study demonstrates that the
recovery of PC-induced cardioprotection by exogenous
H,S is associated with the inhibition of ERS through
down-regulating PERK-elF 2a-ATF 4, IRE 1a-XBP-1 and
ATF 6 pathways in the aged cardiomyocytes. These find-
ings provide new insight into the prevention and therapy
of aged ischemic cardiomyopathy (Fig. 8).

Authors’ contributions

HL and CX conceived and designed the research, and drafted the manuscript,
WS, JY, YZ, YX, XW, DY, YW, CW, RW and LW revised the paper and gave some
suggestions. All authors read and approved the final manuscript.

Author details

! Department of Pathophysiology, Harbin Medical University, Baojian Road,
Harbin 150081, China. 2 Department of Pathology, Daging Medical College,
Daging, China. ® The Key Laboratory of Cardiovascular Medicine Research (Har-
bin Medical University), Ministry of Education, Harbin, China. * The Cardiovas-
cular and Metabolic Research Unit, Laurentian University, Sudbury, Canada.

Acknowledgements
Thanks for all participants involved in this study.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
Please contact author for data and materials requests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding

This research is supported by the National Natural Science Foundation of
China (Nos. 81770486, 81270273) and the Graduate Innovation Fund of Harbin
Medical University (No. YJSCX2016-35HYD).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 9 October 2017 Accepted: 3 December 2017
Published online: 11 December 2017

References

1. LiHZ Manis, CaoW,Yang G, Lai C, Wu L, Wang R. Interaction of hydrogen
sulfide and estrogen on the proliferation of vascular smooth muscle cells.
PLoS ONE. 2012;7:e41614.

2. Mani, LiHZ, Untereiner A, Wu L, Yang G, Austin RC, Dickhout JG, Lhoték
S, Meng QH, Wang R. Decreased endogenous production of hydrogen
sulfide accelerates atherosclerosis. Circulation. 2013;127:2523-34.

3. LiLN, Li MX, LiY, Sun WM, Wang YH, Bai SZ, Li H, Wu B, Yang G, Wang R,
Wu L, Li HZ, Xu CQ. Exogenous H,S contributes to recovery of ischemic

20.

21.

22.

23.

24.

Page 13 of 14

post-conditioning-induced cardioprotection by decrease of ROS level
via down-regulation of NF-kB and JAK2-STAT3 pathways in the aging
cardiomyocytes. Cell Biosci. 2016;6:26.

Li HZ, Zhang C, Sun WM, Li LN, Wu B, Bai SZ, Li H, Zhong X, Wang R,

Wu L, Xu CQ. Exogenous hydrogen sulfide restores cardioprotection of
ischemic post-conditioning via inhibition of mPTP opening in the aging
cardiomyocytes. Cell Biosci. 2015;5:43.

Li X, Zhang KY, Zhang P, Chen LX, Wang L, Xie M, Wang CY, Tang XQ.
Hydrogen sulfide inhibits formaldehyde-induced endoplasmic reticulum
stress in PC12 cells by upregulation of SIRT-1. PLoS ONE. 2014;9:e89856.
Liu XH, Zhang ZY, Sun S, Wu XD. Ischemic postconditioning protects
myocardium from ischemia/reperfusion injury through attenuating
endoplasmic reticulum stress. Shock. 2008;30:422-7.

Minamino T, Komuro |, Kitakaze M. Endoplasmic reticulum stress as a
therapeutic target in cardiovascular disease. Circ Res. 2010;107:1071-82.
Xu JC, Zhou Q, Xu W, Cai L. Endoplasmic reticulum stress and diabetic
cardiomyopathy. Exp Diabetes Res. 2012;2012:827971.

Glembotski CC. Endoplasmic reticulum stress in the heart. Circ Res.
2007;101:975-84.

. Cominacini L, Mozzini C, Garbin U, Pasini A, Stranieri C, Solani E, Vallerio P,

Tinelli IA, Fratta Pasini A. Endoplasmic reticulum stress and Nrf2 signaling
in cardiovascular diseases. Free Radic Biol Med. 2015;88:233-42.

. Boengler K, Schulz R, Heusch G. Loss of cardioprotection with ageing.

Cardiovas Res. 2009;83:247-61.

. Chen JT, Gao J, Sun WM, Li LN, Wang YH, Bai SZ, Li XX, Wang R, Wu L, Li

HZ, Xu CQ. Involvement of exogenous H2S in recovery of cardioprotec-
tion from ischemic post-conditioning via increase of autophagy in the
aged hearts. Int J Cardiol. 2016;220:681-92.

Li HZ, Wang YH, Wei C, Bai SZ, Zhao YJ, Li HX, Wu B, Wang R, Wu LY, Xu CQ.
Mediation of exogenous hydrogen sulfide in recovery of ischemic post-
conditioning-induced cardioprotection via down-regulating oxidative
stress and up-regulating PI3 K/Akt/GSK-3 pathway in isolated aging rat
hearts. Cell Biosci. 2015;5:11.

Wei C, Zhao Y, Wang LN, Peng X, Li H, Zhao YJ, He YQ, Shao HJ, Zhong X, Li
HZ, Xu CQ. H,S restores the cardioprotection from ischemic post-condi-
tioning in isolated aged rat hearts. Cell Biol Int. 2015;39:1173-6.

Chen ZF, Zhao B, Tang XY, LiW, Zhu LL, Tang CS, Du JB, Jin HF. Hydrogen
sulfide regulates vascular endoplasmic reticulum stress in apolipoprotein
E knockout mice. Chin Med J (Engl). 2011;124:3460-7.

Barr LA, Shimizu Y, Lambert JP, Nicholson CK, Calvert JW. Hydrogen sulfide
attenuates high fat diet-induced cardiac dysfunction via the suppression
of endoplasmic reticulum stress. Nitric Oxide. 2015;46:145-56.

. Yang R, Teng X, Li H, Xue HM, Guo Q, Xiao L, Wu YM. Hydrogen sulfide

improves vascular calcification in rats by inhibiting endoplasmic reticu-
lum stress. Oxid Med Cell Longev. 2016;2016:9095242.

Dong R, Xu X, Li G, Feng W, Zhao G, Zhao J, Wang DW, Tu L. Bradykinin
inhibits oxidative stress-induced cardiomyocytes senescence via regulat-
ing redox state. PLoS ONE. 2013;8:e77034.

Liu J,Wang J, Chen X, Guo C, Guo Y, Wang H. Ginkgo biloba extract
EGB761 protects against aging-associated diastolic dysfunction in
cardiomyocytes of p-galactose-induced aging rat. Oxid Med Cell Longev.
2012;2012:418748.

Chen B, Zhong Y, Peng W, Sun Y, Kong WJ. Age related changes in the
central auditory system: comparison of b-galactose-induced aging rats
and naturally aging rats. Brain Res. 2010;1344:43-53.

Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, Medrano EE, Lin-
skens M, Rubelj |, Pereira-Smith O. A biomarker that identifies senescent
human cells in culture and in aging skin in vivo. Proc Natl Acad Sci USA.
1995,92:9363-7.

Li SY, Du M, Dolence EK, Fang CX, Mayer GE, Ceylan-Isik AF, LaCour KH,
Yang X, Wilbert CJ, Sreejayan N, Ren J. Aging induces cardiac diastolic
dysfunction, oxidative stress, accumulation of advanced glycation end
products and protein modification. Aging Cell. 2005;2:57-64.

Yang G, Wu L, Bryan S, Khaper N, Mani S, Wang R. Cystathionine gamma-
lyase deficiency and overproliferation of smooth muscle cells. Cardiovasc
Res. 2010;86:487-95.

Hu'Y,Wang Z, Pan S, Fang M, Jiang H, Mao Y, Zhang H, JiY, Zhang F, Lin

L, Lin Z, Xiao J. Inhibition of endoplasmic reticulum stress is involved in
the neuroprotective effect of aFGF in neonatal hypoxic-ischaemic brain
injury. Oncotarget. 2017;8:60941-53.



Sun et al. Cell Biosci (2017) 7:67 Page 14 of 14

25. Yu SN, Kim SH, Kim KY, Ji JH, Seo YK, Yu HS, Ahn SC. Salinomycin induces 27. Abadpour S, Gopel SO, Schive SW, Korsgren O, Foss A, Scholz H. Glial
endoplasmic reticulum stress-mediated autophagy and apoptosis cell-line derived neurotrophic factor protects human islets from nutrient
through generation of reactive oxygen species in human glioma U87MG deprivation andendoplasmic reticulum stress induced apoptosis. Sci Rep.
cells. Oncol Rep. 2017,37:3321-8. 2017;7:1575.

26. Butler MR, Ma H, Yang F. Endoplasmic reticulum (ER) Ca2 + -channel
activity contributes to ER stress and cone death in cyclic nucleotide-
gated channel deficiency. J Biol Chem. 2017;292:11189-205.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolVied Central




	Exogenous H2S restores ischemic post-conditioning-induced cardioprotection through inhibiting endoplasmic reticulum stress in the aged cardiomyocytes
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Materials
	Culture of cardiomyocytes
	H2O2 treatment of the aged H9C2 cells
	Hypoxiareoxygenation (HR) of the aged H9C2 cells
	Experimental protocols of the aged H9C2 cells
	AGEs ELISA assay
	SA β-gal staining
	Caspase-3 activity assay
	Cell viability assay
	Apoptotic rate of cells by Hoechst 33342 staining
	Apoptotic rate of cells by flow cytometry assay
	Western blotting analysis
	Detection of Cyt c release from mitochondrial
	Statistical analysis

	Results
	H2O2 induced senescence in the H9C2 cells
	H2S increased the cell viability
	H2S inhibited apoptosis
	H2S decreased pro-apoptotic factors and increased anti-apoptotic factors
	H2S inhibited ERS
	H2S down-regulated PERK-eIF 2α-ATF 4, IRE 1α-XBP-1 and ATF 6 pathways

	Discussion
	Conclusion
	Authors’ contributions
	References




