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histone H3, and down-regulation of HDAC3 were com-
pletely abolished by pretreatment with thapsigargin (TG, 
a specific ERS activator). In contrast, these effects were 
not found to be enhanced after pretreatment with 4-phenyl 
butyric acid (4-PBA, a widely used ERS inhibitor). The 
present results demonstrate that RPC protects H9c2 cardio-
myoblasts from HR injury, and this protection involves an 
attenuation of ERS-associated apoptosis, which mediates a 
reduction in HDAC3 expression and an increase in histone 
H3 deacetylation.
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Introduction

Myocardium ischemia/reperfusion injury (IRI) contributes 
to high rates of morbidity and mortality in patients with 
coronary artery disease, myocardial ischemia, or both dur-
ing the perioperative period [1]. The administration of opi-
oid analgesics at the onset of reperfusion is referred to as 
opioid postconditioning (OPC), and this treatment has been 
widely proven to limit ischemic damage to myocardium tis-
sue [2, 3]. In particular, remifentanil is an ultra-short-acting 
opioid analgesic agent that is widely used for clinical anes-
thesia. Remifentanil is rapidly metabolized and has little 
influence on blood flow [4, 5]. We previously demonstrated 
that remifentanil postconditioning (RPC) conferred robust 
cardioprotection against IRI both in preclinical [6] and clin-
ical settings [7]. However, in order to effectively translate 
laboratory evidence of OPC-induced cardioprotection into 
daily clinical practice, the underlying mechanisms need to 
be elucidated.

Abstract  Remifentanil postconditioning (RPC) elicits 
cardioprotection against ischemia/reperfusion injury (IRI) 
by attenuating apoptosis associated with endoplasmic 
reticulum stress (ERS). Histone H3, acetylation modifi-
cations of histone H3, and histone deacetylases (HDAC) 
also have key roles in the mediation of the survival and 
apoptosis of cardiomyocytes. In this study, an in  vitro 
IRI model was established with H9c2 cardiomyoblasts to 
investigate the role of histone H3 acetylation and HDAC3 
in RPC-induced attenuation of ERS-associated apoptosis. 
Briefly, H9c2 cardiomyoblasts were randomly subjected 
to hypoxia/reoxygenation with and without remifentanil 
administered at the onset of reoxygenation. Results showed 
that RPC increased cell viability and prevented cell apop-
tosis (evidenced by CCK-8 cell viability assays and flow 
cytometry), and these effects were accompanied by lower 
levels of expression of GRP78, CHOP, cleaved caspase-12, 
and cleaved caspase-3. RPC also mimicked the effects of 
SAHA by increasing the amount of histone H3 deacety-
lation and decreasing up-regulation of HDAC at both the 
mRNA and protein levels in response to HR. Finally, RPC-
induced protective effects against HR, including attenua-
tion of ERS-associated protein markers, deacetylation of 
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The endoplasmic reticulum has attracted a great deal 
of attention because of its role as an effector for a diverse 
set of cardioprotective strategies, while also being a target 
of myocardium IRI [8–10]. In ischemic myocardial tis-
sue, the supply of oxygen and nutrients is disrupted, and 
this adversely affects the homeostasis of the endoplas-
mic reticulum and induces endoplasmic reticulum stress 
(ERS) [8, 9]. Subsequently, the unfolded protein response 
is triggered, which involves PKR-like ER kinase (PERK), 
transcription factor 6 (ATF6), and inositol-requiring 
enzyme-1α (IRE1) pro-survival signaling [8]. Prolonged, 
intense pathological stress triggers excessive ERS and cell 
apoptosis via activation of the pro-apoptotic transcription 
factor, c-Jun N-terminal kinase (JNK), and caspase-12 and 
C/EBP homologous protein (CHOP). It has previously been 
demonstrated that attenuation of ERS-associated apopto-
sis is involved in RPC-induced cardioprotection [6]. While 
systemic and cellular responses to ERS-associated apopto-
sis have been characterized, the effect of ERS-associated 
apoptosis on nuclear DNA fragmentation that is triggered 
by ERS in ischemic cardiomyocytes remains unclear.

Histones are the basic structural components of nucle-
osomes and they organize chromatin in eukaryotic cells. Of 
the five types of histones present in the nucleus, histone H3 
and its associated acetylation are reported to play key roles 
in regulating chromatin remodeling and gene transcription 
in mammalian cells [11]. It is here hypothesized that apop-
totic signals may trigger the release of H3 and other core 
histones from genomic DNA and induce their translocation 
into the extracellular space [12]. Hyperacetylation of H3 
has been shown to contribute to the accumulation of his-
tone H3 in the extracellular space and to correspond with 
cell apoptosis [13]. The important roles that histones and 
their acetylation modifications have in IRI and tissue injury 
have also been demonstrated in the kidney [14], liver [15], 
and lung [16]. In mice, chronic exposure to opioids has 
been found to be associated with acetylation of histone H3 
at the K9 site in spinal cord tissue [17]. However, the roles 
of histone H3 and acetylation of histone H3 in myocardium 
IRI, as well as in RPC-induced attenuation of ERS-associ-
ated apoptosis, remain unknown.

Histone modifications are regulated by histone acetyl-
transferases (HATs) and histone deacetylases (HDACs). 
Inhibitors of HDACs can block the catalytic activity of 
both class I and class II HDACs and have been reported to 
confer robust protection against IRI in myocardium tissue 
[18]. HDAC3 is a member of the class I HDAC family and 
has been proposed to regulate cardiac growth, proliferation, 
differentiation, and hypertrophy [19]. However, HDAC3 
has not previously been linked to cardiovascular disease or 
myocardial IRI. For this reason, the aims of this study were 
to identify the roles of modified histone H3 acetylation and 
HDAC3 in RPC-induced cardioprotection and to elucidate 

their possible relationship in regard to attenuation of ERS-
associated apoptosis in H9c2 cardiomyoblasts.

Methods

Cell culture

H9c2 cardiomyocytes were obtained from the American 
Type Culture Collection (ATCC, U.S.) and were cultured 
in DMEM/F12 medium (Hyclone, U.S.) supplemented 
with 10% (v/v) fetal bovine serum (Wisent, Australia) 
and 1% (v/v) penicillin–streptomycin solution. Cells were 
maintained at 37 °C in 95% O2/5% CO2. Upon reaching 
90% confluency, the cells were passaged with 0.25  mM 
trypsin/0.03% EDTA (Wisent, Australia). The 3rd through 
10th cell passages were used for the experiments.

Experimental hypoxia and preconditioning

H9c2 cardiomyoblasts were seeded in 6-well or 96-well 
plates at 1 × 104 cells/cm2 and fresh medium was provided 
prior to each experiment. Briefly, H9c2 cells were pre-
treated with 1  mM 4-PBA (a widely used ERS inhibitor) 
for 2 h, or with a specific ERS activator, TG (0.1 mM) for 
12 h. Both sets of cells were then subjected to HR with or 
without exposure to RPC or SAHA (a widely-used HDACs 
inhibitor; Sigma, U.S.) for post-conditioning. An HR model 
was established as previously described [20]. Briefly, cells 
were incubated in a hypoxic chamber (Adelbio, Clermont-
Ferrand, France) at 37 °C with 95% N2/5% CO2 and in 
culture medium containing a tyrode solution (130  mM 
NaCl, 5 mM KCl, 10 mM HEPES, 1 mM MgCl2, 1.8 mM 
CaCl2 at pH 7.4) to simulate ischemia. After 5 h, the cells 
were moved to an incubator with 95% O2/5% CO2 and the 
medium was replaced with standard DMEM/F12 medium 
for 1 h of reoxygenation to simulate reperfusion. The lat-
ter reoxygenation step also included postconditioning with 
varying concentrations of remifentanil (0.1, 1, or 10 μM) or 
SAHA (2 μM) as indicated.

Cell viability assay

Cell viability was measured by using the CCK-8 Count-
ing Kit (Vazyme, U.S.). Briefly, cells were seeded in 
96-well plates at 1 × 104 cells/well. After reoxygenation, 
the cells were incubated with CCK8 at a final concentra-
tion of 0.5 mg/mL. After 4 h, absorbance measurements at 
570 nm were recorded by a microplate reader (Tecan Infi-
nite M1000, Austria).
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Cell apoptosis assay

Cell apoptosis was detected with an Annexin V-FITC/pro-
pidium iodide (PI) kit (Bestbio, China) and measured with 
flow cytometry. Briefly, cells were trypsinized and then 
washed twice with cold phosphate-buffered saline (PBS). 
After the cells were resuspended in binding buffer, they 
were incubated with 10  μL Annexin V-FITC for 15  min 
and then incubated with 5 μL PI for 5 min in the dark at 
4 °C. The samples were analyzed using a FACScan Flow 
Cytometer (BD Biosciences, U.S.) and associated software.

Quantitative real‑time PCR

Total RNA was extracted from treated and control H9c2 
cells using TRIzol reagent (Thermo Fisher Scientific, U.S.). 
The RNA samples were then reverse-transcribed with a 
HiScript II 1st Strand cDNA Synthesis Kit (Vazyme, U.S.). 
The resulting cDNAs were combined with SYBR Green 
qPCR Master Mix (TaKaRa, Japan) and triplicate sam-
ples were added to optically clear 96-well plates (Corn-
ing, U.S.). The cycling parameters used for an ABI Prism 
7500 sequence detector (Biosystems, U.S.) were: 95 °C for 
10 min, followed by 40 cycles of 95 °C for 15 s, 60 °C for 
1  min, and 72 °C for 30  s. HDAC3 forward (5′-GCC​TCT​
GGC​TTC​TGC​TAT​GT-3′) and reverse (5′-GCT​GAT​GAC​
TGG​CTG​GAA​A-3′) primers were included in the reac-
tions. Amplification of GAPDH was performed as a con-
trol. The relative levels of target mRNA expression were 
calculated using the 2−ΔΔCt method.

Western blotting

H9c2 cells were collected and lysed in a RIPA buffer 
(Vazyme, U.S.) containing phenylmethanesulfonyl fluoride 
(PMSF; Amresco, U.S.) at 4 °C. A BCA protein assay kit 
(Beyotime Institute of Biotechnology, China) was used to 
measure total protein concentration according to the man-
ufacturer’s protocol. Protein samples were separated on 
12% SDS-PAGE gels and transferred to PVDF membranes 
(Bio-Rad, U.S.). The membranes were blocked in 5% non-
fat milk for 2 h and then incubated with primary antibod-
ies raised against GRP78 (1:1000, Abcam, U.K.), CHOP 
(1:100, Santa Cruz, U.S.), caspase-12 (1:1000, Cell Sign-
aling, U.S.), cleaved caspase-3 (1:1000, Cell Signaling, 
U.S.), Acetyl-Histone H3 (Lys9) (1:1000, Cell Signaling, 
U.S.), Histone H3 (1:1000, Cell Signaling, U.S.), HDAC3 
(1:1000, Cell Signaling, U.S.), and GAPDH (1:1000, 
Abcam, U.S.) overnight at 4 °C. The membranes were 
washed three times (10  min each) with PBS-T and then 
incubated with the corresponding horseradish peroxidase 
(HRP)-conjugated secondary antibodies (1:8000, Abcam, 
U.S.) for 1  h at room temperature. After the membranes 

were washed again with PBS-T 3×, bound antibodies were 
visualized with enhanced ECL reagent (Thermo Scientific, 
U.S.) and analyzed using Quantity One software (Bio-Rad 
Laboratories, U.S.). Detection of GAPDH was used as a 
control.

Statistical analysis

Data are presented as the mean ± standard deviation (SD). 
One-way analysis of variance (ANOVA) with the Stu-
dent–Newman–Keuls post-test was used for comparisons 
of data between groups. P-values below 0.05 were consid-
ered indicative of statistical significance.

Results

RPC protects H9c2 cardiomyoblasts against HR injury

An HR model with H9c2 cardiomyoblasts was estab-
lished as described in a previous work [16]. To evalu-
ate the potential cardioprotective capacity of RPC for 
H9c2 cardiomyoblasts subjected to HR, CCK-8 assays 
and Annexin V-FITC/PI flow cytometry assays were per-
formed. After HR, a significant reduction in cell viability 
(from 0.89 ± 0.05 to 0.38 ± 0.12, P < 0.05) (Fig.  1A) and 
an increase in cell apoptosis (from 5.8 ± 2.2 to 31.5 ± 5.1, 
P < 0.05) (Fig.  1B, C) relative to controls were observed 
in these assays. However, there was no significant differ-
ence between cell viability or the rate of apoptosis for the 
H9c2 cells that were pretreated with 0.1  μM remifentanil 
(0.38 ± 0.03 and 29.1 ± 4.8, respectively) and the HR group 
(P > 0.05). In contrast, remifentanil at concentrations of 
1 or 10  μM increased cell viability (from 0.38 ± 0.12 to 
0.81 ± 0.02, 0.82 ± 0.03, vs HR, P < 0.05) and decreased 
the rate of cell apoptosis (from 31.5 ± 5.1 to 15.4 ± 3.8, 
15.3 ± 3.7, vs. HR, P < 0.05) (Fig. 1A–C). These data indi-
cate that concentrations of RPC between 1 and 10 μM pro-
tect H9c2 cardiomyoblasts from HR injury by increasing 
cell viability and attenuating cell apoptosis.

RPC suppresses HR‑induced ERS to alleviate 
ERS‑associated apoptosis and provide cardioprotection 
in H9c2 cardiomyoblasts

To confirm the involvement of ERS in HR-induced apop-
tosis, and the role of RPC-induced cardioprotection, the 
expression levels of the ERS biomarker, GRP78, and the 
ERS-associated apoptotic markers, CHOP, cleaved cas-
pase-12, and cleaved caspase-3 were analyzed in H9c2 
cardiomyoblasts subjected to HR. Significantly more 
expression was observed for all four proteins than in the 
control group (P < 0.05) (Fig.  2). When the H9c2 cells 
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were pretreated with remifentanil at concentrations of 1 or 
10 μM prior to HR, reduced up-regulation of the four pro-
teins was observed in response to HR (P < 0.05). In addi-
tion, pretreatment with 0.1 μM remifentanil had no effect 
(P > 0.05) (Fig.  2). These results suggest that concentra-
tions of RPC between 1 and 10 μM are capable of prevent-
ing HR-induced ERS and ERS-associated apoptosis. For 
this reason, 1 μM remifentanil was selected as the minimal 
effective concentration for subsequent experiments.

RPC increases HR‑induced deacetylation of histone 
H3 and attenuates up‑regulation of HDAC3 mRNA 
and protein in H9c2 cardiomyoblasts

To investigate the expression levels of acetylated histone 
H3 and HDAC3, Western blotting was performed. The 
HDAC inhibitor, SAHA, was included as a positive control. 
After HR treatment, acetylation of histone H3 decreased 
(P < 0.05) (Fig.  3A, B), while expression of HDAC3 was 
higher than in control cells (P < 0.05) (Fig. 3C, D). Follow-
ing SAHA and remifentanil (1  μM) post-conditioning, a 
significant increase in histone H3 deacetylation (P < 0.05) 
(Fig.  3A, B) and a reduction in HDAC up-regulation 
(P < 0.05) (Fig. 3C, D) were detected.

We next investigated whether HDAC3 is down-regu-
lated at the transcriptional level during RPC. After HR, 
significantly more HDAC3 mRNA was observed than in 
the control group (1.8 ± 0.02, P < 0.05) (Fig.  3E). How-
ever, SAHA and remifentanil (1  μM) post-conditioning 
resulted in a decrease in the up-regulation of HDAC3 
mRNA in response to HR (from 1.8 ± 0.02 to 0.64 ± 0.03, 
0.68 ± 0.04, vs. HR, P < 0.05) (Fig.  3E). These data 

indicate that down-regulation of HDAC3, accompanied 
by hyperacetylation of histone H3, mediates the protec-
tive effect of RPC against HR injury.

Attenuation of ERS‑associated apoptosis is essential 
in RPC‑induced cardioprotection in H9c2 
cardiomyoblasts

To determine whether attenuation of ERS-associated 
apoptosis is a consequence of RPC, the H9c2 cells were 
pretreated with 4-PBA as a positive control and with TG 
as a negative control. As shown in Fig. 4A, B, RPC sig-
nificantly reduced the increase in expression of GRP78, 
CHOP, and cleaved caspase-12 that had been induced by 
HR (P < 0.05) (Fig.  4A, B). Similarly, RPC and 4-PBA 
increased cell viability (from 0.43 ± 0.09 to 0.86 ± 0.09, 
0.70 ± 0.09 vs. HR, P < 0.05), reduced cell apoptosis 
relative to the HR group (from 23.1 ± 21.1 to 7.2 ± 6.3, 
11.9 ± 11.0 vs. HR, P < 0.05) (Fig. 4C, D). These protec-
tive effects of RPC did not further increase in the pres-
ence of 4-PBA (0.79 ± 0.07, 9.0 ± 8.2 in 4-PBA-RPC 
group), yet were blunted by TG (0.38 ± 0.07, 21.4 ± 19.6 
in TG group, 0.45 ± 0.03, 20.5 ± 18.7 in TG-RPC group, 
respectively, P > 0.05). Similarly, 4-PBA treatment did 
not further increase cell viability or reduce cell apoptosis 
compared to HR and RPC (P > 0.05). However, pretreat-
ment with TG completely abolished the increase in cell 
viability and the decrease in cell apoptosis mediated by 
RPC (0.38 ± 0.07, 21.4 ± 19.6 in TG group, 0.45 ± 0.03, 
20.5 ± 18.7 in TG-RPC group, respectively, P < 0.05). 
Taken together, these data demonstrate that attenuation 

Fig. 1   RPC protects H9c2 cardiomyoblasts from HR injury. H9c2 
cardiomyoblasts were exposed to 5  h of hypoxia and then 1  h of 
reoxygenation with or without remifentanil (0.1, 1, or 10 μM), which 
was administered at the onset of reoxygenation (RPC). A Cell viabil-
ity was detected with CCK-8 assays. B Cell apoptosis was detected 
with Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide 

(PI) staining and flow cytometry. Apoptosis rates are expressed as the 
relative number of apoptotic cells versus total cells. C Representative 
scatter plots of the flow cytometry data for each group. CON con-
trol, HR hypoxia reoxygenation, RPC remifentanil postconditioning. 
*P < 0.05 versus CON; #P < 0.05 versus HR
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of ERS-associated apoptosis plays a major role in RPC-
induced protection against HR injury.

Attenuation of ERS‑associated apoptosis is induced 
by RPC and it mediates hyperacetylation of histone 
H3 and down‑regulation of HDAC3 in H9c2 
cardiomyoblasts

As shown in Fig.  5, H9c2 cells that were pretreated with 
4-PBA prior to HR and RPC did not exhibit any further 
increase in histone H3 hyperacetylation or up-regulation 
of HDAC3 compared to cells subjected to HR and RPC 
(P > 0.05) (Fig.  5). In contrast, pretreatment with TG 
dramatically abolished RPC-induced protective effects 
against HR, attenuation of ERS-associated protein mark-
ers, deacetylation of histone H3, and down-regulation 

the protein expression of HDAC3 and the mRNA expres-
sion (1.4 ± 0.54 in HR, 0.73 ± 0.08 in RPC, 0.70 ± 0.01 
in 4-PBA, 0.62 ± 0.09 in 4-PBA-RPC, 1.8 ± 0.14 in TG, 
1.8 ± 0.06) (Fig.  5), (P > 0.05). These results indicate that 
attenuation of ERS-associated apoptosis in response to 
RPC involves acetylation of histone H3 and suppression of 
HDAC3.

Discussion

Myocardium IRI induces apoptosis in significant numbers 
of cardiomyocytes and is also considered the basic mecha-
nism that underlies many forms of cardiovascular disease. 
Acetylation of histone H3 has been identified as a key 
regulator of chromatin remodeling and gene transcription 

Fig. 2   Effects of RPC (0.1, 1, 
10 μM) on levels of expres-
sion of the ERS biomarker 
GRP78 and the ERS-associated 
apoptotic markers CHOP, 
cleaved caspase-12, and cleaved 
caspase-3, in H9c2 cardiomyo-
blasts. A Western blot analysis 
of GRP78, CHOP, cleaved cas-
pase-12, and cleaved caspase-3 
levels in H9c2 cells exposed to 
HR injury with or without RPC. 
Detection of GAPDH was used 
as a loading control. B Western 
blot data were analyzed by 
Quantity One and protein levels 
of ERS-associated biomarkers 
were normalized to GAPDH. 
CON control, HR hypoxia 
reoxygenation, RPC remifenta-
nil postconditioning. *P < 0.05 
versus CON; #P < 0.05 versus 
HR
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and has also been implicated in the process of IRI and tis-
sue injury [11]. For this reason, it has been hypothesized 
that acetylation of histone H3 may serve as a biomarker or 
novel therapeutic target in efforts to prevent or minimize 
IRI in the myocardium. The present study provides in vitro 
evidence that RPC can protect H9c2 cardiomyoblasts from 
HR injury by attenuating ERS-associated apoptosis and 
HDAC3 expression, while increasing acetylation of his-
tone H3. Moreover, the present results indicate that RPC 
induces attenuation of ERS-associated apoptosis which 
subsequently mediates hyperacetylation of histone H3 
and suppression of HDAC3 to provide a protective effect 
against HR injury.

In both preclinical and clinical studies, substantial evi-
dence has indicated that remifentanil is able to confer 
robust cardioprotection against IRI [2, 7]. In the present 
study, a decrease in cell viability and an increase in cell 
apoptosis in response to HR were ameliorated by postcon-
ditioning treatment with 1 or 10 μM remifentanil that was 
administered at the onset of the reoxygenation step. In this 
way, RPC appears to confer a cardioprotective effect at the 
cardiomyocyte level in a dose-dependent manner. In other 
studies, remifentanil triggered intracellular anti-apoptotic 
signaling and alleviated cell apoptosis in ischemic myo-
cardium through the activation of opioid receptors [2]. 
Remifentanil has been shown to have a high affinity for 
μ-receptors and a lower affinity for δ- and κ-receptors [21]. 
After IR, reduction of myocardial infarct size by remifen-
tanil has been found to involve cardiac δ- and κ-receptors, 
and not μ-receptors [21]. Activation of opioid receptor 
signaling has also been found to play an important role in 
histone acetylation, especially acetylation of histone H3 
at the K9 site in spinal tissue [22]. However, the role of 
histone H3 acetylation in RPC-induced cardioprotection 
against IRI has not previously been reported.

Histone H3 is a core histone that binds DNA to form 
nucleosomes [23]. Histones can undergo post-translational 
modifications, and modified acetylation at the K9 site of 
H3 has been shown to affect gene transcription [11]. Stim-
uli from IR and tissue injury have been shown to disturb 
acetylation modifications of histone H3 to regulate gene 
transcription and cause cell injury [14, 24, 25]. Hypera-
cetylation of histone H3 also mediates a protective effect 
against IRI injury and other tissue injuries by regulating 
related gene transcription [14]. As a class I HDAC, HDAC3 
contributes to the regulation of histone acetylation. HDAC 
inhibitors that suppress the activation of class I HDACs 
have been found to be associated with robust cardioprotec-
tion [18, 26]. In the present study, HR attenuated histone 
H3 acetylation and increased HDAC3 expression in H9c2 
cells, and these results are consistent with those of previous 
studies of IR in kidney [14]. RPC also mimics the effects 
of SAHA by significantly down-regulating expression of 

Fig. 3   Effects of RPC and SAHA on histone H3 acetylation and 
mRNA and protein levels of HDAC3 in H9c2 cardiomyoblasts 
exposed to HR injury. Western blot analysis of A acetylated his-
tone H3 normalized to total histone H3 and C HDAC3 normalized 
to GAPDH. Relative protein levels of B acetylated histone H3 and D 
HDAC3 as quantified by Quantity One. E Relative mRNA levels of 
HDAC3 detected by quantitative real-time PCR. CON: control group 
not exposed to HR injury. CON control, HR hypoxia reoxygenation, 
RPC remifentanil postconditioning, Ac H3 acetylation of histone H3. 
*P < 0.05 versus CON; #P < 0.05 versus HR
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Fig. 4   Attenuation of ERS-associated apoptosis is responsible for 
RPC-induced cardioprotection in H9c2 cardiomyoblasts. H9c2 cells 
were pretreated with 1  mM 4-PBA or 0.1  mM TG for 2 or 12  h, 
respectively, before HR. The two sets of cells were also subjected to 
HR with or without exposure to RPC (1 μM). A Western blot analysis 
of GRP78, CHOP, cleaved caspase-12, and cleaved caspase-3 levels 
in H9c2 cells exposed to HR injury with and without RPC. Detection 
of GAPDH was used as a loading control. B Protein levels of ERS-
associated biomarkers were normalized to GAPDH and quantified 

by Quantity One. C Cell viability was detected in CCK-8 assays. D 
Cell apoptosis was stained with annexin V-fluorescein isothiocyanate 
(FITC)/propidium iodide (PI) and analyzed by flow cytometry. Apop-
tosis rates are expressed as the percentage of apoptotic cells versus 
total cells. E Representative scatter plots of the annexin V-FITC/PI 
flow cytometry data for each group. CON control, HR hypoxia reoxy-
genation, RPC remifentanil postconditioning. *P < 0.05 versus CON; 
#P < 0.05 versus HR



669Apoptosis (2017) 22:662–671	

1 3

HDAC3 and enhancing acetylation of histone H3 in the 
H9c2 cardiomyocytes. However, the regulatory role of gene 
transcription in the experiments performed was not assayed 
in the present study.

Accumulating evidence indicates a role for ERS in the 
pathology of myocardium IRI [19]. In previous studies, 
prolonged ERS resulted in cell apoptosis that included acti-
vation of CHOP and caspase-12 pro-apoptotic signaling. 
CHOP regulates transcription and promotes apoptosis [27, 
28], while localization of caspase-12 to the endoplasmic 
reticulum initiates caspase signaling cascades to up-regu-
late caspase-3 in response to sustained stimuli [29]. Inhibi-
tion of ERS-associated apoptosis has been reported to play 
a role in the protective effect against IRI that is mediated 
by HDAC inhibitors and other protective strategies [19, 
30]. In the present study, RPC led to reduced upregula-
tion of CHOP, cleaved caspase-12, and cleaved caspase-3 
in response to HR and increased cell viability and reduced 
cell apoptosis. However, all these effects of RPC were abol-
ished by the specific ERS activator, TG, and were not fur-
ther promoted by the ERS inhibitor, 4-PBA. Taken together, 
these results indicate that attenuation of ERS-associated 

apoptosis is responsible for the protective effects induced 
by RPC against HR injury in H9c2 cardiomyoblasts.

It was here observed that 4-PBA down-regulated 
HDAC3 and increased acetylation of histone H3 similar 
to SAHA and RPC. TG, which inhibited the attenuation of 
ERS-associated apoptosis, also down-regulated expression 
of HDAC3, yet abolished RPC-induced hyperacetylation of 
H3. These results indicate the essential role of attenuated 
ERS-associated apoptosis in the hyperacetylation of H3 
and suppression of HDAC3, and these results are consist-
ent with the results of previous studies. For example, Zhang 
et  al. found that Valproate, which inhibits the activity of 
HDACs and facilitates the hyperacetylation of H3, induced 
protective effects in a retinal IRI model by alleviating ERS-
associated apoptosis [31]. In addition, SIRT1, a class III 
HDAC, was found to trigger ERS via the PI3K-Akt-GSK3β 
signaling pathway [32].

The current study has some limitations. First, the experi-
mental model employed used a cultured cell line and did 
not fully mimic clinical conditions. Second, the possibility 
that gene transcription may be regulated by RPC-induced 
hyperacetylation of H3 was not investigated. Finally, the 

Fig. 5   RPC attenuates ERS-
associated apoptosis, which 
itself induces hyperacetylation 
of histone H3 and down-
regulation of HDAC3 in H9c2 
cardiomyoblasts. Western blot 
analysis of A acetylated histone 
H3 normalized to total histone 
H3 and C HDAC3 normalized 
to GAPDH. Relative protein 
levels of B acetylated histone 
H3 and D HDAC3 as quantified 
by Quantity One. E Rela-
tive mRNA levels of HDAC3 
detected by quantitative real-
time PCR. CON: control group 
not exposed to HR injury. CON 
control, HR hypoxia reoxygena-
tion, RPC remifentanil postcon-
ditioning, Ac H3 acetylation of 
histone H3. *P < 0.05 versus 
CON; #P < 0.05 versus HR
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relationship between HDAC3 and hyperacetylation of H3 
could not be elucidated based on the experiments that were 
performed.

High concentrations of serum nucleosomes have been 
detected in patients affected by cerebral stroke, especially 
patients with large infarction volumes [33]. Elevated serum 
levels of histones and nucleosomes have also been impli-
cated in multiple pathophysiological processes and the pro-
gression of various diseases [11]. To date, histones, histone 
acetylation modifications, and HDACs, appear to represent 
targets in IRI and related cardioprotective strategies. In the 
present study, HDAC3 and acetylation of histone H3 rep-
resented downstream targets of RPC-induced attenuation 
of ERS in an experimental IRI model of H9c2 cardiomyo-
blasts. It is anticipated that the present results can be trans-
lated into a clinical strategy to provide cardioprotection via 
RPC upon further study.
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