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Abstract. In the present study, we investigated the role of 
activating transcription factor 6 (ATF6) in the mechanism by 
which chronic intermittent hypoxia (CIH) increases tolerance 
to myocardial ischemia/reperfusion (I/R). Experiments were 
conducted using a rat model of I/R injury in vivo and isolated 
Langendorff-perfused rat hearts ex vivo. The role of Akt in 
this process was also investigated in vitro using rat myoblast 
H9c2 cells. Cell viability was measured using a cell counting 
kit-8 assay. Lactate dehydrogenase (LDH) and creatine kinase 
cardiac isoenzyme activity were also measured as markers 
of cellular damage. ATF6, Akt and phosphorylated (p)-Akt 
expression was analyzed by western blot analysis. RNA inter-
ference (RNAi) was used to suppress ATF6 expression. We 
noted that ATF6 expression in the ventricular myocardium was 
significantly increased in rats exposed to CIH. Furthermore, 
we noted that CIH preserved cardiac function after I/R in vivo 
and improved post-ischemic recovery of myocardial perfor-
mance in isolated rat hearts. ATF6 and p-Akt expression was 
upregulated in cultured H9c2 cells exposed to chronic mild 
hypoxia compared with those cultured under normoxic condi-
tions. Chronic mild hypoxia attenuated subsequent simulated 
I/R injury in H9c2 cells (48 h), as evidenced by increased cell 
viability and decreased LDH activity. By contrast, decreased 
cell viability and increased LDH activity were observed in 
siRNA-ATF6-transfected H9c2 cells, with a concomitant 
reduction in p-Akt levels. These results indicated that ATF6 
upregulation is involved in the mechanism by which CIH 
attenuates myocardial I/R injury, possibly through upregulation 
of p-Akt, which is a key regulator of cardiomyocyte survival.

Introduction

Chronic hypoxia (CH) occurs in individuals living in high alti-
tude areas as well as in individuals with cyanotic congenital 
heart disease (such as Tetralogy of Fallot) and coronary artery 
disease. A previous epidemiological study has revealed that 
populations living at high altitude are less prone to chronic 
ischemic heart disease and have lower rates of mortality from 
heart disease (1). Clinical observation has noted long-term 
survival with rare occurrences of heart failure in children with 
cyanotic congenital heart defects. Furthermore, in our experi-
ence these children are able to tolerate hypoxic-ischemic injury 
caused by cardiac surgery that would likely cause myocardial 
necrosis in children non-cyanotic heart defects (2). Moreover, 
several animal experimental studies have demonstrated that 
myocardial chronic intermittent hypoxia (CIH) is associated 
with more efficient metabolism, increased coronary vascula-
ture and tolerance to acute hypoxic-ischemic injury, such as 
limitation of infarct size (3), improved recovery of ventricular 
systolic function (4,5) and protection against ischemia/reper-
fusion (I/R)-induced ventricular arrhythmia (6). Although CIH 
induces a variety of adaptive changes in the myocardium that 
play a crucial role in this protective phenomenon, including 
the regulation of adenosine triphosphate (ATP)-sensitive K+ 
channels (7,8), reactive oxygen species (9), nitric oxide (10), 
various protein kinases (11,12), apoptosis (13) and pathways 
mediated by hypoxia inducible factor (14), details of the under-
lying molecular mechanisms remain to be elucidated.

Activating transcription factor 6 (ATF6), a key transcrip-
tional activator involved in maintaining cellular homeostasis, is 
a 670-amino acid endoplasmic reticulum (ER) transmembrane 
protein that is cleaved in response to ER stress. The cleaved 
N-terminal fragment translocates to the nucleus and activates ER 
stress response genes. A microarray study using mouse hearts 
showed that ATF6 activation induces the expression of almost 
400 genes (15), many of which may serve protective roles. A 
previous study has revealed that ATF6α modulates ER function 
to protect cells against chronic stress (16), which suggests that 
ATF6 mediates cytoprotective and pro-survival functions. A 
previous study (17) using a transgenic mouse model indicated 
that ATF6 activation prior to ischemia exerts protective effects 
against ischemia and/or reperfusion damage. Furthermore, we 
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have previously demonstrated that the cardiac ER stress response 
is activated by CIH stress and that ATF6α is continuously acti-
vated in primary human cardiomyocytes and rat myoblast H9c2 
cells (18). Several studies have also demonstrated the importance 
of the serine/threonine-specific protein kinase, Akt (also known 
as protein kinase B), in cardiomyocyte survival (19), which is 
effected through Ser473 phosphorylation (20), thus contributing 
to cardioprotection  (21,22). Activation of ATF6 positively 
regulates mammalian target of rapamycin (mTOR)C2-mediated 
phosphorylation of Akt at Ser473, which is required for full 
activity of Akt (23); however, the involvement of Akt in the 
cardioprotective effects exerted by ATF6 against myocardial 
I/R injury following CIH remain to be elucidated. Binding 
immunoglobulin protein  (BiP), also known as heat shock 
protein 70, has been shown to be downstream of ATF6 in the 
response to chronic stress in the ER (24). Analysis of BiP should 
thus provide evidence that ATF6 has been activated.

In the present study, the role of ATF6 in the mechanism by 
which CIH increases tolerance to myocardial I/R was investi-
gated using both in vivo and ex vivo models as well as a cultured 
cardiomyocyte model system. The role of Akt in this process 
was also investigated in a cultured cardiomyocyte model system.

Materials and methods

Animals and experimental protocol. Male Sprague-Dawley 
rats (3 weeks old, 140-180 g) were obtained from the Animal 
Center of Xinqiao Hospital at the Third Military Medical 
University (Chongqing, China).

Animals were used in order to investigate the following: 
i) the effects of global I/R injury simulated in ex vivo rat hearts 
subjected to normoxic perfusion (n=6) and exposed to CIH 
(n=6) using the Langendorff-perfusion system; ii) determina-
tion of regional I/R injury induced by coronary ligation and 
subsequent reperfusion of rat heart tissues subjected to normoxic 
perfusion (n=6) and exposed to CIH (n=7); iii) determination 
of the expression of ATF6 in heart tissues of rats subjected to 
normoxic perfusion (n=5) and exposed to CIH (n=5).

All experiments involving the use of animals performed 
as part of this study were conducted with the approval of the 
Third Military Medical University Animal Care and Ethics 
Committee.

Exposure to chronic hypoxia. Rats were randomly assigned 
to either the normoxia group or the CIH group. The initial 
body weight was measured using an electronic scale (DST673; 
SuHang Co. Ltd., Suzhou, China) immediately before exposure 
to hypoxia. Rats in the CIH group were housed for 4 weeks 
in a hypobaric chamber (equivalent to an altitude of 5,000 m, 
with a barometric pressure of 404 mmHg, PO2=84.98 mmHg). 
Barometric pressure in the chamber was adjusted weekly 
(equivalent to an altitude of 3,000 m over a period of 1 h) for 
cage maintenance. Age-matched rats in the normoxia group 
were housed under normoxic conditions for the duration of the 
experiments. All animals had free access to water and a stan-
dard laboratory diet. At the end of the fourth week, the body 
weight of the animals was measured and a blood sample was 
collected from the abdominal aorta to determine the blood gas 
parameters using a blood gas analyzer (I-STAT 300; Abbott 
Laboratories, Abbott Park, IL, USA).

Examining I/R using isolated rat hearts. Rats were anes-
thetized with pentobarbital sodium [50 mg/kg administered 
intraperitoneally (i.p.)]. Following a laparotomy and thora-
cotomy, heparin (1,000  IU/kg body weight) was injected 
intravenously. Hearts were rapidly excised and transferred into 
cold (4˚C), heparinized Krebs‑Henseleit (K-H) perfusate [NaCl 
(118 mmol/l), NaHCO3 (25 mmol/l), KCl (4.7 mmol/l), MgSO4 
(1.2 mmol/l), KH2PO4 (1.2 mmol/l), glucose (11 mmol/l), CaCl2 
(2.5 mmol/l)]. The hearts were connected to Langendorff 
apparatus via the aorta within 30 sec of excision and subse-
quently perfused with K-H perfusate in a retrograde manner 
at constant pressure (80 cm H2O). The perfusate was bubbled 
with gas (95% oxygen, 5% carbon dioxide) to yield a pH 
of 7.4 at 37˚C throughout the experiment. A water-filled latex 
balloon connected to a pressure transducer was inserted into 
the left ventricle (LV) through the left atrium and the mitral 
annulus. Left ventricular developed pressure  (LVDP) was 
monitored by an amplifier. During the period of measurement, 
the balloon volume was adjusted to produce a left ventricular 
end diastolic pressure (LVEDP) of 6 mmHg. After a stabili-
zation period (approximately 20 min), the isolated heart was 
subjected to global normothermic ischemia for 30 min and 
then perfused for 1 h. The effluent was collected for lactate 
dehydrogenase (LDH) activity assays at 60 min after reperfu-
sion. At the end of the reperfusion, the hearts were removed 
from the perfusion cannula and stored at -80˚C for triphenyl 
tetrazolium chloride (TTC) staining, immunofluorescence 
staining and western blot analysis.

In vivo rat model of I/R injury. Animals were anesthetized 
with pentobarbital sodium [50 mg/kg i.p.] and mechanically 
ventilated with air (10 ml/100 g body weight; 80 breaths/min). 
The barometric pressure was changed using a face mask; 
the breath ratio was 1:2. A left thoracotomy was undertaken 
between the third and fourth ribs. The heart was exposed, 
and a 6-0 Prolene suture was passed under the left anterior 
descending coronary artery  (LAD) 2-3 mm below the left 
atrium using a needle. A piece of polyethylene tubing was 
placed between the LAD and the suture before the LAD was 
ligated for 30 min, followed by coronary reperfusion for 24 h 
by releasing the ligature. The chest cavity was closed and the 
animal was gradually detached from the respirator. At the 
end of the experiment, the rats were sacrificed by injection of 
3 ml 2.6% potassium chloride and re-thoracotomized to allow 
for the collection of blood samples into ethylenediaminetet-
raacetic acid (EDTA) tubes via the inferior vena cava (IVC) 
for creatine kinase (CK)-cardiac isoenzyme CK-MB and 
LDH analysis. The hearts were excised and frozen at -20˚C for 
myocardial infarct size assessment.

Transthoracic echocardiography. Echocardiographic meas
urements were performed prior to ischemic injury and at 
24  h after reperfusion. The rats were anesthetized with 
pentobarbital (50 mg/kg i.p.) and heart rates were maintained 
at 200-400  beats/min. Transthoracic  2D-guided M-mode 
echocardiography was performed using a Vevo 2100 Imaging 
System (VisualSonics  Inc., Toronto, ON, Canada) with a 
13-24 MHz scan probe (MS250). Ejection fraction (EF) and 
fractional shortening (FS) were calculated according to stan-
dard formulas as indicators of ventricular function.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  37:  1199-1208,  2016 1201

TTC staining. Frozen hearts were first partially thawed and 
then frozen sectioned (thickness, 1 mm) perpendicular to the 
longitudinal axis. The remaining heart tissues were used for 
western blot analysis. Sections were incubated in 1% TTC in 
phosphate‑buffered saline (PBS) solution at 37˚C for 15 min and 
then fixed in 4% formalin solution overnight at 4˚C. Sections 
were then placed on glass slides and photographed. The 
infarction area for each section was determined using ImageJ 
software and the infarct size was expressed as a percentage of 
the total cross-sectional area of the heart.

LDH and CK-MB activity. LDH and CK-MB activity in 
the collected blood samples was assayed using a Lactate 
Dehydrogenase test kit, and a Creatine Kinase MB test kit 
(both from Ruiyuan Biotechnology Co., Ltd., Ningbo, China), 
respectively. The results were analyzed using a Beckman 
Coulter Chemistry Analyzer (AU-5800; Beckman Coulter Inc., 
Tokyo, Japan).

Cell culture and experimental protocols. H9c2 cells were 
obtained from the American Type Culture Collection (ATCC, 
Rockville, MD, USA) and cultured in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS) (both from Invitrogen, Carlsbad, CA, USA).

After 24 h, the H9c2 cells were randomly divided into the 
normoxia and mild hypoxia groups. The cells were cultured in 
an incubator (Thermo 3131; Thermo Fisher Scientific, Waltham, 
MA, USA) in which the fraction of inspired oxygen (FiO2) 
levels were 21 and 13%, respectively, as has been previously 
described (8). At 0, 12, 24, 48 and 72 h, ATF6 expression was 
assayed. The time point at which ATF6 expression reached a 
maximum was used in subsequent experiments to investigate 
the protective effect of ATF6 on cells subjected to I/R injury. 
The experimental groups were as follows: i) normoxia + I/R; 
ii)  hypoxia  +  I/R; iii)  hypoxia  +  control-siRNA  +  I/R, 
iv) hypoxia + ATF6‑siRNA + I/R. I/R was simulated by placing 
cells in ischemia buffer [CaCl2 (1.13 mmol), KCl (5 mM), 
KH2PO4 (0.3 mmol), MgCl2 (0.5 mmol), MgSO4 (0.4 mmol), 
NaCl (128 mmol), NaHCO3 (4 mmol), HEPES (10 mmol); 
pH  6.8], which was previously equilibrated in the anoxia 
chamber (95% N2, 5% CO2, 37˚C) for 1 h. Subsequently, cells 
were reperfused for 3 h under normal culture conditions. There 
were five replicates in each group. Cell viability assays for all 
groups were performed at 3 h after reperfusion.

Transfection of siRNA. H9c2 cells were seeded in 24-well plates 
(4x104  cells/well) and transfected when the cells reached 
approximately 50% confluence. Each well was transfected with 
siRNA targeted against rat ATF6 (5'-ACCACAAGACCG 
AAGATG-3') or a negative control (5'-GCCTGCCGTCCA 
AAGTTGTAA-'3) (both from Shanghai GenePharma Co., Ltd., 
Shanghai, China) with 5% FBS using Lipofectamine 2000 
Transfection reagent (Invitrogen) according to the manufacturer's 
protocol. After 24 h, the cells were switched to a medium 
containing 5% fetal calf serum for use in subsequent experiments.

Cell viability assessment. Cell viability was assessed using a 
cell counting kit-8 (CCK-8; Boster Biological Technology Ltd., 
Wuhan, China) and studying LDH release into the culture 
medium. For the CCK-8 assay, CCK-8 solution (10 µl) was 

added to each well and the plate was incubated at 37˚C for 4 h. 
Absorbance was measured at 450 nm using the VICTOR™ X2 
Multilabel Plate reader (PerkinElmer,  Inc., Waltham, MA, 
USA) with a reference wavelength of 650 nm. LDH activity 
was assayed using a Lactate Dehydrogenase test kit (Ruiyuan 
Biotechnology Co., Ltd.,) and analyzed with a Beckman Coulter 
Chemistry Analyzer (AU-5800; Beckman Coulter Inc.).

Immunofluorescence staining. Immunofluorescence assays 
for the detection of ATF6 were performed using DAPI on the 
frozen sections of the ventricular myocardium. The sections 
were blocked with 1% bovine serum albumin in PBS, and 
then incubated overnight at 4˚C with a mouse monoclonal 
antibody against ATF6α (ab11909, 1:50; Abcam, Cambridge, 
MA, USA). Immunoreactivity was detected by incubating the 
sections for 40 min at 37˚C with a FITC‑labeled goat anti-
mouse IgG (A0568, 1:50; Beyotime Institute of Biotechnology, 
Beijing, China) secondary antibody, and images of immu-
nofluorescence staining were obtained by laser scanning 
confocal microscopy (TCS SP5; Leica, Mannheim, Germany).

Western blot analysis. Total proteins were extracted from ventric-
ular myocardial tissues or cultured cells, which were homogenized 
in an in ice-cold lysis buffer (T-TER Tissue Protein Extraction 
Reagent; Thermo Fisher Scientific) containing phosphatase and 
protease inhibitors. Extracts were centrifuged at 15,000 x g, at 
4˚C for 5 min, and protein concentration was measured using 
the Bradford assay (Bio-Rad, Hercules, CA, USA). Lysates were 
separated by 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to polyvinylidene 
difluoride (PVDF) membranes (Roche, Mannheim, Germany). 
The membranes were blocked (SuperBlock blocking buffer in 
TBS, with 0.5% Tween-20) for 2 h at 37˚C. Primary antibodies 
were used in western blot analysis according to the manufactur-
er's instructions. The membranes were incubated overnight with 
antibodies against ATF6α (Abcam), Akt (Cat. no. 2966), phos-
phorylated (p)-Akt (Ser473; Cat. no. 8200), BiP (Cat. no. 3177) 
(all from Cell Signaling Technology, Inc., Beverly, MA, USA), 
GAPDH (ab8245; Abcam) and β-actin (A1978; Sigma, St. Louis, 
MO, USA) (all 1:500 in SuperBlock blocking buffer in TBS, with 
0.5% Tween-20) at 4˚C overnight. After washing six times with 
Tris-buffered saline (5 min/wash), the blots were incubated with 
a horseradish peroxidase-conjugated goat anti-rat IgG (sc‑2041, 
1:1,000; Santa Cruz Biotechnology, Inc. Santa Cruz, CA, USA) 
for 1 h at 37˚C. The blots were washed three times with Tris-
buffered saline and antibody binding was detected with an 
imaging system (Kodak Gel Logic 212; Kodak, Rochester, NY, 
USA). The blots were analyzed by Quantity One software (Bio-
Rad).

Statistical analysis. All data are expressed as the means ± stan-
dard error of the means (SEM). Data were analyzed by SPSS 17.0. 
Statistically meaningful differences were determined using 
independent Student's t-tests or paired t-tests. A P-value <0.05 
was considered to indicate a statistically significant difference.

Results

CIH changes physical parameters. Although there was no 
significant difference in the initial body weight of the rats 
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prior to exposure to hypoxia, after 4 weeks of exposure the 
final body weight of the rats in the CIH group was significantly 
lower than those in the normoxia group (P<0.01) (Table I). 
Furthermore, the blood hemoglobin levels, hematocrit values, 
and the heart weight/body weight ratios of the CIH group were 
significantly higher than those of the normoxia group (P<0.01). 
In addition, arterial oxygen tension and oxygen saturation 
were significantly higher in the normoxia group compared 
with those in the CIH group (both P<0.01).

CIH improves post-ischemic recovery of myocardial perfor-
mance in isolated rat hearts. To examine the cardioprotective 
effects of CIH, we monitored left ventricular function in 
Langendorff-perfused hearts subjected to 30 min of global 
ischemia followed by 60 min of reperfusion. The LVDP (pre-
ischemia) in the CIH group was markedly lower than that in 
normoxia group (P<0.01) (Fig. 1A). However, at all time points 
investigated during the reperfusion period, greater recovery 
of LVDP was observed in the CIH group compared with the 
normoxia group (P<0.01) (Fig. 1B). To assess the degree of 
myocardial injury following global ischemia, the infarct size 

Figure 1. Chronic intermittent hypoxia (CIH) improves cardiac function recovery after ischemia/reperfusion (I/R) in isolated rat hearts. After 20 min of sta-
bilization with Krebs‑Henseleit (K-H) perfusate, the hearts were subjected to 30 min of global ischemia and 1 h of reperfusion. (A) Left ventricular developed 
pressure (LVDP) before ischemia. (B) LVDP recovery (percentage of pre-ischemic LVDP). (C) Representative sections for TTC staining (left) and the average 
infarct size vs. total area at risk (right). (D) CIH decreased I/R-induced necrosis, as shown by lactate dehydrogenase (LDH) release in the effluent after 60 min 
of reperfusion. Data are represented as the means ± SEM (n=6 rats/group). *P<0.05 and **P<0.01 vs. normoxia group.

Table I. Physical parameters measured in the animals at the 
end of 4 weeks of exposure to normoxic or chronic hypoxic 
conditions.

Parameter	 Normoxia	 Chronic hypoxia

Number of rats (n)	 17	 18
Initial body weight (g)	 161.24±11.58	 160.12±10.87
Final body weight (g)	 311.34±7.06	 228.44±5.66a

Heart weight (mg)	 781.80±180.50	 924.40±384.30a

Heart/final body 	 2.60±0.06	 4.04±0.12a

weight ratio (mg/g)
Hematocrit value (%)	 41.24±0.01	 57.11±0.01a

Hemoglobin (g/l)	 13.97±0.19	 19.08±0.32a

Arterial oxygen tension 	 81.65±1.01	 45.94±0.69a

(mmHg)
Arterial oxygen saturation 	 93.53±0.61	 66.50±13.04a

(mmHg)

Results are shown as the means ± SEM. aP<0.01 vs. the normoxia group.
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of all reperfused hearts was determined, and LDH activity in 
the effluent at the end of reperfusion was assayed. Markedly 
smaller infarcts (P<0.05) and lower LDH activity in the 
effluent (P<0.01) were observed in the CIH group compared 
with the normoxia group (Fig. 1C and D).

CIH preserves rat cardiac function after I/R in vivo. Rats were 
subjected to I/R injury by 30 min LAD ligation followed by 
24 h coronary reperfusion, and cardiac function was evalu-
ated by echocardiography. We noted that pre-ischemic cardiac 
function was markedly lower in the CIH group than that in the 
normoxia group (Fig. 2A and B), although LV systolic func-
tion was markedly reduced in both the normoxia and CIH 
groups at 24 h after reperfusion compared with that observed 
pre-ischemia (Fig. 2B). However, we noted that the decrease 

in EF and FS in CIH rats was less than in the normoxia group. 
Notably, both the EF and the FS after I/R in the CIH group 
were higher than that in the normoxia group (P<0.01) (Fig. 2B), 
suggesting that CIH preserves cardiac function after I/R. 
Similarly, the infarct size measured at 24 h after reperfusion 
was greater in the normoxia group than that in the CIH group 
(P<0.01) (Fig. 2C). Furthermore, CK-MB activity following 
I/R was noted as being significantly lower in the CIH group 
than in the normoxia group (P<0.05) (Fig. 2D), indicating less 
myocardial damage in the CIH group; however, there was no 
significant difference in LDH activity between the two groups 
(P>0.05) (Fig. 2E).

CIH induces ATF6 expression. Our previous study showed 
that ATF6 was overexpressed in human specimens and H9c2 

Figure 2. In vivo effects of chronic intermittent hypoxia (CIH) on left ventricular function following myocardial ischemia/reperfusion. (A) Representative 
echocardiographic images taken pre-ischemia and post-reperfusion. (B) Pre-ischemic and post-reperfusion (24 h) cardiac function: left ventricular ejec-
tion fraction (LVEF) (left) and left ventricular fractional shortening (LVFS) (right). (C) Average infarct size. (D) Post-reperfusion (24 h) creatine kinase 
(CK)-MB activity. (E) Post-reperfusion (24 h) lactate dehydrogenase (LDH) activity. Data are represented as the means ± SEM (CH group, n=7; N group, n=6). 
P<0.05 vs. normoxia group.*P<0.05 and **P<0.01.
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cells under anoxic conditions (18). To confirm this effect in 
the present study, cleaved ATF6α expression in tissue samples 
taken from the right ventricle (RV) and LV of rat hearts exposed 
to normoxic and chronic intermittent hypoxic conditions was 
determined using western blot analysis. The samples were 
taken immediately after removing the animals from the hypo-
baric chamber. Myocardial cleaved ATF6α (50 kDa) protein 
expression was significantly higher in the CIH group compared 
with the normoxia group (P<0.01) (Fig. 3A and B), with no 
statistically significant difference noted between the expression 
in the LV and RV in the CIH group (P>0.05) (Fig. 3B). Similar 
results were noted for BiP expression, which was increased in 
the CIH group in both the LV and RV in comparison with the 
normoxia group. Immunofluorescence staining also revealed a 
significant increase in ATF6 expression both in the LV and the 
RV induced by CIH (Fig. 3C).

Cardioprotective effects of ATF6 against myocardial I/R injury 
are induced by mild hypoxia. The cardioprotective effects of 
ATF6 against myocardial I/R injury caused by CH were first 
investigated by western blot analysis of cleaved ATF6 protein 
expression in rat myocardial H9c2 cells subjected to chronic 

mild hypoxia, in a previous study (8). As shown in Fig. 4A, 
endogenous cleaved ATF6 protein expression was significantly 
upregulated in H9c2 cells after 24 h exposure to mild hypoxia 
(P<0.05), with continued upregulation after 48 h and a high 
level of expression maintained up to 72 h (P<0.01). Similar 
results were also noted in relation to BiP expression, which 
increased up to 72 h.

Subsequently, the effect of chronic mild hypoxia on 
sI/R‑induced cellular injury was evaluated. H9c2 cells exposed 
to hypoxia for 48 h (the time point determined for high ATF6 
expression) were subjected to ischemia for 1 h followed by 
reperfusion for 3 h, as previously described (25). H9c2 cells 
cultured under normoxic conditions served as a control. Chronic 
mild hypoxia increased H9c2 cell viability by 38% and reduced 
LDH activity compared with that detected in cells cultured 
under normoxic conditions (both P<0.01) (Fig.  4C and D, 
respectively).

To further determine the cardioprotective effects of ATF6 
induced by chronic mild hypoxia against subsequent I/R 
damage, cleaved ATF6 expression was blocked in H9c2 cells 
by transfection with siRNA-ATF6 prior to hypoxic exposure. 
Suppression of cleaved ATF6 expression was confirmed, at 48 h 

Figure 3. Cleaved activating transcription factor 6 (ATF6) expression in rat hearts. (A) Representative images of western blot analysis of cleaved ATF6, 
binding immunoglobulin protein (BiP) and glyceraldehyde 3-phosphate dehydrogenase (GADPH) protein expression in rat myocardial tissue under normoxic 
or hypoxic conditions. (B) Quantification of cleaved ATF6 and BiP protein levels (normalized to GADPH protein levels). Representative data from five 
independent experiments are shown. **P<0.01 vs. normoxia group. (C) Immunofluorescence staining of the left ventricle (LV) and the right ventricle (RV) of 
rat hearts for ATF6 protein expression (green) under hypoxic or normoxic conditions; cell nuclei were counterstained with DAPI (blue). Scale bar, 25 mm.
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after exposure to mild hypoxia, by western blot analysis. We 
also noted a decrease in BiP expression in comparison to the 
siRNA and hypoxic controls (P<0.01) (Fig. 5A). Following I/R, 
the viability of siRNA‑ATF6 transfected H9c2 cells was also 
significantly reduced (by 35%) (P<0.01) (Fig. 5C), while LDH 
activity was significantly increased (by 1.2-fold) compared 
with siRNA‑control transfected cells (P<0.01) (Fig. 5D).

ATF6 exerts cardioprotective effects against I/R injury through 
upregulation of p-Akt. To elucidate the molecular mechanism 
by which ATF6 mediates cardioprotection against I/R injury 
induced by CH, the Akt signaling pathway was examined. 
Firstly, Akt expression was investigated in H9c2 cells cultured 
under chronic mild hypoxia conditions. After 24 h of hypoxia, 
p-Akt expression was observed, with expression peaking 
after 48 h (Fig. 4B). Of note, increased Akt expression was 
consistent with the changes observed in cleaved ATF6 protein 
levels. Subsequently, the influence of siRNA-ATF6‑mediated 
suppression of cleaved ATF6 on Akt expression in H9c2 cells 
was investigated. Western blot analysis showed that transfection 

of H9c2 cells with ATF6-siRNA suppressed hypoxia-induced 
p-Akt expression compared with siRNA‑control transfected 
cells (Fig. 5B).

Discussion

In the present study, CIH induced high expression of cleaved 
ATF6, which was associated with significantly attenuated 
myocardial infarct size and increased cardiac tolerance to acute 
I/R injury both in vivo and ex vivo. Furthermore, mild hypoxia-
mediated cytoprotection against simulated I/R in H9c2 cells 
was demonstrated by improved cellular viability and increased 
p-Akt and BiP levels. Thus, the results of the present study 
demonstrated that exposing rats to CIH conferred resistance 
to subsequent I/R injury of the myocardium by upregulating 
cleaved ATF6 and increased Akt pathway signaling.

Previous studies have demonstrated that CIH confers long-
lasting cardioprotection against acute I/R injury  (7,10,26). 
Furthermore, clinical observations and epidemiological studies 
have implicated CIH in cardioprotection (2). These observa-

Figure 4. Cleaved activating transcription factor 6 (ATF6) and Akt expression and effects on simulated ischemia/reperfusion (sI/R) injury induced in H9c2 
cells subjected to mild hypoxia. (A) Representative expression of cleaved ATF6 and β-actin protein in H9c2 cells cultured under normoxic or hypoxic 
conditions for 0, 12, 24, 48 and 72 h (left); quantification of cleaved ATF6 and binding immunoglobulin protein (BiP) protein levels (normalized to β-actin 
protein levels) (right, *P<0.05 vs. 0 h; **P<0.01 vs. 0 h). (B) Representative expression of Akt, p-Akt and β-actin protein in H9c2 cells cultured under normoxic 
or hypoxic conditions for 0, 12, 24, 48 and 72 h (left); quantification of p-Akt protein levels (normalized to total Akt protein levels) (right, *P<0.05 vs. 0 h; 
**P<0.01 vs. 0 h). (C) Effect of mild hypoxia on the viability of H9c2 cells subjected to ischemia (1 h) followed by reperfusion (3 h). Representative data from 
five independent experiments are presented as the means ± SEM (**P<0.01 vs. normoxia group). (D) Effect of chronic mild hypoxia on lactate dehydrogenase 
(LDH) activity in H9c2 cells subjected to ischemia (1 h) followed by reperfusion (3 h). Representative data from five independent experiments are presented 
as the means ± SEM (**P<0.01 vs. normoxia group).
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tions are, however, contradicted by opposing studies stating 
that CIH inhibits the recovery of left ventricular function and 
cardioprotection (27,28). To investigate this phenomenon in the 
present study, rats and H9c2 cells were exposed to CIH and 
their resistance to acute I/R injury was evaluated both in vivo 
and ex vivo. Using these models, CIH was shown to decrease 
the cardiac infarct size after I/R. Furthermore, CIH was found 
to improve the post-ischemic recovery of LV function in 
Langendorff rat hearts, as shown by increased LVDP (Fig. 1)
and decreased LDH release into the perfusate (Fig. 2), and also 
to preserve post-I/R cardiac function as assessed by EF or FS 
and CK-MB activity in an in vivo rat model (Fig. 2). These data 
suggest that CIH confers resistance to I/R injury, although the 
precise mechanism remains to be determined.

CIH is known to induce local and systemic adaptive 
responses, including increased blood hemoglobin concen-
trations, mitochondrial metabolic adaptation  (29) and ER 
stress  (30). It has also been shown that chronic hypoxia 
without reoxygenation upregulates the unfolded protein 
response in the mouse myocardium (31). ATF6 is activated in 
response to ER stress, and although some studies demonstrate 

that ATF6 plays a potentially cardioprotective role (17), other 
studies have concentrated on the protective effects exerted in 
acute ischemia (23,32) (such as myocardial infarction) or by 
mimicking ATF6 activation in transgenic mouse hearts (17). 
Studies of ATF6 in cardiomyocytes cultured under hypoxic 
conditions are rare (30,33), and the status of ATF6 activation 
by CIH has not been examined either in animals. ATF6α has 
been shown to optimize long‑term ER function to protect cells 
against chronic stress (16), and our previous study revealed 
that hypoxia induced ATF6 and GRP78 expression in primary 
human cardiomyocytes and H9c2 cells  (18). In the present 
study, cleaved ATF6 protein expression levels were shown 
to increase nearly 3-fold in rat hearts after exposure to CH, 
with no significant differences being noted between the LV 
and RV (Fig. 3). Therefore, we hypothesized that ATF6 exerts 
cardioprotective effects against myocardial I/R injury caused 
by CIH. To test this hypothesis, we examined cleaved ATF6 
expression in H9c2 cells subjected to mild hypoxia, as previ-
ously described (8). Endogenous cleaved ATF6 expression was 
induced by chronic mild hypoxia in a time‑dependent manner, 
with peak levels detected after 48 h and maintained up to 

Figure 5. Cleaved activating transcription factor 6 (ATF6) and Akt expression and effects on simulated ischemia/reperfusion (sI/R) injury induced in 
siRNA-ATF6-transfected H9c2 cells subjected to mild hypoxia. (A) Representative expression of cleaved ATF6 and β-actin in siRNA-ATF6-transfected H9c2 
cells cultured under hypoxic conditions for 48 h (left); quantification of cleaved ATF6 and binding immunoglobulin protein (BiP) protein levels (normalized to 
β-actin protein levels) (right, **P<0.01 vs. siRNA-control). (B) Representative expression of Akt, p-Akt and β-actin proteins in siRNA-ATF6-transfected H9c2 
cells cultured under hypoxic conditions for 48 h (left); quantification of p-Akt protein levels (normalized to total Akt protein levels) (right, *P<0.05 vs. siRNA-
control). (C) Effect of mild hypoxia on the viability of siRNA-ATF6-transfected H9c2 cells subjected to ischemia (1 h) followed by reperfusion (3 h). 
Representative data from five independent experiments are presented as the means ± SEM (**P<0.01 vs. siRNA-control). (D) Effect of chronic mild hypoxia 
on lactate dehydrogenase (LDH) activity of siRNA-ATF6-transfected H9c2 cells subjected to ischemia (1 h) followed by reperfusion (3 h). Representative data 
from five independent experiments are presented as the means ± SEM (**P<0.01 vs. siRNA-control).
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72 h (Fig. 4). Subsequently, we used RNA interference (RNAi) 
technology to suppress cleaved ATF6 expression in trans-
fected H9c2 cells. After 48 h of exposure to mild hypoxia, 
cleaved ATF6 was significantly decreased in siRNA‑ATF6 
transfected H9c2 cells. Furthermore, after 1-h simulated isch-
emia followed by 3-h reperfusion (25), CCK-8 analysis showed 
a significant decrease in siRNA-ATF6-transfected H9c2 cell 
survival compared with that of siRNA-control-transfected 
cells, with a concomitant increase in LDH activity as a marker 
of cellular necrosis. These observations confirmed that endog-
enous ATF6 plays a vital, protective role against I/R injury 
induced by CIH.

The results of the present study in relation to ATF6 expres-
sion were supported by investigations into the expression 
of BiP. BiP is involved in the action of ATF6 and plays an 
important role in initiating adaptive ER stress and inhibiting 
apoptotic ER stress (34). Androgen induces BiP to dissociate 
from ATF6 and act as an androgen receptor-interacting protein, 
suggesting that BiP is a regulator of androgen receptor protein 
quality control (35). Thus, we would expect BiP expression 
levels to increase with the 50-kDa cleaved form of ATF6. We 
found that the expression of BiP in this study was similar to the 
expression pattern of cleaved ATF6, supporting our hypothesis 
on the role of ATF6.

The Akt signaling pathway is involved in the regulation 
of growth, proliferation, protein translation and cell survival 
in various cell types (36). It has been reported that the ER 
stress transducer, protein kinase RNA-like ER kinase (PERK) 
is regulated by phosphorylation mediated by the Akt signaling 
pathway (37,38). Lin et al (39) demonstrated that Akt is the 
downstream target of BiP in mediating cisplatin resistance 
in ER stress-tolerant human lung cancer cells. Furthermore, 
a previous study using RNAi technology suggested that Akt 
activation is associated with the IRE1α and ATF6 pathways of 
the ER stress response (40). The activation of ATF6 and PERK 
contributes to the pro-survival effects of vascular endothelial 
growth factor on endothelial cells by positively regulating 
mTORC2-mediated phosphorylation of Akt (23). Collectively, 
these observations indicate that Akt is regulated by ATF6 in 
crosstalk between the two signaling pathways; however, there 
is little reported evidence in relation to the heart. Therefore, 
based on the results of the present study, we hypothesized that 
ATF6 is involved in alleviating cardiac I/R damage mediated 
by CIH partly through regulation of the Akt pathway. To test 
this hypothesis, we also examined Akt expression in H9c2 cell 
lines subjected to mild hypoxia. We found that endogenous 
Akt was activated, and the expression of p-Akt increased, 
which is consistent with previous findings  (30). Similarly, 
after 48 h of exposure to mild hypoxia, p-Akt levels were 
significantly suppressed in siRNA-ATF6-transfected H9c2 
cells compared with those transfected with the siRNA-control. 
These data indicate that ATF6 contributes to cardioprotection 
by regulating p-Akt. Akt is activated by the phosphorylation 
of Thr308 and Ser473. Activated Akt exerts cardioprotective 
effects by phosphorylating multiple targets in the cytoplasm, 
nucleus, mitochondria and on the surface of the ER membrane, 
including glycogen synthase kinase-3β (41), cardiac mTOR (3), 
nuclear factor-κB (42), the pro-apoptotic Bcl-2 family member 
BAD (43) and caspase-9 (44). However, the detailed mecha-
nism by which ATF6 regulates Akt remains to be clarified.

In conclusion, using in vivo and ex vivo models, we have 
demonstrated for the first time to the best of our knowledge, 
that CIH protects the myocardium from I/R injury by upregu-
lating ATF6 through a mechanism potentially involving 
the Akt pathway. These observations likely explain the 
mechanism underlying the low morbidity rate of patients with 
chronic ischemic heart disease and the lower rate of mortality 
due to myocardial infarction in populations living at high 
altitudes (1), which is consistent with our clinical observations. 
Furthermore, ATF6 has been implicated as a molecular target 
in interventions aimed at alleviating I/R injury in patients 
experiencing a cardiovascular event.
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