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Hypoxia induces autophagy in cardiomyocytes via a
hypoxia-inducible factor 1-dependent mechanism
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Abstract. Hypoxia frequently accompanies such vascular
disorders as atherosclerosis, thrombosis and ischemia/reperfu-
sion injury. Myocardial ischemia/reperfusion, in particular, is
a major contributor to cardiomyocyte impairment. Autophagy
is a dynamic, self-catabolic process that has been implicated
in a wide range of physiological processes and the pathogen-
esis of diverse diseases. The aim of the present study was to
investigate the promotion of autophagy by hypoxia in a rat
HOc2 heart cell line and determine the regulatory role of
hypoxia-inducible factor 1 (HIF-1) in the hypoxia-induced
autophagy in H9c2 cells, using quantitative green fluorescent
protein-microtubule-associated protein 1 light chain 3 analysis
and electron microscopy of autophagic vesicles. In addition,
western blot and quantitative polymerase chain reaction
analysis of autophagy-associated markers was conducted.
In addition, the role of HIF-1-mediated autophagy in the
hypoxia-induced impairment of H9c2 cells was examined, as a
measure of cellular viability, using an MTT assay. The results
demonstrated that autophagy was induced in H9¢2 cells under
hypoxia, and the autophagy induction triggered by hypoxia
could be enhanced by HIF-la overexpression and inhibited
by HIF-la knockdown. Furthermore, the HIF-1-mediated
autophagy ameliorated the reduction in the H9c2 cell viability
induced by hypoxia. These findings provide a novel insight
into the hypoxic-ischemic injury to cardiomyocytes and give
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evidence for the occurrence of HIF-1-mediated autophagy in
myocardial ischemia.

Introduction

Hypoxia frequently accompanies such vascular disorders as
atherosclerosis (1), thrombosis (2) and ischemia/reperfusion
(I/R) injury (3). Myocardial ischemia/reperfusion, in partic-
ular, is a major contributor to cardiomyocyte impairment (4,5).
As the most prevalent disease afflicting humans (6,7), coro-
nary artery disease is mainly caused by the hypoxic-ischemic
injury to cardiomyocytes (8,9). Myocardial ischemia and
infarction develop when the blood supply to the myocardium
decreases or is discontinued. The mechanism underlying
myocardial ischemia and infarction has yet to be fully
elucidated; however, the oxygen deprivation, i.e. hypoxia, in
myocardial ischemia and infarction can, to varying degrees,
threaten the function and survival of cardiomyocytes (10,11),
although numerous adaptive countermeasures can be induced
in the cardiomyocytes in response to the hypoxic condi-
tion (12-14).

Hypoxia-inducible factor 1 (HIF-1) is a transcription factor
that functions as a master regulator of adaptive responses
to reduced O, environments (10). HIF-1 can improve local
microcirculation, via effects on vascular growth and function,
and regulate O, utilization, by switching oxidative metabo-
lism to glycolytic metabolism (15-17). HIF-1 is composed of
HIF-1a and HIF-1f subunits (18). HIF-1a, rather than HIF-1§,
is the O,-regulated subunit during hypoxia (19). Hypoxia and
re-oxygenation potently increase HIF-1 transcriptional activity
and HIF-1a protein levels (20-22). Upregulated HIF-1a activa-
tion has been demonstrated in human hearts under conditions
of myocardial ischemia and infarction (23) and in patients with
coronary artery disease (24,25).

Autophagy is a dynamic catabolic process that involves
the delivery of cellular components to the lysosome for
degradation. Autophagy has been implicated in a wide range
of physiological processes and in the pathogenesis of diverse
diseases (26,27). In addition to its established roles in the main-
tenance of homeostasis and adaptation to stress, autophagy is
involved in cell differentiation (28-30). Autophagy is a closely
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regulated process that helps to balance the synthesis, degrada-
tion and subsequent recycling of cellular products; however,
little is known about the role of hypoxia-induced autophagy
in hypertension and coronary artery disease, particularly in
cardiomyocytes under hypoxia.

The aim of the present study was to investigate the
autophagy in cardiomyocytes under hypoxia and evaluate the
regulation of HIF-1a in hypoxia-induced autophagy, as well as
to examine the role of autophagy in cell viability.

Materials and methods

Reagents and cell culture. Rapamycin was purchased
from Sigma-Aldrich (St. Louis, MO, USA). The coding
sequence of the fusion of microtubule-associated protein 1
light chain 3 (LC3) with green fluorescent protein (GFP)
was synthesized and cloned into pcDNA3.1(+) (Invitrogen
Life Technologies, Carlsbad, CA, USA) to construct the
LC3-GFP-expressing plasmid. The coding sequence of HIF-1a
was synthesized and cloned into pcDNA3.1(+) to construct the
HIF-1a-pcDNA3.1(+)-expressing plasmid. The HIF-1o small
interfering RNA (siRNA) sequence was designed and the
duplexes were produced by Shanghai GenePharma Co., Ltd.
(Shanghai, China).

A rat H9c2 heart cell line was purchased from the
American Type Culture Collection (Manassas, VA, USA),
cultured in Dulbecco's modified Eagle's medium (DMEM,;
Invitrogen Life Technologies) supplemented with 10%
fetal bovine serum (FBS; Gibco-BRL, Grand Island, NY,
USA), 100 U/ml penicillin (Shijiazhuang Pharmaceutical
Group, Shijiazhuang, China) and 100 mg/ml streptomycin
(Shijiazhuang Pharmaceutical Group), and grown in an atmo-
sphere of 5% CO,/95% humidified air at 37°C. The culture
medium was changed every second day.

Quantitative GFP-LC3 analysis and electron microscopy.
Quantitative GFP-LC3 light microscopy autophagy assays
were performed in H9¢c2 cells following various treatments.
The H9¢2 cells grown to 80% confluence were transfected with
a GFP-LC3-expressing plasmid using Lipofectamine® 2000
(Invitrogen Life Technologies). After transfection for 24 h,
the cells were subjected to rapamycin treatment (200 nM)
(Sigma-Aldrich) for another 24 h or were pretreated with
hypoxia for 2 h and analyzed using fluorescence microscopy.
In another experiment, the GFP-LC3-expressing plasmid
transfection was followed by the transfection of the H9¢2 cells
with HIF-1a-pcDNA3.1(+), pcDNA3.1(+) or HIF-1a siRNA;
24 h later, the cells were analyzed using fluorescence micros-

copy.

RNA isolation and reverse transcription quantitative poly-
merase chain reaction analysis (RT-qPCR). Total cellular
RNA from 2-5x10° cells was prepared with TRIzol reagent
(Thermo Fisher Scientific, Inc., Waltham, MA, USA), and
reverse transcription (RT) was performed using Moloney
Murine Leukemia Virus Reverse Transcriptase (Promega
Corp., Madison, WI, USA). Primer sequences are as follows:
are as following: Beclin 1, F 5"TGAAAATGAGTGTCA
GAACT-3' and R 5-CTGTTCACTGTCATCCTCAT-3";
autophagy-related gene 5 (Atg5), F 5-"TATCAGAGCATG
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TCACCCTT-3" and R 5" TTCCTGTCTGGCTTGCAGCA-3'");
Atg7, F 5-GTCCAAGTTCCAGTGGCTGT-3' and R 5-CTC
GGGCCCTGCACCTGTGC-3" and pB-actin, F 5“TGTCCA
CCTTCCAGCAGATGT-3' and R 5'-AGCTCAGTAACAGTC
CGCCTAGA-3". PCR cycling conditions were as follows: 42°C
for 10 min and 95°C for 20 sec for the reverse transcription,
and 95°C for 10 sec and 60°C for 30 sec for the PCR reac-
tion, repeated for 35 cycles. For the quantitative analysis of the
mRNA expression of Beclin 1, autophagy-related gene 5 (Atg5)
and Atg7, qPCR was conducted using a LightCycler® 480
system (Roche Diagnostics GmbH, Mannheim, Germany);
1 ug RNA per sample was converted to cDNA and used for
gPCR. Data were normalized based on (3-actin, using the
244 method.

Western blot assay. Polyclonal antibodies for -actin
(A2066; 1:1,000) and LC3-I/LC3-II (L8918, 1:600) were
purchased from Sigma-Aldrich. The Beclin 1 polyclonal
antibody was purchased from Santa Cruz Biotechnology, Inc.
(sc-48341; 1:500, Santa Cruz, CA, USA), and the Atg5 (cat.
no. 2630; 1:600) and Atg7 (cat. no. 2631; 1:600) monoclonal
antibodies were purchased from Cell Signaling Technology,
Inc. (Danvers, MA USA). Cell extracts were prepared by a
standard protocol using Cell Lysis Buffer (Cell Signaling
Technology, Inc.), and protein levels were quantified using a
Bio-Rad protein assay (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). Samples were separated using 10% SDS-PAGE
electrophoresis and transferred to a PVDF membranes (EMD
Millipore, Billerica, MA, USA). After blocking with 3%
bovine serum albumin (Ameresco, Inc., Framingham, MA,
USA) overnight at 4°C, the membrane was incubated over-
night again at 4°C with anti-Beclin 1, anti-Atg5, anti-Atg7,
anti-LC3-II or anti-B-actin antibody. Goat anti-mouse IgG or
goat anti-rabbit IgG (Pierce Biotechnology, Inc., Rockford,
IL, USA) secondary antibodies conjugated to horseradish
peroxidase and enhanced chemiluminescence detection
systems (GE Healthcare Life Sciences, Little Chalfont, UK)
were used for detection.

Cell viability assay. Cell viability was determined using an
MTT assay (Thermo Fisher Scientific, Inc.). The H9c2 cells
were seeded in 96-well plates; after 24 h, the medium was
replaced with DMEM containing 2% FBS. At 24 h after the
treatment, the incubation medium in the test wells was replaced
with 50 ul 1X MTT solution, and the cells were incubated
for 2 h at 37°C. Following incubation, the MTT solution was
discarded, and 150 pl dimethylsulfoxide (DMSO) was added
to dissolve the precipitate completely at room temperature.
The optical density was then measured at 570 nm using a
spectrophotometer. The cell viability was expressed as relative
viable cells (%) to control H9c2 cells. All experiments were
performed in three separate experiments.

Statistical analysis. For GFP-LC3 dot number analysis,
relative mRNA expression of Beclin 1, Atg5 and Atg7 to
B-actin, and MTT measurements, data are presented as the
mean + standard error. Data were analyzed by Student's t-test
using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla,
CA, USA), and P<0.05 was considered to indicate a statisti-
cally significant difference.
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Figure 1. Hypoxia induces autophagy in cardiomyocytes. (A-C) The cardiomyocytes were transfected with a plasmid that expressed a GFP-LC3 fusion protein.
After 24 h, the cells were incubated for another 24 h at 37°C in Dulbecco's modified Eagle's medium with (A) dimethylsulfoxide (1:10,000 dilution) (control),
(B) 100 nM rapamycin or (C) under hypoxia (1% O,). Following fixation, the cells were immediately visualized using fluorescence microscopy. (D) The number
of punctate GFP-LC3 dots in each cell was counted, and =100 cells were included for each group. The data were normally distributed and were statistically
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analyzed using the Student's t-test. “P<0.01 and
protein; LC3, microtubule-associated protein 1 light chain 3; rapa, rapamycin.
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Figure 2. Hypoxia promotes the conversion of LC3-1to LC3-II and upregulates the expression of Atg5, Atg7 and Beclin 1 in cardiocmyocytes. (A and B) Western
blot assay of LC3-I/-I1, Atg5, Atg7 and Beclin 1 in H9¢2 cells following rapamycin or hypoxia treatment for 24 h. After the treatment with dimethylsulfoxide
(1:10,000 dilution), 100 nM rapamycin or hypoxia (1% O,), the cells were lysed and subjected to western blotting with antibodies against LC3-1/-11, Atg5, Atg7
or Beclin 1. (C) mRNA levels of Atg5, Atg7 and Beclin 1 in cardiomyocytes, 24 h after treatment with 100 nM rapamycin or hypoxia (1% O,). The total cell

mRNA was analyzed using a reverse transcription quantitative polymerase chain reaction. “"P<0.01 and

ok

P<0.001 vs. control. All results were independently

repeated three times. LC3, microtubule-associated protein 1 light chain 3; Atg, autophagy-related gene.

Results

Hypoxia induces autophagy and the expression of
autophagy-associated molecules in H9c2 cells. H9c2 cells
were transfected with GFP-LC3, a biomarker for autophagy,
and exposed to hypoxic conditions for 24 h. LC3, which
comprises the two isoforms LC3-I and LC3-II, typically
exhibits diffuse cytosolic distribution. Representative fluores-
cence images, shown in Fig. 1A-C, indicated that, compared
with the DMSO control treatment (Fig. 1A), treatment with
rapamycin (Fig. 1B) or hypoxia (1% O,) (Fig. 1C) led to the

redistribution of LC3 to punctuate structures and significantly
increased the number of LC3-GFP-positive vesicles in the
HO9c2 cells (P<0.001 or P<0.01; Fig. 1D). The ultrastructures of
the H9c2 cells with hypoxia or with rapamycin treatment were
observed using electron microscopy, and prominent features
of cells with hypoxia or rapamycin treatment were found in
the form of autophagic vacuoles and autolysosomes in the
cytoplasm (data not shown).

When autophagy is activated, the LC3-I protein localized
in the cytoplasm is cleaved, converted into LC3-II and inserted
into autophagosome membranes (31). To detect the expression
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Figure 3. Hypoxia induces autophagy in cardiomyocytes through the HIF-1a pathway. (A-D) The cardiomyocytes were transfected with a plasmid that
expressed a GFP-LC3 fusion protein and (A) pcDNA3.1, (B) pcDNA-HIF-1a or (C) HIF-1o siRNA. At 24 h after transfection, the cells were cultured under
hypoxia (1% O,) for a further 24 h. Following fixation, cells were immediately visualized using fluorescence microscopy. (D) The number of punctate
GFP-LC3 dots in each cell was counted, and =100 cells were included for each group. ‘P<0.05 and “P<0.01 vs. hypoxia. (E and F) Following transfection
with pcDNA-HIF-1a or HIF-1a siRNA for 24 h, the cells were lysed and subjected to western blotting with the antibodies indicated. All results are averaged
for three independent experiments. HIF-1a, hypoxia-inducible factor la; GFP, green fluorescent protein; LC3, microtubule-associated protein 1 light chain 3;

siRNA, small interfering RNA; Atg, autophagy-related gene.

of LC3-II, western blotting was performed with the lysates
from HO9c2 cells subjected to hypoxia (1% O,) or rapamycin
treatment (Fig. 2A). As part of a type III phosphoinositide-3
kinase complex, the autophagy gene Beclin 1 is required for
the formation of the autophagic vesicles (32). In addition,
ATG products, such as Atg5 and Atg7, play essential roles
in autophagy. As shown in Fig. 2B and C, the mRNA and
protein expression levels of Atg5, Atg7 and Beclin 1 increased
following hypoxia or rapamycin treatment. Notably, these
results indicate that hypoxia and rapamycin treatment induce
autophagy in H9¢2 cells.

Hypoxia-induced autophagy-related molecules are regulated
by HIF-1 in H9c2 cells. To reveal the precise mechanisms
underlying the activation of autophagy in H9c2 cells, the
change in HIF-la expression was further investigated with
a pcDNA3.1 eukaryotic plasmid and chemically synthesized
siRNA. HIF-1, as a key transcription factor, plays a pivotal
role in hypoxia. The HIF-1 overexpression with eukaryotic
plasmid or HIF-1 knockdown with siRNA was induced in the

HOc2 cells. As shown in Fig. 3A-D, overexpression of HIF-1
significantly enhanced the occurrence of hypoxia-induced
autophagy (Fig. 3B), whereas the HIF-1 knockdown attenu-
ated the hypoxia-induced formation of autophagic vacuoles in
HOc2 cells (Fig. 3C), compared with the control H9c2 cells
under hypoxia (1% O,). Furthermore, HIF-1 overexpression
markedly aggravated the transformation of LC3-I to LC3-II
(Fig. 3E) and significantly promoted the expression of Atg5,
Atg7 and Beclin 1 (Fig. 3F). By contrast, transfection with
HIF-1 siRNA, which blocked HIF-1 expression, significantly
prevented LC3-II production, as well as the expression of
Atg5, Atg7 and Beclin 1 (Fig. 3E and F). The results therefore
showed that the hypoxia-induced autophagy in H9c2 cells was
dependent on HIF-1a. In combination, the results suggest that
the HIF-1 pathway regulates the activation of autophagy in
HO9c2 cells under the hypoxic condition.

HIF-1a-mediated autophagy attenuates the hypoxia-induced
reduction in H9c2 cell viability. The initial experiments
demonstrated that HIF-1 induced significant autophagy and
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Figure 4. Viability of H9c2 cells under hypoxia or following HIF-la expression regulation. (A) Viability of H9¢2 cells under normoxia, hypoxia or under
hypoxia and following 200 nM rapamycin treatment. (B and C) Viability of H9c2 cells following HIF-1a overexpression or knockdown, (B) under normoxia
or (C) hypoxia. Normal H9¢2 cells were taken as a control. All results are representative of four independent experiments. “P<0.05, “P<0.01 and “"P<0.001.
HIF-1a, hypoxia-inducible factor 1a; Hypo + Rapa, hypoxia and rapamycin treatment; ns, not significant; KD, knockdown.

high expression levels of autophagy-associated molecules in
HO9c2 cells. To further determine the effect of HIF-1a-mediated
autophagy under hypoxia on cell viability, the MTT assay was
conducted for H9¢2 cells under several conditions: Hypoxia,
normoxia, post-rapamycin treatment, HIF-1a overexpression
and HIF-la knockdown. It was shown that the viability of
HO9c2 cells under hypoxia was significantly reduced compared
with the viability of the cells under normoxia (P<0.01; Fig. 4A).
Notably, the reduction in cell viability was reversed by the
autophagy inducer rapamycin (P<0.05; Fig. 4A). To further
investigate the role of HIF-1a in the hypoxia-induced cell
viability reduction, the viability of H9c2 cells was re-exam-
ined with HIF-1a overexpression or knockdown. As shown
in Fig. 4B, manipulation of the HIF-la level (overexpression
or knockdown) under normoxia had no significant effect on
the cell viability, whereas the upregulation and downregula-
tion of HIF-1a led to a significantly different effect on the
viability of H9c2 cells under hypoxia, compared with the
cells under hypoxia only. HIF-1a overexpression significantly
ameliorated the reduction in cell viability (P<0.05; Fig. 4C),
whereas HIF-1a knockdown enhanced the hypoxia-induced
reduction in cell viability (P<0.05; Fig. 4C). The difference
in cell viability between the cells with HIF-1a upregulation
and HIF-lo downregulation was particularly significant
(P<0.01; Fig. 4C). In combination, these results suggest that
HIF-lo-induced autophagy attenuates the hypoxia-reduced
viability of H9c2 cells.

Discussion

Hypoxia-induced cell death is a major concern in various
clinical settings and plays a critical role in various physio-
pathological processes, such as hypoxic/ischemic disease,
organ transplantation, angiogenesis or tumor invasion (33-35).
I/R injury comprises a series of events that may occur together
or separately: Reperfusion arrhythmias, myocardial stunning
in ‘reversible mechanical dysfunction’, microvascular damage
and cell death (36-38). Previous studies have demonstrated
that autophagy is a lysosomal degradation process that occurs
within the cell and has crucial physiological cellular func-
tions, including the degradation of abnormally folded proteins,
organelle turnover and adaptations to such stresses as nutrient
depletion, acidic stress, oxidative stress and I/R injury (39-44).
Furthermore, Macrophage autophagy has been indicated to

play a protective role in advanced atherosclerosis in a mouse
model (45); however, the protective role of autophagy in
cardiomyocytes under hypoxia has not yet been elucidated.

In the present study, increased autophagic activity was
detected in cardiomyocytes under hypoxia. To the best of
our knowledge, this is the first study to report the effects of
hypoxia on autophagy induction in cardiomyocytes. Several
approaches were adopted to determine the levels of autophagy,
including the analysis of fluorescent LC3-GFP dots and the
mRNA and protein expression levels of autophagy-associated
molecules. Cardiomyocytes were exposed to hypoxia, and
an evident increase was found in the number of autophagic
vacuoles and autolysosomes in the cytoplasm, suggesting
enhanced autophagy formation. The occurrence of autophagy
was also confirmed with rapamycin treatment in the H9¢2 cell
model. The analysis of autophagy-associated molecule levels
confirmed the induction of autophagy by hypoxia or rapamycin:
The expression of LC3-II increased in cells post-hypoxia
or -rapamycin treatment, and the Beclin 1, Atg5 and Atg7
expression increased in cardiomyocytes post-hypoxia or
-rapamycin treatment at both the mRNA and protein levels. In
summary, autophagy could be induced by hypoxia in cardio-
myocytes in vitro.

HIF-1 is a transcription factor that is essential in the regula-
tion of gene expression to maintain oxygen homeostasis (46).
HIF-1 has been demonstrated to coordinate adaptive responses
to hypoxia at both the cellular and systemic levels (18,47,48).
Furthermore, HIF-1 has been shown to regulate the expression
of hundreds of target genes involved in angiogenesis, erythro-
poiesis, metabolism, autophagy and other adaptive responses to
hypoxia (49). To elucidate the mechanisms by which cardiomy-
ocytes respond to hypoxia, an HIF-1a overexpression plasmid
and HIF-la siRNA were used to manipulate the HIF-1a
expression and to investigate the regulatory role of HIF-1a in
hypoxia-induced autophagy. The results demonstrated that the
hypoxia-induced autophagy in cardiomyocytes involved the
HIF-1 pathway. A significant increase in autophagy-specific
autolysosomes was observed via the LC3-GFP reporter vector
under a fluorescence microscope in HIF-la-treated cells. By
contrast, HIF-1o. knockdown with siRNA treatment led to
considerably less autolysosome formation in the cardiomyo-
cytes. Furthermore, the cleavage and recruitment of LC3 to
autophagosomes, as well as the expression of autophagy-asso-
ciated molecules, were enhanced by HIF-1a overexpression
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and attenuated by HIF-la knockdown. In combination, these
results indicated that the HIF-1 pathway was involved in
hypoxia-induced autophagy in cardiomyocytes.

Hypoxia treatment and HIF-1a overexpression were both
found to induce autophagy; however, their effects on cell
viability differed. Hypoxia appeared to reduce the cell viability,
though accompanied by HIF-1a stimulating, whereas HIF-1a
could significantly inhibit the reduction of cardiomyocyte
viability. However, the overexpression of HIF-1a ameliorated
the reduction in cell viability induced by hypoxia, while the
downregulation of HIF-1a enhanced the hypoxia-induced cell
viability reduction. The autophagy induced by HIF-1 may,
therefore, facilitate cardiomyocytes to overcome the hypoxic
injury and increase survival.

In conclusion, the results of the present study suggest that
hypoxia can induce autophagy in cardiomyocytes through acti-
vation of the HIF-1 pathway. HIF-1a upregulation can increase
autophagy and ameliorate the hypoxia-induced cell viability
reduction. The present study presents a promising foundation
for the development of methods to prevent hypoxic-ischemic
injury to cardiomyocytes.
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