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BACKGROUND AND PURPOSE
Targeted modulation of autophagy induced by myocardial ischaemia/reperfusion has been the subject of intensive
investigation, but it is debatable whether autophagy is beneficial or harmful. Hence, we evaluated the effects of
pharmacological manipulation of autophagy on the survival of cardiomyocytes in different time windows of
ischaemia/reperfusion.

EXPERIMENTAL APPROACH
We examined the autophagy and apoptosis in cardiomyocytes subjected to different durations of anoxia/re-oxygenation or
ischaemia/reperfusion, and evaluated the effects of the autophagic enhancer rapamycin and inhibitor wortmannin on cell
survival.

KEY RESULTS
In neonatal rat cardiomyocytes (NRCs) or murine hearts, autophagy was increased in response to anoxia/reoxygenation or
ischaemia/reperfusion in a time-dependent manner. Rapamycin-enhanced autophagy in NRCs led to higher cell viability and
less apoptosis when anoxia was sustained for ≦6 h. When anoxia was prolonged to 12 h, rapamycin did not increase cell
viability, induced less apoptosis and more autophagic cell death. When anoxia was prolonged to 24 h, rapamycin increased
autophagic cell death, while wortmannin reduced autophagic cell death and apoptosis. Similar results were obtained in mice
subjected to ischaemia/reperfusion. Rapamycin inhibited the opening of mitochondrial transition pore in NRCs exposed to 6 h
anoxia/4 h re-oxygenation but did not exert any effect when anoxia was extended to 24 h. Similarly, rapamycin reduced the
myocardial expression of Bax in mice subjected to short-time ischaemia, but this effect disappeared when ischaemia was
extended to 24 h.

CONCLUSIONS AND IMPLICATIONS
The cardioprotection of autophagy is context-dependent and therapies involving the modification of autophagy should be
determined according to the duration of ischaemia/reperfusion.

Abbreviations
A/R, anoxia/reoxygenation; I/R, ischaemia/reperfusion; JC-1, 5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolcarbocyanine iodide; MDC, monodansylcadaverine; mPTP, mitochondrial permeability transition
pore; NRCs, neonatal rat cardiomyocytes; sh, short hairpin; TTC, triphenyltetrazolium chloride

BJP British Journal of
Pharmacology

DOI:10.1111/bph.13111
www.brjpharmacol.org

3072 British Journal of Pharmacology (2015) 172 3072–3085 © 2015 The British Pharmacological Society

mailto:Liao18@msn.com
mailto:Jianpingbin@126.com


Introduction

Irreversible loss of cardiomyocytes is the major cause of myo-
cardial injury induced by ischaemia or ischaemia/reperfusion
(I/R), which leads to persistent cardiac dysfunction and heart
failure. Necrosis, apoptosis and autophagy are known to con-
tribute to the loss of cardiomyocytes in hearts exposed to I/R
insult; of them, autophagy, a lysosome-mediated recycling of
long-lived proteins and damaged cells, plays a key role in the
degradation and turnover of mitochondria and other orga-
nelles, but it is a subject of much debate whether autophagy
is beneficial or detrimental during myocardial ischaemia or
I/R (Aki et al., 2003; Gustafsson and Gottlieb, 2009; Sciarretta
et al., 2011). Autophagy can either improve survival or accel-
erate death in different situations. Basic autophagic activity is
vital for homeostasis including maintaining the cell size,
construction and function of cardiomyocytes. Autophagic
activity is up-regulated in cardiomyocytes during anoxia/
reoxygenation (A/R) and in myocardium subjected to I/R.
Many studies support the notion that enhanced autophagy is
cardioprotective (Matsui et al., 2007; Kanamori et al., 2011;
Chen et al., 2013), while there is also substantial evidence
supporting the hypothesis that increased autophagy is detri-
mental to cardiomyocytes (Valentim et al., 2006; Zhu et al.,
2007; Lu et al., 2009). There is so much debate on the func-
tion of autophagy in I/R, one of the reasons may be the
limitation of research design. Relevant studies in the litera-
ture are mostly focused on one I/R setting, in only a few has
comparative research been performed on multiple I/R settings
in one study. Although it has been hypothesized that either
too much or too little autophagy is harmful (Nishida et al.,
2008), few authors have confirmed this simultaneously in
one study. If this hypothesis is true, then genetic approaches,
including gene knockout and overexpression through which
autophagy will be too much or too little, will not be feasible
for finding the ‘ideal level’ of autophagy. If the ‘safety range’
of autophagy during myocardial I/R injury could be deter-
mined, it is then possible to achieve the therapeutic goal by
controlling autophagy using a pharmacological approach. In
eukaryotic cells, rapamycin enhances autophagy by inhibit-
ing the mammalian target of rapamycin (mTOR), while
3-methyladenine or wortmannin attenuates autophagy by
inhibiting the PI3K. Clinically, it seems plausible to preserve
the physiologically beneficial autophagy and eliminate the
excessive autophagy through pharmacological modulation.

It is recognized that there is a cross-talk between
autophagy and apoptosis, both of which are closely associ-

ated with mitochondrial function. Mitochondria are impor-
tant gatekeepers of the life and death of the cell. It is well
known that myocardial I/R might lead to mitochondrial dys-
function. Apoptosis can be induced through the opening of
the mitochondrial permeability transition pore (mPTP) and
the release of pro-death proteins. Autophagy is reported to be
involved in the removal of damaged mitochondria, which
will reduce necrotic or apoptotic cell death. However, exces-
sive autophagy may also result in the depletion of mitochon-
dria and other organelles, which is thought to be the cause of
autophagic cell death. Whether a change in autophagy activ-
ity will influence mitochondrial permeability, thereby affect-
ing myocardial function, will be an important factor when
choosing the intervention drugs.

Thus, in this study, we firstly examined the autophagic
activity in cardiomyocytes subjected to different durations of
ischaemia or anoxia stimulation both in vivo and in vitro.
Secondly, we determined the role of autophagy in cell death
during ischaemia or I/R by manipulating autophagy with
rapamycin or wortmannin. Finally, we investigated the
molecular mechanisms of the cell death associated with mito-
chondrial dysfunction and apoptosis.

Methods

Approval for this study was granted by the ethics review
board of our university. All procedures were performed in
accordance with our Institutional Guidelines for Animal
Research and the investigation conformed to the Guide for
the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85–23,
revised in 1996). The dose and concentration of rapamycin
and wortmannin were determined according to previous
reports (Fujio et al., 2000; Ng et al., 2001; Hirota et al., 2011;
Kobayashi et al., 2012) and our preliminary experiments. All
studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Isolation and culture of neonatal rat
cardiomyocytes (NRCs)
Cardiomyocytes were isolated from 1- to 2-day-old Sprague-
Dawley rats as described previously (Liao et al., 2005; Xuan
et al., 2012). The isolated cells were cultured in DMEM
(Sigma, Shanghai, China) supplemented with 10% FBS and
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1% penicillin/streptomycin for 3–4 days before exposure to
A/R or treatment with wortmannin or rapamycin. 5-Bromo-
2-deoxyuridine was added to inhibit fibroblast proliferation,
and cell types were confirmed using immunochemistry as
previously reported (Xuan et al., 2012; Zeng et al., 2014). For
A/R experiments, cardiomyocytes were incubated with rapa-
mycin (0.1 μM), wortmannin (0.2 μM) or DMSO for 30 min,
and then plated in an anoxia chamber (0.1% O2, 5% CO2 and
94.9% N2) for 6, 12 and 24 h, respectively, followed by reoxy-
genation in a normoxia chamber (21% O2, 5% CO2 and 74%
N2) for 4 h. Three A/R groups and three corresponding nor-
moxia groups were designed (three A/R groups were A 6 h/R
4 h, A 12 h /R 4 h and A 24 h/R 4 h, while normoxia groups
were normoxia for 10 h, 16 h and 24 h respectively). Cell
viability was determined by the MTT assay as described pre-
viously (Ghavami et al., 2010; Xuan et al., 2012). The cell
viability was calculated using the formula: (mean OD value of
treated cells/mean OD value of control cells) × 100%.

Construction of recombinant adenovirus
carrying short hairpin RNA (shRNA) of
beclin-1 (Ad-sh-beclin-1)
Ad-sh-beclin-1 and Ad-scramble were generated by a profes-
sional company (Vigene Biosciences, Shandong, China). The
hairpin-forming oligo, corresponding to bases (5′-CAATTT
GGCACGATCAATATTCAAGAGATATTGATCGTGCCAAATTG
CTTTTTTTT-3′) of the rat beclin 1 cDNA were synthesized,
annealed and subcloned distal to the U6 promoter of pSH-
U6-GFP shuttle vector. A mutant oligo including two mis-
match mutations was also generated for use as a control
(scramble). And then, the recombinant adenovirus pAD-Kan-
SH-U6-GFP-shRNA-beclin-1 was generated, collected and
amplified in HEK293 cells.

Labelling of autophagic vacuoles with MDC
MDC staining was performed as reported previously (Xuan
et al., 2012). Briefly, the cells were incubated with 50 μM
MDC in PBS at 37°C for 10 min. After incubation, cells were
washed four times with PBS and immediately analysed with a
fluorescence microscope (excitation 380–420 nM, barrier
filter 450 nM).

Hoechst 33258 staining
Apoptosis was quantified by detection of condensed chroma-
tin with the fluorochrome, Hoechst 33258, as previously
described (Isenberg and Klaunig, 2000; Luo et al., 2013) with
modifications. Following the selected treatment duration,
cardiomyocytes were fixed with 4% paraformaldehyde
(pH 7.4) for 10 min and washed twice in PBS. Cells were then
stained with Hoechst 33258 for 5 min and washed twice in
PBS. Then, cells were visualized with a fluorescence micro-
scope (excitation 350 nM, emission fluorescent filter
460 nM). Apoptotic cells were identified morphologically by
the strong nuclear staining of Hoechst 33258 as an indication
of DNA fragmentation and nuclear shrinkage. Cells were
counted from each optical field to calculate the percentage
cell death in comparison with control.

Mitochondrial permeability and
depolarization assay
mPTP in cardiomyocytes was assessed using the calcein/
CoCl2 method as described previously (Baines et al., 2007;
Luo et al., 2013). The combination of these two reagents
results in selective staining of mitochondria. mPTP allows the
efflux of calcein into the cytosol where calcein is quenched
by CoCl2. Thus, a loss of mitochondrial fluorescence is an
indication of mPTP.

After the indicated treatments, cardiomyocytes were
co-loaded with 1 μM calcein AM and 1 mM CoCl2 at room
temperature for 20 min, and then washed three times. Cells
were visualized with a confocal laser scanning microscope
or read with a fluorometer at 488 nM excitation, 515 nM
emission.

The mitochondrial membrane potential ΔΨm was esti-
mated as described elsewhere (Faghihi et al., 2008). Briefly,
after A/R, cells were stained with the fluorescent probe JC-1
for 30 min at 37°C, and then washed three times in PBS.
Fluorescence was viewed at a 488 nM excitation wavelength,
and emission was captured at 530 and 590 nM for green and
red channels, respectively, and the JC-1 ratio always refers to
the green/red ratio.

Model of myocardial ischaemia or I/R
C57BL/6 male mice (10–12 weeks, weighing 22–29 g, n = 142)
were anaesthetized with a mixture of xylazine (5 mg·kg−1) and
ketamine (100 mg·kg−1), injected i.p., and ventilated and the
adequacy of anesthesia was monitored from the disappear-
ance of pedal withdrawal reflex. After left thoracotomy, the
left coronary artery was ligated 2 mm below the left atrial
appendage. Following 15 or 40 min of coronary occlusion,
the ligature was removed and the heart was reperfused for
24 h. In mice assigned to the groups with ischaemia for 24 h,
coronary occlusion was maintained for 24 h without reper-
fusion (the ligature was not removed). The electrocardiogram
was monitored to document ST-segment elevation during
coronary occlusion. Sham-operated mice underwent the
same procedure except that their left coronary artery was not
occluded. All mice in the I/R groups and sham group survived
for 24 h. In mice with ischaemia for 24 h, the mortality was
12.5% (2 in 16), 12.5% (2 in 16) and 17.6% (3 in 17) in the
DMSO-, wortmannin- and rapamycin-treated groups respec-
tively (P > 0.05). Hence, we designated the duration for myo-
cardial ischaemia plus reperfusion as 24 h/0 min, 15 min/
24 h and 40 min/24 h, respectively, only one sham group for
24 h was designated (it was assumed that there should be no
significant difference among sham groups with perfusion
for 24 h, 24 h 15 min and 24 h 40 min). Myocardial infarct
size was determined by 1% TTC staining, while area at risk
was determined with Evans blue staining by i.v. injection into
the jugular vein. Rapamycin (0.25 mg·kg−1), wortmannin
(0.6 mg·kg−1) or saline was injected i.p. 1 h before surgery.

Western blot
Proteins were fractionated by SDS-PAGE and transferred onto
PVDF membranes. The blot was blocked at room temperature
for 2 h with Tris-buffered saline (TBS) containing 0.1%
Tween-20 and 5% non-fat milk and then probed with
primary antibody at 4°C overnight. The blot was washed (3 ×
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10 min) with TBS containing 0.1% Tween-20, followed by
incubation with HRP-conjugated secondary antibody
(1:5000) at room temperature for 2 h. Blots were washed (3 ×
10 min) with TBS containing 0.1% Tween-20, revealed by
ECL Plus (Amersham Biosciences, Piscataway, NJ, USA) in a
Western blotting detection system (Kodak Digital Science,
Rochester, NY, USA) and quantified by densitometry using
the Image J analysis software (National Institutes of Health,
Bethesda, MD, USA).

Ultrastructure examination with
an electronic microscope
Cardiac tissue was quickly cut into 1 mm cubes, tissue
samples or cultured cardiomyocytes were immersion-fixed
with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4)
overnight at 4°C and post-fixed in 1% buffered osmium
tetroxide for 1.5 h. Samples were contrasted with 5% uranyl
acetate for 2 h, dehydrated through a graded ethanol series
and embedded in epoxy resin. The specimens were conven-
tionally processed and examined under an electronic micro-
scope (H-800; Hitachi, Tokyo, Japan).

Statistical analysis
Data are expressed as the mean ± SEM. Statistical significance
was analysed by using Student’s unpaired t-test or one-way
ANOVA, followed by Bonferroni’s correction for post hoc mul-
tiple comparisons. In all analyses, P < 0.05 was considered to
indicate statistical significance.

Agents
Rapamycin, 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzi
midazolcarbocyanine iodide (JC-1), 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), calcein, wort-
mannin, bafilomycin A1 (Baf), monodansylcadaverine
(MDC), triphenyltetrazolium chloride (TTC) were purchased
from Sigma (Shanghai, China). Antibodies against LC3 I/II,
Atg 5, mammalian target of rapamycin complex 1 (mTORC1)
and phosphorylated-mTORC1 (p-mTORC1) were from Cell
Signal Technology (Danvers, MA, USA); antibodies against
beclin-1, Bax and β-actin were obtained from Santa Cruz
Biotechnology (Dallas, TX, USA); the antibody against
cleaved caspase 3 was from (Abcam, Cambridge, MA, USA).
Goat anti-rabbit horseradish peroxidase was from Bio-Rad
(Shanghai, China).

Results

Autophagy triggered by A/R in cultured
cardiomyocytes
We evaluated autophagy in cultured NRCs subjected to dif-
ferent durations of anoxia. MDC was used to label acidic
endosomes, lysosomes and autophagosomes, and LC3-II
protein expression was used to monitor autophagic activity.
We noticed that A6-24 h/R4 h strongly activated autophagy,
as indicated by a time-dependent increase in MDC-positive
vacuoles (Figure 1A, B) and expression of LC3-II and beclin
1 proteins (Figure 1C, D). Treatment with bafilomycin A1
(0.1 μM) further increased MDC-positive vacuoles in cardio-

myocytes exposed to A6-24 h/R4 h, suggesting that A/R
increased autophagic flux (Figure 1A, B). Induction of
autophagy was also confirmed using electronic microscopy.
Under normoxia, autophagosome was merely detectable,
whereas the autophagosome was increased when the anoxia
duration was extended (Figure 1E, F).

Influence of pharmaceutical manipulation
of autophagy on autophagic flux and
cell viability
Cultured cardiomyocytes were incubated with rapamycin or
wortmannin for 30 min before anoxia was initiated. We
firstly confirmed that rapamycin at 0.1 μM significantly
inhibited the activation of mTORC1 in cardiomyocytes sub-
jected to A/R (Figure 2A), which is the pharmacological
mechanism by which the mTOR inhibitor rapamycin acts as
an autophagic enhancer. It was reported that wortmannin at
low concentrations (IC50 = 3.0 nM) in rat basophilic leukae-
mia 2H3 cells can inhibit PI3K upstream of mTOR (Yano
et al., 1993); we examined its effect on autophagy. We noted
that wortmannin at 3 nM exerted no influence on LC3-II
expression in cardiomyocytes (Figure 2B), thus we chose
0.2 μM as an autophagic inhibitory concentration according
to a previous report (Vanrell et al., 2013). We found that
autophagy induced by anoxia was enhanced by rapamycin
and was suppressed by wortmannin, as indicated by Western
blotting of LC3-II, and it was further increased by addition of
the lysosomal inhibitor bafilomycin A1 (Figure 2C and D).
The cell viability assessed by MTT showed a progressive
decrease as anoxia duration was extended from 6 to 24 h
(Figure 2E). The majority of cardiomyocytes (57%) were dead
in response to A/R for 24 h/4 h (Figure 2E). In cardiomyo-
cytes exposed to A/R for 6 h/4 h, the cell viability was higher
in the rapamycin-treated group and lower in the
wortmannin-treated group than in the DMSO-treated
group (Figure 2E). When A/R was prolonged to 12 h/4 h,
co-treatment with rapamycin or wortmannin exerted no sig-
nificant influence on cell viability. However, when A/R dura-
tion was extended to 24 h/4 h, the cell viability was increased
by wortmannin and decreased by rapamycin (Figure 2E).
There were no significant differences in the cell viability
among groups with corresponding normoxia durations.

Furthermore, we examined whether the cell death was
associated with apoptosis or autophagy by using both a
pharmacological and genetic approach. Ad-sh-beclin-1 or
Ad-scramble had a satisfactory infective efficiency and
beclin-1 protein level was knocked-down by about 70%
(Figure 3A and B). Apoptosis assessed by Hoechst 33258 stain-
ing was increased in an anoxia duration-dependent manner.
When the anoxia duration was less than 12 h, rapamycin
reduced the number of apoptotic cells while wortmannin
increased it; this was reversed when anoxia was prolonged to
24 h (Figure 3C and D). The addition of bafilomycin A1
further increased cell apoptosis, while knockdown of beclin-1
produced an effect similar to wortmannin (Figure 3C and D).
Similar results were obtained by observing the expression
levels of cleaved caspase 3 (Figure 3E).

Electronic microscopy was used to quantify the
autophagic cell death, characterized by the massive accumu-
lation of autophagic vacuoles (autophagosomes) in the
cytoplasm of cells (Figure 4A). Apoptotic and necrotic
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cardiomyocytes were also detectable. Apoptotic ultrastructure
was characterized by cytoplasmic shrinkage with an intact
plasma membrane, nuclear condensation and the appearance
of vacuoles, while necrotic cells were characterized by
swollen mitochondria and the disruption of the plasma
membrane (Figure 4A). The number of cells affected by
autophagic death was only 0.31 per optical field in cells
subjected to A/R for 6 h/4 h, and it was slightly increased to
0.63 per optical field by rapamycin pretreatment (P < 0.05,
Figure 4B). Autophagic cell death was markedly increased to
about 3 and 16 per optical field when the anoxia duration
was prolonged to 12 and 24 h respectively (P < 0.01;
Figure 4B). Rapamycin significantly enhanced while wort-
mannin suppressed autophagic cell death as anoxia duration
persisted for 12 h or more, and silencing of beclin-1 produced
an effect similar to wortmannin (P < 0.01; Figure 4B).

Influence of autophagy on ΔΨm and opening
of mPTP
Considering the important role of mitochondria in the three
types of cell death, we evaluated ΔΨm by JC-1 probing and

mPTP opening by calcein staining in anoxic NRCs. We found
that ΔΨm depolarization was induced by anoxia for 6 h in
NRCs, which was further increased when the anoxia duration
was prolonged to 12 and 24 h (Figure 5A, C). Similar results
were obtained when the opening of mPTP was assessed by
calcein AM assay using laser scanning microscopy or flow
cytometry (Figure 5A, C). The fluorescence intensity of calcein
was higher (indicating mPTP opening was inhibited) in
rapamycin-treated cells than in vehicle-treated cells when A/R
was persisted for 6 h/4 h, but no significant difference was
noticed when A/R was prolonged to 24 h/4 h (Figure 5B, D).
Treatment with wortmannin or silencing of beclin-1 did not
change the fluorescence intensity of calcein (Figure 5B, D).

Autophagy triggered by I/R in the heart
In mice subjected to MI or I/R, the activity of autophagy was
assessed by Western blot and electronic microscopy. We
found that the expression levels of LC3-II, beclin1 and Atg5
proteins were significantly increased in mice that underwent
ischaemia for 15 min and reperfusion for 24 h, and the pro-
teins were further augmented when I/R was prolonged to
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Figure 5
Influence of different A/R injury on the opening of mPTP. (A) Representative pictures of calcein fluorescence detected with flow cytometry (first
line) and laser confocal microscopy (second line) as well as JC-1 fluorescence (reflecting the depolarization of mitochondria) detected by laser
confocal microscopy (third line). (B) Representative pictures of calcein fluorescence in response to pharmacological or genetic manipulation of
autophagy. (C) Quantitative analysis of fluorescent intensity in the mitochondria of cardiomyocytes as shown in A. *P < 0.05, #P < 0.01 (ANOVA)
versus normoxia group. (D) Quantitative analysis of calcein fluorescent intensity in the mitochondria of cardiomyocytes as shown in B. *P < 0.05
versus DMSO group with the same A/R insult. n = 6 in each group of calcein flow cytometer assay, calcein confocal and JC-1 analysis respectively.
Rap, rapamycin; Wor, wortmannin; N, normoxia.
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40 min/24 h, and reached a peak when the heart was sub-
jected to ischaemia for 24 h (Figure 6A, B). The number of
autophagosomes detected with electronic microscopy was
also increased in an ischaemia duration-dependent manner
(Figure 6C).

Influence of pharmaceutical manipulation of
autophagy on myocardial infarct size
To further examine the role of autophagy in the ischaemic or
I/R heart, mice were injected with rapamycin or wortmannin
i.p. 60 min before MI or I/R. The myocardial infarct size was
enlarged significantly in an ischaemia duration-dependent
manner (Figure 7). Rapamycin reduced the infarct size when
I/R persisted for 15 min/24 h and 40 min/24 h, but this effect

disappeared when ischaemia was prolonged to 24 h
(Figure 7). In contrast, for hearts that underwent 15 and
40 min of ischaemia, pretreatment with wortmannin signifi-
cantly enlarged the infarct size; when the duration of ischae-
mia was extended to 24 h, the infarct size in the wortmannin-
treated group was not enlarged (Figure 7).

Effect of manipulating autophagy on the
apoptotic protein Bax
The protein levels of Bax in the hearts of mice were increased
in an ischaemia duration-dependent manner (Figure 8A). The
up-regulation of Bax induced by myocardial ischaemia or IR
was suppressed by rapamycin and enhanced by wortmannin
(Figure 8B).
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Discussion

In this study, we explored the distinct roles of autophagy in
cardiomyocytes exposed to various degrees of I/R or A/R
injury and found that (a) autophagic activity of cardiomyo-
cytes was increased in an ischaemic or anoxia duration-
dependent manner; (b) autophagy was beneficial for cells
subjected to mild to moderate ischaemia or anoxia, but it was
detrimental for cells exposed to severe ischaemia or anoxia;
(c) excessive autophagic activity induced by severe anoxia or
ischaemia was associated with an increase in autophagic cell
death, in which case the autophagic inhibitor wortmannin
was cardioprotective; (d) rapamycin-enhanced autophagic
activity prevented the opening of mPTP in cells subjected to
mild but not severe anoxia or ischaemia.

It is still unclear whether prolonged ischaemia is associ-
ated with increased autophagy activity. Although autophagy
is reported to be inhibited during ischaemia but enhanced
during reperfusion in HL-1 myocytes (Hamacher-Brady et al.,
2007), most studies have found that myocardial autophagy in
rodent animals is increased in response to I/R injury (Yan
et al., 2005; Dosenko et al., 2006; Hamacher-Brady et al.,
2006; 2007; Matsui et al., 2007), while autophagy in cardio-
myocytes is also increased in response to hypoxia alone or
hypoxia followed by re-oxygenation (Zhang et al., 2012). In
this study, we simulated ischaemia stimulation by subjecting
cardiomyocytes or the murine heart to different durations of
anoxia or ischaemia. We found that the prolonged anoxia/
ischaemia duration was associated with an increase in
autophagy and autophagic flux in cardiomyocytes or myo-
cardium, while lysosomal inhibitors increased the expression
of LC3-II and promoted apoptosis in anoxic cardiomyocytes,
indicating that the autophagic activity is associated with the
level of myocardial injury and inhibition of autophagic flux is
harmful. These findings are in agreement with previous
reports showing that autophagic flux is increased in hearts
subjected to short- or long-time ischaemia, and enhancing
autophagic flux is beneficial (Hsu et al., 2009; Perry et al.,

2009; Zhang et al., 2014). Beclin1 and Atg5 are members of
the classical autophagy pathway and essential for autophago-
some formation (Gustafsson and Gottlieb, 2009). In this
study, we noted that both beclin1 and Atg5 proteins were
increased in ischaemic hearts or anoxic cardiomyocytes, indi-
cating that anoxia or ischaemia alone is sufficient to enhance
autophagic activity.

Many studies support the notion that the enhancement
of autophagy is cardioprotective (Yan et al., 2005;
Hamacher-Brady et al., 2006); at the same time, there are also
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studies stating that autophagy will increase myocardial injury
(Valentim et al., 2006; Zhu et al., 2007; Gustafsson and
Gottlieb, 2009). Therefore, opinions vary on the function of
autophagy in myocardial injury. From the myocardial toxic-
ity induced by adriamycin or sunitinib, other studies have
concluded that autophagy is harmful (Lu et al., 2009; Zhao
et al., 2010). As for myocardial ischaemia, there are reports
that the increase in autophagy is beneficial (Hamacher-Brady
et al., 2006; Zhang et al., 2009; Maejima et al., 2013), but it
has also been shown that an increase in autophagy is harmful
(Cao et al., 2013; Zhao et al., 2013). In this study, we con-
trolled the autophagic activity in cells by using its enhancer
or inhibitor, and observed its protective or damaging effect.
Although it has been reported that genes targeting the
pathway of autophagosome formation could change
the autophagic activity, it seems difficult to adjust the
autophagic level accurately by using gain-and loss-of-
function approaches. An enhancer or inhibitor of autophagy
should be a proper pharmaceutical approach to adjust the
autophagic activity by changing the dosage and administra-
tion time windows. Our findings in this study indicate that
an enhancement of autophagy is beneficial for hearts or
cardiomyocytes subjected to mild to moderate anoxia or
ischaemia, while excessive autophagy is detrimental for car-
diomyocytes subjected to prolonged ischaemia or anoxia. In
the early periods of myocardial ischaemia or anoxia, the
autophagy enhancer could inhibit cell apoptosis, thus
showing cardioprotection. In contrast, when autophagic
death increased in the late time windows of myocardial
ischaemia or anoxia, the autophagy inhibitor could protect
the myocardium. In the cell experiments in the present study,
approximately 40% of the cells survived after 24 h of anoxia.
We noted that wortmannin exerted its protective effect by
inhibiting excessive autophagy; while in mice subjected to
24 h of myocardial ischaemia, wortmannin could not further
reduce the infarct size, which might be attributable to the fact
that the drug could not transfer into the ischaemic area after
the infarction had occurred.

The relationship between autophagy and apoptosis is
complicated. Autophagy not only inhibits apoptosis (Yan
et al., 2005; Nishida et al., 2008; Long et al., 2013), but also
accelerates apoptosis (Xu et al., 2013). In this study, we found
that the cardiomyocyte apoptosis induced by A/R increased
when the duration was prolonged. At 6 h anoxia/4 h
re-oxygenation, rapamycin did slightly, increase autophagic
cell death (Figure 4B), but it largely inhibited cell apoptosis
(Figure 3D), and consequently resulted in a net effect of pro-
moting cell survival (Figure 2E), while wortmannin acceler-
ated cell apoptosis, indicating that autophagy enhancer
could exert cardioprotection through inhibiting cell apopto-
sis. However, when the duration of anoxia was prolonged to
24 h, both autophagic death and apoptosis were significantly
increased, and rapamycin no longer improved cell survival,
while wortmannin increased survival by inhibiting excessive
autophagic death, which may also serve as an interpretation
for our in vivo study showing that the protein Bax is increased
in hearts of mice in an ischaemia duration-dependent
manner; a phenomenon modulated in an opposite manner
by wortmannin and rapamycin (Figure 8B). However, no sig-
nificant difference in myocardial size was noted between the
wortmannin- and rapamycin-treated groups when ischaemia

prolonged to 24 h (Figure 7). In addition, considering that
autophagy inhibits apoptosis, as demonstrated by previous
reports (Yan et al., 2005; Nishida et al., 2008; Long et al.,
2013), it is reasonable that wortmannin promotes cell apop-
tosis, while rapamycin inhibits apoptosis. It was reported that
the incidence of autophagic cell death in the failing heart was
higher than that of apoptosis (Martinet et al., 2007), suggest-
ing that autophagy plays an important role in the outcome of
heart failure. Our findings in this study indicate that whether
autophagy is beneficial or detrimental depends on the overall
effect of autophagic cell death and apoptosis.

Mitochondrial function is closely associated with
autophagy and apoptosis. It was reported that the early and
late autophagosomal markers Atg5 and LC3, respectively, are
localized as puncta on mitochondria in mammalian cells
during nutrient deprivation (Hailey et al., 2010). In
mammals, Beclin1 localizes to mitochondria. In this study,
we found that the increased protein expression levels of Atg5,
LC3 and Beclin1, as well as the opening of mPTP, were
dependent upon the duration of anoxia or ischaemia.
Mitophagy is a surveillance mechanism of mitochondria.
Yeast cells lacking core ATG genes have been shown to
exhibit reduced mitochondrial activity, a reduced Δψm, and
increased mtDNA instability (Zhang et al., 2007). However,
autophagy is also reported to mediate about a 70% reduction
in mitochondrial number in cells subjected to 3.5 h of star-
vation (Carreira et al., 2010). In the present study, we found
that autophagy was beneficial for the maintenance of mito-
chondria function during mild anoxia, whereas autophagy
plays a more complex role during severe anoxia since increas-
ing or reducing autophagic activity did not affect the opening
of mPTP, as measured by calcein staining.

In summary, the findings of this study indicate that the
cardioprotection of autophagy induced by I/R is context-
dependent, and therapies used to manipulate autophagy
should be determined according to the time phase of I/R. The
clinical significance of this study is that by using an
autophagy enhancer in the early period of I/R, the myocar-
dial injury could be lowered in patients with acute myocar-
dial infarction on whom revascularization has been
completed in time. However, for the patients with severe
myocardial ischaemia but without vascular obstruction,
using an autophagy inhibitor in the late period could
improve myocardial survival. Since rapamycin has been used
for the clinical treatment of organ transplantation rejection,
the results of this study on whether it has curative effect in
treating myocardial I/R injury are particularly relevant.
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