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Abstract
Backgroud/Aims: Growing evidence suggests that both cardiomyocyte apoptosis and 
excessive autophagy exacerbates cardiac dysfunction during myocardial ischemia-reperfusion 
(IR). As a precursor of acetylcholine, choline has been found to protect the heart by 
repressing ischemic cardiomyocyte apoptosis. However, the relationship between choline 
and cardiomyocyte autophagy is unclear. The present study aimed to investigate whether 
autophagy was involved in the cardioprotection of choline during IR. Methods: Rats were 
subjected to 30 min reversible ischemia by ligation of left anterior descending coronary artery 
followed by reperfusion for 2 h. Choline (5 mg/kg, i.v.) alone or along with rapamycin (5 mg/
kg, i.p.) were injected 30 min before ischemia. Transmission electron microscopy, hematoxylin 
and eosin (HE) and TUNEL staining were conducted to evaluate the effect of choline on cardiac 
apoptosis and autophagy. Protein levels of autophagic markers including LC3, beclin-1 and p62 
as well as Akt and mammalian target of rapamycin (mTOR) were examined by Western blotting. 
Results: Myocardial IR-induced cardiac apoptosis and accumulation of autophagosomes was 
attenuated by choline. Choline treatment significantly ameliorated myocardial IR-induced 
autophagic activity characterized by repression of beclin-1 over-activation, the reduction of 
autophagosomes, the LC3-II/LC3-I ratio, and p62 protein abundance. In addition, IR-induced 
downregulation of p-Akt/mTOR cascade was increased by choline. However, the above 
functions of choline were abolished by rapamycin. Conclusion: These findings suggest that 
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choline plays a protective role against myocardial IR injury by inhibiting excessive autophagy, 
which might be associated with the activation of Akt/mTOR pathway. This study provides new 
mechanistic understanding of cardioprotective effect of choline and suggests novel potential 
therapeutic targets for cardiac IR injury.

Introduction

Myocardial ischemia-reperfusion (IR) injury occurs frequently in percutaneous 
coronary intervention and several cardiac surgeries in clinical practice, which is the primary 
contributor to the morbidity and mortality of coronary artery diseases [1, 2]. Previous studies 
documented that cardiomyocyte apoptosis and necrosis play dominant roles in IR injury [3]. 
Recently, accumulating evidence suggests that autophagy, also called type II programmed cell 
death, plays an important role in IR injury [4, 5]. Autophagy is well known as an intracellular 
lysosomal self-degrading process to remove and recycle long-lived proteins and damaged 
organelles. In detail, autophagy occurs at basal level is used for degradation of damaged or 
unnecessary proteins to maintain cellular homeostasis. In contrast, excessive autophagy is 
responsible for self-destruction and ultimately causes autophagic cell death, accompanied 
by the upregulation of microtubule-associated protein 1 light chain 3 (LC3) and beclin-1 
[6]. It has been revealed that dysregulated autophagy is closely related to various cardiac 
diseases such as myocardial infarction [7], myocardial IR injury [8], and cardiac hypertrophy 
[9]. A variety of studies have suggested that myocardial ischemia induces autophagy through 
an AMP-induced protein kinase (AMPK)-dependent mechanism. In contrast, myocardial IR 
activates autophagy mainly by a beclin-1-dependent mechanism. It has also been reported 
that AMPK-induced autophagy in myocardial ischemia process is protective, whereas beclin-
1-mediated autophagy in reperfusion period is detrimental [10, 11]. Thus, inhibition of 
beclin-1 and repression of excessive cardiomyocyte autophagy is considered to be positive in 
prevention of IR injury [12]. Accordingly, appropriate interventions for regulating autophagy 
are anticipated to limit the IR injury and improve cardiac function.

PI3K/Akt/mammalian target of rapamycin (mTOR) signaling pathway plays a central 
and extensive role in the biological activity of cells especially cross-talk between apoptosis 
and autophagy [13]. Evidence also indicates that activation of PI3K/Akt/mTOR pathway 
negatively regulated autophagy characterized by downregulation of autophagic marker 
LC3 [14, 15]. For example, nerve growth factor protected ischemic heart by inhibition of 
autophagy related proteins via activating PI3K/Akt/mTOR pathway [16]. Conversely, 
inhibition of mTOR signaling with rapamycin was found to induce autophagy. For instance, 
Wang et al. reported that rapamycin partially abolished the salutary effect of basic fibroblast 
growth factor in myocardial I/R by inducing autophagy [17].

As a precursor molecule of neurotransmitter acetylcholine, studies have clarified 
that choline exhibited beneficial effects on several cardiac diseases including myocardial 
infarction [18], ischemic arrhythmias [19], IR injury [20] and cardiac hypertrophy [21]. 
Meanwhile, previous studies have revealed that choline reduced infarct size and prevented 
ischemic arrhythmias by inhibiting cardiomyocyte apoptosis as well as preserving 
phosphorylated connexin43 and regulating ion channels including L-type Ca2+ channel and 
Na+/Ca2+ exchanger [18-20]. Even though, the mechanisms for the function of choline are not 
fully understood. The direct relationship between choline and cardiomyocyte autophagy is 
poorly understood. Based on these findings, the present study established rat myocardial 
IR model to explore the role and mechanism of choline-mediated autophagy in response to 
myocardial IR injury.
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Materials and Methods

Cardiac IR modeling
Healthy adult Wistar rats (male, 

180-220 g, provided by Animal Center of 
the Second Affiliated Hospital of Harbin 
Medical University) were used. All 
experiments were approved by Ethical 
Committee of Harbin Medical University 
and in accordance with the Guideline for 
the Care and Use of Laboratory Animals 
published by the US National Institutes of 
Health (8th edition, 2011). Experimental 
protocol was shown in Fig. 1. Totally, 
twenty rats were randomly divided into the 
following four groups: (1) sham-operated 
group (Sham, n=5); (2) IR group (n=5); (3) 
IR with choline treatment (Cho, n=5); (4) 
IR with choline and rapamycin treatment 
(Cho+Rapa, n=5). Rats were anesthetized 
with pentobarbital sodium (40 mg/kg) 
and subjected to reversible left anterior 
descending coronary artery for 30 min 
and then reperfusion for 2 h to establish 
IR model in group (2). Rats in group (1) 
were not occluded. In groups (3), the rats 
were injected with choline chloride (5 mg/
kg) via tail vein 30 min before ischemia. 
In groups (4), the rats were injected with choline chloride (5 mg/kg) via tail vein and rapamycin (5 mg/
kg) intraperitoneally 30 min before ischemia. Then, rats were sacrificed and ischemic border zones were 
collected for subsequent experiments.

Hematoxylin-eosin (HE) staining and transmission electron microscopy
To examine the morphological changes, ischemic border zones of rat left ventricles were quickly 

dissected and immersed in 10% neutral buffered formalin for 24 h and stained with HE. In addition, to detect 
the quantity of autophagosome, transmission electron microscopy was performed as previously described 
[22]. Ischemic border zones of rat left ventricles were cut into ultra-thin sections. Then, these sections 
were fixed in 2.5% glutaraldehyde in 0.1 mol/L PBS (pH 7.4), stained in uranyl acetate and dehydrated in 
ethanol. Following this, they were embedded in epoxy resin by standard operations and observed with a 
transmission electron microscope (JEM-1220, JEOL Ltd., Tokyo, Japan).

TdT-mediated dUTP nick end labeling (TUNEL) staining
TUNEL staining was used to detect the cardiomyocyte apoptosis in ischemic border zones of left 

ventricles as mentioned in our previous work [22, 23] using a TUNEL fluorescence FITC kit (Roche, 
Indianapolis, USA) according to the manufacturer’s manual. After staining, the slices were immerged into 
DAPI (1:30, Beyotime Biotechnology, Haimen, China) solution to stain nuclei for 5 min. Fluorescence staining 
was viewed by microscope (Olympus, BX-60, Tokyo, Japan). The apoptotic rate was calculated as percentage 
of TUNEL-positive cells per field.

Western blotting
Total protein was extracted from ischemic border zone of rat left ventricles for western blotting 

analysis as described previously [24]. SDS-PAGE was conducted to separate protein and further detect 
corresponding protein expression. Membranes were incubated with primary antibodies against p-Akt 
(Ser473, 1:1000), pan-Akt (1:1000), p-mTOR (Ser2448, 1:1000), mTOR (1:1000), LC3 (1:1000), beclin-1 

Fig. 1. Schematic presentation of the experimental design. 
Whole study was divided into three periods: drug treatment, 
ischemia and reperfusion. In group (1), the left anterior de-
scending coronary artery was not occluded and no drug 
was administered in sham-operated group. In group (2), 
ischemia-reperfusion (IR) rats were subjected to reversible 
left anterior descending coronary artery for 30 min and then 
reperfusion for 2 h. In groups (3), the rats were injected with 
choline chloride (5 mg/kg) via tail vein, and 30 min later the 
rats were subjected to ischemia for 30 min and reperfusion 
for 2 h. In groups (4), the rats were injected with choline 
chloride (5 mg/kg) via tail vein and rapamycin (5 mg/kg) 
intraperitoneally, and 30 min later the rats were subjected 
to ischemia for 30 min and reperfusion for 2 h. Cho: choline; 
rapa: rapamycin.
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(1:500), p62 (1:1000), GAPDH (1:1000) or β-tubulin (1:1000) overnight at 4°C, followed by incubation 
with fluorescence-labeled secondary goat-anti-rabbit or goat-anti-mouse antibody (IRDye 800CW, LI-COR 
Biosciences, Lincoln, NE, USA). The images were scanned by Odyssey CLx Infrared Imaging System (LI-COR 
Biosciences, Lincoln, NE, USA). Band densities were calculated by Odyssey CLx v2.1 software and normalized 
to GAPDH or β-tubulin as a loading control.

Reagents
Choline chloride was purchased from Sigma (St. Louis, MO, USA, purity ≥98%). Rapamycin was 

obtained from Solarbio Science & Technology Co. Ltd (Beijing, China, purity 98%). Anti-LC3 antibody was 
provided by Sigma (St. Louis, MO, USA). Anti-p-Akt (Ser473), anti-pan-Akt, anti-p-mTOR and anti-mTOR 
antibodies were provided by Cell Signaling Technology (Danvers, MA, USA). Anti-beclin-1 antibody was 
purchased from Abclonal (Wuhan, China). Anti-p62/SQTM1 antibody was purchased from Abcam (Dallas, 
USA). Anti-GAPDH antibody was purchased from ZSGB-BIO (Beijing, China). Anti-β-tubulin antibody was 
provided by Absin Bioscience Inc. (Shanghai, China).

Statistical analysis
All values were presented as Mean ± SEM. Statistical differences were assessed with one-way ANOVA for 

multiple-groups with Graphpad 5.0 software (San Diego, CA, USA). Bonferroni post-hoc test was performed 
after ANOVA. P<0.05 was considered to be statistically significant.

Results

Choline protects against cardiac IR injury
Previous studies by our laboratory and 

others have reported the protective role of 
choline against both ischemia insult and 
myocardial IR-induced arrhythmias [18-
20]. First of all, HE staining experiment was 
conducted to validate the protective effect of 
choline on cardiac IR injury. As displayed in 
Fig. 2A, cardiomyocytes fibers of myocardial 
IR rat ventricles were markedly damaged 
compared to sham rats, which was alleviated 
by choline. However, the beneficial effect of 
choline was reversed by rapamycin. Besides, 
cardiomyocyte apoptosis was also examined. 
As shown in Fig. 2B, apoptotic cells in 
myocardial IR rats were significantly higher 
than sham rats. Choline treatment markedly 
inhibited cardiomyocyte apoptosis, which 
was restored by rapamycin (Fig. 2D). These 
findings indicated that protective effect of 
choline could be reversed by rapamycin in 
myocardial IR rats.

Choline inhibits cardiac IR-induced 
autophagy
The above findings found that rapamycin 

could reverse the protective effect of 
choline, which suggested that autophagy is 
probably involved in the function of choline. 
So, we further investigated the changes of 
autophagic activity. Firstly, transmission 

Fig. 2. Effect of choline and rapamycin on mor-
phological changes, apoptosis and autophagy of 
rat left ventricular myocytes in response to IR. 
It was found that choline significantly inhibited 
cardiomyocyte apoptosis and autophagy in IR, 
and was blocked by rapamycin. (A) Representa-
tive images of haematoxylin and eosin (HE) stain-
ing from rat left ventricles, scale bar: 50 μm. (B) 
TUNEL staining pictures, scale bar: 20 μm. (C) 
Transmission electron microscope photographs 
showed the ultrastructure changes and autopha-
gosome of rat left ventricular myocytes, the mag-
nification is 12,000×, scale bar: 2 μm. (D) Ratio of 
TUNEL-positive cells (stained in brown) per field. 
(E) Quantitative analysis of autophagosomes per 
field. *P<0.05 vs. sham, #P<0.05 vs. IR, &P<0.05 
vs. Cho, n=5 each group.
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electron microscopy was used to detect 
the autophagosome in cardiomyocytes. As 
displayed in Fig. 2C, autophagosome was 
accumulated in IR rat ventricular myocytes. 
In contrast, the number of autophagosome 
was significantly reduced in choline 
group, which was abolished by rapamycin 
(Fig. 2E). We further validated protein 
expression of autophagic markers including 
LC3, beclin-1, and p62. Here we found that 
both LC3-II and beclin-1 expression was 
significantly increased in myocardial IR 
rats compared with sham rats, which was 
depressed by choline. However, the effects 
of choline were restored by rapamycin (Fig. 
3A-D). Furthermore, myocardial IR-induced 
p62 upregulation was reduced in choline 
rats, which was reversed by rapamycin (Fig. 
3E, F). Collectively, these data suggested 
that autophagosomes were accumulated 
and their degradation was impaired in 
myocardial IR, which was restored by 
choline.

Choline activates Akt/mTOR pathway
As rapamycin is a specific inhibitor 

of mTOR, protein expression of p-mTOR 
and mTOR was examined. As shown in 
Fig. 4C, protein level of p-mTOR was lower 
in myocardial IR rats than sham rats, and 
was significantly increased by choline. 
Rapamycin abolished the effect of choline 
on p-mTOR. No significant difference of 
mTOR expression was observed among these four groups. Furthermore, upstream signaling 
factor of mTOR, Akt was detected. It was indicated that protein expression of p-Akt was 
markedly decreased in myocardial IR, which was elevated by choline. In addition, we found 
that p-Akt expression in rapamycin-treated group was unchanged compared to choline 

Fig. 3. Protein expression of classical autopha-
gic markers including LC3, beclin-1 and p62. It 
was found that protein levels of LC3Ⅱ, beclin-1 
and p62 were increased in response to IR. Cho-
line markedly repressed the expression of these 
proteins, which was reversed by rapamycin. (A) 
Representative western blot bands of LC3. LC3 
bands comprise LC3-I at 18 kDa and LC3-II at 16 
kDa. (B) Statistical results of LC3-II/LC-3-I. (C) 
Representative western blot bands of beclin-1. 
(D) Statistical results of beclin-1 with GAPDH as 
internal control. (E) Representative western blot 
bands of p62. (F) Statistical results of p62 with 
GAPDH as internal control. *P<0.05 vs. sham, 
#P<0.05 vs. IR, &P<0.05 vs. Cho, n=5 each group.
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Fig. 4. Protein levels of Akt, mammalian target of 
rapamycin (mTOR) and phospho-S6 (p-S6). It was 
shown that protein expression of p-Akt and p-mTOR 
were downregulated in IR rats and upregulated by 
choline. Protein level of p-S6 was significantly in-
creased by choline. However, rapamycin significantly 
repressed protein level of p-mTOR and p-S6 without 
affecting expression of p-Akt. (A) Representative 
western blot bands of p-Akt and t-Akt. (B) Statistical 
results of p-Akt/t-Akt, *P<0.05 vs. sham, #P<0.05 vs. 
IR, n=5 each group. (C) Representative western blot 
bands of p-mTOR and mTOR (D) Statistical results 
of p-mTOR/mTOR, *P<0.05 vs. sham, #P<0.05 vs. IR, 
&P<0.05 vs. Cho, n=5 each group. (E) Representative 
western blot bands of p-S6. (F) Statistical results of 
p-S6/β-tubulin, *P<0.05 vs. IR, #P<0.05 vs. Cho, n=5 
each group.
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treatment group (Fig. 4A, B). Moreover, protein expression of phospho-S6 (p-S6, target of 
mTORC1) was examined. It was found that protein level of p-S6 was stimulated in IR and 
further increased by choline, whereas inhibited by rapamycin (Fig. 4E, F). Collectively, these 
findings supported that choline attenuated IR injury by activating Akt/mTORC1.

Discussion

Autophagy is an intracellular degradation system for damaged proteins and organelles, 
which plays an essential role in the biological activity and governs the death and survival 
of cells [25]. It has been widely accepted that autophagy is a double-edged sword, which 
may exert both protective and harmful effects. On one hand, autophagy could promote cell 
survival by removing damaged proteins during nutrient deprivation and ischemia/hypoxia. 
On the other hand, autophagy could also trigger cell death by excessive degradation of 
essential cellular components or interacting with apoptotic signals. Previous studies have 
suggested that the role of autophagy in reperfusion is closely related to the extent of ischemia 
[26]. In detail, they found that in neonatal rat cardiomyocytes (NRCs) and murine hearts, 
autophagy was increased in response to hypoxia/reoxygenation or ischemia/reperfusion 
in a time-dependent manner. And the roles of rapamycin were associated with the extent 
of injury. In addition, beclin-1 and LC3-II are two important markers of autophagosomes, 
which are upregulated during the reperfusion period and signify ongoing autophagy and 
cellular damage. It has been uncovered that autophagy resulting from myocardial ischemia/
hypoxia is mediated by AMPK pathway. Nevertheless, myocardial IR stimulates autophagy 
through a beclin-1-dependent but AMPK-independent mechanism [10, 27]. Matsui et 
al. found that a moderate autophagy during ischemia inhibited apoptosis and promoted 
cell survival by activating AMPK pathway, but overactivation of autophagy during the 
reperfusion period aggravated myocardial injury by upregulating beclin-1 signaling [27]. 
Similarly, autophagy activator rapamycin also displayed discrepant effects in myocardial 
IR. Several studies showed the cardioprotective effect of rapamycin against IR injury [28-
31]. For example, it was reported that rapamycin protected against IR injury by restoring 
phosphorylation of STAT3 and enhancing Akt phosphorylation [30]. However, another study 
reported that rapamycin abolished the protective effect of hydrogen sulfide in myocardial 
IR by inhibiting mTOR signals [15]. In our study, rapamycin abated the beneficial effect of 
choline in IR heart. Based on these findings, we find that these different performances of 
rapamycin may result from its diverse mechanisms by regulating distinct signaling pathways 
as a two-edged sword. In addition, just as described in previous study [26], it was speculated 
that the pharmacological effect of rapamycin is closely related to autophagic activity in the 
heart. When the autophagy is protective, rapamycin was positive to the cardiomyocyte as 
the inducer of autophagy. On the contrary, if the autophagy is deterimental, rapamycin was 
negative to the cardiomyocyte by activating autophagy as the inhibitor of mTOR. Therefore, 
therapies involving the modification of autophagy should be determined according to the 
duration of ischaemia/reperfusion.

In this study, enhanced LC3 expression as well as accumulated autophagosomes was 
detected in IR heart. However, activation of LC3 at a certain time point does not indicate 
autophagic flux, which may be interpreted as either increased autophagosomes by activated 
autophagy or accumulated autophagosomes by autophagy dysfunction. So, we further 
detected the level of p62/SQSTM1, a protein known to be degraded by autophagy. It was 
found that the expression of p62 was increased in IR heart, indicating that the increased LC3 
amount might be attributed to failure of autolysosome degradation. Moreover, we found that 
choline treatment inhibited p62 expression, which indicated that the decrease of LC3 level 
by choline might be attributed to promotion of autolysosome degradation. Similar results 
could be found in previous studies [32-35].

The dosage of rapamycin (5 mg/kg, ip) in this study was referred to previous studies 
[36, 37]. And it was noted that the dosage of rapamycin range from 0.25 mg/kg to 5 mg/
kg in previous studies. So, in our present study, protein expression of phospho-S6 (p-S6, 
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target of mTORC1) and Akt (target of mTORC2) were examined. We found that rapamycin 
significantly inhibited protein level of p-S6 without interfering with Akt phosphorylation. 
Therefore, these finding demonstrated that rapamycin selectively inhibited mTORC1.

Several previous studies have suggested that choline exerts a cardioprotective role 
against myocardial infarction, pathologic cardiac hypertrophy and ischemic arrhythmias. 
And the uncovered mechanisms include inhibition of cardiomyocyte apoptosis, decrease of 
calcium overload, regulation of a number of signaling pathways (eg. p38 and ERK pathways) 
and microRNAs (eg. miR-1, -376b-5p, -133) [38]. However, the relationship between choline 
and cardiomyocyte autophagy remain unclear. Therefore, here we demonstrated for the 
first time that choline attenuated cardiac IR-induced autophagic activity by activating Akt/
mTOR signaling pathway. Interestingly, previous study by Zhao and colleagues found that 
acetylcholine activated autophagy in H9c2 cells suffer from hypoxia/reoxygenation injury 
by AMPK pathways. In this study, they reported that acetylcholine-mediated autophagy was 
protective, which was abolished by autophagy inhibitor chloroqurine or Atg7 siRNA. It was 
displayed that the number of autophagosome and ratio of LC3-II/LC3-I were decreased in 
hypoxia/reoxygenation H9c2 cells [39]. These data indicated that autophagic activity was 
distinct after different treatments although the pharmacological effect of acetylcholine was 
similar to choline. Besides, another explanation for this discrepancy may be the modeling 
difference between in vitro and in vivo studies. Furthermore, it should be emphasized that 
several muscarinic receptors such as M2 and M3 receptors could be activated by selective 
muscarinic agonist choline. Thus, whether M2 or M3 receptor was responsible for the effect 
of choline-mediated autophagy in myocardial IR is interesting to study in future. Studies also 
found that long-term rapamycin treatment may even inhibit autophagy [40]. So, it should be 
noted that acute effects of choline and/or rapamycin investigated in the present study may 
not be extrapolated to their long-term performance.

It is well known that mTOR have two isoforms: mTORC1 and mTORC2. mTORC1 activates 
p70S6 kinase followed by phosphorylation of ribosomal protein S6 whereas mTORC2 
activates Akt by phosphorylation at Ser473. Rapamycin, as a commonly used inhibitor of 
mTOR, was found preferentially inhibits mTORC1 [41], although recent studies indicate that 
long-term treatment of rapamycin also inhibits mTORC2 [42]. Previous studies suggested 
that mTORC1 is the dominant complex stimulated by IR injury [43]. Consistently, in the 
present study, we found that rapamycin significantly inhibited p-mTOR without affecting 
phosphorylation of Akt expression at Ser473, suggesting that it specifically inhibited 
mTORC1 activity in IR hearts.

In conclusion, our study suggested that choline inhibited cardiac autophagy in IR rat 
heart by activating Akt/mTOR pathway, which added the new mechanistic information for 
the cardioprotective effect of choline and provides novel potential therapeutic targets for 
cardiac IR injury.
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