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Abstract: The aim of this study is to examine the role of thioredoxin-2 (Trx2) in autophagy and apoptosis during 
myocardial ischemia-reperfusion (I/R) injury in vitro. We employed the oxygen-glucose deprivation and reperfusion 
(OGD/R) model of H9c2 cells and used lentiviral infection to overexpress Trx2. H9c2 cell viability and injury assays 
were conducted using a Cell Counting Kit-8 (CCK-8) and alactate dehydrogenase (LDH) kit. The effects of Trx2 on au-
tophagy and apoptosis were measured by transmission electron microscopy (TEM), western blot, and flow cytometry. 
Our results showed that the expression of Trx2 was significantly decreased at reperfusion 6 h after OGD 12 h treat-
ment. Trx2 overexpression inhibited autophagy in H9c2 cells subjected to OGD/R. As the underlying mechanisms, 
both Akt kinase/the mammalian target of rapamycin (Akt/mTOR) and AMP-activated protein kinase (AMPK)/mTOR 
signaling pathways were involved in the regulation of Trx2 during autophagy, which was also mediated by reactive 
oxygen species (ROS). 3-methyladenine (3-MA), an inhibitor of autophagy, not only suppressed OGD/R-induced au-
tophagy but also decreased apoptosis. As a classical autophagy sensitizer, rapamycin (Rapa) augmented autophagy 
as well as apoptosis. Additionally, we further demonstrated that Trx2 could alleviate OGD/R-induced apoptosis 
via mitochondrion-mediated intrinsic apoptotic pathway. In summary, our data indicated that Trx2 protects cardio-
myocytes under OGD/R by inhibiting autophagy and apoptosis. Trx2 may be a crucial regulatory protein during I/R-
induced cardiomyocyte injury and death.
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Introduction

Ischemic heart disease is a major cause of 
death worldwide [1]. Medical and surgical 
reperfusion are the main therapeutic strate- 
gies used to treat ischemic heart disease [2]. 
However, accumulating evidence demonstra- 
tes that myocardial ischemia-reperfusion (I/R) 
injury can be induced during the recovery of 
blood flow to the ischemic myocardium [3, 4]. 
Therefore, pivotal strategies should be consid-
ered to prevent and reduce myocardial I/R 
injury. 

There are multiple biological processes and cell 
signaling pathways involved in myocardial I/R 
injury. Emerging studies suggest that autopha-
gy is implicated in myocardial I/R and that the 
results of myocardial I/R injury are affected by 

regulating autophagy [5-7]. As a conserved and 
catabolic lysosomal degradation pathway, 
autophagy is a dynamic process that degrades 
and recycles old or damaged proteins and 
organelles and serves a crucial function under 
both physiological and pathological circum-
stances by maintaining cellular homoeostasis 
[7, 8]. Moderate autophagy may be protective 
for cell survival as an adaptive response of myo-
cardial cells, while excessive autophagy may 
result in the acceleration of cell death. Some 
investigators have shown that up-regulation of 
autophagy helps protect myocardial cells by 
advancing protein decomposition and organelle 
turnover during nutrient deficiencies, such as 
hypoxia or ischemia [9, 10]. However, most 
lines of evidence illustrate that autophagy is 
further induced and detrimental during myocar-
dial reperfusion injury [5, 6, 11]. 
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Thioredoxins are small proteins that are crucial 
for maintaining the balance of cellular redox 
and are involved in the control of oxidative 
stress and cell death [12]. Thioredoxin-2 (Trx2) 
is a mitochondrial form of the thioredoxin 
superfamily and is highly expressed in heart 
and other tissues of high metabolic demand, 
such as the brain and liver [13]. Myocardial 
mitochondria are considered a major site for 
reactive oxygen species (ROS) production [14]. 
Trx2 can directly catalyze mitochondrial thiol-
disulfide exchanges and scavenge cellular ROS 
[15, 16]. Previous studies have demonstrated 
that Trx2 is critical for maintaining cardiac func-
tion by suppressing ROS production, preserving 
mitochondrial integrity, and preventing apopto-
sis [13, 16]. However, the relationship between 
Trx2 and autophagy remains uncertain.

In this study, we used the oxygen-glucose depri-
vation and reperfusion (OGD/R) model of the 
H9c2 culture line to imitate myocardial I/R con-
ditions and investigated whether the protective 
effects of Trx2 are involved in inhibiting autoph-
agy and apoptosis to alleviate myocardial I/R 
injury in vitro.

Materials and methods

Cell culture and the induction of OGD/R

The H9c2 cardiomyocyte cell line (rat embryon-
ic ventricular myocytes) was purchased from 
the Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China). The H9c2 cells 
were maintained in DMEM high-glucose  
medium (HyClone, Beijing, China, Cat. No. 
SH30243.01FS) and supplemented with 10% 
fetal bovineserum (FBS, Gibco, Carlsbad, CA, 
USA, Cat. No. 10099141) and 1% penicillin-
streptomycin (Gibco, Cat. No. C0222) in a 
humidified atmosphere containing 5% CO2 at 
37°C. For the OGD/R experiments, OGD was 
conducted by incubating the cells in glucose-
free DMEM medium (Gibco, Cat. No. 119660- 
25) within an anaerobic chamber (1% O2, 5% 
CO2) at 37°C for 12 h to imitate ischemic  
injury. Then the cells were incubated with nor-
mal culture medium under normoxic condi- 
tions (95% air, 5% CO2) for 3, 6, 12, and 24 h  
at 37°C (reperfusion, R). The glucose and oxy-
gen conditions described approximates the 
reperfusion process in vivo. Normoxic control 
cells were treated identically without OGD/R.

H9c2 viability assay and lactate dehydroge-
nase (LDH) secretion

To evaluate the OGD/R model, the H9c2 cells 
were seeded in 96-well plates, and cell viability 
was assayed by Cell Counting Kit-8 (CCK- 
8) (DOJINDO, Kumamoto, Japan, Cat. No. 
AY-4710P) after OGD/R treatments. To assay 
the degree of cell injury induced by OGD/R  
protocol, LDH released into culture media  
was measured using a LDH Activity Assay kit 
(Beyotime Institute of Biotechnology, Shang- 
hai, China, Cat. No. C0016). At the reperfusion 
time points indicated previously, cell viability 
and injury were assayed according to the manu-
facturer’s instructions.

Lentiviral overexpression of Trx2 (Lv-Trx2) and 
Lv-Trx2 H9c2 cell line construction

The virus packaging system contains three 
plasmid vectors. EcoRI and BamHI are inser-
tion sites. The pLenO-CMV-MCS-EF1α-Puro 
vector contains a CMV promoter to initiate the 
expression of target genes and a puromycin 
resistance gene to screen the cell clones 
expressing the target gene. Briefly, Lv-Trx2  
was produced by three-plasmid co-trans- 
fection of 293T cells. The viruses were concen-
trated by ultracentrifugation and titered by 
transduction of confluent 293T cells. The 
Lv-Trx2 H9c2 cell line was constructed by 
Lv-Trx2 infection and puromycin screening. 
Lv-vector H9c2 cells were treated as control 
cells.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from normal and 
Lv-Trx2 H9c2 cells using TRIzol Reagent 
(Takara, Dalian, China, Cat. No. Cat. No.
RR036A). cDNA was synthesized via reverse 
transcription reactions with PrimeScript RT 
Master Mix (Takara). qRT-PCR analysis was  
performed using SYBR Premix Ex Taq (TaKaRa, 
Cat. No. Cat. No. RR420A) according to the 
manufacturer’s instructions. β-actin was used 
for normalization. Reactions were conducted 
using the ABI Prism 7500 Real-Time PCR 
System (Applied Biosystems, Foster City, CA, 
USA). The primers used in this study for qRT-
PCR were as follows:

Forward 5’-TGCTGGTGGTCTAACTGGAAC-3’ and 
Reverse 5’-TCAATGGCAAGGTCTGTGTG-3’ for 
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Trx2; Forward 5’-AGAGCCTCGCCTTTGCCGAT-3’ 
and Reverse 5’-TGCCAGATTTTCTCCATGTCGT-3’ 
for β-actin. 

Drug treatment

3-methyladenine(3-MA, Cat. No. M9281), 
rapamycin (Rapa, Cat. No. V900930) and 
N-acetyl-L-cysteine (NAC, Cat. No. A7250) were 
purchased from Sigma-Aldrich (St. Louis, MO, 
USA). 3-MA (final concentration of 10 mM) and 
Rapa (final concentration of 100 nM) were dis-
solved in DMSO and administered to the medi-
um at the onset of reperfusion. All cells were 
compared with a control group that received 
the same amount of DMSO. NAC (final concen-
tration of 500 μM) was dissolved in sterile dou-
ble-distilled water and administered to the 
medium for 60 min of incubation before and 
during OGD/R. The cells were harvested for 
subsequent experiments.

Western blot

Proteins were extracted from H9c2 cells that 
had been treated with the conditions indicated. 
The measurement of protein concentrations in 
the lysates was performed with a BCA assay kit 
(Beyotime Institute of Biotechnology, Shanghai, 
China, Cat. No. P0010). For western blot analy-
sis, equal amounts of protein (30 μg/lane) were 
subjected to a 6% or 12% SDS-PAGE. The pro-
teins were then blotted onto polyvinylidenedi-
fluoride (PVDF) membranes (Millipore), which 
were then blocked with 5% nonfat milk for 2 h 
at room temperature. The membranes were 
incubated with the corresponding primary anti-
bodies at 4°C overnight. Antibodies included: 
rabbit anti-Trx2 (1:10000, Abcam, Cambridge, 
UK, Cat. No. ab185544), rabbit anti-LC3A/B 
(1:1000, Abcam, Cat. No. ab48394), rabbit 
anti-APG5L/ATG5 (1:1000, Abcam, Cat. No. 
ab108327), rabbit anti-Beclin-1 (1:1000, Cell 
Signaling Technology, Danvers, MA, USA, Cat. 
No. 3495), rabbit anti-phospho-mTOR (1:1000, 
Cell Signaling Technology, Cat. No. 2971),  
rabbit anti-mTOR (1:1000, Cell Signaling 
Technology, Cat. No. 2983), rabbit anti-phos-
pho-ERK1/2 (Thr202/Tyr204) (1:1000, Cell 
Signaling Technology, Cat. No. 4094), rabbit 
anti-phospho-Akt (1:1000, Cell Signaling 
Technology, Cat. No. 4060), rabbit anti-Akt 
(1:1000, Cell Signaling Technology, Cat. No. 
4691), rabbit anti-phospho-AMPK (1:1000,  
Cell Signaling Technology, Cat. No. 2535), rab-

bit anti-AMPK (1:1000, Cell Signaling Tech- 
nology, Cat. No. 5832), rabbit anti-cleaved cas-
pase3 (1:1000, Cell Signaling Technology, Cat. 
No. 9664), rabbit anti-Bcl-2 (1:1000, Abcam, 
Cat. No. ab59348), rabbit anti-Bax (1:5000, 
Abcam, Cat. No. ab32503), and mouse anti-β-
actin (1:5000, Abcam, Cat. No. ab8226). The 
PVDF membranes were washed and then incu-
bated with appropriate secondary antibodies 
for 1 h at room temperature. Protein bands 
were visualized using a chemiluminescence 
imaging analysis system, and quantitation was 
analyzed using ChemiDoc XRS+ software (Bio-
Rad Laboratories, Hercules, CA, USA).

Transmission electron microscopy (TEM) assay

H9c2 cell samples were treated for TEM using 
routine procedures [17]. Briefly, H9c2 cells 
were washed with phosphate buffer saline 
(PBS, Gibco, Cat. No. 8115178) and then fixed 
in glutaraldehyde (2%) for 2 h at 4°C. The cells 
were collected and the process of treatment 
passed through post fixation, dehydration, 
embedding, and solidification in turn. Thin sec-
tions were obtained and examined with a 
Morgagni 286 transmission electron micro-
scope (FEI Company, Eindhoven, Netherlands).

ROS production assay

The production of cellular ROS was assayed 
with a ROS assay kit (Beyotime Institute of 
Biotechnology, China, Cat. No. S0033). H9c2 
cells had been treated with the conditions indi-
cated and then incubated with 10 μM 2’,7’- 
dichlorodihydrofluoresceindiacetate (DCFH-DA) 
for 20 min in the dark at 37°C and washed 
three times with serum-free medium. The cells 
were then collected into the flow tubes, and 
DCFH-DA fluorescence was detected at 525 nm 
by flow cytometry.

Flow cytometry analysis of apoptosis

For apoptosis analysis, an Annexin V-PE/7-AAD 
apoptosis assay kit (eBioscience, California, 
America, Cat. No. 559763) was used following 
the manufacturer’s instructions. In brief, H9c2 
cells were harvested after treatment, washed 
twice with PBS, and then resuspended in 100 
μL of binding buffer after staining with Annexin 
V-PE/7-AAD in the dark for 15 min. The sam-
ples were immediately mixed with 400 μL of 
binding buffer and then analyzed by flow cytom-
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eter (Becton-Dickinson, Franklin Lakes, NJ, 
USA).

Statistical analysis

All experiments were repeated at least three 
times independently, and the data were pre-
sented as the means ± SD. All statistical tests 
were analyzed with GraphPad Prism 6. 
Statistical comparisons were conducted using 
Student’s t test or a one-way analysis of vari-
ance (ANOVA). P < 0.05 was considered statisti-
cally significant. 

Results

Trx2 expression was reduced during OGD/R 
injury

OGD/R-induced myocardial cell injury acts as 
an in vitro model of myocardial I/R injury. In our 

study, H9c2 cells were subjected to 12 h of 
OGD followed by reperfusion for 0, 3, 6, 12, 24 
h, at which times cell viability and LDH leakage 
were detected. We found that the viability of 
H9c2 cells decreased markedly with prolonged 
reperfusion time, with a little increase at reper-
fusion 24 h (Figure 1A). Only 51.6% of H9c2 
cells remained viable at 6 h. Meanwhile, LDH 
release increased significantly from OGD 12 h 
to 24 h after reperfusion (Figure 1B). Moreover, 
western blot analysis showed that the expres-
sion of Trx2 declined after OGD/R and reached 
a nadir at reperfusion 6 h, as shown in Figure 
1C. 

Trx2 overexpression alleviates OGD/R injury

Because the expression of Trx2 declined to a 
nadir at reperfusion 6 h, we chose this time 
point for the following study. To clarify whether 

Figure 1. H9c2 cells were subjected to 12 h oxygen-glucose deprivation (OGD) followed by reperfusion for 3 h, 6 h, 
12 h, 24 h. A. The cell viability of H9c2 cells after oxygen-glucose deprivation and reperfusion (OGD/R) assayed by 
Cell Counting Kit-8 (CCK-8). B. OGD/R induced H9c2 cell injury evaluated by lactate dehydrogenase (LDH) assay. C, 
D. Western blot assay showed the expression of thioredoxin-2 (Trx2) at the indicated time points during OGD/R. *P 
< 0.05 vs control, ***P < 0.001 vs control.
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Trx2 plays an important role in protecting myo-
cardial OGD/R injury, we constructed an H9c2 
cell line encoding lentivirus-mediated Trx2 
overexpression (Lv-Trx2 H9c2). Lv-vector H9c2 
cells were treated as control cells. qRT-PCR and 
western blot analysis showed that significant 
Trx2 overexpression was observed in the Lv- 
Trx2 H9c2 cell line compared to the Lv-vector 
group under normoxic conditions (Figure 2A, 
2B). After OGD/R injury, the expression level of 
Trx2 protein was reduced but remained mark-
edly higher than in the Lv-vector group (Figure 
2B). The effect of Trx2 on OGD/R injury in H9c2 
cells was examined by CCK-8 and LDH assay. 
As shown in Figure 2C, 2D, Trx2 overexpression 

decreased the susceptibility of H9c2 cells to 
OGD/R injury, resulting in increased cell viabili-
ty and decreased LDH leakage compared with 
Lv-vector group. 

Trx2-mediated protection involved the inhibi-
tion of autophagy in H9c2 cells during OGD/R 
injury

Autophagy activation was confirmed by TEM. 
The presence of typical autophagic vacuoles 
were observed in H9c2 cells after OGD/R, com-
pared with few vacuoles in control cells (Figure 
3A, 3B). These autophagic vacuoles included 
numerous double membrane-bound bodies 
and contained degenerated organelles. Less 

Figure 2. Effects of Trx2 overexpression in Lv-Trx2 H9c2 cells with OGD/R model. A. Quantitative real-time PCR 
(qRT-PCR) analysis of Trx2 mRNA expression. B. Western blot result showing Trx2 expression. A, B. *P < 0.05 vs 
corresponding normoxia group, #P < 0.05 vs corresponding Lv-vector group. C. The cell viability measured by CCK-8 
assay. D. Cell injury evaluated by LDH kit. C, D. **P < 0.01 vs control group, @P > 0.05 vs OGD/R group, #P < 0.05 
vs Lv-vector group.
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accumulation of autophagic vacuoles was 
observed in Lv-Trx2 H9c2 cell line (Figure 3A, 
3B). Moreover, we further determined the 
expression of autophagy-related proteins dur-
ing OGD/R. Microtubule-associated protein 
light chain 3 II (LC3 II) is the lipid form of LC3 
and an acceptable marker for autophagy initia-
tion. Western blot analysis showed that the 
expression of LC3 II was increased after OGD/R 
and peaked at reperfusion 6 h (Figure 3C, 3D). 
Another two autophagy-related markers, ATG5 
and Beclin1, increased from 12 h OGD to 24 h 
after reperfusion compared with the control 
cells (Figure 3C, 3D). To better explore the 
effect of Trx2 on autophagy, we choose two 

time points (at reperfusion 6 h and 12 h) to  
confirm the effect of Trx2 on the expression of 
autophagy-related proteins after OGD/R injury. 
Compared with the Lv-vector group, Lv-Trx2 
H9c2 cells decreased the accumulation of  
LC3 II (Figure 4A, 4B). Also, a significant reduc-
tion in the expression of Beclin-1 and ATG5 was 
observed at 6 h and 12 h after reperfusion in 
Lv-Trx2 H9c2 cells (Figure 4A, 4B). 

Potential molecular mechanisms of Trx2 regu-
lation during autophagy

We explored the potential molecular mecha-
nisms underlying the regulation of Trx2 on 

Figure 3. Effects of Trx2 on OGD/R-induced autophagy in H9c2 cells. (A) Representative autophagosome images 
of the electron microscopic analysis in H9c2 cells (scale bar, 1 μm). (B) Quantification of the number of autopha-
gosome from (A). (C, D) Western blot showed that OGD/R induced the expression of autophagy-related proteins 
microtubule-associated protein light chain 3 (LC3), ATG5, and Beclin-1. *P < 0.05 vs control, @P > 0.05 vs OGD/R 
group, #P < 0.05 vs LV-vector group.
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autophagy. Figure 4C, 4D showed that the level 
of phospho-mTOR (p-mTOR) increased signifi-
cantly in the Lv-Trx2 H9c2 cell line compared  
to the Lv-vector group under the context of 
OGD/R, while the total mTOR level was nearly 
unchanged. To further explore the upstream 
signal targeting mTOR, we examined whether 
three key mediators of mTOR-AMP-activated 
protein kinase (AMPK), serine/threonine kinase 
Akt, and extracellular signal-regulated kinase 
1/2 (ERK1/2)- were involved in the mTOR-
dependent pathway. We found that Trx2 over- 
expression induced heightened expression of 

p-Akt and decreased the activation of p-AMPK. 
There was no obvious change trend for 
p-ERK1/2 between the two groups (Figure 4C, 
4D).

Trx2 regulated OGD/R-induced autophagy by 
reducing ROS accumulation

As an important mediator of autophagy, cellular 
ROS was detected by flow cytometry using 
DCFH-DA. H9c2 cells were subjected to NAC 
prior to OGD/R treatment, and the level of LC3 
II was determined by western blot analysis to 

Figure 4. Trx2 inhibited autophagy through the mammalian target of rapamycin (mTOR)-dependent pathway in H9c2 
cells subjected to OGD/R. A, B. Western blot results of autophagy-related proteins at reperfusion 6 h and 12 h. C, 
D. Western blot showed the effects of Trx2 on the expression of mTOR, extracellular signal-regulated kinase 1/2 
(ERK1/2), the serine/threonine kinase Akt (Akt), and AMP-activated protein kinase (AMPK) at 6 h and 12 h after 
reperfusion. *P < 0.05 vs corresponding Lv-vector group, @P > 0.05 vs corresponding Lv-vector group.
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explore the role of ROS during Trx2-regulated 
autophagy. As shown in Figure 5A, 5B, OGD/R 
injury caused ROS accumulation in H9c2 cells 
while the pre-treatment of NAC and Trx2 over-
expression both reduced ROS accumulation.  
In particular, we also found that the pre-treat-
ment of NAC and the overexpression of Trx2 
both rescued LC3-II accumulation induced by 
OGD/R injury (Figure 5C, 5D).

Apoptosis induced by OGD/R is related to au-
tophagy

As indicated, we hypothesized that Trx2 in- 
hibits autophagy, providing a protective effect 
during OGD/R injury. 3-MA, a classical autopha-
gy inhibitor, and Rapa, a classical autophagy 
sensitizer, were employed to further verify our 
hypothesis. As shown in Figure 6, the expres-

sion levels of LC3 II and cleaved caspase-3 
(c-cas3) decreased when administrated with 
3-MA, while the application of Rapa sharply 
enhanced LC3-II as well as c-cas3 protein 
expression.

Trx2 decreased apoptosis induced by OGD/R 
in H9c2 cells

Flow cytometry analysis indicated that Trx2 
attenuated OGD/R-induced apoptosis in H9c2 
cells (Figure 7A, 7B). In addition, we examined 
the expression levels of apoptosis-related pro-
teins using western blot analysis. The results 
indicated that the activation of c-cas3 was 
induced significantly during OGD/R injury, while 
Trx2 overexpression could reduce this tenden-
cy (Figure 7C, 7D). Additionally, we found that 
Trx2 increased the downregulation tendency of 

Figure 5. Trx2-regulated autophagy was mediated by reactive oxygen species (ROS). A. The level of ROS was deter-
mined by flow cytometry assay. B. The mean fluorescence intensity (MFI) of 2’,7’-dichlorodihydroflurescein (DCF) 
was used to reflect cellular ROS levels. C, D. LC3-II accumulation was analyzed by western blotting analysis. *P < 
0.05 vs control, #P < 0.05 vs OGD/R group.
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Bcl-2 and alleviated the upregulation tendency 
of Bax in the H9c2 cells subjected to OGD/R 
(Figure 7C, 7D).

Discussion

Cell death plays an essential role in ischemic 
reperfusion pathogenesis. For several decades, 
apoptosis, known as Type I cell death, has been 
identified as the principal mechanism for pro-
grammed cell death and extensively studied in 
mammalian tissues [18]. However, the process 
of cell death is complex and well controlled. 
Recently, mounting studies have reported 
autophagy activation in myocardial ischemia 
and reperfusion in vitro and in vivo [5, 9, 19]. 
Excessive or dysregulated autophagy leads to 
cardiomyocyte damage or even death, also 
known as Type II programmed cell death [5, 
20]. In our study, we used a cardiomyocyte 
OGD/R model to demonstrate that the overex-

pression of Trx2 via a recombinant lentiviral 
vector is a promising cardioprotective strategy 
to reduce autophagic and apoptotic effects in 
vitro. Firstly, we showed that lentiviral infection 
effectively led to the overexpression of Trx2  
in H9c2 cells, which significantly alleviated 
OGD/R injury. Secondly, we proved that Trx2-
mediated protection involved the inhibition of 
autophagy through the mTOR pathway. Finally, 
we further demonstrated that Trx2 could allevi-
ate apoptosis induced by OGD/R via the mito-
chondrion-mediated intrinsic apoptotic path-
way. Taken together, these data strongly con-
firm the cardioprotective role of Trx2 in vitro.

There are many signaling cascades involved in 
autophagy regulation in response to different 
stimuli in cells’ internal and external environ-
ments [21]. However, a master regulator, ser-
ine/threonine kinase mTOR, is known as the 
classical pathway [22]. The mTOR pathway 
includes two functional complexes: one is 
mTORC1 (the mTOR complex 1), which is 
rapamycin-sensitive and regulates autophagy 
negatively, and the other is mTORC2 (the mTOR 
complex 2), which cannot regulate autophagy 
directly [20]. The activity of mTOR is regulated 
by ERK1/2, Akt, and AMPK, key upstream sig-
naling molecules of mTOR [21]. They converge 
on mTOR to regulate downstream molecules 
and then regulate the autophagy process. The 
Ras/Raf1/ERK1/2 pathway is reported to posi-
tively regulate autophagy in response to nutri-
ent starvation via inhibition of mTOR in the cell 
[18, 23]. As a key mediator of mTOR, AMPK has 
demonstrated positive regulation of autophagy 
by negatively regulating mTOR activity [24-27]. 
Akt is a downstream regulator of PI3K, and the 
PI3K/Akt/mTOR pathway plays an important 
part in cell autophagy [28]. The activation of 
Akt could decrease autophagy by activating 
mTOR [29]. We found that Trx2 enhanced the 
activation of mTORC1, which resulted in 
decreased autophagy. Our results indicate that 
Trx2 decreased the activation of AMPK and 
heightened the expression of p-Akt. However, 
there was no obvious change trend for the 
ERK1/2 pathway. These results indicate that 
Akt/mTOR and AMPK/mTOR signaling path-
ways were involved in Trx2-regulated autopha-
gy. In addition, a growing number of studies in 
recent years have demonstrated that ROS are 
important mediators of autophagy [30]. Trx2, 
as a mitochondrial form of the Trx system, is 

Figure 6. The apoptosis induced by OGD/R was relat-
ed to autophagy. A, B. Western blot analysis showed 
the expression level of LC3 and cleaved caspase3 
(c-cas3) treated with3-methyladenine (3-MA) and ra-
pamycin (Rapa). *P < 0.05 vs control, #P < 0.05 vs 
OGD/R group.
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critical for maintaining cellular redox balance, 
thus controlling cellular oxidative stress [12]. 
NAC, a ROS scavenger, can markedly block 
intracellular ROS, which plays a crucial role in 
the activation of autophagy. Our data showed 
that inhibition of ROS by NAC and Trx2 overex-
pression can decrease not only ROS levels but 
also the level of LC3 II, which suggests that 
ROS could mediate the induction of autophagy. 
In addition, it is possible that a more complex 
regulation network is involved in Trx2-regulated 
autophagy in the content of OGD/R of H9c2 
cells. The detailed roles of the network of  
regulation in Trx2-regulated autophagy remain 
to be further explored.

Previous studies reported that Trx2 is involved 
in the mitochondrial apoptosis signaling path-
way, which is induced in response to various 
stimuli, including oxidative stress, and is regu-
lated by the Bcl-2 family [16, 31]. The main 
pathway of cell apoptosis is dependent on the 
caspase pathway, and caspase3 is the final 
executor of cell apoptosis [32]. In this study, 
flow cytometry assay showed that Trx2 attenu-
ates apoptosis. Western blot analysis demon-
strated that Trx2 could inhibit c-cas3 protein 
expression. Moreover, Trx2 could decrease the 
expression of Bax and enhance Bcl-2 protein 
level, which showed that the regulation of Trx2 
on OGD/R-induced apoptosis is via mitochon-

Figure 7. Trx2 decreased OGD/R-induced apoptosis in H9c2 cells. A, B. Flow cytometry analysis showed apoptosis 
induced by OGD/R was inhibited by Trx2 overexpression. C, D. Western blot analysis showed the expression levels 
of cleaved caspase-3 (c-cas3), Bcl-2, and Bax. *P < 0.05 vs control, @P > 0.05 vs OGD/R group, #P < 0.05 vs Lv-
vector group.
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drion-mediated intrinsic apoptotic pathway. 
Booth and co-workers reported that the bound-
ary is not completely clear between Type I cell 
death and Type II cell death because apoptosis 
possibly begins with autophagy, and autophagy 
usually ends with apoptosis [18]. Moreover, 
several studies suggest that autophagy may 
enhance cell apoptosis, and inhibition of 
autophagy could reduce apoptosis [33, 34]. 
Our data demonstrated that the autophagy 
inducer Rapa increased apoptosis, and the 
autophagy inhibitor 3-MA promoted cell surviv-
al against OGD/R in the H9c2 cells. As distinct 
cellular processes, autophagy and apoptosis 
have different morphological and biochemical 
features; however, the protein networks 
between them can be highly interconnected.  
In this respect, more research is needed to 
determine the complex interplay between 
autophagic and apoptotic proteins.

In summary, data from our study revealed  
that Trx2 provided cardio protection against 
OGD/R injury by inhibiting autophagy and  
apoptosis in vitro. Our current knowledge will 
provide a theoretical foundation for further 
studying the effect of Trx2 in vivo and a new 
insight into the pathogenesis of myocardial I/R.
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