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Abstract: The aim of this study is to explore the role of thioredoxin-2 (Trx2) in autophagy and apoptosis during myo-
cardial ischemia-reperfusion (I/R) injury in vivo. In the study, adult male Sprague-Dawley rats were assigned to four 
groups at random and pretreated with normal saline (sham operation and I/R groups) and either a control lentivirus 
(Lv-GFP-N) or one expressing Trx2 (Lv-GFP-Trx2). Sevendays after pretreatment, rat MIRI models were produced 
via occlusion of the left anterior descending coronary artery for 30 min followed by reperfusion for 6 h. Hearts and 
blood were harvested to assess efficiency of lentivirus transfection via immunofluorescence staining, quantitative 
RT-PCR and western blotting, oxidative stress via the malondialdehyde level and superoxide dismutase activity, 
myocardial damage via myocardial enzymelevels and histopathological staining, myocardial apoptosis via TUNEL 
assays and western blotting, and myocardial autophagy viawestern blotting. Our results showed thatthe delivery of 
Lv-GFP-Trx2 into the myocardium remarkably increased Trx2 expression. The upregulation of Trx2 contributed to al-
leviation of oxidative stress, attenuation of myocardial histological damage, reduced leakage of myocardial enzyme 
and decrease in infarct size. Moreover, the overexpression of Trx2 was significantly associated with thedecreased 
incidence of apoptosis via ASK1-dependent intrinsic mitochondrial apoptotic pathwayand autophagy via the mam-
malian target of rapamycin (mTOR) pathway. The study indicates that upregulation of Trx2 protectsthe myocardium 
from MIRI and isinvolved inthe inhibition of apoptosis and autophagy. Therefore, Trx2 isa promising therapeutic 
strategy for attenuating MIRI.
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Introduction

As an emergency manifestation of ischaemic 
heart disease (IHD), ST-segment elevation myo-
cardial infarction (STEMI) has high mortality 
and causes disability worldwide [1]. Timely and 
complete reperfusion is the most effective way 
to reduce infarct size and limit subsequent  
ventricular remodeling [2], however, reperfu-
sion per se contributes to additional irrevers-
ible injury to the myocardium and affects the 
final infarct size, and is therefore termed myo-
cardial ischemia/reperfusion (I/R) injury [3].
Therefore, the ‘last frontier’ of reperfusion ther-
apy is to prevent and treat lethal reperfusion 
injury [4]. 

During I/R injury, oxidative damage plays a cru-
cial role in starting the generation of excess 

reactive oxygen species (ROS) and eventually 
progresses, causingcell death due to necrosis, 
apoptosis and autophagy [5]. Cell necrosis is 
thought to be an unregulated mode of cell 
death [6, 7]. However, more regulated modes  
of cell death also occur in infarcted myocardi-
um. Apoptosis is characterized by its typical 
DNA fragmentation and lack of an inflamma- 
tory response [8]. It is energydependent and in-
itiated extrinsically by sarcolemmal receptors 
and intrinsically through cytochrome c released 
from damaged mitochondria [8]. Autophagy is a 
dynamic catabolic conserved lysosomal degra-
dation pathway which degrades and recycles 
old or damaged proteins and organelles [9]. It 
also plays a critical role through maintaining 
cellular homoeostasis under physiological and 
pathological conditions [9]. Its role in myocar-
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dial I/Rinjury (MIRI) is less clear [10]. Much evi-
dence illustrates that autophagy is activated 
during ischemia and further induced during 
myocardial reperfusion [11]. In addition, necro- 
ptosis, which has features of both necrosis  
and apoptosis, is initiated through the activa-
tion of specific receptor-interacting kinases 
[12]. Although the relative contribution of each 
cell death mode to infarct size in MIRI remains 
unclear [6, 7], a role for mitochondria is criti- 
cal to all of them [7]. Intracellular ROS are  
mainly derived from mitochondrial superoxide 
from the monoelectronic reduction of oxygen 
[13]. Superoxide dismutase (SOD) efficiently 
dismutatessuperoxide to hydrogen peroxide 
(H2O2). Thus, mitochondria are the major site 
generating H2O2. Therefore, it is critical to tigh- 
tly regulate mitochondrial H2O2 and the cell 
death signaling pathway, which would be spe-
cific targets for pharmacological cardioprotec-
tion [7]. 

Besides the glutathione (GSH) system, the thio-
redoxin (Trx) system is also crucial to protect 
against oxidative stress in mitochondria [14]. 
The Trx system in mitochondria is composed  
of Trx2, Trxreductase 2 (TrxR2) and peroxire-
doxin (Prx) [15]. Trx2 has been reported to be 
ubiquitously expressed with high distribution in 
metabolically active tissues such ascardiac 
muscle, skeletal muscle,and brain [16]. Along 
with Prx3, Trx2 is critical for eliminating H2O2  
to maintaina reducing mitochondrial matrix 
environment [17]. Previous studies have report-
ed that Trx2 is more stable than other thiore-
doxins in mammals because it lacks structural 
cysteine residues except for the two located at 

diomyocytes under OGD/R by inhibiting auto- 
phagy and apoptosis [20]. Based on the data  
in vitro, we examined the potential of Trx2 gene 
therapy and further explored the underlying 
mechanisms involved in apoptosis and autoph-
agyin a rat MIRI model in vivo.

Materials and methods

Lentiviral constructs 

The lentivirus used in the study was commer-
cially constructed by Bio-Link (Shanghai, China). 
Lentiviral vectors encoding GFP-Trx2 (Lv-GFP-
Trx2) or GFP as control (Lv-GFP-N) were con-
structed using routine procedures [21]. In brief, 
the plasmid vectors were extracted at high 
purity with an endotoxin-free solution and then 
were co-transfected into 293T cells. The medi-
um was replaced with complete medium 8 h 
after transfection. After 48 h of culture, the 
supernatant, rich in lentivirus particles, was 
collected and filtered through a 0.45 μm filter 
(Millipore). Finally, the viruswas concentrated 
by ultracentrifugation and the titer was assayed. 
The final titer was 2 × 109 TU/ml.

Animals and experimental design

Adult male Sprague-Dawley rats (SPF grade, 
n=40) weighing 240-260 g were provided by 
Shanghai Songlian Laboratory Animal Farms 
(production license SCXK2007-0011). All ani-
mal experiments wereapproved by the ethics 
committee of Xinhua Hospital, affiliated with 
Shanghai Jiaotong University School of Med- 
icine (Shanghai, China; approval no. XHEC-F- 

Figure 1. Diagram of experimental protocol. Shown are the grouping of ex-
perimental animals and the time pointsof lentiviral injection, ischemia/re-
perfusionand specimen collection. Lv-G-N=Lv-GFP-N, Lv-G-T=Lv-GFP-Trx2.

the active site [18] and plays  
a more important role in pre-
venting mitochondrial dysfu- 
nction than the GSH system 
[19]. In addition, Trx2 is relat-
ed to control of the intrinsic 
mitochondrial apoptotic path-
way [17]. It is recently sug- 
gested that Trx2 is essential 
for maintaining cardiac func-
tion via suppressing mitocho- 
ndrial ROS production as well  
as ASK1-dependent apoptosis 
during dilated cardiomyopathy 
and heart failure [16].

In our previous study, we had 
found that Trx2 protects car-
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2016-012). The rats were housed in a clean 
and quiet environment at controlled tempera-
ture (24-26°C) and humidity (55% ± 5%) and  
a 12 h light/12 h dark cycle. Water and food 
were available ad libitum. After adaptive feed-
ing for a week, the rats were assigned randomly 
to four groups (10 for each group): the sham 
operation (SO) groupwith normal saline (with-
out left anterior descending occlusion), the 
myocardial I/R group with normal saline (I/R 
group), the myocardial I/R group with Lv-GFP-N 
(Lv-G-N group), and the myocardial I/R group 
with Lv-GFP-Trx2 (Lv-G-T group) (Figure 1). 

Lentivirus transduction in vivo and rat myocar-
dial I/R model

Recombinant lentiviral vectors, Lv-GFP-N (1 × 
107 TU/30 µl/rat) or Lv-GFP-Trx2 (1 × 107 TU/30 
µl/rat), and an equal volume of normal saline 
were prepared and kept on ice. After being 
anaesthetized by intraperitoneal injection of 
pentobarbital sodium (50 mg/kg), the rats 
were fixed on the operating board. A tracheal 
cannula was inserted and connected to a  
small animal mechanical ventilator (75 breaths/
min). A left thoracotomy was performed be- 
tween the fourth and fifth ribs and the heart-
was exposed. After incising the pericardium, 
intramyocardial injections were performed via 
a 50 μl microinjector with a 30-gauge needle 
(Hamilton, Reno, NV, USA) at fiveseparate sites 
of the left ventricular anterior wall. Lastly, the 
chest was sutured rapidly. Sevendays afterin-
tramyocardial injection, myocardial I/R models 
were established as previously reported [22].
The proximal left anterior descending (LAD) 
coronary artery was identified and ligated with 
a 6-0 silk suture for 30 min followed by 6 h of 
reperfusion by untying the suture. The success 
of myocardial I/R models was determined by 
visible bleaching of the ischemia myocardium 
and ST segment changes on the ECG. Hearts 
and blood samples were quickly collected for 
further testing.

Immunofluorescence staining

We detected the efficiency oflentiviral transfec-
tion by immunofluorescence staining as previ-
ously described [23]. Briefly, the median third 
part of the heart sample was fixed in 4% para-
formaldehyde followed by 30% sucrose at 4°C, 
embedded and frozen in OCT solution (Optimal 
Cutting Temperature, Sakura, Torrance, CA, US) 
and 5 μm thick sections obtained with a Leica 

CM3000 cryostat. Finally, the nuclei of the  
cardiomyocytes were stained with 4’, 6’-dia- 
midino-2-phenylindole (DAPI, Beyotime Biotech, 
Shanghai, China). Images were obtained using 
a fluorescence microscope (IX83, Olympus Cor- 
poration, Tokyo, Japan).

Quantitative real-time PCR (qRT-PCR)

qRT-PCR was performed using standard meth-
ods as described previously [22]. In brief, total 
RNA was isolated from myocardial samples 
using TRIzolreagent (TaKaRa, Dalian, China). 
cDNA was synthesized via reverse transcrip- 
tion with PrimeScript RT Master Mix (Takara). 
qRT-PCR was performed using SYBR Premix Ex 
Taq (TaKaRa) according to the manufacturer’s 
instructions. β-actin was used for normaliza-
tion. 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 forward 
primer 5’-AGAGCCTCGCCTTTGCCGAT-3’ and re- 
verse primer 5’-TGCCAGATTTTCTCCATGTCGT-3’ 
for β-actin; forward primer 5’-TGCTGGTGGTC- 
TAACTGGAAC-3’ and reverse primer 5’-TCAAT- 
GGCAAGGTCTGTGTG-3’ for Trx2.

Histopathological staining

Hematoxylin and eosin (H&E) staining was  
conducted as described previously to observe 
histological changes of heart tissue samples 
[22]. After myocardial I/R, the heart was isolat-
ed, fixed, embedded and cut into 5 μm slices. 
Next, slices were stained with H&E dyes and 
examined under light microscopy. The Evans 
blue/2,3,5-triphenyl tetrazolium chloride (TTC) 
double staining method was performed to 
determine the myocardial infarct size. At the 
end of reperfusion, the LAD wasligated again 
and Evans blue dye was injected via the aorta 
to visualize the area at risk, showing no infiltra-
tion with the dye. After harvesting and washing 
with normal saline, the heart was frozen at 
-20°C for 30 min and then sliced. Then they 
were incubated with 1% TTC buffer at 37°C  
for 10 min and fixed in 4% paraformaldehyde 
overnight. Images were acquired with a scan-
ner and analyzed with Image-Pro Plus 6.0 soft-
ware (Media Cybernetic, USA).

Detection of CK, LDH, SOD and MDA in serum

At the end of the perfusion, the blood samples 
were immediately collectedfrom the carotid 
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and the serum samples were isolated by cen-
trifugation (3000 rpm/min) for 15 min at 4°C. 
Hearts were harvested and frozened immedi-
ately in liquid nitrogen and then were ground  
in a liquid nitrogen-chilled mortar and pestle. 
Creatine kinase (CK) and lactate dehydroge-
nase (LDH) activity were assayed to measure 
the extent of myocardial injury in serum, and 
the malondialdehyde (MDA) leveland the super-
oxide dismutase (SOD) activity were assayed  
to reflect the level of oxidative stress in homog-
enized cardiac tissue samples using commer-
cially available kits (Nanjing Jiancheng BioInst, 
Nanjing, China).

TUNEL assay

Terminal deoxy nucleotidyltransferased UTP 
nick-end labeling (TUNEL) staining was con-
ducted to detect cell apoptosis in myocardial 
tissues. The median third of the heart was 
sliced along a cross-section, embedded in par-
affin, then cut into 5-µm thick slices. TUNEL 
staining was performed after antigen retrieval 
with a commercial kit (Roche Applied Science, 
Basel, Switzerland) following the manufactur-
er’s instructions. The cardiomyocytes were 
stained with c-TnI (Sigma) and the total nuclei 
were stained with DAPI (Beyotime Biotech, 
Shanghai, China). Images were acquired under 
afluorescence microscope, and five random 

proteins, they were blocked and then incubat- 
ed with the corresponding primary antibodies 
overnight at 4°C. Antibodieswere as follows: 
rabbit anti-Trx2 (1:10,000, Abcam, Cambrid- 
ge, UK, Cat. No. ab185544), rabbit anti-Bax 
(1:5000, Abcam, Cat.No. ab32503), rabbit anti-
Bcl-2 (1:1000, Abcam, Cat. No. ab59348), rab-
bit anti-cleaved caspase3 (1:1000, Cell Sig- 
naling Technology, Danvers, MA, USA, Cat. No. 
9664), rabbit anti-phospho-ASK1 (1:1000, Ab- 
cam, Cat. No. ab195821), rabbit anti-ASK1 
(1:1000, Abcam, Cat. No. ab131506), rabbit 
anti-Beclin-1 (1:1000, Cell Signaling Technolo- 
gy, Cat. No. 3495), rabbit anti-LC3A/B (1:1000, 
Abcam, Cat. No. ab48394), rabbit anti-mTOR 
(1:1000, Cell Signaling Technology, Cat. No. 
2983), rabbit anti-phospho-mTOR (1:1000,  
Cell Signaling Technology, Cat. No. 2971),  
rabbit anti-Akt (1:1000, Cell Signaling Tec- 
hnology, Cat. No. 4691), rabbit anti-phospho-
Akt (1:1000, Cell Signaling Technology, Cat.  
No. 4060), rabbit anti-AMPK (1:1000, Cell 
Signaling Technology, Cat. No. 5832), rabbit 
anti-phospho-AMPK (1:1000, Cell Signaling 
Technology, Cat. No. 2535), and mouse anti-β-
actin (1:5000, Abcam, Cat. No. ab8226). After 
the PVDF membranes were incubated with 
appropriate secondary antibodies, protein ban- 
ds were visualized by a chemiluminescence 
imaging analysis system, and then quantitated 

Figure 2. Efficiency of lentiviral transfection into the rat myocardium. Rep-
resentativeimagesof immunofluorescence staining (original magnification, 
x400) for GFP (green) and DAPI-labeled cardiomyocyte nuclei (blue). Either 
Lv-GFP-N or Lv-GFP-Trx2 was injected seven days prior toimmunofluores-
cence staining.

fields of each sample were 
obtained in the peri-infarct 
area. The apoptotic index (AI) 
was determined by counting 
the percentage of apoptotic to 
total myocytes.

Western blotting

Proteins were extracted from 
myocardial tissue of ischemic 
penumbra by lysis bufferand 
phosphatase inhibitors (Beyo- 
time Biotechnology, Shanghai, 
China). The concentration of 
protein samples were mea-
sured with a BCA assay kit 
(Beyotime Institute of Biote- 
chnology, Shanghai, China). 
For western blotting, equal 
amounts of protein (50 μg/
lane) were separated by SDS-
PAGE. After polyvinylidenedi-
fluoride (PVDF) membranes 
(Millipore) were blotted with 
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via ChemiDoc XRS+ software (Bio-Rad Labora- 
tories, Hercules, CA, USA).

Statistical analysis 

Statistical analysis was conducted with Prism 
6.0 software (GraphPad). All experiments were 
repeated independently at least three tim- 
es,and data presented as means ± standard 
deviation (SD). Statistical comparisons were 
performed using Student’s t-test. P values < 
0.05 were considered statistically significant. 

Results

Efficiency of lentivirus transfection

To examine whether Trx2 could alleviate MIRI, 
we constructed lentivirus vectors, Lv-GFP-Trx2 

and Lv-GFP-N, and injected them into the myo-
cardium of rat models. GFP expression was 
examined to determine the efficiency of Lv- 
GFP-Trx2 and Lv-GFP-N transfection. Compared 
with the sham control, the GFP signals were 
clearly visible, which indicated successful tra- 
nsfection and strong expression of Lv-GFP-Trx2 
and Lv-GFP-N (Figure 2).

Lv-GFP-Trx2 transfection in vivo increased Trx2 
expression

To further assess transgene expression, the 
mRNA and protein levels of Trx2 were mea-
sured respectively by qRT-PCR and western 
blotting. After 6 h of reperfusion, the mRNA 
(Figure 3A) and protein (Figure 3B) levels of 
myocardial Trx2 were significantly lower in the 
I/R group than the SO group. Trx2 expression 
showed no statistical difference, in contrast  
to the Lv-G-N group; however, Lv-GFP-Trx2 
transfection remarkably increased Trx2 ex- 
pression in I/R myocardium, compared with  
the I/R and Lv-G-N groups.

Up-regulation of Trx2 attenuated oxidative 
stress and MIRI in rat models 

To explore the role of Trx2 in protecting aga- 
inst oxidative stress in the MIRI model, the  
MDA level (Figure 4A) and SOD activity (Figure 
4B) were assayed. As expected, the MDA level 
was increased while SOD activity was decre- 
ased in serum (I/R group vs. SO group, P < 
0.05). However, the tendency was reversed 
notably by Trx2 overexpression. In addition, th- 
ere was no significant difference on the MDA 
levelor SOD activitybetween the Lv-G-N group 
and I/R group.

To further determine whether up-regulation of 
Trx2 alleviates MIRI-induced myocardial dam-
age, we assayed myocardial enzyme levels, 
performed myocardial histopathology analysis 
and measured myocardial infarct size. With 
regard to myocardial enzymes, low activity of 
CK (Figure 4C) and LDH (Figure 4D) was dete- 
cted in the SO group; MIRI increased the leak-
age of CK and LDH into serum (I/R group vs. SO 
group, P < 0.05); however, the elevation in 
serum CK and LDH levels was remarkably sup-
pressed by injection of Lv-GFP-Trx2. In addition, 
treatment with the control vector (Lv-GFP-N) 
had no effect on the leakage of CK or LDH 
induced by I/R injury compared with theI/R 
group.

Figure 3. Lv-GFP-Trx2 transfection into the rat myo-
cardium increases the expression of Trx2. A. Quan-
titative RT-PCR of Trx2. B. Western blots and quan-
titation of Trx2 in the four experimental groups. Trx2 
expression was reduced in the rat model of MIRI, 
while delivery of Lv-GFP-Trx2 into the myocardium 
increased the expression of Trx2. *p < 0.05 vs. SO 
group, #p < 0.05 vs. I/RorLv-GFP-N group, @p>0.05 
vs. I/R group.
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Figure 4. Up-regulation of Trx2 attenuates MIRI. A, B. Lv-GFP-Trx2 led to a decrease in MDA level and increase in SOD level in heart tissue after I/R injury. C, D. Lv-
GFP-Trx2 led to reductions in CK and LDH levels in serum after myocardial I/R injury. E. Representative images of Evans blue/2, 3, 5-triphenyl tetrazolium chlorid-
edouble staining to determine areas of myocardial infarction. Blue-stained area: non-ischemic tissue; red-stained area: non-infarct tissue; pale white area, infarcted 
tissue. F. The infarct size is presented as a percentage of the area at risk. G. Representative images of H&E staining (original magnification, x400). *p < 0.05 vs. SO 
group, #p < 0.05 vs. I/RorLv-GFP-N group, @p>0.05 vs. I/R group.
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Concerning the histopathological changes, 
H&E staining (Figure 4G) demonstrated that 
normal myocardial tissue structure and shape 
were maintained in the SO group, while clusters 
of infiltrating inflammatory cells, as well as 
extensive edema, enlarged intercellular spaces 
and myocyte necrosis were evident in the myo-
cardial tissue of the I/R group. The pathological 
changes described above were significantly 
improved in the I/R myocardium transduced 
with Lv-GFP-Trx2; moreover, no significant his-
topathological differences were found in myo-
cardial tissue of the Lv-G-N group compared 
with the I/R group.

The myocardial infarct size is shown in Figure 
4E and 4F. No myocardial infarcts were obse- 

rved in rats of the SO group, while clear, sizable 
infarctswere observed in rats of the I/R group. 
Moreover, transduction with Lv-GFP-N did not 
affect infarct size compared with the I/R group 
(P>0.05). However, intramyocardial transduc-
tion of Lv-GFP-Trx2 led to a significant reduc- 
tion in myocardial infarct size (vs. I/R or Lv-G-N 
group, P < 0.05).

Trx2 reduced apoptosis of cardiomyocytes in 
MIRI

Firstly, we detected the number of TUNEL-
positive cardiomyocytes to evaluate the anti-
apoptotic potency of Trx2 in the rat MIRI model. 
As shown in Figure 5A, 5B, the number of 
TUNEL-positive cardiomyocytes was higher in 

Figure 5. Trx2 reduces the apoptosis ofcardiomyocytes in I/R rat myocardia. (A) Representative TUNEL staining im-
ages (original magnification, x400). (B) Quantification of the mean apoptotic index (AI) in each group. (C) Western 
blotting analysis of cleaved caspase 3, Bcl-2, Bax and ASK1. (D) Quantitation of (C) as fold change by normalizing 
to control (arbitrarily set as 1.0). β-actin was used as an internal control. *p < 0.05 vs. SO group, #p < 0.05 vs. I/
RorLv-GFP-N group, @p>0.05 vs. I/R group.
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all three I/R groups than in the SO group, while 
the overexpression of Trx2 significantly repres- 
sed the AI (P < 0.05); Moreover, transduction 
with Lv-GFP-N did not affect AIcompared with 
the I/R group (P>0.05). Secondly, we deter-
mined the expression of proteins related to the 
endogenous mitochondrial apoptosis pathway. 
As Figure 5C, 5D shows, the overexpression of 
Trx2 partly repressed the activation of apopto-
sis during MIRI, evidenced by the increased 
expression of anti-apoptotic Bcl-2 protein, re- 
duced expression of pro-apoptotic Bax protein 
and activation of p-ASK1 compared with the 
Lv-G-N group. In line with the TUNEL assay, 
intramyocardial transduction of Lv-GFP-Trx2 
also markedly reduced caspase3 activation 
(Figure 5C, 5D). In addition, transduction with 
Lv-GFP-N did not affect expression of those 
related proteins compared with the I/R group 
(P>0.05).

Trx2 repressed autophagic signaling during 
MIRI

Western blotting (Figure 6) showed that the 
expression of autophagy-related proteins LC- 
3II/LC3I and Beclin-1 increased significantly 

lation of mTOR, eventually leading to the inhibi-
tion of autophagy (Figure 6). 

Discussion

Definitive therapy for IHD always turns to per- 
fusion; however, MIRI has posed a formidable 
continued barrier to effective treatment, and 
additional cardioprotective strategies are need-
ed in this context [4, 7]. As a novel therapeutic 
modality, gene therapy has shown promise for 
cardiovascular diseases [21]. Our data indi-
cates that Trx2 expression decreased in the rat 
MIRI model and Trx2 overexpression by means 
of lentivirus transduction protected against 
MIRI via reducing oxidative stress and alleviat-
ing myocardial apoptosis and autophagy.

Initial gene transfer experiments were per-
formed using adenoviral vectors for cardiovas-
cular disease [21, 24, 25], but adenoviral-
based gene delivery has only a limited duration 
of transgene expression andexerts a strong 
immune response [26, 27]. Therefore, lentivi-
rus was selected for our experiments because 
it has the capacity to integrate into the rat myo-
cardium for a long time and triggers a minor 

Figure 6. Trx2 suppresses autophagy of cardiomyocytes via mTOR-depen-
dent pathway in I/R rat myocardia. (A) Western blotting analysis of LC3, Be-
clin1. (B) Quantitation of (A) as fold change by normalizing to control (arbi-
trarily set as 1.0). (C) Western blotting analysis of mTOR, Akt and AMPK. (D) 
Quantitation of (C) as fold change by normalizing to control (arbitrarily set  
as 1.0). β-actin was used as an internal control. *p < 0.05 vs. SO group, #p < 
0.05 vs. I/RorLv-GFP-N group, @p>0.05 vs. I/R group.

after MIRI compared with the 
SO group. MIRI following tra- 
nsduction with Lv-GFP-N had 
no significant effect (Lv-G-N 
vs. I/R group, P>0.05). How- 
ever, Trx2 overexpression led 
to a significant decrease in 
LC3II/LC3I and Beclin-1 (Lv-G-
Trx2 group vs. Lv-G-N group, P 
< 0.05). Moreover, we demon-
strated potential molecular 
mechanisms for the regulati- 
on of Trx2 on autophagy. Fig- 
ure 6 shows that the phos-
phorylation of mammalian tar-
get of rapamycin (mTOR) was 
decreased by I/R treatment 
and that Trx2 overexpression 
enhanced the phosphoryla-
tion of mTOR. The upstream 
signaling molecules Aktkina- 
se and AMP-activated protein 
kinase (AMPK) were both in- 
volved. Our results indicated 
that Trx2 induction enhanced 
the activation of Akt and de- 
creased the activation of AM- 
PK to increase the phosphory-
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immune response [21, 28]. Our data demon-
strated successful transfection oflentivirus into 
myocardium, and the downregulation of Trx2 
expression induced by MIRI could be partly 
reversed by Trx2 overexpression via lentivirus 
injection. 

Trx2 is essential for cell viability, the control of 
mitochondrial ROS homeostasis and regulation 
of apoptosis [29]. Previously it was reported 
that human Trx2 deficiency causes early-onset 
neurodegeneration because of the impairment 
of mitochondrial redox homeostasis [29], and 
the amount of Trx2 is lower in the auditory cor-
tex of aging rats, which may be related to the 
pathogenesis of central presbycusis via the 
Trx2-ASK1 signalling pathway [30]. In heart, it 
was reported that overexpression of Trx2 
decreases superoxide levels and prevents car-
diomyocyte hypertrophy in an angiotensin 
II-induced vascular dysfunction model [31]. 
Moreover, it was recently observed that Trx2 
expression was reduced and ASK1-dependent 
apoptosis was increased in human hearts with 
dilated cardiomyopathy (DCM), as well as that 
mice with a cardiac-specific deletion (Trx2-cKO) 
developed DCM with an increase in ROS pro-
duction and ASK1-dependent apoptosis in the 
myocardium [16]. In our study, we demonstrat-
ed that Trx2 overexpression alleviated MIRI-
induced myocardial damage, which was con-
firmed by reduced myocardial enzyme levels, 
improvement inhistopathological changes and 
alleviation of myocardial infarct size. Also, SOD 
is considered as a first line of defense against 
exogenous or endogenous oxidative damage 
[30]. As the final product of lipid peroxidation, 
the accumulation of MDA reflects the accelera-
tion of oxidative stress [30]. Our results showed 
that Trx2 induction relieved oxidative stress 
with partial reversion of the increased MDA lev-
els and decreased SOD activity in MIRI rats.

In this work, TUNEL assaysshowed that Trx2 
could prevent cardiomyocyte apoptosis, which 
is consistent with previous research [16, 18]. 
ASK1 is considered as a key regulator of apop-
tosis induced by oxidative stress in ischemic 
cardiomyocytes [32], and ASK1-induced apop-
tosis is executed by mitochondria-dependent 
caspase activation [33]. ASK1 has been shown 
to bind with Trx2 to regulate apoptosis [34].  
The intrinsic mitochondria apoptotic pathway  
is regulated by the Bcl-2 family [35]. Previous 

research has found that Bax, a proapoptotic 
protein of the Bcl-2 family, is required for all 
cases of apoptosis mediated by the intrinsic 
pathway and stimulates the release of apopto-
genic mitochondrial proteins into the cytosol 
[36]. It was observed that the myocardial infa- 
rct size was reduced 50% in the I/R model of 
Bax knockout mice [37]. Antiapoptotic Bcl-2 
protein can exert its effect either independently 
or via direct interactions with Bax and other 
pro-apoptotic proteins [38]. Consistent with 
these studies, we found that Trx2 overexpres-
sion notably attenuated ASK1-dependent apo- 
ptosis, with an increase in Bcl-2 and decrease 
in p-ASK1, c-caspase3, and Bax. Most lines of 
evidence suggest that ROS represent impor-
tant mediators of autophagy [39]. During re- 
perfusion, increased ROS generation leads to 
uncontrolled excessive induction of autophagy, 
contributing to autophagiccardiomyocyte dea- 
th [40]. ROS could oxidize autophagy protein 4 
(Atg4) and decrease its activity, contributing  
to the cleavage of microtubule-associated pro-
tein light chain with subsequent LC3Il ipidation-
to form LC3II and initiate autophagy [41]. 
Beclin-1 is also strongly induced by ROS, medi-
ating autophagy during reperfusion [40]. Our 
results showed that the expression of autop- 
hagy related proteins LC3II/LC3I and Beclin-1 
increased in rats with MIRI, whereas Trx2 could 
reduce autophagy. As a highly conserved ser-
ine/threonine kinase regulating protein synthe-
sis and cell growth, mTOR has been evidenced 
as a key regulator of autophagy [41]. Many di- 
verse signalling pathways converge on mTOR  
to regulate autophagy [41, 42]. Notably, mTOR 
is activated to inhibit autophagy by the PI3K/
Akt signaling pathway [41]. Also, AMPK is the 
link between energy status and mTOR activity, 
and it is activated to inhibit mTOR and thus pro-
mote autophagy during metabolic stress [40]. 
Our findings showed that both the Akt/mTOR 
and AMPK/mTOR pathways are involved in the 
regulation of autophagy by Trx2 in rat MIRI. 
Although autophagy is a double-edged sword 
inmyocardial I/R injury [40, 43], a growing 
amount of evidence recently has indicated  
that autophagy is induced and protective dur-
ing myocardial ischemia, whereas it is further 
enhanced and detrimental during myocardial 
reperfusion in I/R models [11, 40, 44]. Ben- 
eficial effects of autophagy could contribute  
to ATP generation and cellular homeostasis, 
while autophagy is hyperactivated under accel-
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erated oxidative stress to delete necessary 
organelles or proteins, leading to autophagic 
cell death [45]. Crosstalk between autophagy 
and apoptosis may be another factor in the  
detrimental effects of autophagy [40]. The link 
between autophagy and the Bcl-2 family may 
be a good example; Beclin-1-dependent auto- 
phagy is related to Bcl-2 down-regulation be- 
cause Bcl-2 inhibits Beclin1-mediated activa-
tion of autophagy [41]. Notably, Bcl-2 protein is 
also involved in the regulation of apoptosis, and 
reduced expression of Bcl-2 may contribute  
to apoptotic cell death [40]. In this work, we 
also suggest that the decrease in Beclin-1 and 
the increase in Bcl-2 induced by Trx2 overex-
pression are consistent with the alleviation of 
apoptosis and autophagy.

In conclusion, we demonstrated that inducing 
the expression of Trx2 via a recombinant len- 
tiviral vector could alleviate MIRI by reducing  
oxidative stress and inhibiting apoptosis and 
autophagy in a rat model. Therefore, Trx2 gene 
delivery is a potential therapeutic modality for 
the treatment of MIRI.
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