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A B S T R A C T

The current study aimed to investigate the effects of tetramethylprazine (TMP) on myocardial ischemia/re-
perfusion (MI/R) injury and its underlying mechanisms. MI/R rat model and hypoxia/reoxygenation (H/R)
cardiomyocytes model were established. CK level and LDH activity were detected to evaluate MI/R and H/R
injury. Cell viability was determined by cell counting kit-8 (CCK-8) assay. Cell apoptosis were identified by flow
cytometry and autophagy were detected by western blot. Treatment with TMP significantly reduced CK level and
LDH activity and decreased myocardial infarct size in MI/R rats. TMP reduced autophagy dysfunction induced
by MI/R. Moreover, TMP treatment decreased H/R-induced injury and attenuated autophagy dysfunction in
cardiomyocytes. Inhibiting autophagic flux with chloroquine (CQ) decreased the cardioprotection exerted by
TMP in vivo and in vitro. Additionally, the effects of TMP on the modulation of autophagy were inhibited by
LY294002 (a PI3K inhibitor) in H/R cardiomyocytes. Our findings suggested TMP exerted cardioprotection
against MI/R injury by decreasing Beclin-1 associated autophagy dysfunction through PI3K pathway.

1. Introduction

Myocardial ischemia is a common pathological condition that is
characterized by the decrease of oxygen supply to the heart and ab-
normal energy metabolism of the myocardium, which result in sig-
nificant morbidity and mortality [1]. Establishing the reperfusion early
for the ischemic myocardium is vital for the rescue of ischemic myo-
cardium. However, reperfusion triggers a complex cascade of events
involved in the development of multiple diseases such as irreversible
shock, myocardial infarction, and heart failure. Therefore, attenuation
of myocardial ischemia/reperfusion (MI/R) injury is vital for the pre-
vention and treatment of ischemic heart diseases.

Tetramethylprazine (TMP) is an alkaloid monomer isolated and
purified from Ligusticum wallichii (Chuanxiong), a traditional herb in
China. It has been well documented that TMP treated lots of diseases
such as pulmonary hypertension [2,3], cardiovascular and cere-
brovascular diseases [4–6], chronic renal failure [7] and cirrhosis [8,9].
Recently, studies have shown that TMP is protective against MI/R in-
jury through multiple pathways [10]. However, the molecular me-
chanisms underlying TMP-mediated protective effects against MI/R
injury has not been fully clarified.

Autophagy is a conserved lysosome-associated degradation process
which is vital for cell survival [11]. Previous studies have shown that

autophagy dysfunction is commonly appears in the myocardial
ischemia, heart failure, and aging [12,13]. During myocardial ischemia,
autophagy is induced by hypoxia or mitochondrial injury through AMP-
induced protein kinase (AMPK) pathway, whereas the mechanism of
autophagy during reperfusion is related to the increased expression of
Beclin-1, a key protein of autophagy [14–16]. Therefore, regulating
autophagy is an important approach to the prevention and treatment of
MI/R injury [16]. Recently, there is evidence that TMP promotes au-
tophagy in mesenchymal stem cells and improves bone mass in gluco-
corticoid-induced osteoporosis rats [17]. Therefore, whether autophagy
participates in TMP-mediated cardioprotective effects against MI/R
injury requires further investigation.

The present study aimed to investigate the upregulation of autop-
hagy flux in MI/R injury treated by TMP and the underlying mechan-
isms involved.

2. Methods and methods

2.1. Reagents

TMP (purit≥98%, #W323705) were purchased from Sigma-Aldrich
Company (St. Louis, MO, USA). Creatine kinase (CK), lactate dehy-
drogenase (LDH) assay kits were obtained from Jiancheng Reagent
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Company (Nanjing, China). LY294002 (#9901), chloroquine (CQ)
(#14774), primary antibodies directed against Beclin-1 (1:1000,
#3738), LC3 (1:1000，#4108), p62 (1:1000, #5114) and β-actin
(1:1000, #3700) were purchased from Cell Signaling Technology
(Beverly, MA, USA). Secondary antibodies such as horseradish perox-
idase (HRP)–conjugated goat anti-mouse IgG and goat anti-rabbit IgG
antibodies were obtained from GeneTex (San Antonio, TX, USA). The
Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Laboratories
(Kumamoto, Japan). Sodium pentobarbital were purchased from Guoan
Institute of Biotechnology (Xi'an, China).

2.2. Animals

Six-week old male Sprague-Dawley (SD) rats (250 ± 20 g) were
obtained from Shanghai Silaike Laboratory Animal Co., Ltd. (Shanghai,
China).All animal protocols performed in this study were approved by
the Institutional Animal Care and Use Committee of Southeast
University (Nanjing, China).

2.3. Myocardial ischemia/reperfusion (MI/R) experimental protocols and
animal groups

MI/R was induced as described in previous studies [18–20]. SD rats
were anesthetized with pentobarbital sodium (60mg/kg, i.p.) and
ventilated on a Harvard rodent respirator via a tracheostomy. The chest
was opened through a left intercostals thoracotomy. The heart was
exteriorized by a left thoracic incision followed by a slipknot (6-0 silk)

around the left anterior descending coronary artery (LAD). Regional
ischemia was confirmed by significant ECG changes including widening
of the QRS complex and elevation of ST segment. The slipknot was
released after 30min of ischemia after which the animal received
120min of reperfusion.

Animals were randomly divided into the following groups: (1) sham
group: silk was drilled underneath the LAD but the LAD was not ligated;
(2) MI/R group: LAD was ligated for 30 min and then allowed 120 min
of reperfusion; (3) MI/R + TMP-L group: TMP at a dose of 10 mg/kg
was intraperitoneally administered 10 min before ischemia; (4) MI/
R + TMP-H group: TMP at a dose of 50 mg/kg was intraperitoneally
administered 10 min before ischemia.

2.4. Primary culture of neonatal rat ventricular cardiomyocytes

Neonatal rat ventricular cardiomyocytes were isolated from 1-2-
day-old SD rats, as described previously [21,22]. SD rat pups were
euthanatized by cervical dislocation. Hearts were excised and digested
in a mixture of trypsin (0.25%) and collagenase I (10mg in 9mL PBS)
(1:1 mixed), and cardiomyocytes were collected after 2 h differential
adhension. The isolated cardiomyocytes were seeded in 6-well plate at
5× 105 cells/cm2 and cultured in Dulbecco's modified Eagle's medium
(DMEM) with 10% Fetal Bovine Serum and 0.1mM 5-bromo-2′-deox-
yuridine (BrdU) for 72 h before other treatments.

Fig. 1. TMP protected the heart against ischemia/reperfusion injury. (A) Effect of TMP on serum CK level in rats exposed to MI/R. (B) Effect of TMP on LDH activity
in rats exposed to MI/R. (C) Myocardial TTC staining images. (D) Analysis of infarct size. TMP-L:TMP at a low dose (10 mg/kg), TMP-H:TMP at a high dose (50 mg/
kg). Data are represented as the mean ± SEM, n = 8 per group. *P < 0.05 and **P < 0.01.
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2.5. Hypoxia/reoxygenation (H/R) model and cell groups

To mimic MI/R injury in vitro, the cells were cultured under hy-
poxia/reoxygenation (H/R) conditions. In Brief, cardiomyocytes cul-
tured in glucose-free DMEM were placed in a hypoxic chamber (95%
N2, 5% CO2, 37 °C) for 2 h, followed by reoxygenation in a standard
incubator (5% CO2, 37 °C) in normal medium for 3 h. Cells in the
control group were placed in a standard incubator (5% CO2, 37 °C) in
normal medium.

Cells were randomly divided into the following groups: (1) control
group (5%CO2, 37 °C); (2) H/R group (95% N2, 5% CO2, 37 °C); (3) H/
R + TMP-L group: TMP (10 μM) was added into cells at the onset of
reoxygenation; (4) H/R + TMP-H group: TMP (50 μM) was added into
cells at the onset of reoxygenation; (5) H/R + TMP + LY group:
LY294002,a specific PI3K inhibitor, was added into cells at the onset of
reoxygenation, and 10 min after the administration of LY294002
(10 μM), TMP (50 μM) was added.

2.6. Flow cytometry

After H/R and drug administration, cells were harvested.
Fluorescein isothiocyanate–annexin V and propidium iodide were
added to the cells and incubated in the dark for 15min. The

fluorescence signals were measured using a flow cytometer (Beckman
Coulter, Miami, USA). Data were analyzed using the Cell Quest software
(BD Biosciences, CA, USA).

2.7. Cell viability measurement

Cell viability was detected by counting the number of cells with
CCK-8 according to the manufacture's protocol. Cells were seeded in 96-
well plates before H/R. After H/R and drug administration, CCK-8 was
added to the wells (10 μl/well). The absorbance at 450 nm of each well
was measured to determine the number of viable cells.

2.8. Western blot

Total proteins were extracted from rat hearts or cardiomyocytes and
then lysed with lysis buffer according to the manufacturer's guidelines.
Protein concentration was determined using a BCA Protein Assay Kit
(Pierce, Rockford, IL, USA). Equal quantities of proteins (30–40 μg/
lane) were subjected to SDS–PAGE and electrophoretically transferred
to PVDF membranes (Millipore, MA，USA). Membranes were blocked
with 10% non-fat dry milk for 1 h at room temperature and incubated
overnight with appropriate primary antibodies at 4 °C, followed by in-
cubation with the corresponding secondary antibodies at room

Fig. 2. TMP alleviated cardiac autophagy dysfunction induced by ischemia/reperfusion. (A) Beclin-1, LC3 and p62 expression levels were analyzed by Western
blotting. (B) Beclin-1 expression was quantified by densitometry. (C) LC3-I/II expressions were quantified by densitometry. (D) p62 expression was quantified by
densitometry. TMP-L:TMP at a low dose (10 mg/kg), TMP-H:TMP at a high dose (50 mg/kg). Data are represented as the mean ± SEM, n = 8 per group.
**P < 0.01.
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temperature for 1 h. Blot imaging was conducted by an enhanced che-
miluminescence detection kit (Millipore, MA, USA).

2.9. Measurement of CK level and LDH activity

After MI/R and H/R, serum and culture supernatant were collected.
After the above protocol, the CK level and LDH activity were measured
by ELISA kits, respectively. Determination were carried on strictly ac-
cording to the manufacturer's instructions.

2.10. Detection of myocardial infarct size

The heart was harvested after reperfusion and frozen at −70 °C.
Slices were cut along the long axis of the heart. Sections were incubated
with 1% 2,3,5-triphenyltetrazolium chloride (TTC) solution for 15min
at 37 °C and photographed. TTC is a dye that stains viable myocardium
red due to a formazan reaction with NADH and NADPH, which are
washed out from irreversibly injured myocardium, whereas necrotic
tissue remains unstained and thus appears white [42].

2.11. Statistical analysis

All values are presented as mean ± SEM. Statistical significance
was determined by ANOVA followed by Turkey's correction where

appropriate. A probability value of P < 0.05 was statistically sig-
nificant. All data were performed using GraphPad Prism sofware ver-
sion 5.0 (GraphPad Sofware, Inc., San Diego, CA, USA).

3. Results

3.1. TMP protected against MI/R injury

To investigate the cardioprotective effects of TMP on MI/R injury,
we measured the CK level and LDH activity, which represent markers of
myocardial injury in serum. As shown in Fig. 1A and B, the CK level and
LDH activity in the MI/R group were significantly elevated compared
with the sham group. Treatment with TMP at a low (10mg/kg) and
high (50mg/kg) dose reduced serum CK level and LDH activity in MI/R
rats (Fig. 1A and B). The myocardial infarct size were measured by TTC
staining (Fig. 1C and D), Treatment with TMP at a low (10mg/kg) and
high (50mg/kg) dose reduced myocardial infarct size. These results
suggested that TMP protected against MI/R injury.

3.2. TMP suppressed MI/R-induced autophagy dysfunction

MI/R injury induces cardiomyocyte death through blocking autop-
hagy flux [23,24]. To identify the effects of TMP on autophagy in MI/R
cardiomyocyte, we used immunoblotting to measure the expression of

Fig. 3. TMP protected cardiomyocytes against H/R injury. (A) Effects of TMP on LDH activity in cardiomyocytes subjected to H/R. (B) Effects of TMP on cell viability
of cardiomyocytes subjected to H/R. (C) Effects of anti-apoptotic effects with TMP in cardiomyocytes subjected to H/R by flow cytometric analysis. TMP-L:TMP at a
low dose (10 μM), TMP-H:TMP at a high dose (50 μM). Data are represented as the mean ± SEM, n = 8 per group. *P < 0.05 and **P < 0.01.
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autophagy markers such as Beclin-1, LC3, and p62, in MI/R cardio-
myocyte obtained from each experimental group. As shown in Fig. 2,
compared with the sham group, the expression of Beclin-1 and p62 and
ratio of LC3-II/LC3-I were significantly increased in the MI/R group,
suggesting that MI/R contributed to the impairment of autophagosome
clearance. Treatment with TMP at 10mg/kg did not change the ex-
pression of Beclin-1 and p62 and LC3-II/LC3-I ratio in MI/R rats. But
administration of TMP (50mg/kg) significantly reduced the ratio of
LC3-II/LC3-I and decreased the expression of Beclin-1 and p62. These
data indicated that TMP improved autophagy dysfunction in MI/R.

3.3. TMP protected cardiomyocytes against H/R injury

To demonstrate the effects of TMP on cell survival subjected to H/R,
primary cultures of neonatal rat ventricular cardiomyocytes were col-
lected. As shown in Fig. 3A, LDH activity in H/R group was increased
compared with the control group. Treatment with TMP (10 and 50 μM)
remarkably reversed H/R-induced increase of LDH activity in a dose-
dependent manner. Fig. 3B illustrates that, compared with the control
group, the cell viability was decreased in H/R group. Treatment with
TMP (50 μM) significantly increased the cell viability under H/R con-
ditions. Next, we further determined cell apoptosis by flow cytometry
(Fig. 3C). Flow cytometry experiments indicated that TMP treatment
induced a dose-dependent decrease in cell apoptosis when compared
with the control group. Our results showed that TMP significantly at-
tenuated cellular apoptosis and elevated cell survival in cells subjected
to H/R.

3.4. TMP attenuated autophagy dysfunction in cardiomyocytes exposed to
H/R

To confirm the effects of TMP on autophagy in cardiomyocytes
subjected to H/R, cells were treated with TMP under standard or H/R

Fig. 4. TMP improved H/R-induced autophagy dysfunction in cardiomyocytes.
(A) Beclin-1, LC3 and p62 expression levels were analyzed by Western blotting.
(B) Beclin-1 expression was quantified by densitometry. (C) LC3 expression
were quantified by densitometry. (D) p62 expression was quantified by densi-
tometry. TMP-L:TMP at a low dose (10 μM), TMP-H:TMP at a high dose
(50 μM). Data are represented as the mean ± SEM, n = 8 per group.
**P < 0.01.

Fig. 5. Inhibiting autophagic flux with CQ suppressed TMP-exerted cardioprotection in vivo. (A) CK level in rats subjected to MI/R with TMP (50 mg/kg) treatment,
in the absence or presence of CQ (10 mg/kg). (B) LDH activity in rats subjected to MI/R with TMP (50 mg/kg) treatment, in the absence or presence of CQ (10 mg/
kg). (C) Representative blots and statistical data showing the expressions of LC3 and p62 in MI/R rats with or without CQ (10 mg/kg). (F) Representative blots and
statistical data showing the expressions of LC3 and p62 in MI/R rats with TMP (50 mg/kg) treatment, in the absence or presence of CQ (10 mg/kg). Data are
represented as the mean ± SEM, n = 8 per group. *P < 0.05 and **P < 0.01.
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conditions. The expression of the autophagy markers Beclin-1, LC3, and
p62 was analyzed by immunoblotting. As shown in Fig. 4, Beclin-1 and
p62 expression and the LC3B-II/-I ratio were increased in the H/R
group, but TMP at 50 μM significantly counteracted these elevations.
Our data indicated that TMP prevented excessive autophagy to a
normal level in cardiomyocytes under H/R conditions.

3.5. Inhibiting autophagic flux with chloroquine decreased TMP-exerted
cardioprotection

Chloroquine (CQ), an autophagic inhibitor, prevent autophago-
some-lysosome fusion, thereby interfering with the processing of au-
tophagosomes and inhibiting autophagic flux. To clarify the role of
autophagic flux in TMP-induced cardioprotection, we used CQ to block
autophagic flux both in vivo and in vitro. As shown in Fig. 5A and B,
treatment with CQ profoundly inhibited the CK level and LDH activity
in MI/R rats, indicating that CQ suppressed the cardioprotective effects
of TMP. In addition, preventing autophagosome-lysosome fusion with
CQ did not increase LC3-II/LC3-I ratio and p62 expression after MI/R
(Fig. 5C), indicating that MI/R induced impairment of autophagosome
clearance. However, CQ elevated the LC3-II/LC3-I ratio and p62 ex-
pression in TMP-treated MI/R rats (Fig. 3D), indicating preserved ‘‘in-
tact’’ autophagic flux by TMP.

We further found that the reduction of LDH activity and the en-
hancement of cell viability induced by TMP (50 μM) in cardiomyocytes
subjected to H/R were opposed by co-administration with CQ (Fig. 6A
and B). Our experiments also showed that CQ counteracted the sup-
pression of cellular apoptosis induced by TMP (Fig. 6E). Consistently
with animal experiments, CQ did not influence the LC3-II/LC3-I ratio
and p62 expression after H/R in vehicle-treated cardiomyocytes
(Fig. 6C), but significantly increased the LC3-II/LC3-I ratio and p62

expression in TMP-treated cardiomyocytes (Fig. 6D). Our data demon-
strated that TMP-exerted cardioprotection were partly contributed to
the improvement of autophagic flux.

3.6. PI3K/Bcl-2 cascade was involved in the improvement of autophagy
dysfunction by TMP

To investigate whether the PI3K pathway was involved in the TMP-
induced modulation of autophagy, LY294002 (a PI3K inhibitor) and
Compound C (CC; an AMPK inhibitor) were administered together with
TMP (50 μM) to cardiomyocytes subjected to H/R. As shown in Fig. 7A,
TMP plus LY294002 respectively decreased the ratio of LC3-II/LC3-I,
p62 and Beclin-1 expressions compared with TMP only. CC did not
exert these effects induced by TMP. These data indicated that PI3K was
involved in the modulation of autophagy in cardiomyocytes afforded by
TMP.

Beclin-1 mediated autophagy activation is associated with Bcl-2
down-regulation during reperfusion [25,26]. We further found that
TMP inhibited the decrease of Bcl-2 expression in cardiomyocytes in
response to H/R (Fig. 7B). In addition, LY294002 attenuated the ele-
vation of Bcl-2 produced by TMP, while CC had no effect. To demon-
strate that Bcl-2 was involved in the modulation of autophagy induced
by TMP, we used siRNA (siBcl-2) to knock down Bcl-2 in cardiomyo-
cytes. As shown in Fig. 7C, siRNA treatment significantly inhibited Bcl-
2 expression. Knocking down Bcl-2 significantly reduced the modula-
tion of autophagy conferred by TMP, as shown by the differences in
LC3-II/LC3-I ratio, and p62 and Beclin-1 expressions in cultured car-
diomyocytes exposed to H/R in absence and presence of siBcl-2.
Moreover, TMP increased cell viability in cultured cardiomyocytes ex-
posed to H/R, and the effect was inhibited by siRNA knocking down
(Fig. 7D). These results demonstrated that PI3K/Bcl-2 cascade was

Fig. 6. Inhibiting autophagic flux with
CQ suppressed TMP-exerted cardio-
protection in vitro. (A) LDH activity in
cardiomyocytes subjected to H/R with
TMP (50 μM), in the absence or pre-
sence of CQ (10 μM). (B) Cell viability
of cardiomyocytes subjected to H/R
with TMP (50 μM), in the absence or
presence of CQ (10 μM). (C)
Representative blots and statistical data
showing the expressions of LC3 and
p62 in cultured cardiomyocytes sub-
jected to H/R with or without CQ
(10 μM). (F) Representative blots and
statistical data showing the expressions
of LC3 and p62 in cultured cardio-
myocytes subjected to H/R with TMP
(50 μM), in the absence or presence of
CQ (10 μM). (E) Flow cytometric ana-
lysis of apoptosis in cardiomyocytes
subjected to H/R with TMP (50 μM), in
the absence or presence of CQ (10 μM).
Data are represented as the
mean ± SEM, n = 8 per group.
*P < 0.05 and **P < 0.01.
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possibly implicated in the Beclin-1-assosicated modulation of autop-
hagy induced by TMP in cardiomyocytes exposed to H/R.

4. Discussion

In the present study, we established models of animal and cell to
investigate the protective effects of TMP against MI/R injury. We de-
monstrated that TMP reduced serum CK level and LDH activity, de-
creased MI/R-induced autophagy dysfunction. At the cellular level,
TMP attenuated LDH activity and cardiomyocyte apoptosis， improved
cell viability and myocardial autophagy dysfunction subjected to H/R.
Moreover, autophagy inhibition with chloroquine resulted in the loss of
TMP-induced protection including improved cell viability and de-
creased CK level, LDH activity, and cellular apoptosis. Our data also
showed that PI3K/Bcl-2 cascade was linked to the ability of TMP to
inhibit Beclin-1 associated autophagy and restore autophagic flux that
help to reduce MI/R injury. These results demonstrated a novel me-
chanism for TMP in MI/R injury.

MI/R is a common pathological and physiological phenomenon and
involves myocardial metabolic disorders and structural remodeling
[27]. Previous studies indicated that MI/R is caused by inflammatory
response, microembolization, and cell death, resulting in serious dis-
orders of the cardiovascular function [28]. Although many therapies
such as percutaneous coronary intervention, calcium-channel blockers
and anticoagulation are used in the treatment of MI/R, the efficacy is
limited due to various complications [29,30]. TMP is the main com-
ponent of saponins extracted from Ligusticum wallichii (Chuanxiong). As
a traditional Chinese medicine, TMP inhibit the activation of in-
flammatory cells, reduce the production of pro-inflammatory cytokines,
exert antioxidant, anti-apoptotic effect and has been widely used in the
treatment of acute heart-brain injury and spinal cord injury [31,32]. In
the present study, we found that TMP significantly attenuated the in-
crease of CK level and LDH activity in MI/R rats. Moreover, our data
indicated that TMP increased cell viability, reduced LDH activity, de-
creased cellular apoptosis in H/R cardiomyocytes. Therefore, our data
demonstrated that TMP elicited protective effect against MI/R injury.

Autophagy is an important evolutionarily conserved process in eu-
karyotic organisms for the turnover of intracellular substances. TMP has
been reported to be closely linked to induction of autophagy. Yu et al.
reported that TMP phosphate and borneol combination therapy sy-
nergistically attenuated ischemia-reperfusion injury of the hypotha-
lamus and striatum via regulation of apoptosis and autophagy in a rat
model [33]. He also reported that the synergic effect of TMP phosphate
and borneol for protecting against ischemia injury in cortex and hip-
pocampus regions by modulating apoptosis and autophagy [34]. It was
reported that TMP protected against sodium arsenite-induced ne-
phrotoxicity by suppressing ROS production, mitochondrial dysfunc-
tion, pro-inflammatory signaling pathways and programed cell death
[35]. Although autophagy seems to be a necessary process in many
diseases, it remains unknown whether autophagy is involved in TMP-
mediated protection against MI/R injury. In our study we found that
TMP decreased the ratio of LC3-II/LC3-I, reduced expressions of Beclin-
1 and p62 in MI/R rats as well as H/R cardiomyocytes. However, the
role of autophagy in MI/R injury is still controversial. In order to in-
vestigate the role of autophagy in TMP-induced cardioprotection, CQ
was used in MI/R and H/R models. Previous studies showed that CQ
improved cardiac dysfunction by blocking autophagy flux, but impaired
autophagosome clearance by CQ was sufficient to cause cell death in
normal cardiomyocytes [23,40]. Our results demonstrated that inhibi-
tion of autophagic flux by CQ decreased protective effects of treatment
with TMP in MI/R rats as well as in H/R cardiomyocytes. Importantly,
inhibition autophagic flux by CQ inhibited TMP-exerted protective ef-
fects in MI/R rats as well as in H/R cardiomyocytes. Taken together,
these findings suggested that inhibiting autophagy dysfunction played
an important role in TMP-exerted protection against MI/R injury.

The mechanisms responsible for cardioprotection of TMP against
MI/R injury involve prevention of injury in endothelial cell and pro-
liferation in vascular smooth muscle cell [38]. Recent studies have re-
ported that the autophagic process in cardiomyocytes results in major
phases of myocardial injury [39]. Myocardial ischemia induces autop-
hagy through an AMPK-dependent pathway, whereas reperfusion sti-
mulates autophagy via a Beclin-1-dependent pathway [36,37]. We de-
monstrated that TMP inhibited Beclin-1 associated autophagy over-
activation and facilitated autophagic flux in MI/R rats as well as in H/R
cardiomyocytes. Moreover, we found that TMP decreased MI/R-in-
duced upregulation of Beclin-1. Using inhibitors and siRNA, we further
identified that PI3K/Bcl-2 cascade induced the inhibitory effect of TMP
on autophagy dysfunction in H/R cardiomyocytes. This is in line with
the previous reports that Beclin-1mediated excessive autophagy acti-
vation during reperfusion is associated with Bcl-2 down-regulation and
that there was negative regulation of Beclin-1-mediated autophagy by
Bcl-2 [41].

Fig. 7. TMP improved autophagy dysfunction via Bcl-2 induction in cardio-
myocytes subjected to H/R. (A) LC3 and p62 expression levels in cardiomyo-
cytes subjected to H/R with TMP (50 μM) treatment were analyzed by Western
blotting in the absence or presence of LY294002 (10 μM) and Compound C
(10 μM). (B) Representative blots and statistical data showing the expressions of
Bcl-2 and Beclin-1 in cultured cardiomyocytes treated as in A. (C)
Representative blots and statistical data showing the expressions of Bcl-2, LC3,
p62 and Beclin-1 in cultured cardiomyocytes transfected with siRNA of Bcl-2
(siBcl-2) or siRNA negative control (siCon), followed by H/R with TMP (50 μM)
treatment. (D) Cell viability of cardiomyocytes treated as in C subjected to H/R.
LY: LY294002, CC: Compound C. Data are represented as the mean ± SEM,
n = 8 per group. *P < 0.05 and **P < 0.01.
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5. Conclusion

Our present study demonstrates that the improvement of autophagy
dysfunction participates in TMP-induced protection against MI/R in-
jury. TMP alleviates Beclin-1 associated autophagy dysfunction via
PI3K/Bcl-2 cascade. These findings provide evidence that TMP play a
novel role in regulating autophagy dysfunction against MI/R injury,
which ispotential applied to the treatment of ischemic heart disease.
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