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ischemia-reperfusion injury in diabetic state, role of AMPK-
mediated AKT/GSK-3β/HIF-1α activation
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ABSTRACT

Diallyl trisulfide (DATS), the major active ingredient in garlic, has been reported 
to confer cardioprotective effects. However, its effect on myocardial ischemia-
reperfusion (MI/R) injury in diabetic state and the underlying mechanism are still 
unknown. We hypothesize that DATS reduces MI/R injury in diabetic state via AMPK-
mediated AKT/GSK-3β/HIF-1α activation. Streptozotocin-induced diabetic rats 
received MI/R surgery with or without DATS (20mg/kg) treatment in the presence 
or absence of Compound C (Com.C, an AMPK inhibitor, 0.25mg/kg) or LY294002 (a 
PI3K inhibitor, 5mg/kg). We found that DATS significantly improved heart function 
and reduced myocardial apoptosis. Additionally, in cultured H9c2 cells, DATS (10μM) 
also attenuated simulated ischemia-reperfusion injury. We found that AMPK and AKT/
GSK-3β/HIF-1α signaling were down-regulated under diabetic condition, while DATS 
markedly increased the phosphorylation of AMPK, ACC, AKT and GSK-3β as well as 
HIF-1α expression in MI/R-injured myocardium. However, these protective actions 
were all blunted by Com.C administration. Additionally, LY294002 abolished the 
stimulatory effect of DATS on AKT/GSK-3β/HIF-1α signaling without affecting AMPK 
signaling. While 2-methoxyestradiol (a HIF-1α inhibitor) reduced HIF-1α expression 
without affecting AKT/GSK-3β signaling. Taken together, these data showed that DATS 
protected against MI/R injury in diabetic state by attenuating cellular apoptosis via 
AMPK-mediated AKT/GSK-3β/HIF-1α signaling. Its cardioprotective effect deserves 
further study.
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INTRODUCTION

Coronary artery disease (CAD) is a major cause of 

death and disability in developing countries. Although 

timely reperfusion (such as thrombolytic therapy) is the 

main treatment to limit infarct size and attenuate cardiac 

damage, reperfusion itself exacerbates myocardial injury 

and cellular death, commonly termed as ‘myocardial 

ischemia-reperfusion (MI/R) injury’ [1, 2]. To make things 

worse, numerous basic and clinical studies revealed that 

diabetes mellitus (DM), a common chronic metabolic 

disease, dramatically increased the risk of CAD, followed 

by significantly increased cardiac damage and mortality 
risk [3]. Additionally, previous reports demonstrated 

that diabetes also compromised the effectiveness of 

various cardioprotective interventions [4]. During MI/R 

injury, cardiac damage is more dominant in reperfusion 

period than that in ischemia period and enhanced 

cellular apoptosis is deemed to be one of the main 

causes, especially in diabetic state [3, 4]. Therefore, anti-

apoptotic therapy has been shown to reduce MI/R injury 

[3, 5, 6]. However, there is still a lack of safe and effective 

therapeutic strategy against diabetic MI/R injury.

Garlic has been used for medicinal purposes for 

thousands of years. The ancient references to the use of 

garlic can be traced back to at least the third millennium 

BCE [7, 8]. During recent years, garlic has attracted 

more and more attention for its rich health benefits such 
as anticancer effects, immune-stimulatory effects, lipid 

lowering effects and, importantly, cardioprotective effects 

[9-11]. It has been demonstrated that polysulfide compounds, 
including diallyl sulfide (DAS), diallyl disulfide (DADS) and 
diallyl trisulfide (DATS), are the major active ingredients 
in garlic [8]. Among these three ingredients, DATS has 
been proven to exert most effective cardioprotecitve effect 

and has been demonstrated to retard cardiac contractile 

dysfunction in streptozotocin (STZ)-induced diabetic rats 
[12]. Moreover, Kuo et al. performed a series of experiments 

which showed that DATS treatment markedly inhibited 
cardiac apoptosis in hyperglycemic state [13-15]. However, 

whether DATS regulate cardiomyocyte apoptosis during 
ischemia-reperfusion injury under diabetic condition and the 

underlying mechanisms are still unknown.

AMP-activated protein kinase (AMPK) is a crucial 

defender against ischemic heart disease and cellular stress 

[16]. AMPK signaling regulates a variety of physiological 

and pathological activities such as apoptosis, cellular 

metabolism and energy homeostasis [16]. Importantly, 

activation of AMPK has been demonstrated to confer a 

solid protective effect against reperfusion injury [17]. 

Additionally, AKT signaling serves as its key downstream 

target [17, 18]. Intriguingly, allicin (the major bioactive 

compound of crushed garlic), which can be metabolized 

into diallyl trisulfide, has been found to activate AMPK/
Tuberous sclerosis protein 2 (TSC2) signaling pathway in 
human Hep G2 cells [19]. However, the direct regulatory 

role of DATS on AMPK signaling in cardiovascular 
system is poorly defined. Intriguingly, we and others 
previously found that AKT and its downstream targets 

Glycogen synthase kinase-3β (GSK-3β) and Hypoxia-
inducible factor-1α (HIF-1α) also played key roles in 
ischemia-reperfusion injury [20-22]. However, whether 

they contribute to the cardioprotective effect of DATS 
against diabetic MI/R injury is also unknown.

Therefore, the objectives of this study were to: (1) 

evaluate whether DATS reduce MI/R injury and preserve 
cardiac function in diabetic state; (2) determine the roles 

of AMPK signaling and AKT/GSK-3β/HIF-1α signaling 
in this process; (3) investigate the detailed mechanisms 

involved.

RESULTS

Cardiac AMPK signaling and AKT/GSK-3β/
HIF-1α signaling were down-regulated in type 1 
diabetic rat heart

As a key intracellular energy sensor, AMPK plays 

an essential role in the adaptive response of cardiomyocyte 

to cellular stress during MI/R injury, especially in diabetic 

setting [16, 18]. Moreover, AKT/GSK-3β/HIF-1α pathway 
has been proven to serve as the common pro-survival signal 

through inhibiting apoptotic signaling cascades [22, 23].  

So, in the present study, we firstly evaluated AMPK and 
AKT/GSK-3β/HIF-1α signaling in the left ventricular 
of diabetic and non-diabetic rats (Figure 2). Initially, 
we evaluated the toxic effect of Compound C (Com.C, 

a selective AMPK inhibitor) and LY294002 (LY, a PI3K 

inhibitor) on sham-operated diabetic heart (Supplementary 
Figure 1). Under experimental dosages, Compound C and 
LY294002 treatment caused no significant changes in the 
cardiac function, percentage of TUNEL positive nuclei 
and cellular apoptotic signaling pathway, indicating 

that exogenous agents caused no significant toxic 
effects in the present experiment. Then, we found that 

diabetic myocardium exhibited a significantly reduced 
phosphorylation levels of AMPK and its downstream 

effector ACC (Figure 2B and 2C). Additionally, compared 
with the control group, decreased phosphorylation levels 

of AKT and GSK-3β as well as HIF-1α expression were 
also found in the diabetic group (Figure 2D, 2E and 2F). 
These data were consistent with the previous reports that 

diabetes mellitus impaired cardiac AMPK signaling and 

AKT/GSK-3β signaling [24, 25].

DATS markedly improved cardiac functional 
recovery and reduced myocardial infarct size 
and apoptosis, which was blunted by compound 
C or LY294002 co-administration

DATS, the major active ingredient in garlic, has been 
demonstrated as a potential cardioprotective compounds [13].  
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However, whether it confer cardioprotection against MI/R 

injury in diabetic state and the underlying mechanisms 

remain poorly defined. As shown in Figure 3, after 3 h 
of reperfusion, DATS-treated group showed markedly 
improved left ventricular systolic pressure and first derivative 
of left ventricular pressure (compared with the T1D+MI/

R+V group). However, Compound C or LY294002 co-

treatment blunted these effects (compared with the T1D+MI/

R+DATS group), indicating that AMPK and AKT signaling 
might participate in this process. Additionally, we further 

evaluated the effect of DATS on myocardial infarction and 
apoptosis. As shown in Figure 4, DATS markedly decreased 
the infarct size and the percentage of TUNEL positive nuclei. 
Moreover, DATS-treated group also exhibited markedly 
increased Bcl-2 expression and decreased cleaved caspase-3 

as well as Bax expressions. However, these protective 

effects were also blunted by Compound C or LY294002 

administration, indicating that AMPK and AKT signaling 

plays an essential role in the anti-apoptotic effect of DATS.

The effect of DATS, compound C and LY294002 
on AMPK and AKT/GSK-3β/HIF-1α signaling in 
MI/R-injured diabetic rat heart

To further elucidate the underlying mechanism, we 

evaluated AMPK and AKT/GSK-3β/HIF-1α signaling 
in MI/R-injured diabetic heart. As shown in Figure 5B 
and 5C, after 3 h of reperfusion, DATS-treated group 
exhibited significantly increased phosphorylation levels 
of AMPK and ACC. Meanwhile, DATS also markedly 
increased the phosphorylation levels of AKT and GSK-
3β as well as HIF-1α expression (Figure 5D, 5E and 5F). 
Moreover, these effects were also abolished by Compound 

C administration, while LY294002 inhibited AKT/GSK-

Figure 1: A schematic illustration of in vivo and in vitro experimental design. (A). in vivo experimental design; (B). in vitro 

experimental design. T1D, type 1 diabetes; MI/R, myocardial ischemia-reperfusion; DATS, diallyl trisulfide; Com.C, Compound C; LY, 
LY294002; HG, high glucose; SIR, simulated ischemia-reperfusion; 2ME, 2-methoxyestradiol.
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3β/HIF-1α activation without significantly affecting 
AMPK signaling. All these data suggested that AMPK 

and AKT/GSK-3β/HIF-1α signaling played a pivotal role 
in DATS’s cardioprotecitve actions against diabetic MI/R 
injury. Additionally, AKT acted as the downstream target 

of AMPK in this process.

Compound C attenuated the cytoprotective 
effect of DATS against SIR injury in high 
glucose-treated H9c2 cardiomyoblasts

To further confirm the cardioprotective effect of 
DATS against MI/R injury in diabetic state and elucidate 
its mechanisms, we performed in vitro experiment using 

H9c2 cardiomyoblasts. Initially, we evaluated the toxic 

effect of DATS [5, 10, 20, 40, 80 (in μM)] on high glucose-
incubated H9c2 cells. After 12 h of treatment, we found 

that high glucose treatment slightly decreased the cell 

viability (compared with the mannitol group), while 40 

and 80 μM DATS treatment (for 6 h) significantly reduced 
cell viability (Figure 6A, compared with the mannitol 
group). Compared with the HG group, 40 and 80 μM 
DATS treatment also significantly reduced cell viability, 
while 20 μM DATS slightly reduced the cell viability 
(Figure 6A). Based on these experimental data and the 
previous reports [14], we chose the dose of 10 μM in the 
present study. We found that DATS conferred a profound 
protective effect against SIR injury as evidenced by 
markedly increased cell viability and decreased percentage 

of TUNEL positive nuclei (Figure 6B, 6C and 6D). 
Meanwhile, DATS treatment also effectively inhibited 
the cellular apoptotic signaling by decreasing cleaved 

caspase-3 and Bax expressions as well as increasing Bcl-

2 expression (Figure 6E-6H). Intriguingly, these effects 
were abolished by Compound C co-incubation (Figure 6), 
while under the present experimental dosages, Compound 

C itself did not caused significant changes in cell viability 
and apoptosis signaling (Supplementary Figure 2), 
indicating that AMPK signaling contributed greatly to the 

cytoprotecitve effect of DATS.

The effect of DATS and Compound C on AMPK 
signaling and AKT/GSK-3β/HIF-1α signaling in 
high glucose-treated and SIR-injured H9c2 cells

To further confirm the role of AMPK signaling in 
DATS’s cytoprotective actions, we measured both the 
AMPK signaling and AKT/GSK-3β/HIF-1α signaling in 
the in vitro experiment. As shown in Figure 7, we found 
that 12 h of high glucose incubation markedly inhibited 

AMPK signaling and AKT/GSK-3β/HIF-1α signaling 
by reducing the phosphorylation of AMPK, ACC, AKT 

and GSK-3β as well as the protein expression of HIF-
1α (compared with the mannitol group). Next, we found 
that DATS significantly activated AMPK signaling and 
AKT/GSK-3β/HIF-1α signaling while Compound C 
also abolished this effect. All these data provided direct 

evidence that AMPK signaling contributed greatly to 

Figure 2: Type 1 diabetic rats showed reduced myocardial AMPK/ACC signaling and AKT/GSK-3β/HIF-1α signaling. 
(A). representative blots; (B). p-AMPK/AMPK ratio; (C). p-ACC/ACC ratio; (D). p-AKT/AKT ratio; (E). p-GSK3β/GSK3β ratio; (F). 

HIF-1α expression. Data are expressed as mean ± SEM, n = 6 in each group; θθP < 0.01/θP < 0.05 vs the Con group. Con, control group; 

T1D, type 1 diabetic group.
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the cytoprotective effect of DATS. Additionally, AKT/
GSK-3β/HIF-1α signaling served as the key downstream 
signaling.

Effect of LY294002 and 2-methoxyestradiol on 
SIR injury and cellular AKT/GSK-3β/HIF-1α 
signaling in high glucose-treated H9c2 cells

Next, we introduced the specific PI3K/AKT inhibitor 
and HIF-1α inhibitor to further confirm the mechanism. 
Firstly, we also tested the toxic effect of LY294002 and 
2-methoxyestradiol on cell viability and apoptosis in high 

glucose-treated H9c2 cells (Supplementary Figure 2). 
Under the present dosages, we did not find a significant 
difference in cell viability and apoptosis between the 

inhibitor-treated group and the control group. As shown in 

Figure 8A, 8B and 8C, LY294002 and 2-methoxyestradiol 
markedly decreased the cell viability and increased the 

percentage of TUNEL positive nuclei (compared with 

the HG+SIR+DATS group). Additionally, the apoptotic 
signaling was also re-activated in the inhibitor-treated 

groups (Figure 8D-8G). As shown in Figure 9, LY294002 
blunted cellular AKT/GSK-3β/HIF-1α signaling as 
evidenced by reduced phosphorylation levels of AKT 

and GSK-3β as well as deceased HIF-1α expression 
(compared with the HG+SIR+DATS group). However, 
2-methoxyestradiol reduced HIF-1α expression without 
affecting AKT/GSK-3β signaling, indicating that HIF-
1α served as the downstream target of AKT/GSK-3β 
signaling.

DISCUSSION

In the present study, we evaluated the 

cardioprotective effect of DATS on MI/R injury in type 
1 diabetic state. Our in vivo and in vitro data showed that 

DATS treatment significantly improved cardiac functional 
recovery and inhibited cellular apoptosis after myocardial 

Figure 3: The effect of DATS, Compound C and LY294002 on cardiac function during myocardial ischemia-reperfusion 
injury. (A). Left ventricular systolic pressure (LVSP); (B) and (C). The first derivative of left ventricular pressure (+dP/dt

max
 and -dP/dt

max
). 

Data are expressed as mean ± SEM, n = 6 in each group; **P < 0.01/*P < 0.05 vs the T1D+Sham group, ##P < 0.01/#P < 0.05 vs the T1D+MI/

R+V group. T1D, type 1 diabetes; MI/R, myocardial ischemia-reperfusion; DATS, diallyl trisulfide; Com.C, Compound C; LY, LY294002; 
I 30, ischemia for 30 min; R 60, 120, 180, reperfusion for 60 min, 120 min, 180 min.
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reperfusion. In addition, the crucial roles of AMPK and its 

downstream target AKT/GSK-3β/HIF-1α signaling were 
revealed. To the best of our knowledge, this is the first 
study disclosing the potential effect of DATS on diabetic 
MI/R injury and its underlying mechanisms.

During recent years, DATS has attracted more 
and more attention as a therapeutic agent against plenty 

of diseases, including cancer, infections, metabolic 

syndrome and cardiovascular disease [26-28]. Several 
studies have investigated its myocardial protective actions. 

Predmore et al. firstly reported that DATS significantly 
reduced MI/R injury in non-diabetic mice by limiting 

infarct size and improving cardiac contractile function 

[29]. They further demonstrated that DATS could act as 
a H

2
S donor and preserved endogenous H

2
S levels, thus 

activating endothelial nitric oxide synthase (eNOS) and 
increasing the bioavailability of nitric oxide (NO) [29]. In 
addition, a series of study by Kuo et al. showed that DATS 

inhibited high glucose-induced cardiomyocyte apoptosis 

by reducing JNK/NF-κB axis and activating PI3K/AKT 
signaling [13, 14]. Intriguingly, one of their recent study 

also demonstrated that AKT signaling played a pivotal role 

in the cytoprotective actions of DATS in hyperglycemic 
setting [15]. However, whether DATS reduces MI/R 
injury in diabetic or hyperglycemic state and the role of 

AKT signaling in this process are still unknown. In the 

present study, our in vivo and in vitro results demonstrated 

that DATS effectively attenuated MI/R injury in type 1 
diabetic state as evidenced by improved heart function and 

reduced cellular apoptosis. Moreover, we determined the 

potential role of AKT signaling and further investigated its 

upstream and downstream target.

AMPK has been confirmed as the crucial modulator 
of cellular metabolism and stress in the cardiomyocyte 

[18]. Activation of AMPK regulates the transport and 

metabolism of fatty acids and glucose to ameliorate 

Figure 4: DATS treatment significantly reduced myocardial infarct size and inhibited myocardial apoptosis, which 
was blunted by Compound C or LY294002 co-administration. (A) and (B). Myocardial infarct size; (C). Representative 

photomicrographs of TUNEL staining (×200, bar=200μm). Apoptotic nuclei were stained with TUNEL (Row 1). Total nuclei were stained 
with DAPI (Row 2). (D). Percentage of TUNEL positive nuclei; (E). representative blots; (F). cleaved caspase-3 expression; (G). Bcl-2 

expression; (H). Bax expression. Data are expressed as mean ± SEM, n = 6 in each group; **P < 0.01/*P < 0.05 vs the T1D+Sham group, ##P 

< 0.01/#P < 0.05 vs the T1D+MI/R+V group, $$P < 0.01/$P < 0.05 vs the T1D+MI/R+DATS group. T1D, type 1 diabetes; MI/R, myocardial 
ischemia-reperfusion; DATS, diallyl trisulfide; Com.C, Compound C; LY, LY294002.
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cardiac damage [16, 24]. Plenty of pathophysiological 

conditions including heat shock, starvation, oxidative 

damage and ischemia-reperfusion injury can activate 

AMPK signaling, thus enhancing glycolysis and fatty 

acid oxidation [16, 18]. However, in diabetic condition, 

AMPK signaling is found to be down-regulated in adipose 

tissue, liver and even in myocardium [16, 30, 31]. One 

study showed that high-fat diet-treated C57BL/6 mice 

(6 weeks) exhibited a significantly reduced myocardial 
AMPK activity and enhanced myocardial inflammatory 
response [31]. Another study by Xie et al. also found a 

markedly reduced AMPK activation in STZ-induced type 
1 diabetic mice [32]. Consistently, our in vivo and in vitro 

data showed that diabetes or high glucose incubation 

markedly decreased the phosphorylation levels of AMPK 

and its downstream effector ACC. Importantly, previous 

literature demonstrated that reduced AMPK signaling was 

the main cause of cardiovascular disease and constituted 

a crucial mechanism for aggravated myocardial ischemic 

injury in diabetic condition [33]. Therefore, AMPK 

signaling in the ischemic heart has been deemed as an 

important therapeutic target to ameliorate MI/R injury in 

diabetic condition [34-36]. One of the previous reports 

showed that allicin, which can be metabolized into diallyl 

trisulfide, could activate AMPK signaling in Hep G2 
human liver cancer cells [19]. However, in cardiovascular 

system, the regulatory role of DATS on AMPK has not 
been disclosed. In this study, we firstly found that DATS 

significantly enhanced AMPK signaling in MI/R-injured 
heart. Meanwhile, co-treatment with Compound C, the 

selective inhibitor of AMPK, not only inhibited AMPK 

activation, but also blocked the cardioprotective effect of 

DATS. These data indicate that AMPK signaling is the 
novel downstream target of DATS. Moreover, we found 
that DATS also enhanced cardiac AKT/GSK-3β/HIF-1α 
signaling while this effect was abolished by Compound 

C administration, suggesting that AKT/GSK-3β/HIF-
1α signaling served as the downstream target of AMPK 
signaling.

GSK-3β, a ubiquitously expressed serine/threonine 
kinase, is deemed as a pivotal regulator of mitochondrial 

function as well as cellular apoptosis during MI/R injury 

[37, 38]. Previous studies indicated that GSK-3β could be 
modulated by phosphorylation of its specific amino acid 
residues, serine 9 and tyrosine 216 [38]. Additionally, 

AKT has been confirmed as the key upstream signaling 
that phosphorylates GSK-3β at serine 9, leading to 
the inactivation of GSK-3β, which further inhibits 
cardiomyocyte apoptosis and confers cardioprotective 

effects [39]. Previously, we and others found that Akt/

GSK-3β cascade acted as an intracellular compensatory 
feedback regulator that inhibited apoptosis and preserved 

cardiac function in response to MI/R injury [21, 40]. 

Modulation of Akt/GSK-3β signaling has also been 
confirmed as the key mechanism of other cardioprotective 
agents [21, 35, 41, 42]. In the present study, our in vivo 

Figure 5: DATS treatment enhanced myocardial AMPK/ACC signaling and AKT/GSK-3β/HIF-1α signaling, which 
was inhibited by Compound C or LY294002. (A). representative blots; (B). p-AMPK/AMPK ratio; (C). p-ACC/ACC ratio; (D). 

p-AKT/AKT ratio; (E). p-GSK3β/GSK3β ratio; (F). HIF-1α expression. Data are expressed as mean ± SEM, n = 6 in each group; **P < 

0.01/*P < 0.05 vs the T1D+Sham group, ##P < 0.01/#P < 0.05 vs the T1D+MI/R+V group, $$P < 0.01/$P < 0.05 vs the T1D+MI/R+DATS 
group. T1D, type 1 diabetes; MI/R, myocardial ischemia-reperfusion; DATS, diallyl trisulfide; Com.C, Compound C; LY, LY294002.
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and in vitro data showed that diabetes significantly down-
regulated AKT/GSK-3β signaling in sham-operated heart 
while DATS markedly enhanced the phosphorylation 
levels of AKT and GSK-3β. However, Compound C 
administration markedly inhibited the modulatory effect 

of AKT/GSK-3β signaling by DATS, while LY294002 
significantly blunted AKT/GSK-3β signaling without 
affecting the AMPK signaling, indicating that AKT/GSK-
3β signaling acted as the downstream target of AMPK in 
the current circumstance.

Previously, AKT/GSK-3β activation has also been 
linked to increased HIF-1α expression in many studies 
[43-45]. HIF-1α is a key modulator of hypoxia which 
enhances the transcription of multiple hypoxia-sensitive 

genes, including vascular endothelial growth factor 

(VEGF) and erythropoietin (EPO). Plenty of studies have 
demonstrated that HIF-1α participated in various cell 
activity such as cell proliferation, angiogenesis and glucose 

metabolism [46, 47]. During MI/R injury, HIF-1α is also 
demonstrated to play a key role in cardioprotection against 

reperfusion injury [47, 48]. Liu et al. demonstrated that 

dihydromyricetin, one of the most abundant components 

in vine tea, markedly inhibited cellular apoptosis-induced 

by MI/R injury via PI3K/AKT and HIF-1α signaling 
[49]. Another study by Du et al. found that renalase, an 

enzyme that can metabolize catecholamine, served as 

a novel downstream effector of HIF-1α and protected 
against MI/R injury [50]. However, previous literature also 

implicated that diabetes mellitus could significantly impair 
the myocardial HIF signaling, which further interfered 
with the intrinsic pro-survival signaling pathways and 

increased myocardial infarct size [51-53]. Consistently, we 

found a markedly reduced HIF-1α protein expression in 
diabetic myocardium or high glucose-treated H9c2 cells. 

Importantly, we also demonstrated that HIF-1α signaling 
was activated by DATS administration, while inhibition 
of HIF-1α abolished the cardiprotective effect of DATS 
without affecting the phosphorylation levels of AMPK, 

AKT and GSK-3β. These data all suggest that AMPK-
mediated AKT/GSK-3β/HIF-1α activation is the key 
mechanism in DATS’s cardioprotecitve effect in diabetic 
state. To the best of our knowledge, this is also the first 

Figure 6: In high glucose-treated H9c2 cardiomyoblasts, DATS effectively attenuated cellular apoptosis, while 
Compound C bunted this effect. (A). High glucose-treated H9c2 cells were incubated in culture medium containing DATS for 6 h 
at the concentrations of 5, 10, 20, 40 and 80 μmol/L, separately. Then, cell viability was assessed. (B). Cell viability. (C). Representative 

photomicrographs of TUNEL staining (×200, bar=200μm). Apoptotic nuclei were stained with TUNEL (Row 1). Total nuclei were stained 
with DAPI (Row 2). (D). Percentage of TUNEL positive nuclei; (E). representative blots; (F). cleaved caspase-3 expression; (G). Bcl-2 

expression; (H). Bax expression. Data are expressed as mean ± SEM, n = 6 in each group; @@P < 0.01/@P < 0.05 vs the mannitol group, 
&&P < 0.01/&P < 0.05 vs the HG group, ^^P < 0.01/^P < 0.05 vs the HG+SIR group, ^^P < 0.01/^P < 0.05 vs the HG+SIR+DATS group. HG, 
high glucose; SIR, simulated ischemia-reperfusion; DATS, diallyl trisulfide; Com.C, Compound C.
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Figure 7: In high glucose-treated H9c2 cardiomyoblasts, DATS markedly enhanced cellular AMPK/ACC signaling 
and AKT/GSK-3β/HIF-1α signaling, which was blunted by Compound C co-administration. (A). representative blots; 

(B). p-AMPK/AMPK ratio; (C). p-ACC/ACC ratio; (D). p-AKT/AKT ratio; (E). p-GSK3β/GSK3β ratio; (F). HIF-1α expression. Data are 
expressed as mean ± SEM, n = 6 in each group; @@P < 0.01/@P < 0.05 vs the mannitol group, &&P < 0.01/&P < 0.05 vs the HG group, ^^P 

< 0.01/^P < 0.05 vs the HG+SIR group, ^^P < 0.01/^P < 0.05 vs the HG+SIR+DATS group. HG, high glucose; SIR, simulated ischemia-
reperfusion; DATS, diallyl trisulfide; Com.C, Compound C.

Figure 8: LY294002 and 2-methoxyestradiol inhibited the ameliorative effect of DATS on simulated ischemia reperfusion-
induced cellular apoptosis in high glucose-treated H9c2 cells. (A). Cell viability. (B). Representative photomicrographs of 

TUNEL staining (×200, bar=200μm). Apoptotic nuclei were stained with TUNEL (Row 1). Total nuclei were stained with DAPI (Row 2). 
(C). Percentage of TUNEL positive nuclei; (D). representative blots; (E). cleaved caspase-3 expression; (F). Bcl-2 expression; (G). Bax 

expression. Data are expressed as mean ± SEM, n = 6 in each group; ^^P < 0.01/^P < 0.05 vs the HG+SIR+DATS group. HG, high glucose; 
SIR, simulated ischemia-reperfusion; DATS, diallyl trisulfide; LY, LY294002; 2ME, 2-methoxyestradiol.
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study linking DATS with HIF-1α in cardiovascular system. 
Importantly, our study also investigated the upstream and 

downstream relationship between AMPK signaling and 

AKT/GSK-3β/HIF-1α signaling in this process.
This study proposed novel therapeutic strategy 

against MI/R injury under diabetic condition. However, 

there are still more to investigate behind these data. Firstly, 
under physiological condition, the heart predominantly 

uses fatty acids as fuel since fatty acids produce more ATP 

per molecule of substrate than glucose [16]. However, 

when oxygen supply limits (during myocardial ischemic 

event), a shift in the myocardial metabolism from fatty 

acid to glucose is initiated as it is more oxygen efficient 
and prevents deleterious effects. Previously, activation 

of AMPK/AKT signaling has also been demonstrated 

to enhance myocardial glucose uptake thus alleviating 

MI/R injury [54, 55]. So, the effect of diallyl trisulfide 
on glucose utilization during MI/R injury deserves further 

study. Secondly, as type 2 diabetes is the most common 
form of diabetes, accounting for more than 90% of all 

cases, it is of great importance to further investigate 

the potential role of DATS and AMPK-mediated AKT/

GSK-3β/HIF-1α signaling pathway under type 2 diabetic 
condition. Thirdly, several publications have revealed that 

the anti-oxidative property of DATS contributed greatly to 
its cardiovascular beneficial effects [14, 15]. For example, 
Tsai et al. found that DATS attenuated hyperglycemia-
induced ROS-mediated apoptosis by activating PI3K/Akt/
Nrf2 signaling, which further enhanced Nrf2-mediated 
antioxidant enzymes in cardiomyocytes exposed to 

hyperglycemia [14]. Further basic and clinical study is 
required to evaluate whether DATS confer a similar effect 
against MI/R injury in diabetic condition as well as the 

underlying mechanisms.

Taken together, the current experimental data 

showed that type 1 diabetes impaired myocardial AMPK 

signaling and AKT/GSK-3β/HIF-1α signaling. DATS 
treatment reduced MI/R injury in diabetic state by 

attenuating cellular apoptosis via reactivation of AMPK-

mediated AKT/GSK-3β/HIF-1α signaling pathway. This 
study not only provided novel insights into the etiogenesis 

of cardiovascular complications under diabetic condition, 

but also highlighted DATS’s cardioprotective effect for the 
diabetic patients with ischemic heart disease.

Figure 9: LY294002 blunted cellular AKT/GSK-3β/HIF-1α signaling while 2-methoxyestradiol reduced HIF-1α 
expression without affecting AKT/GSK-3β signaling. (A). representative blots; (B). p-AKT/AKT ratio; (C). p-GSK3β/GSK3β 
ratio; (D). HIF-1α expression. Data are expressed as mean ± SEM, n = 6 in each group; ^^P < 0.01/^P < 0.05 vs the HG+SIR+DATS group, 
ψψP < 0.01/ψP < 0.05 vs the HG+SIR+LY group. HG, high glucose; SIR, simulated ischemia-reperfusion; DATS, diallyl trisulfide; LY, 
LY294002; 2ME, 2-methoxyestradiol.
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MATERIALS AND METHODS

Ethics statement

All experimental procedures were approved by the 

Animal Care Committee of General Hospital of Shenyang 
Military Area Region and conformed to Guide for the Care 

and Use of Laboratory Animals (US National Institutes 
of Health, Publication No. 85-23, revised 1996). All 
necessary efforts were made to minimize suffering.

Animals

Healthy male Sprague-Dawley (SD) rats (Eight-week-
old, 180-210 g) were purchased from the Experimental 

Animal Center of General Hospital of Shenyang Military 
Area Region. The rats involved in this experiment were fed 

with standard diet and water under standard animal room 

conditions. Before the experiment, the animals were housed 

for one week to familiarize with the surroundings.

Reagents

Diallyl trisulfide was purchased from LKT 
Laboratories (St. Paul, MN, USA). Streptozotocin (STZ), 
4’, 6-diamino-2-phenylindole (DAPI) and Compound C 

(Com.C) were obtained from Sigma-Aldrich (St. Louis, 
MO, USA). Sodium pentobarbital, Evans blue (EB) and 
triphenyltetrazolium chloride (TTC) were purchased from 

Solarbio Life Sciences (Beijing, China). 2-methoxyestradiol 
(2ME) was purchased from Selleck Chemicals (Houston, 
TX, USA). LY294002 and BCA Protein Assay Kit were 
purchased from Beyotime Biotechnology (Shanghai, 
China). Terminal deoxynucleotidyltransferase-mediated 

dUTP nick end labeling (TUNEL) assay kit was purchased 
from Roche (Mannheim, Germany). H9c2 cardiomyoblasts 

were obtained from Tiancheng biotechnology (Shanghai, 
China). The primary antibodies against p-AMPK (Thr172), 

AMPK, cleaved caspase-3, Bcl-2 and Bax were obtained 

from Cell Signaling Technology (Boston, MA, USA). The 
primary antibodies against p-ACC (Ser79), ACC, p-AKT 
(Thr308), AKT, p-GSK3β (Ser9), GSK3β, HIF-1α and 
β-actin were purchased from Santa Cruz Biotechnology 
(Dallas, TX, USA). The secondary antibodies were 
purchased from the Zhongshan Company (Beijing, China).

Diabetes induction

Type 1 diabetic rat model was induced as described 

in our recent study [25]. In brief, low-dose STZ 
(40 mg/kg/d, i.p., dissolved in 0.1 mol/l citrate buffer) 

was administered intraperitoneally for 3 consecutive 

days. Before the injection, the rats were fasted overnight. 

Diabetes was confirmed by fasting plasma glucose 
readings of ≥ 11.1 mmol/L. We also performed oral or 
intraperitoneal glucose tolerance test to further confirm 
the diabetic model.

In vivo experimental design

Male SD rats were randomly assigned to 7 
experimental groups (Figure 1), (1) non-diabetic control 
group (Con); (2) type 1 diabetic group (T1D); (3) 

T1D+Sham; (4) T1D+MI/R+vehicle (V); (5) T1D+MI/
R+DATS; (6) T1D+MI/R+DATS+Compound C (Com.C); 
(7) T1D+MI/R+DATS+LY294002 (LY). Diallyl trisulfide 
(20 mg/kg, dissolved in corn oil) was orally taken for 3 

days before the myocardial ischemia-reperfusion surgery. 

After 20 min of ischemia, it was administered once again. 

Corn oil was used as the vehicle at a dose of 2 ml/kg/d. 

Compound C (0.25 mg/kg) was intravenously treated 

after 10 min of ischemia. LY294002 was intraperitoneally 

administered for 3 days before the surgery and once again 

after 10 min of ischemia. The dose of diallyl trisulfide was 
chosen based on the previous reports [15]. The dose of 

Compound C and LY294002 was chosen based on our 

recent studies [21, 25]. Additionally, the potential toxic 

effect of the exogenous reagents on the heart was also 

evaluated (Supplementary Figure 1).

Myocardial ischemia-reperfusion protocol and 
cardiac function assessment

Myocardial ischemia-reperfusion operation was 

performed as described previously [56]. The rats were 

anesthetized by sodium pentobarbital (40 mg/kg, i.p.) and 

ventilated via a tracheal intubation on a rodent ventilator 

(Taimeng technology, Chengdu, China). Following a 
left lateral thoracotomy, the heart was exposed and a 6-0 

silk suture was placed around the left coronary artery. 

Myocardial ischemia was initiated by ligating the suture, 

while the rats in the sham group received threading but 

not ligation. After 30 min of coronary occlusion, the 

ligature was released and the rats received reperfusion 

for 3 h. During the operation, left ventricular function of 

the rats was continuously recorded using a hemodynamic 

analyzing system (Taimeng technology, Chengdu, China) 

[25]. First derivative of left ventricular pressure (+dP/
dt

max
 and -dP/dt

max
) and Left ventricular systolic pressure 

(LVSP) were continuously recorded at baseline, ischemia 
for 30 min and reperfusion for 1, 2, and 3 h.

Cell culture and in vitro experimental design

High glucose treatment was carried out as described 

by previous studies [57]. H9c2 cardiomyoblasts were 

cultured in Dulbecco’s modified essential medium 
(DMEM) supplemented with 10% fetal bovine serum 

(FBS), 100 U/mL penicillin and 100 mg/mL streptomycin 
in humidified atmosphere (5% CO

2
) at 37 °C. in vitro 

experiment was illustrated in Figure 1. Initially, the 
cardiomyoblasts were cultured in normal glucose (5.5 mM) 

medium. Then, the cells were incubated in normal medium 

(5.5 mM D-glucose plus 27.5 mM mannitol) or high 

glucose medium (33 mM D-glucose) for 12 h with or 
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without DATS administration (10 μM, 6 h). Compound 
C (5 μM), LY294002 (5 μM) or 2-methoxyestradiol (10 
μM) was applied in the medium with the administration of 
DATS in different group. After these treatment, the cells 
were subjected to simulated ischemia-reperfusion injury. 

The dosages of DATS and the inhibitors are chosen based 
on previous studies [21, 22, 58, 59]. Also, we assessed 

the potential toxic effect of the exogenous reagents on the 

cells (Supplementary Figure 2).

Simulated ischemia-reperfusion protocol and cell 
viability measurement

Simulated ischemia-reperfusion was carried out 
strictly according to our previous reports [5]. In brief, H9c2 

cardiomyoblasts were incubated in the ischemic buffer 

containing 137 NaCl, 12 KCl, 0.9 CaCl
2
 and 0.49 MgCl

2
 

(mM). Additionally, 10 deoxyglucose, 20 lactate, 0.75 sodium 

dithionate and 4 HEPES (mM) were also supplemented in 
this buffer. The buffer pH was finally adjusted to 6.5 and 
the cells were subjected to simulated ischemia for 2 h in 

the standard humidified atmosphere (5% CO2) at 37 °C. 
Then, the cells were returned to normal culture medium for 

4 h of simulated reperfusion. Before the simulated ischemia 

treatment, the cells received different treatment.

Cell viability was measured as previously described 

[60]. The cells were initially seeded in 96-well culture 

plates (1 × 104 per well). After different treatment, 10 μL 
CCK-8 solution (1/10 dilution) was added to each well and 

incubated for 2 h. A microtiter plate reader (SpectraMax 
190, Molecular Device, USA) was employed to determine 
the absorbance. The cell viability was expressed by 

dividing the optical density of testing samples with that of 

the mannitol group.

Myocardial apoptosis and infarction 
measurement

TUNEL staining was performed strictly following 
the manufacturer’s instructions as described by our 

previous reports [25]. The percentage of TUNEL positive 
nuclei was presented as the number of positively stained 

apoptotic nuclei (green staining)/the total number of 

nuclei (blue staining) counted × 100%. Myocardial infarct 
size was evaluated by Evans Blue-TTC double-staining 

technique and analyzed using a digital imaging system 
as described before [61]. The myocardial infarct size was 

presented as a percentage of infarct area (INF) over total 
area at risk (AAR) (INF/AAR × 100%).

Western blotting

Total protein in cardiac tissue and H9c2 

cardiomyoblasts was harvested using protein lysis buffer 

and determined by BCA Protein Assay Kit. Equal amounts 
of protein (30 μg) was subjected to the 10 % SDS-PAGE 

gel and then transferred to the polyvinylidene difluoride 
(PVDF) membranes following with normal western 
blotting procedures [61]. Protein bands were detected and 

analyzed using Bio-Image Analysis System (Bio-Rad, 
Richmond, CA, USA).

Statistical analysis

Results are presented as means ± SEM. Differences 
were compared by Student’s t test or ANOVA followed 
by Bonferroni correction for post hoc t test, where 

appropriate (GraphPad Prism software, San Diego, CA, 
USA). Statistically significant difference was considered 
at a value of P < 0.05.

Abbreviations
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EB, Evans blue; eNOS, endothelial nitric oxide synthase; 
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