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Abstract: Early reperfusion of myocardial infarction area is the most effective and important therapy to acute myo-
cardial infarction, but could induce reperfusion injury. Geranylgeranylacetone (GGA), an acyclic polyisoprenoid used 
as an oral anti-ulcer medication, has been reported to have protective effects on reperfusion injury. In the present 
study, we explored the protective effect of GGA against MIRI and the underlying mechanism. We pretreated rats with 
four daily GGA, and then observed its effects on heart function parameters following in situ ischemia/reperfusion. 
GGA exhibited dramatic improvement in cardiac functions, as manifested by increased LVSP and ± (dP/dt) max and 
decreased LVDP. Oxidative injury and inflammatory response were also relieved by GGA. Western blot showed that 
the HSP70 protein expression and the Akt/GSK-3β/eNOS pathway were activated. The inhibition of HSP70 and the 
Akt/GSK-3β/eNOS pathway significantly reversed the protective effects of GGA on MIRI, indicating the involvements 
of HSP70 and the Akt/GSK-3β/eNOS pathway.
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Introduction

Despite the rapid developments in medical 
care, acute myocardial infarction (AMI) remains 
a major cause of morbidity and mortality 
throughout the modern world. It was reported 
that AMI-related complications cost $2 billion 
in American healthcare resources every year 
[1]. At present, early reperfusion after myocar-
dial infarction by thrombolysis and percutane-
ous coronary intervention are two of the most 
effective and important therapies for AMI [2]. 
However, these treatments could induce reper-
fusion injury. Reperfusion injury is initiated 
when blood flow returns to the ischemic tissue 
[3], and involves many cell injury pathways, 
such as membrane destabilization, intracellu-
lar calcium dysregulation, free radical produc-
tion, mitochondrial injury, and pro-apoptotic 
pathway activation [4]. The cytotoxic cascade, 
which results in generation of reactive oxygen 
species (ROS), is thought to be the main factor 
that leads to contractile dysfunction, cell death, 
and inflammation [5]. These injuries may cause 
acute consequences such as low cardiac out-
put and death or chronic diseases such as 
heart failure [6]. Therefore, there is a desperate 

need to protect the heart against myocardial 
infarction reperfusion injury (MIRI)-related com-
plications, although presently, there is no effec-
tive treatment available for MIRI.

Geranylgeranylacetone (GGA) is an acyclic poly-
isoprenoid, which has been used as an oral 
anti-ulcer medication in Japan and China for 
more than 20 years with no major adverse 
effects. Previous studies have shown that GGA 
is cytoprotective against various stressors in a 
variety of cells and tissues. By inducing heat 
shock proteins (HSPs), GGA can protect many 
organs from ischemia/reperfusion (I/R) injury, 
including the brain [7], kidney [8], and liver [9]. 
HSPs are responsible for the maintenance of 
cellular homeostasis during regular cell growth 
as well as survival after detrimental environ-
mental stress [10]. Many studies have revealed 
that HSPs can protect cells from stress and 
apoptosis [11]. Among the large family of HSPs, 
HSP70 is the most studied that is involved in 
protection against injury and apoptosis under 
various pathological conditions [12]. It has 
been shown that over-expression of HSP70 can 
inhibit the release of caspase activators from 
mitochondria and prevent activation of cas-
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pase-9 and caspase-3 [13]. Because cardio-
myocytes injury and apoptosis are the main 
consequences of MIRI, the effect of GGA on 
MIRI and its underlying mechanism needs to be 
explored. 

Endothelial nitric oxide synthase (eNOS) be- 
longs to the large NOS family that includes two 
other isoforms, neuronal NOS (nNOS) and in-
ducible NOS (iNOS). It has been revealed that 
eNOS participates in the protection against 
ischemia/reperfusion injury [14-16]. There are 
many explanations for the protective action of 
eNOS that include regulation of cerebral blood 
flow, mediation of the vascular response to the 
oxidative stress, or inhibition of platelet aggre-
gation, and platelet and polymorphonuclear 
neutrophil adhesion to the vascular endotheli-
um [17]. However, how GGA induces eNOS and 
its effects on myocardial ischemia/reperfusion 
injury have not been well studied. As a direct 
substrate of Akt, GSK-3β mediates many cellu-
lar processes such as cardiac development, 
growth, protein synthesis, and gene transcrip-
tion. The activation of GSK-3β induces cellular 
defense mechanisms by maintaining the cyto-
skeletal architecture, preserving redox homeo-
stasis, and shielding cells from apoptosis [18]. 
The involvement of the Akt/GSK-3β/β-catenin 
pathway in the protection of GGA against myo-
cardial ischemia/reperfusion injury is worthy of 
examination.

Hence, the present work was performed to 
explore the protective effect of GGA against 
MIRI and its underlying mechanism. We pre-
treated rats with GGA four times per day, and 
then observed its effects on heart function 
parameters following in situ ischemia/reperfu-
sion. Multiple oxidative products in the myocar-
dium were measured to evaluate the anti-oxida-
tive effect of GGA. Myeloperoxidase (MPO) 
activity, and levels of the proinflammatory cyto-
kines tumor necrosis factor-α (TNF-α) and in- 
terleukin-1β (IL-1β) also were examined. Next, 
we investigated the role of eNOS and the Akt/
GSK-3β/β-catenin pathway in the protective 
effects of GGA to further explore its underlying 
mechanism. 

Materials and methods

Animals and reagents

Male Wistar rats (150-170 g) were purchased 
from the Shanghai Laboratory Animal Center 

(Shanghai Institutes for Biological Sciences, 
Chinese Academy of Sciences, Shanghai, 
China) and used in this study. The study was 
approved by the institutional animal care and 
use committee at the Shanghai Jiaotong 
University School of Medicine animal center 
and performed in accordance with the Guide 
for the Care and Use of Laboratory Animals, 8th 
Edition. The animals were housed in the 
Shanghai Jiaotong University School of Medi- 
cine animal center. Housing conditions were 
22°C temperature, 41% relative humidity, and 
12-/12-hour light/dark cycles. Rats were allow- 
ed access to water and food ad libitum. Quer- 
cetin (HSP70 inhibitor), triciribine (Akt inhibitor), 
SB-216763 (GSK-3β inhibitor), and L-NIO (eNOS 
inhibitor) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). 

Experimental protocol

Rats were randomly assigned to four groups: 
Sham, Control, 50 mg/kg GGA, and 100 mg/kg 
GGA (20 animals per group). Rats in the Sham 
group received 10 mL 5% gum arabic orally for 
7 days (four times per day), followed by sham 
myocardial ischemia/reperfusion (I/R) surgery. 
Rats in the MIRI group received 10 mL 5% gum 
arabic orally for 7 days (four times per day), fol-
lowed by myocardial I/R surgery. Rats in the 50 
mg/kg GGA and 100 mg/kg GGA groups re-
ceived 10 mL 5% gum arabic with either 50 
mg/kg or 100 mg/kg weight of GGA for 7 days 
(four times per day), followed by myocardial I/R 
surgery 24 hours later. In each group, 10 rats 
were used for functional studies, and 10 rats 
were used for biomarker measurements. Quer- 
cetin (3 mg/kg body weight), triciribine (2 mg/
kg), SB-216763 (0.6 mg/kg), or L-NIO (10 mg/
kg) was administered intraperitoneally once 
daily during GGA treatment as indicated. All the 
compounds were purchased from Sigma-Ald- 
rich company located in Shanghai, China.

Myocardial I/R procedure

Rats were anesthetized by intraperitoneal ad- 
ministration of pentobarbital sodium (100 mg/
kg, Abbott Laboratories, Chicago, IL). The plane 
of anesthesia was confirmed by lack of foot-
withdrawal reflex. Body temperature was moni-
tored and maintained at 37°C with a heat lamp. 
Next, a middle cervical incision was made, and 
a section of tubing was passed through the 
exposed trachea until the tip was 3 mm below 
the larynx. A left parasternotomy was per-
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formed by dividing three ribs in a cephalocau-
dal direction parallel to the sternum. After the 
pericardium was opened, the left coronary 
artery was located and a 3-0 silk black braided 
suture was inserted around the artery near its 
origin. A snare was created by passing both 
ends of the suture through the tip of an angio-
catheter that could then be tightened and 
released by sliding a Voss clip down the angio-
catheter. After 60 minutes of ischemia, the 
occlusive snare was released for reperfusion. 

Sham rats underwent the same surgical proce-
dures except that the suture was not snared. 

Surgical procedures for evaluating hemody-
namic parameters 

Rats were anesthetized by intraperitoneal 
administration of chloral hydrate (300 mg/kg). 
A small incision was made on the right side of 
the neck. The external right carotid artery was 
exposed and a microtip pressure transducer 

Figure 1. Changes in cardiac function by GGA. MIRI and GGA both caused significant changes on all the hemody-
namic parameters. MIRI decreased ± (dP/dt) max and LVSP but increased LVDP, which was reversed by GGA. MIRI: 
myocardium ischemic/reperfusion injury; GGA: Geranylgeranylacetone. Values are expressed as Mean ± SEM. #: 
P<0.05 compared to MIRI. 

Figure 2. Changes in MPO, TNF-a, and IL-1β levels. It shows a significant increase in myocardial MPO, TNF-a, and 
IL-1β by MIRI and a decrease of them by GGA. MIRI: myocardium ischemic/reperfusion injury; GGA: Geranylgeranyl-
acetone. Values are expressed as Mean ± SEM. #: P<0.05 compared to MIRI. 
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catheter (Millar Instruments, Houston, USA) 
was inserted into the artery. The proximal end 
of the catheter was connected to an electro-
static chart recorder (Gould, Cleveland, USA). 
The inserted tip of this catheter was then 
advanced until it reached the left ventricular 
lumen. The left ventricular systolic pressure 
(LVSP), left ventricular developed pressure 
(LVDP), and ± ventricular contractility (dP/dt 
max) measurements were obtained from the 
left ventricular pressure (LVP) signal.

Measurement of malondialdehyde (MDA), pro-
tein carbonyl, and 8-hydroxy-2-deoxyguanosine 
(8-OHdG) in myocardial tissues 

Transmural tissue from the area at risk (AAR; 
100 mg, wet weight) was homogenized in 2 mL 

of 10 mM phosphate buffer (pH 7.4). After cen-
trifugation at 10,000 g for 30 min, MDA and 
protein carbonyl content were measured using 
the corresponding kits (Nanjing Jiancheng, 
Nanjing, China). The protein concentration was 
determined using a standard BCA protein assay 
kit (Beyotime Institute of Biotechnology, Shang- 
hai, China). Results were expressed as nmol/
mg protein. For the 8-OHdG assay, DNA was 
extracted from the tissue using a DNA 
Extraction Kit (DNA Extractor Wb Kit; Wako 
Chemical, Osaka, Japan), then added to plate 
wells pre-coated with anti-8-OHdG antibody 
(Nikken SEIL Co., Fukuroi, Japan) and incubated 
for 45 min at 37°C. The wells were washed 
three times then sequentially treated with IgG, 
Streptavidin-Horseradish Peroxidase, and 3, 3’, 
5, 5’-tetramethylbenzidine. After incubation for 

Figure 3. Changes in the protein carbonyl, 8-OHdG and MDA levels. The increase of myocardial MDA, protein car-
bonyl and 8-OHdG demonstrates that MIRI caused significant oxidative stress. 50 mg/kg and 100 mg/kg GGA 
treatments could significantly mitigate the oxidative stress, as shown by the decreases in these parameters. MIRI: 
myocardium ischemic/reperfusion injury; GGA: Geranylgeranylacetone. Values are expressed as Mean ± SEM. #: 
P<0.05 compared to MIRI. 

Figure 4. Up-regulation of HSP70 protein and activation of the Akt/GSK-3β/eNOS pathway by GGA. As shown in A, 
HSP70 expression was significantly increased by both dosages of GGA. As shown in B-D, the values of p-Akt/Akt, 
p-GSK-3β/GSK-3β and p-eNOS/eNOS were all increased by both dosages of GGA.
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15 min, the reaction was terminated by sulfuric 
acid and the absorbance was read at 450 nm. 
Results were expressed as pg/g protein. 

Measurement of MPO, TNF-α, and IL-1β levels

Transmural tissue from the AAR was harvested, 
homogenized in saline on ice, and centrifuged 
at 3000×g at 4°C for 15 min. MPO, TNF-α, and 
IL-1β levels were then measured using enzyme-
linked immunosorbent assay (ELISA) kits, 
according to the manufacturer’s instructions 
(Sigma, St. Louis, USA). Absorbance was mea-
sured with a microplate reader to obtain the 
MPO, TNF-α, and IL-1β levels. The protein con-
centration was determined using a standard 
BCA protein assay kit (Beyotime Institute of 
Biotechnology, Shanghai, China). MPO was 
expressed as nanograms per microgram of pro-
tein. TNF-α, and IL-1β were expressed as pico-
grams per microgram of protein. 

Western blot

Cardiac tissues were harvested and washed in 
ice-cold saline, and then homogenized in RIPA 
lysis buffer (25 mg/mL) with 1 mM phenylmeth-

ylsulfonyl fluoride (PMSF) on ice. All the sam-
ples were centrifuged at 3000×g at 4°C for 15 
min and the supernatants were collected. The 
protein concentration was determined using a 
standard BCA protein assay kit (Beyotime 
Institute of Biotechnology). Fifty mg of protein 
sample was loaded per lane, separated by 12% 
sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE), and then trans-
ferred to nitrocellulose membranes electropho-
retically. Membranes were blocked in 5% non-
fat milk in TBST (10 mM Tris, 150 mM NaCl, 
0.05% Tween-20) for 1 hour at room tempera-
ture and then blocked with rat primary antibod-
ies β-actin, Bcl2, and Bax (1:2500); eNOS, 
P-eNOS (Ser1177), Akt, and p-Akt (Ser473) 
(1:2000); and GSK-3β and p-GSK-3b (Ser9) 
(1:1500, Sigma-Aldrich, USA). The primary anti-
body was detected with horseradish peroxi-
dase-conjugated secondary antibody goat anti-
rabbit/goat anti-mouse (1:1000, Sigma-Aldrich, 
USA). The blots were then scanned and densi-
tometry was performed to quantify the expres-
sion using Bio-Rad Quantity One 4.4.0 software 
(Bio-Rad, Hercules, CA, USA).

Figure 5. Changes of cardiac function by inhibitors of HSP70 and Akt/GSK-3β/eNOS pathway. LVSP, +(dP/dt) max 
and -(dP/dt) max were all decreased by HSP70 inhibitor Quercetin, Akt inhibitor triciribine, GSK-3β inhibitor SB-
216763 and eNOS inhibitor L-NIO, while LVDP was increased by those treatments. MIRI: myocardium ischemic/
reperfusion injury; GGA: Geranylgeranylacetone. Values are expressed as Mean ± SEM. #: P<0.05 compared to MIRI; 
L-NIO: N5-(1-Iminoethyl)-L-ornithine. Values are expressed as Mean ± SEM. #: P<0.05 compared to GGA. 
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Figure 6. Changes in the MPO, TNF-a, and IL-1β 
levels by inhibitors of HSP70 and Akt/GSK-3β/
eNOS pathway. The effects of GGA on MPO, TNF-a, 
and IL-1β were significantly inhibited by inhibitors 
of HSP70 and Akt/GSK-3β/eNOS pathway. MIRI: 
myocardium ischemic/reperfusion injury: GGA: 
Geranylgeranylacetone. Values are expressed as 
Mean ± SEM. #: P<0.05 compared to MIRI; L-NIO: 
N5-(1-Iminoethyl)-L-ornithine. Values are expressed 
as Mean ± SEM. #: P<0.05 compared to GGA. 

Statistical analysis 

The statistical analysis was performed using 
SPSS 17.0 with one-way analysis of variance 
(ANOVA) followed by Student-Newman-Keuls 
post hoc test. A P value of less than 0.05 was 
considered significant. 

Results

Changes in cardiac function by GGA 

As shown in Figure 1A-D, there were significant 
changes caused by MIRI and GGA on all hemo-
dynamic parameters. MIRI treatment signifi-
cantly decreased ± (dP/dt) max and LVSP, and 
increased LVDP (P<0.05 compared to the Sham 
group). The ± (dP/dt) max and LVSP values in 
the 50 mg/kg and 100 mg/kg GGA groups 
were higher than the MIRI group (P<0.05); the 
LVDP values in the 50 mg/kg and 100 mg/kg 
GGA groups were lower than the MIRI group 
(P<0.05). 

Changes in MPO, TNF-a, and IL-1β levels

As shown in Figure 2, MIRI caused significant 
increases in myocardial MPO, TNF-α, and IL-1β 

levels compared to the Sham group (P<0.05). 
These changes were significantly inhibited by 
GGA treatment, as shown by the dramatic de- 
creases in the MPO, TNF-α, and IL-1β levels 
compared to the MIRI group (P<0.05). 

Changes in protein carbonyl, 8-OHdG, and 
MDA levels

As shown in Figure 3, myocardial MDA, protein 
carbonyl, and 8-OHdG assays demonstrated 
that MIRI caused significant oxidative stress 
(Sham group versus MIRI group, P<0.05). Treat- 
ment with 50 mg/kg and 100 mg/kg GGA,  
however, could significantly mitigate oxidative 
stress, as shown by the dramatic decreases in 
the MDA, protein carbonyl, and 8-OHdG levels 
compared to the MIRI group (P<0.05). 

Up-regulation of HSP70 protein and activation 
of the Akt/GSK-3β/eNOS pathway by GGA

HSP70 protein expression and phosphorylation 
of the Akt/GSK-3β/eNOS pathway by Western 
blot are shown in Figure 4. As shown in Figure 
4A, HSP70 expression was significantly in- 
creased at both dose levels of GGA. Figure 
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4B-D show that the Akt/GSK-3β/eNOS pathway 
was activated because the values of p-Akt/Akt, 
p-GSK-3β/GSK-3β, and p-eNOS/eNOS were all 
increased by GGA.

Changes in cardiac function by inhibitors of 
HSP70 and the Akt/GSK-3β/eNOS pathway

To evaluate the roles of HSP70 and the Akt/
GSK-3β/eNOS pathway in the protection medi-
ated by GGA, we treated rats with inhibitors of 
HSP70 and the Akt/GSK-3β/eNOS pathway 
and then examined the changes in cardiac 
function. As shown in Figure 5, LVSP, +(dP/dt) 
max and -(dP/dt) max were all decreased by the 
HSP70 inhibitor quercetin, the Akt inhibitor 
triciribine, the GSK-3β inhibitor SB-216763, 
and the eNOS inhibitor L-NIO compared to GGA 
(P<0.05). By contrast, the LVDP was increased 
by quercetin, triciribine, SB-216763, and L-NIO 
compared to the GGA groups (P<0.05). 

Changes in levels of MPO, TNF-α, and IL-1β 
levels by inhibitors of HSP70 and the Akt/GSK-
3β/eNOS pathway

As shown in Figure 6, GGA caused a significant 
decrease in myocardial MPO, TNF-α, and IL-1β 

levels compared to the Sham group (P<0.05). 
These changes were significantly reversed by 
inhibitors of HSP70 and the Akt/GSK-3β/eNOS 
pathway, as shown by the increases in the MPO, 
TNF-α, and IL-1β levels compared to the MIRI 
group (P<0.05). 

Changes in protein carbonyl, 8-OHdG, and 
MDA levels by inhibitors of HSP70 and the 
Akt/GSK-3β/eNOS pathway

As shown in Figure 7, treatment with inhibitors 
of HSP70 and the Akt/GSK-3β/eNOS pathway 
could significantly reverse the effects of GGA 
on protein carbonyl, 8-OHdG, and MDA levels in 
the myocardial tissues (P<0.05). 

Discussion

Our study confirmed that MIRI could significant-
ly decrease cardiac function and increase oxi-
dative products including protein carbonyl, 
8-OHdG, and MDA in the myocardium. MIRI 
also led to inflammation, as shown by activa-
tion of MPO, TNF-α, and IL-1β. However, rats in 
the GGA groups exhibited dramatic improve-
ment in cardiac function, as manifested by 
increased LVSP and ± (dP/dt) max, and de- 

Figure 7. Changes in the protein carbonyl, 8-OHdG 
and MDA levels by inhibitors of HSP70 and Akt/GSK-
3β/eNOS pathway. The inhibitors of HSP70 and Akt/
GSK-3β/eNOS pathway could significantly reverse 
the effects of GGA on protein carbonyl, 8-OHdG and 
MDA levels in the myocardium tissues. MIRI: �������myocar-
dium ischemic/reperfusion injury: GGA:������������� Geranylgera-
nylacetone. Values are expressed as Mean ± SEM. #: 
P<0.05 compared to MIRI; L-NIO: N5-(1-Iminoethyl)-
L-ornithine. Values are expressed as Mean ± SEM. #: 
P<0.05 compared to GGA. 
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creased LVDP. Western blot showed that HSP70 
protein expression and the Akt/GSK-3β/eNOS 
pathway were activated. The inhibition of 
HSP70 and the Akt/GSK-3β/eNOS pathway sig-
nificantly reversed the protective effects of 
GGA on MIRI, which indicated the involvement 
of HSP70 and the Akt/GSK-3β/eNOS pathway. 

Some investigators have explored the effects 
of GGA on MIRI, but the mechanism remains 
controversial. Wang et al. revealed that GGA 
protected against MIRI by inhibiting high-mobil-
ity group box 1 protein in rats and considerably 
suppressed the expression of HMGB1 induced 
by I/R [19]. Tsutsumi et al., on the other hand, 
suggested that GGA protected the heart from 
ischemia/reperfusion injury via caveolae and 
caveolin-3 [20, 21]. The study by Zhu et al. 
revealed that oral administration of GGA blunt-
ed the endothelial dysfunction induced by isch-
emia and reperfusion in the rat heart [22]. GGA 
attenuated ischemia/reperfusion-induced cor-
onary endothelial dysfunction, which may have 
contributed to its cardioprotective effect; the 
PI3 kinase and/or Rho kinase pathways also 
were involved. Ooie et al. found that a single 
oral dose of GGA induced HSP72, which ren-
dered protection against ischemia/reperfusion 
injury in the rat heart [23]. Furthermore, 
Shinohara et al. suggested that mitochondria 
were targets for GGA-induced cardioprotection 
against ischemia-reperfusion in the rat heart 
[24]. These processes may involve opening of 
the mitoKATP channel. A study by Yamanaka 
demonstrated the role of protein kinase C in 
GGA-induced expression of HSP72 and cardio-
protection in the rat heart [25]. 

The increase in oxidative products after MIRI 
indicated that ROS were produced by the myo-
cardium I/R procedure and contributed to the 
lethal MIRI. The inflammatory response and 
cytokines produced by the myocardium I/R pro-
cedure play an important role in the pathophys-
iological process of MIRI [26]. Other studies 
indicated that an acute inflammatory reaction 
regulated the IRI and showed that a reduction 
in inflammatory cytokines or infiltration of leu-
kocytes might attenuate MIRI [27-29]. Con- 
sistent with these studies, our results showed 
that the decrease in MPO, TNF-α, and IL-1β 
could be one mechanism to explain the protec-
tive effects of GGA.

The present study, for the first time, revealed 
that the Akt/GSK-3β/eNOS pathway played an 

important role in the process. Akt/GSK-3β is a 
crucial switch that can subsequently activate 
various other cytoprotective genes to arrest the 
progression of cardiomyocyte insult [30]. It was 
demostrated that phosphorylation of Akt/GSK-
3b can improve calcium homeostasis by atte-
nuating intracellular calcium overload in the 
myocardium [31, 32]. Furthermore, pAkt/GSK-
3b can preserve actin-myosin cross-bridge 
cycling and improve contractility and the hemo-
dynamic status of the recovered myocardium 
[31]. In our study, we showed that the Akt/GSK-
3β/eNOS pathway was activated because the 
values of p-Akt/Akt, p-GSK-3β/GSK-3β, and 
p-eNOS/eNOS were all increased. The LVSP, 
+(dP/dt) max, and -(dP/dt) max were all de- 
creased by the Akt inhibitor triciribine, the GSK-
3β inhibitor SB-216763, and the eNOS inhibitor 
L-NIO, while the LVDP was increased by tricirib-
ine, SB-216763, and L-NIO. This evidence sug-
gested that the Akt/GSK-3β/eNOS pathway 
played an important role in the protective effect 
of GGA against MIRI. Taken together with the 
results from the inhibitor studies, these data 
reveal a novel signaling mechanism by which 
GGA protected against MIRI via the HSP70 and 
Akt/GSK-3β/eNOS antioxidant defense sys- 
tem. 

To conclude, GGA protected against impaired 
cardiac function resulting from MIRI, and 
decreased oxidative injury and inflammation.  
A novel signaling mechanism was revealed 
through which GGA protected against MIRI via 
the Akt/GSK-3β/eNOS pathway. This discovery 
may help us identify new targets for protection 
against MIRI.
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