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To investigate the protective effect and mechanism of astaxanthin on myocardial injury through activation of 
AMPK-mTOR pathway.  In this study, 32 SPF adult male Wistar rats aged 8 to 10 weeks, weighing 250-300 
g were divided into 4 groups (n = 8): sham surgery group (S group), autologous orthotopic liver 
transplantation group (T group), astaxanthin pretreatment surgery group (Group A) and compound C + 
astaxanthin pretreatment surgery group (Group C).  Group A was given astaxanthin 500 mg/kg, group C 
received compound C 50 mg/kg + astaxanthin 500 mg/kg once a day for 2 weeks, group S and T received 
same volume of 0.9% saline.  8 h after portal vein opening, blood samples were collected to determine 
serum concentrations of TNF-α, IL-6 and HMGB 1 and myocardial injury markers.  Myocardial tissue was 
collected to determine the MDA content, SOD activity and activation of AMPK-mTOR pathway.  Compared 
with the S group, higher serum concentrations of TNF-α, IL-6, HMGB 1, CK-MB, cTnI, and H-FABP in 
groups T, A, and C, increased MDA content and decreased SOD activity, higher expression of activated 
Caspase-3 was observed; Compared with the T group, in group A, the serum concentrations of TNF-α, 
IL-6, and HMGB 1, CB-MB, cTnI, and H-FABP were significantly decreased, with decreased MDA content, 
increased SOD activity, the reduced expression of activated Caspase-3, elevated P-AMPK/AMPK, and 
decreased P-mTOR/mTOR.  In Conclusion, Astaxanthin protects against liver ischemia-induced myocardial 
injury in rats mediating by the activation of the AMPK-mTOR pathway.
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Introduction
Cold ischemia and reperfusion of the liver is an inevi-

table pathophysiological process in liver transplantation 
surgery, which not only leads to liver injury, but also causes 
damage to distant organs such as heart and lung.  
Myocardial troponin I (cTnI) was greater than 0.1 μg/L as 
the standard of myocardial injury.  The incidence of myo-
cardial injury in liver transplantation patients reached 
40.4%, and the 30-day mortality of patients with myocar-
dial damage was as high as 11.4%, which was one of the 
main causes of postoperative death in patients (Huang et al. 
2016).

The myocardial injury of varying severity can occur 
during the perioperative period of liver transplant recipi-
ents.  Researchers have found that serum cTnI and creatine 
kinase isoenzyme (CK-MB) were significantly higher at the 

end of surgery than at the preoperative level (Hei et al. 
2006).  Therefore, myocardial damage does occur during 
the perioperative period of liver transplantation, but the 
specific mechanism is not clear.  It is believed that hepatic 
cold ischemia-reperfusion can stimulate the massive pro-
duction of tumor necrosis factor-α (TNF-α) and interleu-
kin-6 (IL-6), and the produced proinflammatory cytokines 
can aggravate liver ischemia-reperfusion injury, forming a 
malignant circle (Nong et al. 2016).  Excessive release of 
inflammatory factors is closely related to the perioperative 
myocardial injury in liver transplantation.  Marfella et al. 
(2009) showed that TNF-α activated the overexpression of 
nitric oxide synthase (iNOS) in cardiomyocytes and vascu-
lar endothelial cells, released a large amount of nitric oxide 
(NO), and damaged the lipid peroxidation of the cell mem-
brane, thus damaging tissue cells.  The time point of 
increasing serum TNF-α and IL-6 concentrations in liver 
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transplantation was slightly earlier than the time point of 
increasing myocardial injury markers, and the peak time 
point was basically consistent, suggesting that the excessive 
release of numerous inflammatory cytokines may be an 
important factor in inducing myocardial injury (Weng et al. 
2015).  Some clinical trials have also confirmed that the 
inhibition of serum TNF-α and IL-6 release amount can 
improve the left ventricular structure and left heart function 
in patients with heart failure (Lianza et al. 2014).  At pres-
ent, no effective treatment has been found for perioperative 
myocardial injury of liver transplantation recipients.  In the 
liver transplantation, using vasoactive drugs such as dopa-
mine, and adrenaline to maintain circulation stability, and 
using nitroglycerin and cyclic adenosine for myocardial 
protection, still found new liver stage cTnI is greater than 
0.2 μg/L, indicating that the patient has obvious myocardial 
injury.  Therefore, it is urgent to reveal the pathogenesis of 
myocardial damage in liver transplantation and to find safe 
and effective protection measures.

Astaxanthin (AST) is a carotenoid widely found in 
microorganisms and marine organisms.  AST has a 
α-hydroxyketone structure with strong antioxidant activity 
by capturing singlet oxygen and reacts with free radicals 
(Ambati et al. 2014).  The antioxidant activity of AST was 
500-fold and 10-fold higher than vitamin E and β-carotene, 
respectively (Kishimoto et al. 2016).  In recent years, AST 
has been reported to prevent cardiovascular disease.  In rats 
with isoproterenol-induced MI, AST treatment reduced 
heart weight, inflammatory cell infiltration, and myocardial 
fibrosis by improving antioxidant enzyme activity (Ghosh 
et al. 2020).  In addition, AST attenuated cardiac infarction 
(myocardial infarction, MI) -induced cardiac dysfunction 
and fibrosis (Shi et al. 2018).  AST can enhance myocardial 
contraction index and cardiomyocyte mitochondrial mem-
brane potential to protect damaged myocardia by fighting 
oxidative stress and inhibiting inflammatory response 
(Alam et al. 2018).  In ochratoxin A induced myocardial 
injury model, AST pretreatment by raising cardiomyocyte 
Nrf2 level, increase the antioxidant enzyme SOD, catalase 
(CAT), glutathione (GSH) content, maintain mitochondrial 
structural integrity and normal function, improve the heart 
rate, myocardial enzyme level, play the role of myocardial 
protection (Cui et al. 2020).

Adenylate-activated protein kinase (AMPK) is an 
important enzymatic energy balance and regulated signal-
ing pathway, which acts as an intracellular energy sensor 
(Bouma et al. 2010).  Studies have found that AMPK has 
anti-inflammatory effects after reactivation.  Activation of 
AMPK suppresses the postischemic adhesion between leu-
kocytes and endothelial cells and reduces the local aggrega-
tion of inflammatory cells, thus exerting an anti-inflamma-
tory effect.  Since AMPK has anti-apoptotic and anti-
inflammatory effects after activation, it is a hot topic and an 
innovative point to exert myocardial protective effect by 
intervening in AMPK signaling pathway (Gao et al. 2015).  
In this study, a rat model of myocardial injury induced by 

hepatic cold ischemia and reperfusion was established to 
explore the protective effect of AST in regulating AMPK-
mTOR pathway on myocardial injury under oxidative stress 
in rat autologous liver transplantation.

Materials and Methods
Laboratory animals

32 SPF adult male Wistar rats, aged 8 to 10 weeks of 
age and weighing 250-300 g, were purchased from Oriental 
Biological Company (Gyeonggi Province, Korea).  All rats 
were housed in a constant temperature environment (23°C) 
with 2 rats per cage on a 12-h light / dark cycle with ad libi-
tum access to food and water.  The animal treatment proto-
col was approved by the Institutional Animal Care and Use 
Committee of Nankai University (Tianjin, China) (IACUC 
approval number: 2010-0113A).

Experimental grouping and establishment of an autologous 
liver transplantation model

The rats were divided into 4 groups (n = 8): sham 
group (S group), orthotopic liver transplantation group (T 
group), AST pretreatment surgery group (Group A) and 
compound C + AST pretreatment surgery group (Group C).  
Rats in Group A and C completed pretreatment with AST 
before the start of the experiment: Group A was adminis-
tered AST 500 mg/kg, Group C received compound C 50 
mg/kg + AST 500 mg/kg, dissolved in 100 g/L of 
hydroxypropyl-β-cyclodextrin saline 0.2 ml once a day for 
2 weeks, Group S and T were given the same volume of 
0.9% saline.  All patients were fasted for about 12 h before 
surgery.  In group S, only free liver and peripheral vessels 
were open without vascular blockade and liver perfusion.  A 
rat orthotopic liver transplantation model was prepared in 
groups T, A and C according to reference.  5% chloral 
hydrate 0.5 ml/100 g of anesthesia, skin disinfection, and 
median abdominal incision into the abdomen.  The rat sev-
ered the perihepatic ligament and flipped the liver to the left 
to reveal the right retroperitoneum, separate and expose 
inferior hepatic vena cava (IHVC), subhepatic inferior vena 
cava (SHVC), portal vein (PV) and the hepatic native arter-
ies.  The sequential interruption of the above hepatic vessels 
with the onset of the anhepatic phase.1-2mm was cut above 
the IHVC clip at a 6-8 ml/min perfusion rate and a pressure 
of 10 kPa (1 kPa = 7.5 mmHg).  The liver surface was cov-
ered with fine ice chips to maintain low temperature and 
cold perfusion time for 30 min.  The liver changes from 
bright red to earthy yellow, and the touch is cold, and the 
perfusion is completed.  At the end of perfusion, the IHVC 
outflow tract was closed and the vessel clips was removed 
to restore blood flow from SHVC, IHVC, PV and native 
hepatic arteries.  After the reflow of the above vessels, the 
liver changed from khaki to bright red, and the abdominal 
cavity was washed with warm saline.  During the operation, 
pay attention to maintain the body temperature, avoid hypo-
thermia, and eat normally after surgery.
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Blood, Serum, and Tissue Sampling
At the end of the liver cold ischemia and reperfusion 

period (8 h), 3.5 mL of blood was collected through the 
inferior vena cava.  Set in 4°C refrigerator for 30 min, cen-
trifuged at 3,000 rpm centrifuge for 10 min, the supernatant 
was removed and stored at 80°C until use.  Take 0.2-l g of 
heart tissue, rinse thoroughly with normal saline.  Quickly 
cut the tested myocardial tissue with small ophthalmic scis-
sors, put it into a homogenate tube, fully grind the myocar-
dial tissue, and make the cardiac muscle ground into tissue 
homogenate for about 10 min.  The liquid in the homoge-
nizer was moved into the centrifuge tube, set the centrifuga-
tion speed of 15,000 rpm, temperature of 4°C, centrifuga-
tion time of 10 min, remove the supernatant and obtained 
the concentration of 10% tissue homogenate 80°C.

Hematoxylin-Eosin (HE) Staining
The myocardial tissue was fixed in 4% paraformalde-

hyde solution, and after 12-24 h of fixation, the proteins of 
the tissue to be examined were solidified and degenerated, 
so as to prevent the destruction and deformation of the cell 
morphology and structure.  Cardiac tissue was dehydrated 
with gradient alcohol, embedded in wax, and then sliced 
into conventional sections (4 μm thick).  Sections were 
dehydrated in 100%, 95%, 90%, 80% and 75% ethanol for 
10 min, rinsed in distilled water, stained with hematoxylin 
for 1 min, differentiated with 1% hydrochloric acid, stained 
with 1% eosin for 2 min, rinsed with tap water, and histo-
logically by optical microscopy.  Staining results: the 
nucleus is blue; the cytoplasm and other tissues are pink.

Determination of TNF-α, IL-6 and HMGB1 content
TNF-α concentration was determined by double anti-

body sandwich ELISA.  First, the microplate was prepared 
for use in advance, and the coated anti-rat TNF-α monoclo-
nal antibody was placed in it.  When the TNF-α in the stan-
dard and tested products were fully combined with the 
monoclonal antibody, the free unbound part was removed, 
and then the horseradish peroxidase-labeled phosphine and 
biotinylated anti-rat TNF-α antibody were placed.  After 
this, biotin binds to phosphine, and the rat TNF-α coated on 
the monoclonal antibody binds to the anti-rat TNF-α anti-
body through the principle of antigen and antibody binding.  
After this binding, it forms an immune complex, and the 
excess is removed by washing.  The chromogen was placed, 
and when TNF-α was present in the reaction well, the chro-
mogen was turned blue under horseradish peroxidase catal-
ysis, and the termination solution was placed to turn it yel-
low.  The absorbance (OD) value was measured at 450 nm, 
and the sample concentration was calculated by correlation.  
The principle and procedure for detecting serum IL-6 and 
HMGB1 concentration were the same as for detecting TNF-
α.

Measurement of malondialdehyde levels and superoxide 
dismutase activity in the heart

Fat peroxidation is estimated by measuring the content 
of malondialdehyde (MDA), a product of lipid oxidation.  
The heart tissue was homogenized with RIPA buffer and a 
10% homogenate was obtained using a homogenizer (50 
mg of tissue in 0.5 ml cold buffer).  MDA levels were mea-
sured using a kit purchased from the Cayman Islands (MI, 
USA).  This assay relies on the MDA-thiobarbituric acid 
(TBA) adduct, which is formed by MDA reaction with TBA 
at high temperatures (90-100°C) and acidic conditions and 
can be calorimetrically measured at 532 nm.  Superoxide 
dismutase (SOD) was evaluated using a kit purchased from 
Cayman.  This assay uses tetrazolium salts to detect super-
oxide radicals produced by xanthine oxidase and hypoxan-
thine.  This kit mainly detects Mn-SOD in mitochondria, 
but also includes cytosolic Cu / Zn SOD and extracellular 
SOD.

Determination of CK-MB, cTnI and H-FABP content
The levels of myocardial injury markers in hepatic 

cold ischemia-reperfusion rats were measured by ELISA.  
The coated microwells were coated with CK-MB, cTnI and 
H-FABP antibody and ready for use.  Serum samples, stan-
dards and horseradish peroxidase-labeled antibodies were 
placed in turn, and then warmed, then washed, and set aside 
for the next operation.  TMB is applied to color the sub-
strate.  After peroxidase and a chemical reaction, TMB 
becomes blue and further turns yellow when catalyzed by 
the acid.  In the sample, the concentration of the sample 
was used to measure the absorbance value at 450 nm, and 
the sample concentration was calculated by the correlation.

Western Blotting
Rat heart tissue was cut into small pieces, weighed, 

and radioimmunoprecipitation (RIPA) lysis buffer 
(Beyotime, Tianjin, China) (100 mg: 1 mL) was added and 
homogenized.  Subsequently, proteins were extracted using 
lysis buffer and quantified using the bicinchonini acid 
(BCA) Protein Assay Kit (Santa Cruz, United States).  
Then, the samples were loaded for electrophoresis and 
transferred to a polyvinylidene difluoride (PVDF) mem-
brane.  Then, the membranes were blocked, incubated over-
night with primary antibody, and incubated with secondary 
antibody for 1h.  Band exposure was performed using 
enhanced chemiluminescence (ECL) and analyzed using an 
Odyssey film scanner.  Protein levels were normalized to 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).  
Western blot bands were quantified using the Image Lab 
software (Bio-Rad, United States).

Statistical analysis
Statistical analysis was performed using SPSS 22.0 

statistical software, measurement data were expressed as 
mean ± standard deviation ( x  + s), and comparisons 
between groups using one-way analysis of variance, P < 
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0.05 was considered as statistically significant.

Results
HE staining

Under light microscope, no obvious pathological 
changes were seen in myocardial tissue of S group, and 
pathological damage occurred in groups T, A and C: includ-
ing cardiomyocyte contraction, scattered pyknotic cells, and 
neutrophil infiltration.  The degree of pathological damage 
in group A was significantly reduced compared with the T 
group, while the pathological changes in group C were sim-
ilar to those in the T group (Fig. 1).

Changes in levels of serum inflammatory factors
Serum concentrations of TNF-α, IL-6 and HMGB1 

increased 8 h after reperfusion in the T, A and C rats, com-
pared with the S group (P < 0.05).  Compared with group T, 
serum concentrations of TNF-α, IL-6 and HMGB1 
decreased in group A (P < 0.05).  In group C, serum con-
centrations of TNF-α, IL-6 and HMGB1 were increased 
with group A (P < 0.05) (Fig. 2).

Changes in MDA content and SOD activity in myocardial 
tissue

Compared with S group, MDA content increased and 
SOD activity decreased in groups T, A and C (P < 0.05).  
Compared with the group A, MDA decreased and SOD 

activity increased in group A (P < 0.05); compared with 
group A, MDA increased and SOD activity decreased (P < 
0.05) (Fig. 3).

Changes in levels of myocardial injury markers
 Serum levels of CK-MB, cTnI and H-FABP were 

increased in groups T, A and C (P < 0.05).  Compared with 
group T, the serum CK-MB, cTnI, and H-FABP levels were 
all decreased in group A (P < 0.05).  Compared with group 
A, serum CK-MB, cTnI, and H-FABP levels were increased 
in group C (P < 0.05) (Fig. 4).

Activated caspase-3 protein and changes in levels of 
P-AMPK / AMPK and P-mTOR / mTOR in rats

In myocardial tissue, Caspase-3 expression was 
increased in T, A and C groups compared with S group (P < 
0.05).  Compared with the T group, the Caspase-3 expres-
sion level decreased in group A (P < 0.05).  Compared with 
group A, the Caspase-3 expression level was increased in 
group C (P < 0.05) (Fig. 5).  Compared with the S and T 
groups, P-AMPK / AMPK and P-mTOR / mTOR (P < 
0.05).  Compared with group A, P-AMPK / AMPK 
decreased and P-mTOR / mTOR increased in Group C (P < 
0.05) (Fig. 6).

Discussion
The establishment of the rat liver ischemia-reperfusion 

Fig. 2.  Comparison of serum TNF-α, IL-6, and HMGB1 level in each rat group.
 Compared with S group, aP < 0.05; compared with T group, bP < 0.05; compared with group A, cP < 0.05.

Fig. 1.  Myocardial histomorphological changes in rats in each group.
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model is an important way to study the liver ischemia-
reperfusion injury and its mechanism, among which the 
Kamada liver transplantation model is the most typical 
(Kamada et al. 1979).  This model includes both the hot and 
cold ischemic injury processes of the liver, but the model 
relies on higher surgical skills and has large surgical 
trauma, and different manipulation techniques may bring 
different experimental results.  The hepatic thermal isch-
emia and reperfusion model was established by clamping 
the rat hepatic artery, portal vein, superior hepatic vein, and 

inferior vena cava, which is also one of the animal models 
commonly used in the experimental study (Serafín et al. 
2004).  Although the operation of this model is easy to mas-
ter, it cannot mimic the surgical procedure of clinical liver 
transplantation.  Liver cold ischemia reperfusion during 
clinical course is an important factor leading to hepatic and 
distant organ damage (Liu et al. 2013).  Therefore, the 
application of hepatic thermal ischemia reperfusion model 
is not effective to analyze the mechanism of distal organ 
injury in liver transplantation.  Hu et al. (2001) established 

Fig. 5.  Comparison of activated Caspase-3 expression in each tissue of rats.
 Compared with S group, aP < 0.05; compared with T group, bP < 0.05; compared with group A, cP<0.05.

Fig. 4.  Comparison of serum CK-MB, cTnI, and H-FABP levels in each group of rats.
 Compared with S group, aP < 0.05; compared with T group, bP < 0.05; compared with group A, cP < 0.05.

Fig. 3.  Comparison of MDA content and SOD activity in myocardial tissues of rats.
 Compared with S group, aP < 0.05; compared with T group, bP < 0.05; compared with group A, cP < 0.05.
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the in situ hepatic cryogenic perfusion and reflux model in 
rats, including the liver ischemia of the inferior hepatic 
inferior vena cava, portal vein and hepatic native artery, and 
then infused 0°C of homemade perfusion fluid through the 
splenic vein for 20 min, and the right adrenal vein flowed 
the perfusion fluid.  This model simulates the process of 
cold ischemia reperfusion in rat liver and can be used to 
analyze cold ischemia reperfusion injury in the liver.  
However, in this model, using the right adrenal vein of the 
fine rat as the outflow channel of the perfusion fluid easily 
tends to increase the outflow resistance of the perfusion 
fluid and cause edema of liver tissue.  In this study, we used 
a modified model of rat hepatic cold ischemia reperfusion 
with convenient operation, less trauma and high survival 
rate, significantly improved the accuracy of the experimen-
tal results (Nozato et al. 1998).  This model effectively sim-
ulates the surgical procedure of liver transplantation, laying 
an experimental foundation for the analysis of myocardial 
injury caused by hepatic cold ischemia and reperfusion.

AST is a carotenoid extracted from Marine algae, 
yeast and aquatic animals.  It has strong anti-oxidative 
stress function and has clear anti-inflammatory and anti-
tumor effects on the body without serious side effects.  AST 
can play a protective role in a variety of cardiovascular dis-
eases, and prevent exercise, myocardial injury caused by 
ethanol and fat, and cardiac dysfunction caused by coronary 
microembolism.  Some clinical studies have found that the 
prior administration of AST for three months can improve 
the cardiac of left ventricular systolic dysfunction in 
patients with heart failure (Kato et al. 2020).  We have 
shown that AST administration reduces cardiac dysfunction 

and myocardial fibrosis in mice (Zhang et al. 2017).  Gross 
et al. (2006) found that continuous administration of AST 
could significantly reduce the area of myocardial infarction 
in cardiac ischemia and reperfusion in rats, and could 
improve the myocardial survival rate.  AST can also 
increase glutathione peroxidase and superoxide dismutase 
viability in rat serum by upregulating Nrf 2 expression, thus 
enhancing its antioxidant capacity and reducing the produc-
tion of oxidation products, and protecting cardiomyocyte 
(Deng et al. 2016).  However, the effect of AST on myocar-
dial injury caused by ischemia-reperfusion injury in vital 
organs remains unknown.  Our results showed that AST 
could significantly reduce serum CK-MB, cTnI and 
H-FABP levels and reduce the activated Caspase-3 expres-
sion level in myocardial tissue, so using AST could improve 
the myocardial injury caused by hepatic cold ischemia and 
reperfusion injury.  

The biological activity of TNF-α is multifaceted, and 
through its immune conditioning, it strengthens the damage 
effect of other inflammatory factors, leading to organ and 
tissue damage.  TNF-α expression is not detected in normal 
heart muscle, but increase when heart failure occurs 
(Heberto Herrera Garza et al. 2002).  TNF-α can be released 
after isolated myocardial tissue ischemia, which decreases 
in coronary blood flow and weakened myocardial ejection 
capacity, and leads to increased ventricular pressure in the 
end-diastolic phase.  Clinical studies have shown that vari-
ous cytokines are closely related to patient heart failure 
after myocardial infarction, and TNFR1 can be used as an 
independent factor affecting patient prognosis (Valgimigli 
et al. 2005).  Excessive release of TNF-α can lead to nitric 

Fig. 6.  Western blots of P-AMPK / AMPK and P-mTOR / mTOR levels in myocardial groups of rats.
 Compared with S group, aP < 0.05; compared with T group, bP < 0.05; compared with group A, cP < 0.05.
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oxide and rising enzyme levels, causing an increase of NO 
content in cardiomyocytes and inhibiting myofilament con-
traction.  NO may be an important mediator of the negative 
allotropic effect of TNF-α myocardium (Marfella et al. 
2009).  Cardiomyocytes will undergo apoptosis under cer-
tain conditions.  TNF-α leads to tissue damage, apoptosis 
may be mediated through the death receptor pathway or 
mitochondrial pathway.  After the binding of TNF-α to its 
receptor, TNFR1 may enable the adaptor molecule to aggre-
gate the TRADD, cause the trimerization of TNFR1.  The 
secondary adaptor protein FADD was recruited.  Further 
agglomeration of the Caspase-8 precursors to allow the 
final activation of Caspase-3, causing cell apoptosis.  The 
mitochondrial pathway is distinct from the death receptor 
pathway.  A large number of stimuli, such as intracellular 
signaling caused by oxidative stress, inflammatory cyto-
kines, ischemia/reperfusion.  These factors may cause alter-
ations in mitochondrial membrane permeability and the 
release of cytochrome C from cytochrome into the cyto-
plasm, and form apoptotic bodies with Caspase-9 precursor, 
apoptotic protease activator factor 1 and ATP, eventually 
causing the Caspase to be activated, resulting in cell apop-
tosis.

Ischia-reperfusion of organ tissue can cause increased 
production of IL-6, intercellular adhesion molecule-1 
(ICAM-1) can be produced by cardiomyocytes due to the 
induction of IL-6, and ICAM-1 promotes the enhancement 
of neutrophil adhesion, leading to microcirculatory embo-
lism.  Thus, we concluded that cardiomyocyte ischemia-
reperfusion injury is closely related to the mediation of 
IL-6.  In addition, ICAM-1 induced by IL-6 can increase 
the adhesion of leukocytes to cardiomyocytes, which is one 
of the important factors leading to the cytotoxic effect of 
leukocytes during cardiomyocyte reperfusion.  For patients 
with coronary atherosclerosis, plaque instability may have 
adverse consequences.  And inflammatory cytokines can 
increase the expression of metalloproteinases, leading to 
instability and even rupture of atherosclerotic plaques.  
Serum IL-6 levels are associated with poor clinical out-
comes in patients with angina pectoris.  Thus, IL-6 levels 
are associated with not only disease progression but also as 
an important inflammatory factor predictive of adverse 
complications.  Plenz et al. (2002) compared different func-
tional state of donors in heart transplantation, and the 
results showed that IL-6 level significantly affected the ven-
tricular function.  The increased myocardial level of IL-6 
expression will cause obvious cardiac insufficiency.  So, in 
clinical practice, reducing the heart transplant recipient IL-6 
level may improve heart function, reduce postoperative car-
diac complications, and improve the success rate of surgery.  
TNF-α causes isolated cardiomyocyte injury, and IL-10 can 
combat its injury effect, thus avoiding the imbalance 
between anti-inflammatory factors and inflammatory fac-
tors, and alleviating myocardial injury (Kaur et al. 2006).  
Some clinical trials have also confirmed that increasing 
TNF-α and IL-6 concentrations can significantly improve 

the LV structure and function in HF patients (Lianza et al. 
2014).

HMGB1 can significantly reduce myofibrils contractil-
ity in cardiomyocytes and has negative inotropic effects on 
the heart (Hagiwara et al. 2008; Tzeng et al. 2008).  In addi-
tion, the combination of HMGB1 and its receptor can affect 
the outward potassium current and L-type calcium current 
in cardiomyocytes, causing action potential lengthening, 
indicating that HMGB1 can aggravate its damage through 
myocardial electrical remodeling (Liu et al. 2010).  
HMGB1 could induce overexpression of iNOS, leading to 
increased NO levels, lipid peroxidation of cell membrane, 
disrupted membrane integrity, and further caused tissue cell 
damage (Ren et al. 2006).  In this study, the relative levels 
of TNF-α, IL-6, and HMGB 1 were increased in the T 
group, suggesting an increased inflammatory response after 
hepatic cold ischemia-reperfusion injury.  AST pretreatment 
in rats significantly reduced this level, suggesting an anti-
inflammatory effect of AST after ischemia-reperfusion.

Cold ischemia and reperfusion of the liver reduces the 
production of oxygen free radicals, disrupting the balance 
between oxidants and antioxidants, leading to impaired 
myocardial oxygen metabolism and functional regulation, 
and oxidative stress plays an important role in myocardial 
injury.  Organ ischemia-reperfusion injury induced oxida-
tive stress, increased myocardial lipid peroxidation and pro-
tein oxidation, mitochondrial membrane destruction, and 
Cytochrome C release and Caspase 3 lysis activation, which 
leads to cardiomyocyte apoptosis (Shen et al. 2018).  In this 
study, compared with S group, the MDA content and SOD 
activity decreased significantly in T group, and the oxida-
tive stress response decreased and SOD activity increased, 
indicating that AST had obvious antioxidant effect on oxi-
dative stress of cold ischemia and reperfusion in the liver.

AMPK is a key sensor of the cellular energy state 
found in almost all eukaryotes.  It is a heterotrimer with the 
catalytic α subunit and the regulatory β and γ subunits, and 
in the heart, AMPKα2 highly expresses in cardiomyocytes 
(Taghiyar et al. 2023).  Cellular metabolism is an important 
mechanism for cardioprotection, and AMPK is an important 
hub for restoring ATP production after myocardial injury.  
As the main cellular energy sensor, AMPK activation can 
be involved in the regulation of glucose and lipid metabo-
lism during organ ischemia and reperfusion injury, and 
downregulates the level of proinflammatory factors, inhibit 
myocardial injury, and enhance the antioxidant capacity of 
myocardial tissue (Casin and Calvert 2021).  During body 
organ ischemia, AMPK is rapidly activated and stimulates 
glucose uptake and glycolysis to promote the production of 
anaerobic ATP.  This adaptive mechanism can restore cellu-
lar energy status and have protective and limiting effects on 
cardiac injury caused by liver ischemia and reperfusion dur-
ing the acute phase of ischemia.

Liver cold ischemia reperfusion, AMPK stimulate 
myocardial fatty acid oxidation through phosphorylation to 
restore energy homeostasis, this process caused by inflam-
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matory reaction, characterized by massive infiltration of 
immune cells (such as neutrophils and macrophages), 
inflammatory cells is the source of cytokines, oxidants and 
growth factors, they support fibroblast proliferation and 
angiogenesis to repair the damaged myocardial (Marino et 
al. 2021).  However, during the liver cold ischemia reperfu-
sion, the massive accumulation of inflammatory cells in the 
ischemic area is intensified, leading to further increase of 
oxidative substances and involvement in myocardial injury, 
remodeling, and heart failure (Fei et al. 2020).  Activated 
AMPK attenuates the production of oxidative stress, and 
we can speculate that it protects the heart from injury by 
blocking the excessive oxidative stress produced by 
immune cells during the initial phase of reperfusion.  In 
accordance with this hypothesis, this study shows that AST 
can alleviate the production of oxidative stress in inflamma-
tory cells through pharmacological activation of AMPK and 
phosphorylation of AMPK, thereby preventing myocardial 
injury induced by reperfusion.  Furthermore, we examined 
phosphorylated mTOR, a member of the key downstream 
signaling pathway of AMPK, and mTOR is negatively reg-
ulated by AMPK.  Our results were consistent with another 
study that found the activation of AMPK-mTOR signaling 
during myocardial ischemia (Wang et al. 2019).  The results 
of this study showed that AMPK phosphorylation further 
increased and reduced the level of p-mTOR in autologous 
liver transplantation rats, and accompanied the decrease of 
myocardial injury index, indicating that AST had myocar-
dial protective effect, and the anti-inflammatory antioxidant 
action of AMPK inhibitor compound C was inhibited, and 
the expression of myocardial injury index increased, inhib-
iting the myocardial protective effect of AST, suggesting 
that the protective effect of AST on the mechanism of liver 
ischemia and reperfusion myocardial injury in autologous 
liver transplantation rats was related to the activation of 
AMPK-mTOR pathway.

Conclusions
AST can reduce the inflammatory response and oxida-

tive stress by activating the AMPK-mTOR pathway.  This 
study provides a rationale for the prevention and treatment 
of myocardial injury induced by hepatic cold ischemia and 
reperfusion.
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