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Abstract 

Introduction: The purpose of this study was to investigate the protective effect of hydrogen-rich saline (HRS) against liver 

ischaemia-reperfusion combined resection injury. Material and Methods: Eighteen miniature pigs were randomly divided into 

three groups: a sham operated group (sham group, laparoscopic liver ischaemia-reperfusion combined resection injury group (IRI 

group), and a hydrogen-rich saline intervention group (IRI + HRS group). Samples of hepatic tissue and serum were collected at 

the time of reperfusion and then 3 h, 1 d, and 3 d post reperfusion. Liver function, oxidative stress, autophagy-related mRNA 

genes, and protein expression were evaluated. Changes in cell and tissue ultrastructure were examined by transmission electron 

microscopy. Results: Compared with the sham group, the level of autophagy of hepatocytes increased in the IRI and IRI + HRS 

groups, corresponding to high oxidative stress and severe liver function injury. Liver function, antioxidant content, autophagy 

levels, and liver injury were improved after intervention with HRS in the IRI + HRS group compared with the IRI group. 

Conclusion:  Intervention with hydrogen-rich saline could exert a protective effect against liver ischaemia-reperfusion combined 

resection injury through the reduction of oxidative stress and hepatocyte autophagy. 

 

Keywords: miniature pigs, hydrogen-rich saline, liver, ischaemia-reperfusion combined resection, autophagy. 

Introduction 

Recently, because of smaller incisions, rapid 

postoperative recovery reduced postoperative 

complications, and a decrease in the return to normal 

function time, laparoscopy in veterinary medicine has 

grown in popularity (18). These advantages 

recommended the technique also for in vivo research 

necessitating surgery. 

The liver is critically dependent upon a rich supply 

of oxygen since it is highly sensitive to hypoxia (7). 

During hepatic surgery, such as resection and 

transplantation, the portal circulation is clamped to 

prevent the loss of blood. It results in temporary 

ischaemia of the liver, inducing hypoxia in the tissues 

(21). The absence of oxygen and nutrients from 

circulating blood during the ischaemic period creates  

a condition in which the restoration of circulation, 

somewhat ironically, can be deleterious as opposed to 

restoring normal function. Degradation of the liver 

occurs from oxidative damage and inflammation 

through oxidative stress. This phenomenon is referred 

as reperfusion injury. Hepatic ischaemia-reperfusion 

injury is a commonly encountered obstacle appearing 

in many clinical situations, such as following liver 

resection surgery and transplantation, liver injury, and 

post-shock liver failure (13). Therefore, the prevention 

of hepatic ischaemia-reperfusion injury is a challenge 

for veterinary clinical therapy. 

The mechanisms of ischaemia-reperfusion injury 

have implicated functions of oxidative stress, 

intracellular calcium overload, mitochondria, activation 

of liver Kupffer cells, and release of cytokines and 

chemokines (28). All of the above conditions result in 

the production of oxygen-derived free radicals and the 

recruitment of neutrophils, which further contribute to 
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cellular injury and cell death (necrosis or apoptosis). 

Following hepatic ischaemia-reperfusion, large 

amounts of reactive oxygen species (ROS) are 

produced by the xanthine oxidase system, macrophage 

system, and mitochondrial respiratory chain (11). 

Moreover, the release of ROS can damage proteins, 

nucleic acids, cell membranes, and lipids (30), which 

can directly damage the hepatocytes. Autophagy has 

also been reported to be related to hepatic ischaemia-

reperfusion injury. Hepatocytes in thus injured liver 

degrade damaged and aged mitochondria, in addition to 

other surplus or dysfunctional organelles through 

autophagy. Rautou et al. (24) showed that autophagy 

has mainly prosurvival activity allowing the cell to 

cope with nutrient starvation and anoxia, while some 

studies had apparently contradictory results. It is 

unclear whether the autophagy response is beneficial or 

detrimental. 

The smallest elemental gas molecule, hydrogen, is 

able to penetrate into the cytoplasm, mitochondria, and 

nucleus of cells through simple diffusion across the 

cellular membrane. Recently, it has been demonstrated 

that hydrogen can selectively scavenge both hydroxyl 

radicals and peroxynitrite anions of ROS. Moreover, 

hydrogen has been shown to exhibit protective effects 

against several types of oxidative stress-induced organ 

damage. These protective effects occur through the 

suppression of oxidative stress and apoptosis, the 

inhibition of inflammatory cell infiltration, and the 

regulation of pro-inflammatory cytokine expression, as 

well as inflammation/apoptosis-related signalling 

pathways (9). 

In the current study, we sought to determine 

whether hydrogen-rich saline (HRS) can attenuate liver 

ischaemia-reperfusion combined resection injury 

through anti-autophagic mechanisms. 

Material and Methods 

Model establishment and sample collection. 

Eighteen healthy 3–5-month-old Bama miniature pigs 

(half of them male and half female), weighing 30 ±  

3.9 kg were examined physically and haematologically 

to ensure that all animals were in good health prior to 

the study’s initiation. The pigs were randomly divided 

into three equal groups as follows: a sham operation 

group (sham group) in which pigs were subjected to 

laparoscopic surgery manipulating the liver lobes but 

without liver ischaemia-reperfusion or partial resection; 

a laparoscopic liver ischaemia-reperfusion combined 

resection injury group (IRI group), utilising a 4-portal 

approach where laparoscopic liver ischaemia and 

reperfusion as well as a partial resection were 

performed after a 60 min ischaemia; and a hydrogen-

rich saline group (IRI + HRS group) in which the 

laparoscopic operation was performed the same way as 

in the IRI group, but included portal vein 

catheterisation before reperfusion and administration of 

a portal vein injection of HRS (10 mL/kg) 10 min prior 

to reperfusion.  

Hydrogen was dissolved in 0.9% sterilised saline 

under 0.4 MPa pressure for 6 h in order to reach the 

supersaturated level, using a hydrogen generator 

(Saikesaisi hydrogen energy, China). Hydrogen-rich 

saline was freshly prepared every time to ensure that 

the concentration of the hydrogen was maintained at 

more than 0.6 mmol/L. 

All pigs were administered the same general 

anaesthesia and were monitored and managed similarly 

after a 12 h fasting period in which water was also 

withheld for the final 2 h prior to surgery. Each pig was 

pre-medicated subcutaneously with 0.05 mg/kg of 

atropine (Beijing Shuanghe Pharmaceutical, China) and 

15 min later intramuscular injections of xylazine  

(1 mg/kg) and ketamine hydrochloride (10 mg/kg) were 

given and intravenous administration of propofol  

(3.5 mg/kg) was used to induce anaesthesia. The animal 

was intubated with a 6.0–7.0 mm tracheal tube and 

maintained with 1.5%–3% isoflurane in oxygen after 

intubation. Laparoscopic hepatic ischaemia-reperfusion 

and partial resection were performed after establishing 

a 4-portal approach. After laparoscopic dissection of 

the liver duodenal ligament and separation of the left 

and right hepatic arteries and portal vein, the right side 

of the liver was ligated with a homozygous tourniquet 

for 60 min to block blood flow to the right part of the 

liver. Next, the tourniquet was released to initiate 

reperfusion. After laparoscopic hepatic ischaemia-

reperfusion, the left hepatic lobe was ligated in  

a double row. Next, the liver parenchyma was resected 

proximal to and following the ligation line with a high-

frequency electric knife. Intraoperative bleeding was 

managed with electrocoagulation, gauze, gelatin 

sponges, and other standard treatments as appropriate. 

Finally, the resected liver lobe was removed from the 

abdominal cavity. Then, the laparoscope was removed 

after a thorough exploration of the abdomen, and the 

incision was closed by nodule suture. 

All animals were housed and monitored in 

identical environments. Daily clinical observations of 

the pigs, including mental state, exercise, feeding, 

wound healing, and defecation were performed for 

seven days. After anaesthesia, the animals were placed 

in a warm room to recover. After 6 h of recovery, 

animals were allowed water and after 18 h feed. After 

surgery, 5 mg of fentanyl (Duragesic; Janssen 

Pharmaceutical, China) was applied in a patch, and this 

was repeated three and six days later. All animals 

received a prophylactic intramuscular injection of 

cefazolin sodium (50 mg/kg; Harbin Pharmaceutical 

Group, China General Pharmaceutical) twice daily for 

two days. At postoperative day 7, the pigs were 

euthanised. Pigs were first anaesthetised with xylazine 

and ketamine hydrochloride, then intravenously 

injected with 300 mg of xylocaine. Necropsy was 

performed to examine the condition of the abdominal 

cavity and postoperative healing. 
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Blood samples were collected before operation 

(Tp), at reperfusion (T0h), 3 h post reperfusion (T3h),  

1 d post reperfusion (T1d), and 3 d post reperfusion 

(T3d). Liver tissues were taken from the same site of 

the right lobe of the liver at similar times post 

eutanasia. One liver tissue sample from each pig was 

fixed in 2.5% glutaraldehyde for subsequent TEM 

analysis. A second liver tissue sample was placed in 

4% paraformaldehyde for immunohistochemical 

staining analysis. Liver tissue samples were also 

homogenised in ice-cold saline and centrifuged at  

2,500 rpm for 10 min. Supernatants were stored at 

−20°C for further analysis. The final section was frozen 

immediately in liquid nitrogen and stored at −80°C for 

further analysis. 

Index measurement and method. Serum alanine 

aminotranspherase (ALT), aspartate transaminase 

(AST), alkaline phosphatase (AKP), liver homogenate 

malondialdehyde (MDA), superoxide dismutase 

(SOD), glutathione (GSH), and catalase (CAT) were 

measured using the respective detection kits (Nanjing 

Jiancheng Bioengineering Institute, China) according to 

the manufacturer’s instructions. 

Autophagy-related mRNA gene expressions were 

measured by real-time PCR with a light cycler 480 

system (Roche, Switzerland) according to the 

manufacturer’s instructions. The relative abundance of 

mRNA was calculated according to the method of  

2-∆∆Ct. The primers (Table 1) used for amplification by 

qPCR were synthesised by Sangon Biotech (China). 

Autophagy-related gene protein expressions were 

measured by Western blot. The blots were quantified 

using the Image-J software. 

 

 
Table 1. Primer sequences 

Gene Primer sequence (5′-3′) 

Beclin 1 

TCCATTACTTGCCACAGCCC (forward) 

CCCGATCAGAGTGAAGCTGT (reverse) 

mTOR 

ACAAGGACACAGCGACTCAG (forward) 

CGCGGAACCAGTGAGGTAAT (reverse) 

p62 

TACACGAGACCAGTCAACCTAAC (forward) 

AGAAGATGCTTGTGCCGAG (reverse) 

ATG5 

GGTTTGAATATGAAGGCACACCA (forward) 

TGTGATGTTCCAAGGAAGAGCTG (reverse) 

ATG12 

CAGAAACAGCCATCCCAGAG (forward) 

GCCTTCAGCAGGATGTCAAT (reverse) 

β-Actin 

TCTGGCAACCACACCTTCT (forward) 

TGATCTGGGTCATCTTCTCAC (reverse) 

 

 

Liver tissues were subjected to 

immunohistochemical staining for microtubule-

associated protein light chain 3B (LC3B). The 

ultrastructure of hepatocytes was observed under  

a transmission electron microscope. 

Statistical analysis. All statistical tests were 

performed using SPSS 22.0 software. One-way 

ANOVA analysis followed by multiple comparisons 

between groups after a normality test and the 

assumption of homogeneity of variances was used. The 

data were expressed as the mean ±SD and P < 0.05 was 

considered to be statistically significant.  

Results 

Liver function. ALT, AST, and AkP activity in 

the IRI and IRI + HRS groups showed a tendency to 

increase at T0h, T3h, and T1d, peaking at T1d, and 

then decreasing at T3d. ALT, AST, and AKP activity 

significantly increased in the IRI and IRI + HRS groups 

compared with the sham group at T0h, T3h, T1d, and 

T3d. However, ALT and AST activity significantly 

decreased at T3h and T1d and AKP activity 

significantly decreased at T1d in the IRI + HRS group 

compared with the IRI group (P < 0.05, Figs 1A, 1B, 

and 1C). 

Oxidant stress. MDA concentration in the IRI 

and IRI + HRS groups showed a tendency to increase 

at T0h and T3h, peaking at T3h, and then decreasing at 

T1d and T3d (Fig. 2A). In comparison to the sham 

group, MDA levels significantly increased at T0h, T3h, 

and T1d in the IRI and IRI + HRS groups. At T3h and 

T1d, the levels significantly decreased in the IRI + 

HRS group compared with the IRI group (P < 0.05, 

Fig. 2A). The concentrations of CAT, GSH, and SOD 

in liver homogenates of the IRI and IRI + HRS groups 

decreased at T0h and T3h and bottomed out at T3h 

before gradually increasing at T1d and T3d (Figs 2B, 

2C, and 2D). The concentrations of CAT, GSH, and 

SOD significantly decreased at T0h, T3h, and T1d in 

the IRI and IRI + HRS groups compared with those of 

the sham group. At T3h and T1d, the levels 

significantly increased in the IRI + HRS group 

compared with the IRI group (P < 0.05, Figs 2B, 2C, 

and 2D). 

The subcellular ultrastructure of hepatocytes. 

TEM observation indicated that liver of the sham group 

(Figs 3A and 3B) appeared normal, whereas the IRI 

(Figs 3C and 3D) and IRI + HRS (Figs 3E and 3F) 

groups showed pronounced swelling of organelles 

(mitochondria, Golgi apparatus, endoplasmic 

reticulum, etc.), membrane rupture, vacuolisation, and 

a reduction in the number of ribosomes. Mitochondrial 

damage in the IRI + HRS group was mild and the 

number of mitochondria was higher than in the IRI 

group. 

 



398 G. Bai et al./J Vet Res/62 (2018) 395-403 

 

 
Fig. 1. Levels of ALT (A), AST (B), and AKP (C) in serum. Values are mean ±standard deviation. *Significant difference 

from sham group. # Significant difference of IRI + HRS group from IRI group 

 

 

 

 
Fig. 2. Levels of MDA (A), CAT (B), GSH (C), and SOD (D) in liver tissue. Values are mean ±standard deviation. 

*Significant difference from sham group. # Significant difference of IRI + HRS group from IRI group 
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Autophagy-related mRNA genes and protein 

expression. Gene expression of the autophagy-related 

gene Beclin 1, mammalian target of rapamycin 

(mTOR), sequestosome1 (p62), autophagy-related gene 

5 (ATG5), and autophagy-related gene 12 (ATG12) 

were measured using RT-PCR in liver tissue. The 

mRNA expression of Beclin 1, ATG5, and ATG12 in 

the IRI and IRI + HRS groups increased from T0h to 

T3h, with a peak at T3h, before gradually decreasing 

through T1d to T3d (Figs 4A, 4D, and 4E). At T0h, 

T3h, and T1d, the mRNA expression of Beclin 1, 

ATG5, and ATG12 significantly increased in the IRI 

and IRI + HRS groups compared with the sham group. 

At T3h and T1d, the expression of Beclin 1 and ATG12 

significantly decreased in the IRI + HRS group 

compared with the IRI group (P < 0.05, Figs 4A and 

4E), and at T3h, the expression of ATG5 significantly 

decreased in the IRI + HRS group compared with the 

IRI group (P < 0.05, Fig. 4D). In addition, gene 

expression of p62 and mTOR in the IRI and IRI + HRS 

groups decreased slightly at T0h and T3h, and 

bottomed out at T3h, before gradually increasing at 

T1d and T3d (Figs 4B and 4C). At T0h, T3h, and T1d, 

p62 and mTOR gene expression decreased significantly 

in the IRI and IRI + HRS groups compared with the 

sham group. However, at T3h and T1d, p62 and mTOR 

gene expression significantly increased in the IRI + 

HRS group in comparison to the IRI group (P < 0.05, 

Figs 4B and 4C). 

To support gene expression studies, Western blot 

analysis was used to measure the expression of the 

autophagy-associated proteins Beclin1, p62, and 

microtubule-associated protein-1 light chain 3-B 

(LC3B) in liver tissue homogenates. The expression of 

Beclin 1 and LC3B in the IRI and IRI + HRS groups 

exhibited a tendency to increase at T0h and T3h, with 

peak protein levels being observed at T3h, and then 

gradually decreasing at T1d and T3d (Figs 5A and 5B). 

The expression of p62 in the IRI and IRI + HRS groups 

tended to decrease at T0h and T3h and to reach its 

minimum level at T3h, then gradually increased at T1d 

and T3d (Fig. 5C). 

At T0h, T3h, and T1d, protein expression levels of 

Beclin 1 and LC3B were significantly higher in the IRI 

and IRI + HRS groups in relation to the sham group. 

However, the levels were significantly lower in the IRI 

+ HRS group compared to the IRI group at T3h and 

T1d (P < 0.05, Figs 5A and 5B). In addition, at T0h and 

T3h the expression of p62 significantly decreased in the 

IRI and IRI + HRS groups relative to the sham group, 

and was significantly increased in the IRI + HRS group 

relative to the IRI group at T3h (P < 0.05, Fig. 5C). 

Immunohistochemistry. Compared with the 

sham group (Figs 6A and 6B), apparent positive 

staining (brown stained tissues) was observed in the IRI 

group (Figs 6C and 6D) and in the IRI + HRS group 

(Figs 6E and 6F) at T3h, although the frequency of 

LC3B positive cells was notably decreased in the IRI + 

HRS group compared to those in the IRI group (100× 

and 400× magnification). 

 

 

 
Fig. 3. Liver cells. A – sham group (10,000×); B – sham group (12,000×); C – IRI group (10,000×); D – IRI 

group (12,000×); E – IRI + HRS group (10,000×); F – IRI + HRS group (12,000×); N – nuclei;  
M – mitochondria; black arrows indicate endoplasmic reticulum and white arrows indicate the Golgi apparatus 
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Fig. 4. Expression levels of Beclin1 (A), mTOR (B), p62 (C), ATG5 (D), and ATG12 (E) in the liver. 

Values are mean ±standard deviation. *Significant difference from sham group. # Significant difference of 
IRI + HRS group from IRI group 

 

 
Fig. 5. Expression levels of Beclin1 (A), LC3B (B), and p62 (C) proteins in the three groups measured by 
Western blot. (D) Western blot results. Values are mean ±standard deviation. * Significant difference from 

sham group. # Significant difference of IRI + HRS group from IRI group 
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Fig. 6. Liver. The results of IHC of LC3B at T3h; A and B – sham group; C and D – IRI group;  

E and F – IRI + HRS group. The images A, C, and E were recorded at 100× magnification, and the 

images B, D, and F were recorded at 400× magnification  

 

 

Discussion 

Laparoscopic surgery is extensively used on 

animals nowadays, including for liver surgery (17). 

Liver ischaemia-reperfusion injury is a common 

pathophysiological process in liver surgery and 

transplantation, which can seriously impair liver 

function. This may also have consequences for multiple 

other tissues and organs, resulting in a reduced 

treatment efficacy for patients after surgery (10). The 

mechanisms of ischaemia-reperfusion injury are still 

not fully understood. However, ROS and oxidant stress 

were proven to play a significant role in ischaemia-

reperfusion injury (23). 

During ischaemia, the oxygen content in tissues 

becomes insufficient, while the restoration of blood 

flow and the resulting reperfusion leads to an explosive 

increase in levels of oxygen-free radicals over a short 

time interval. In addition, endogenous antioxidants 

such as SOD and CAT, the function of which is to 

reduce or consume ROS, are able to adequately control 

the rapid increase in ROS in the liver during ischaemia-

reperfusion injury. SOD is a metal-containing enzyme 

which catalyses the disproportion of reactive oxygen-

free radicals, and thus eliminates ROS from the body. 

Serving a complementary function, GSH clears the 

metabolic byproducts produced by ROS and reduces 

lipid peroxidation. CAT is known to eliminate the large 

amount of ROS produced by disproportion of reactions 

and decomposes other peroxides. In our study, the 

activity of SOD, GSH, and CAT in liver tissue 

decreased following liver ischaemia-reperfusion 

combined resection injury and indicated that the 

antioxidant capacity within the liver tissue decreased. 

MDA is the final product of unsaturated lipid 

peroxidation, and its levels in tissues and circulation 

can reflect the degree of lipid peroxidation occurrence 

(4). Numerous studies have demonstrated that  

a reduction in MDA content correlates to a reduction in 

ROS-mediated peroxidation damage of tissues (25). In 

our study, following ischaemia-reperfusion, the level of 

MDA increased and the examination of liver function 

showed that the serum ALT, AST, and AKP levels 

increased. As was corroborated through electron 

microscopic observations of tissues, hepatocellular sub-

microstructure damage was inflicted during liver 

ischaemia-reperfusion combined resection injury. Thus, 

we believe that the reduction of antioxidant capacity is 

the mechanism through which ischaemia and 

reperfusion causes damage to liver tissue. 

Furthermore, we demonstrated that the use of HRS 

during laparoscopic surgery can improve the anti-

oxidative ability of liver tissue, lower its susceptibility 

to injury, and reduce liver damage, suggesting  

a hepatoprotective effect of HRS during laparoscopic 

ischaemia-reperfusion combined resection injury. 

These findings were also corroborated through liver 

function tests and electron microscopic observations of 

tissues. Hydrogen has been wrongly believed by 

biologists to be a physiologically inert gas for many 

years. However, in 2007, Japanese researchers 

observed that inhalation of 2% hydrogen was able to 

improve brain oedema and decrease infarct volume of 

brain focal ischaemia and reperfusion in rats. It was 

concluded that hydrogen exhibits antioxidant functions 

(19). Successive studies have found that in the process 

of ischaemia-reperfusion injury, the free 

radical/antioxidant system becomes imbalanced, and 

hydrogen therapy can reduce ischaemia-reperfusion 

injury caused by such an imbalance (12). As  

a scavenger of toxic ROS, hydrogen has a selective 

antioxidant effect, primarily scavenging hydroxyl 

radicals and nitrite anions, both of which exhibit potent 

oxidative toxicity. This toxicity can result in 

peroxidation damage to DNA and lipids, while 

obliterating various protein functions. In addition, 
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hydrogen has been shown to increase antioxidant levels 

and enzymatic activities of antioxidants (6), thus 

improving ROS clearance. 

Autophagy is an intracellular self-digestion 

pathway, which functions in the removal of abnormal 

organelles and proteins, as well as any residual or 

unnecessary cytoplasmic components through 

lysosomal digestion (1). Autophagy and the ubiquitin-

proteasome system (UPS) are the two main pathways 

for the degradation of specific, short-lived proteins 

(26). Normally, autophagy plays a very important role 

in the maintenance of cell survival, cell renewal, 

recycling of cellular materials, and internal stability. 

Cursio et al. (3) described that the autophagic cell 

response to warm and/or cold liver ischaemia-

reperfusion may delay apoptosis and necrosis and thus 

can decrease the extent of warm/cold liver ischaemia-

reperfusion injury. However, over-activation of 

autophagy can destroy normal proteins and organelles, 

leading to cell death. In the liver, Gotoh et al. (8) found 

that inhibited autophagy can reduce the degree of 

hepatic ischaemia-reperfusion injury after liver 

transplantation, and Liu et al. (16) found autophagy 

plays a potential regulatory role in ischaemia-

reperfusion injury after lung transplantation. Studies 

have reported that LC3 is a specific protein marker of 

autophagy and has been shown to increase  

after ischaemia-reperfusion injury. When autophagy  

is activated, LC3A is coupled with 

phosphatidylethanolamine under the action of 

ubiquitin-like enzyme to produce LC3B (2). Beclin 1 

can also be employed as a biomarker of autophagy, as 

it has been observed to be a regulatory factor upstream 

of autophagosome formation and contributes to the 

formation of autophagosomes by binding to 

phosphoinositide 3-kinase (PI3K) ClassⅢ to promote 

autophagy (29). In addition, Beclin 1 has been shown 

to regulate most of the phases associated with 

autophagy, therefore indirectly reflecting the level of 

autophagy. Another key regulatory factor of autophagy 

is mTOR. It serves as an effector molecule downstream 

of the PI3K-Akt signalling pathway, a hub that 

regulates multiple substances and energy metabolism 

within the cell, and a negative autophagy regulator 

(31). The removal of the autophagic substrate must take 

place through two steps: one is the recognition of the 

substrate to be degraded by autophagy, and the other is 

the transport of the substrate to the autophagosomes. 

These two steps are the key to autologous flow 

activation taking place or not. As a selective autophagic 

receptor p62 is the key factor in manipulating these 

steps. This protein is a ubiquitin-binding protein 

involved in cell signalling, oxidative stress, and 

autophagy (14), which combines with ubiquitinated 

proteins into the autophagosome and eventually fuses 

with lysosomes to form autophagosomes to be cleared. 

When p62 is coupled to LC3B, as a regulator of the 

composition of autophagosomes, it is degraded in 

during autophagy as well (20). Formation of the 

autophagosome involves a ubiquitin-like conjugation 

system in which ATG12 is covalently bound to ATG5 

for subsequent targeting to autophagosome vesicles. 

The ATG5-ATG12 binding system plays an important 

role in the binding and recruitment of ATG8 (LC3), 

which functions as a ubiquitination modification 

system. This binding system consists of ubiquitinated 

ATG12, the activating enzyme ATG7, ubiquitin-

binding enzyme ATG10, and substrate ATG5. 

In our study, the RT-PCR data suggested that the 

expression of ATG5, ATG12, and Beclin1 increased, 

while mTOR and p62 decreased following laparoscopic 

liver ischaemia-reperfusion combined resection injury. 

Comprehensive data show that this injury led to 

increased hepatocyte autophagy. In comparison to the 

IRI group, the IRI + HRS group was observed to have 

reduced expression of ATG5, ATG12, and Beclin1, 

whereas the expression of mTOR and p62 increased. 

The immunohistochemistry data showed that the 

expression of LC3B increased following laparoscopic 

ischaemia-reperfusion combined resection injury, while 

the expression of LC3B decreased in liver samples 

from animals that received the same surgery and HRS 

intervention. The IHC and RT-PCR results were also 

confirmed by Western blot analysis. Western blot also 

bore out the gene expression patterns observed in the 

HRS intervention group, namely that Beclin1 and 

LC3B expression decreased, whereas p62 increased, 

suggesting an overall decrease in autophagy. These 

data suggest that laparoscopic liver ischemia-

reperfusion combined resection injury activates 

autophagy in the liver, whereas HRS intervention can 

moderate the autophagy increase brought about by 

laparoscopic liver ischaemia-reperfusion combined 

resection injury. 

Numerous studies have shown that ROS derived 

from mitochondria are the major inducer of autophagy 

under oxidative stress in response to ischaemia-

reperfusion (5). In the autophagy induction phase, ROS 

can induce autophagy through the suppression of 

mTOR through the inhibition of PI3K-Akt-mTOR (22). 

In the process of autophagosome formation, ROS exert 

effects resulting in the accumulation of LC3B, thus 

increasing autophagy (27). Moreover, ROS can 

promote the ubiquitination of various cellular proteins 

to be degraded, which promotes translocation of the 

degradation product to the autophagosome once it 

combines with p62 and LC3B, and there it is finally 

degraded (15). In our study, not only did autophagy 

increase following laparoscopic liver ischaemia-

reperfusion combined resection injury, but the animals 

also experienced severe peroxidation injury in liver 

tissue. HRS intervention was observed to decrease the 

level of autophagy in liver tissue and reduce the 

peroxidation injury as well.  

In conclusion, we demonstrated the protective 

effect of HRS on the liver and its influence on 

hepatocyte autophagy during laparoscopic liver 

ischaemia-reperfusion combined resection injury. HRS 
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intervention is capable of reducing oxidant stress 

injury, decreasing the autophagy level in liver tissue, 

and ultimately protecting the liver during laparoscopic 

liver ischaemia-reperfusion combined resection injury.  
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