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Abstract 

The most effective way of treating liver cancer is surgical resection, which usually requires blocking the 
hepatic portal circulation, and may result in hepatic ischemia-reperfusion injury (HIRI). It is of paramount 
importance to control HIRI for liver cancer surgical resection. In this study, a 70% ischemia-reperfusion 
(I/R) model of rat liver was established, and the protective effect and mechanism of limb ischemic 
post-conditioning (LIPOC) on HIRI was investigated. We show that LIPOC has a protective effect on 
hepatic ischemia-reperfusion injury in rats, which reduces the elimination of superoxide dismutase, 
thereby increasing oxygen free radical scavenging, decreasing lipid peroxidation, inhibiting neutrophil 
aggregation, as well as reducing TNFα, IL1β, and other inflammatory cytokines. In addition, LIPOC 
inhibited the apoptosis of hepatocytes induced by I/R injury, and decreased the Bax/Bcl-2 ratio. 
Furthermore, LIPOC promoted the phosphorylation of Akt and ERK1/2. The use of PI3K inhibitor 
LY294002 and ERK1/2 blocker PD98059 inhibited the phosphorylation of Akt and ERK1/2 caused by 
LIPOC and abolished the injury protection of liver I/R. Moreover, through 16 cases of hepatocellular 
carcinoma resections, we found that short-term LIPOC treatment significantly suppressed the elevated 
alanine aminotransferase, aspartic transaminase, and total bilirubin in the early post-operation of liver 
resection, and reduced reperfusion injury to the ischemic liver. In summary, our study demonstrates that 
LIPOC could be an effective method for HIRI in the clinical implementation of liver resection and 
uncovers the potential mechanism of LIPOC in the protective effects of HIRI. 

Key words: limb ischemic postconditioning (LIPOC), hepatic ischemia-reperfusion injury, liver cancer, 
hepatectomy, reperfusion injury salvage kinase 

Introduction 
Liver cancer is one of the most common and 

deadly malignancies worldwide. In recent years, 
incidence increases rapidly by about 3% per year in 
women and 4% per year in men [1]. Currently, the 
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most effective approach to treat patients with liver 
cancer is surgical resection. Liver surgery requires 
blocking the hilus hepatis, for which a Pringle method 
[2] is often used. However, this method could result in 
many surgical complications and side effects such as 
liver ischemia, intestinal bleeding and reperfusion, 
and other pathophysiological processes, which 
subsequently leads to hepatic ischemia- 
reperfusion injury (HIRI) and limits the clinical 
practice of liver resection as well as other related 
surgeries. Therefore, it is necessary to understand the 
underlying mechanism of HIRI, find a suitable 
preventive strategy to minimize HIRI during 
hepatectomy, extend the tolerance time of liver heat, 
reduce liver damage, protect liver function, and 
prevent liver failure. 

Recently, more and more studies have confirmed 
that ischemic preconditioning (IPC) of the organ is an 
effective HIRI protective approach [3-6]. However, its 
necessity for being carried out before the organ 
ischemia makes it difficult to implement in clinical 
practice. Oxman et al. discovered a method by IPC in 
the lower limbs namely limb ischemic 
pre-conditioning (LIPC) that has a protective effect for 
myocardium in the ischemia/reperfusion (I/R) 
process [7]. Compared with the classic IPC, LIPC is a 
simple and non-invasive method with little impact to 
surgical operation and without extending the 
operation time, though must be carried out before 
organ ischemia [8-10]. In comparison, ischemic 
post-conditioning (IPO) was found to be an important 
protective mechanism for ischemia, and Zhao et al. 
demonstrated that IPO has myocardial protective 
effects using a canine myocardial infarction model 
[11], though still requires invasive operation. In 2005, 
Kerendi et al. first reported that a method of remote 
ischemic post-conditioning (RIPOC) performs 5-min 
ischemia/ 1-min reperfusion on kidney before 
myocardial reperfusion to reduce the infarct size of 
myocardial ischemia-reperfusion injury (IRI) [12]. 
However, this treatment results in renal ischemia and 
damages renal function; thus, it is limited in clinical 
application [12]. Recently, researchers discovered an 
improved RIPOC method based on the principles of 
LIPC and RIPOC. By using this post-conditioning 
limb ischemia, the myocardial and cerebral protective 
effects have been improved [13-16]. This improved 
RIPOC is also known as limb ischemic 
post-conditioning (LIPOC) which is a simple and 
non-invasive method without influencing operation 
procedures or extending the operation time. More 
importantly, it can be carried out after organ ischemia, 
and therefore, provides the technical and rational 
basis for clinical application and has significant 
clinical value. The cardioprotective effect of LIPOC 

has been demonstrated in animal models and human 
trials [13, 16]; however, whether LIPOC with 
protective effect on the liver has not yet been clarified.  

When I/R happens, several kinases are activated 
to inhibit cell apoptosis, which are known as 
reperfusion injury salvage kinases (RISKs) [17, 18]. 
This includes phosphatidylinositol-3-kinase/protein 
kinase B (PI3K/Akt) pathway and extracellular 
signal-regulated kinase1/2 (ERK1/2) pathway. 
Studies have shown that overexpression of these 
kinases has a protective effect on reperfusion 
myocardium for both ischemic preconditioning and 
post-conditioning [18-21]. Also, the RISKs are 
recruited to function in the protection of heart, brain, 
and liver by IPO, LIPC and RIPOC [22-27]. 
Pharmacological post-conditioning was shown to 
protect liver against HIRI via the activation of RISK 
pathways [28]. However, whether the RISK pathways 
are involved in the protective effect of LIPOC on HIRI 
has not been cleared yet. 

To address these issues, we established a 70% 
liver I/R model in rats to explore the protective effects 
of LIPOC on HIRI and the underlying mechanism. 
Moreover, the protective effects of LIPOC on liver 
were also investigated in 16 primary liver cancer 
patients with hepatectomy. Therefore, this study 
elucidates the potential mechanism of LIPOC in the 
protective effects of HIRI and provides evidence 
showing that LIPOC can be a valuable effective 
method for HIRI in the clinical implementation of 
liver resection. 

Materials and Methods 
Animal Model  

Male Sprague-Dawley (SD) rats were obtained 
from the Animal Center of School of Medicine, Xi’an 
Jiaotong University. Animal experiments were 
performed according to the National Institute of 
Health Guide for the Care and Use of Laboratory 
Animals, and the animal operation protocol was 
approved by the Animal Ethics Committee of School 
of Medicine, Xi’an Jiaotong University. Animals were 
fasted for 12 h before surgery. Sodium pentobarbital 
(3%) was injected (40 mg/kg) intraperitoneally for 
anesthesia. The model of 70% hepatic ischemia was 
then established based on previously published 
methods [29, 30]. The median incision was made in 
the upper abdomen. The middle lobe and the right 
lobe of the liver were separated, followed by the 
separation of the left lobe and the caudate lobe. We 
could then observe the hepatic left artery, portal vein, 
and bile duct running together for about 0.5 cm, and 
then splitting into their respective lobe. By slightly 
separating the posterior hepatic vein from anterior 
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wall, we then clamp or loose hepatic artery, portal 
vein, and bile duct using non-invasive small blood 
vessel clamp in the common running section without 
separating them individually. After blocking the 
running for 60 min, the establishment of nearly 70% of 
the liver with ischemia was achieved. Evidence of 
ischemia was based on visualizing the pale blanching 
of the ischemic lobes. The right lobe and caudate lobe 
of liver blood flow were not blocked to avoid 
gastrointestinal congestion. For PI3K inhibitor and 
ERK1/2 blocker administration groups, 0.3 mg/kg 
LY294002 (Sigma) or 5.0 mg/kg PD98059 (Sigma) was 
intravenous administrated before abdominal closure, 
respectively. 

IPO and LIPOC Treatment 
For IPO groups, after the 70% hepatic ischemic 

model was established, IPO was achieved by 10-sec 
reperfusion followed by 10-sec re-occlusion for six 
times at the onset of reperfusion after warm ischemia 
as previously described [11]. LIPOC treatment was 
established as previously described [31]. Briefly, after 
the 70% hepatic ischemic model was established, 20 
cm long elastic tourniquet (2 mm in diameter) was 
used to bundle the lower limbs at the upper 1/3 parts. 
The distal surface skin temperature decreased and the 
color became purple, which were used as signs of 
successful ischemia in the lower extremities. When 
loosening the tourniquet to restore lower limb blood 
flow after reperfusion, the color of the bundled distal 
limb area restored rosy. 

Serum Alanine Aminotransferase (ALT) and 
Aspartic Transaminase (AST) Measurement 

The rats were sacrificed at 6 h after long-time 
reperfusion. Blood samples were collected from 
sub-hepatic vena cava. The serum levels of ALT and 
AST were measured by clinical automated chemistry 
analyzer (Hitachi 7170A). An increase in pyruvate 
concentration corresponds with the levels of AST and 
ALT activities in the presence of their substrates 
L-aspartate or L-alanine, respectively. The pyruvate 
concentration was determined spectrophotometrically 
in the form of hydrazine for absorbance at 510 nm. 

Malondialdehyde (MDA) Measurement  
In the sacrificed animals, liver tissue samples 

were harvested and homogenized at 4°C into 10% 
homogenization, which was used for the 
measurement of MDA levels. The content of MDA 
was assessed using thiobarbituric acid (TBA) assay kit 
(Nanjing Jiancheng Research Institute) according to 
manufacturer’s instruction. TBA can react with MDA 
that is produced during the degradation of lipid 
peroxides, which generates a substrate with a strong 
absorption peak at 532 nm. The levels of MDA in the 

tissues (nmol/mg) was calculated as follows:  

MDA in tissue (nmol/mg) = [(Absorbancesample tube – 
Absorbanceblank tube)/ (Absorbancestandard tube – 
Absorbanceblank tube)] x 10 nmol/ml / protein 

concentration (mg/mL). 

Superoxide Dismutase (SOD) Activity 
Analysis 

The SOD activity was measured using xanthine 
oxidase assay kit (Nanjing Jiancheng Research 
Institute) according to manufacturer’s instruction. 
Xanthine interacts with xanthine oxidase to produce 
oxygen free radicals, which oxidizes hydroxylamine 
to form nitrite. Nitrite then reacts with a chromogenic 
agent to generate purple color that can be measured 
by visible light spectrophotometer. SOD inhibits 
oxygen free radicals and reduces the absorbance. 
Liver tissue samples harvested from sacrificed 
animals were homogenized and used for the 
measurement of SOD activities. The amount of SOD 
for 50% inhibition was defined as one SOD unit (U), 
and SOD enzyme activity was expressed as U/mg 
tissue protein. 

Myeloperoxidase (MPO) Activity Analysis 
MPO exists in polymorphonuclear leukocytes 

(PMN). The MPO activity was measured using 
hydrogen peroxide (H2O2) assay kit (Nanjing 
Jiancheng Research Institute) according to 
manufacturer’s instruction. MPO can reduce H2O2 

during reaction, and its enzyme activity can be 
quantitatively determined by evaluating the amount 
of PMN. By reacting with the hydrogen donor 
o-anisidine, it generates yellow product. By 
colorimetric determination of the product formation 
at 460 nm, the activity of MPO, H2O2 reduction, and 
the amount of white blood cells can be assessed. The 
amount of MPO to decompose 1 μmol H2O2 per gram 
wet tissue sheet at 37°C was defined as one enzyme 
activity unit, and expressed as U/g tissue. 

ELISA Assay 
Blood samples were collected from sub-hepatic 

vena cava of rats at 6 h after long-time reperfusion. 
Rat TNF-alpha Immunoassay and Rat IL-1β 
Immunoassay (Shanghai Langka Biotechnology) are 
ELISA assays designed to measure rat TNF-alpha and 
IL-1β levels in cell culture supernatants, serum, and 
plasma. The ELISA assays were performed according 
to manufacturer’s instruction. 

Immuno-histochemistry Staining  
2.0 cm × 1.0 cm × 0.3 cm size tissues in the 

middle part of the middle hepatic tissue from rats 
were cut for staining. Immunohistochemistry was 
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performed using SP immunohistochemistry kit 
(Nanjing Jiancheng Research Institute, China) and 
antibodies against Bcl-2 and Bax (Bioss Antibodies, 
China) were used according to the manufacturer’s 
instructions. The results were visualized using 
Olympus VanoxT AH-2 light microscope (Olympus, 
Japan). Brown-yellow granules in the nuclear 
membrane and cytoplasm of hepatocytes were 
considered as positive expression of Bcl-2 and Bax. A 
computerized image system was used to analyze the 
images. Under the microscope, five random view 
fields were selected for each section. The total number 
of hepatocytes and the number of positive cells in 
each field were counted. The protein expression index 
(PEI) in the tissues was calculated by the number of 
positive cells / total number of cells in visual field and 
presented as percentage. 

H&E Staining 
The tissues from left part of the rat liver were 

fixed with 10% neutral formalin, embedded in 
paraffin, and stained with hematoxylin-eosin (H&E). 
Two micrometer thick sections were mounted on 
glass slides, dewaxed with xylene and rehydrated in a 
descending alcohol row. Immersed in Harris 
hematoxylin dye solution for 8 min and then rinsed in 
1% HCL / 70% ethanol solution for 5-10 seconds. 
After rinsing with H2O, the tissues were stained with 
eosin for 3 min. The sections were then dehydrated in 
an ascending alcohol row and rinsed with xylene 
followed by neutral resin sealing. The specimens were 
observed under CHZO light microscope (Olympus). 

Quantification of Apoptotic Cells Using 
TUNEL Staining  

Terminal deoxynucleotidyltransferase-mediated 
UTP end labeling (TUNEL) assay was performed on 4 
μm paraffin-embedded sections of liver tissues. The 
sections were deparaffinized in Xylenes (Sigma) (2 × 8 
min) and rehydrated through a descending alcohol 
row. The samples were incubated in 3% H2O2 at room 
temperature for 10 min and washed in 0.01M TBS (3 × 
3 min). After digestion with fresh made TBS solution 
with protease K added by 1:200 at 37°C for 15 min, the 
samples were treated with the terminal transferase 
mix [terminal deoxytransferase enzyme (TdT), TdT 
buffer, biotin-16-dUTP, and H2O] and incubated at 
37°C for 2 h in humid air. The reactions were 
terminated by adding the TdT reaction termination 
buffer for 30 min and washing with TBS (3 × 3 min). 
The nuclei that had incorporated the biotinylated 
dUTP were detected using DAB kit (Bioss Antibodies, 
China). The samples were washed in 1xPBS (2 × 3 
min), dehydrated through sequential steps of 70% and 
100% ethanol (3 min each), dried, and mounted. 

Counts of the apoptotic cells were performed using a 
light microscope at ×400 magnification. Five random 
view fields were selected for each section. The total 
numbers of apoptotic hepatocytes in each 100 
hepatocytes were counted. The Morphology of 
apoptotic cells in line with: no inflammatory reaction 
around the cell, membrane shrinkage, nucleus dense 
and deeply stained as brown fragments or particles. 
The staining results were quantified using ImageJ 
software with the Immunohistochemistry (IHC) 
Image Analysis Toolbox plugin. The percentage of 
apoptotic cells (TUNEL staining positive) were 
expressed as apoptosis index (AI). PEI was calculated 
by the number of positive stained cells (brown 
staining) / total number of cells in visual field and 
presented as percentage. The measurement data were 
expressed as mean ± standard deviation. 

Electron Microscopy 
For electron microscopy, the tissues from left 

part of the rat liver were cut into 1 x 1 x 1 mm3 cubes, 
fixed with fresh pre-cooled 2.5% glutaraldehyde for 
more than 2 h at 4°C, followed by incubation in 0.1M 
phosphoric acid buffer for 30 min and fixed with 1% 
osmium acid at 4°C for 2 h in the dark. The tissues 
were then rinsed with 0.1 M phosphoric acid buffer 
for 10 min and dehydrated in an ascending alcohol 
row, and stained with ethanol acetic acid uranyl oxide 
block for 2 h. After rinsing in 90% and 100% ethanol 
and propylene oxide, the tissues were immersed and 
embedded with epoxy resin Epon812. Thin sections 
(50-70 nm) were cut and stained with uranyl acetate 
and lead citrate. The specimens were observed under 
JEM-100SX transmission electron microscope (JEOL 
USA, Inc.). 

RT-qPCR Analysis 
Total RNA was isolated from liver tissue from 

rats using TRIzol Reagent (Invitrogen) by following 
the manufacturer’s protocol. The quantity and quality 
of isolated RNA were determined using NanoDrop 
1000 spectrophotometer (Thermo Scientific). One 
microgram of total RNA was used to prepare cDNA 
using RevertAidTM First Strand cDNA Synthesis Kit 
(Fermentas Life Sciences) by following the 
instructions provided by the manufacturer. Primers 
used in this study are synthesized by Sangon Biotech. 
The sequences are as follows: Akt forward: 
5'-TCATTGAGCGCACCTTCCAT-3'; Akt reverse: 
5'-CTCCTGCCGTTTGAGTCCAT-3'; Erk1 forward: 
5'-AACCCAAACAAGCGCATCAC-3'; Erk1 reverse: 
5'-AAGGTGAATGGCTCCTCAGC-3'; Erk2 forward: 
5'-GGTTGTTCCCAAACGCTGAC-3'; Erk2 reverse: 
5'-ATACTGCTCCAGGTACGGGT-3'. The original 
cDNA reaction mixture was diluted to one-tenth of 
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the reaction volume. Two microliter of the diluted 
cDNA was used as the template in the quantitative 
PCR reaction. PCR amplification was performed 
using SYBY Premix Ex TaqTM Ⅱ  (TaKaRa 
Biotechnology) and CFX96 Touch™ Real-Time PCR 
Detection System (Bio-Rad). 

Western Blotting  
One gram liver tissues from rats were 

homogenized using Tris-Triton cell lysis buffer (TTL 
buffer, 1% Triton X-100, 50 mM Tris-HCl pH 7.4, 5% 
glycerol, 100 mM NaCl) supplemented with protease 
and phosphatase inhibitor cocktails (Abcam). After 
adjusted to the same concentration, samples were 
boiled in SDS-PAGE sampling buffer, analyzed by 
10% SDS-PAGE, and transferred onto the PVDF 
membrane. Immunoblots were probed with 
antibodies against Akt, phosphor-Akt (Ser473), 
Erk1/2 or phosphor-Erk1/2 (Thr408) (Cell Signaling 
Technology) and reprobed with anti-β-actin antibody 
(Sigma) to serve as a loading control. Signals of 
targeted proteins were detected by the Immun-Star 
HRP peroxide Luminol/ Enhancer (BIO–RAD) and 
recorded on CL-XPosure Film (Thermo Scientific). 
The gray scale of the band was measured by Quantity 
One image analysis software (Bio-Rad) and the 
relative expression of the target protein was 
calculated with the net index (NI) of the β-actin. The 
relative expression of the target protein = target 
protein gray value / β-actin gray value. The level of 
phosphorylation was expressed as a percentage of 
p-Akt / Akt or p-ERK1/2 / ERK1/2 gray values, 
respectively. 

Human Subjects 
Patients underwent liver cancer resection from 

June 2013 to December 2013 in First Affiliated 
Hospital of Xi'an Jiaotong University for randomized 
controlled prospective clinical studies were selected. 
The human subject studies were approved by the 
ethical standards committee of Xi’an Jiaotong 
University. Written informed consents were obtained 
from the patients participating in the study. Sixteen 
patients with primary liver cancer, aged 28 to 65 
years, 14 males and 2 females were included. All these 
patients were ASA I-II grade without other diseases in 
any important organs and with no ongoing 
radiotherapy and chemotherapy; all patients had no 
historic liver surgery and peripheral vascular disease 
affecting their lower limb function (Supplemental 
Table 1).  

The included patients were randomized into two 
groups: the control group and the LIPOC group, eight 
in each group. LIPOC consisted of two 4-min 
tourniquet binding/4-min reperfusion cycles by 

automated cuff-inflator placed on the right leg after 
occlusion of hepatic hilum; while in control group, the 
right leg blood-flow was not blocked. The patients’ 
venous blood samples were collected for the detection 
of liver function (including ALT, AST, TBIL, and ALB) 
before operation, at the end of surgery and at 1 day 
after operation. 

Statistical Analysis 
SPSS 13.0 statistical software was used for all 

statistical analyses of this study. The measurement 
data were expressed as mean ± standard deviation. 
Comparison between groups was performed using 
analysis of variance, and two pairs of comparison 
were using SNK-q test; when the variance was not 
uniform, comparisons were performed using rank 
sum test. P<0.05 for the difference was considered 
statistically significant. 

Results 
LIPOC ameliorates hepatic 
ischemia-reperfusion injury  

The rat model of hepatic ischemia-reperfusion 
was first established (Fig. 1A), and 24 healthy male 
Wistar rats were randomly divided into 4 groups: 
sham-operated group (S), ischemia-reperfusion group 
(I/R), ischemic post-conditioning group (IPO) and 
limb ischemic post-conditioning group (LIPOC). In S 
group, duodenohepatic ligament was dissected only. 
One hour inflow occlusion was performed in I/R 
group without additional intervention. IPO was 
achieved by 10-second reperfusion followed by 
10-second re-occlusion for six times at the onset of 
reperfusion after warm ischemia. In LIPOC group, 
both hind limb roots were occluded for 5 min with a 
tourniquet and released at 1 min before liver 
reperfusion (Fig. 1B). The rats were sacrificed at 6 h 
after long-time reperfusion. The pathological changes 
in liver section were observed under light microscope 
(Fig. 1C) and electron microscope (Fig. 1D).  

As shown by the light microscopy image in Fig. 
1C, in the S group, the cytoplasm of hepatocytes and 
sinusoidal sinusoids were normal, while the 
structures of hepatic lobule, central vein and portal 
area were clear with no infiltration of inflammatory 
cells. In the I/R group, liver cell cord arrangement 
disorder, hepatocyte and sinusoidal endothelial cell 
swelling, edema and degeneration, hepatic lobular 
central vein and liver sinus congestion, and liver sinus 
stenosis were observed. The surrounding part of the 
liver cells showed vacuolar change. Liver lobular 
hepatic necrosis was significant, while PMN 
aggregation and infiltration were observed in the liver 
tissue (Fig. 1C). In the IPO group, the hepatic 
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congestion was attenuated, the structure of hepatic 
lobule was normal, and the structure of hepatocellular 
cords, centrilobular central vein and hepatic sinusoids 
were clear. The hepatocytes swelling and cell 
degeneration were not obvious. In comparison, in the 
LIPOC group, the hepatic injury was significantly 
lightened than that in the I/R group. The central 
venous structure of the hepatic portal region was 
normal and no obvious deformation observed. The 
structure of the hepatocyte cord was clear. The 
hepatocytes were swollen, but with no necrosis (Fig. 
1C). 

Electron microscopy images (Fig. 1D) showed 
that the structure of liver cells in S group was normal, 
with the morphology of nuclei was regular, the 
distribution of chromatin was uniform, and the 

structure of mitochondria was normal. In the I/R 
group, the structure of hepatocytes was unclear, the 
nuclear envelope was thickened. In the cytoplasm, 
there were many circular inclusion bodies with high 
electron density containing necrotic mitochondria. 
The nucleus was round (Fig. 1D). In the IPO group, 
the clarity of the hepatocyte structure was poor. Some 
nuclei were round and the nucleolus was clear. The 
chromatin distribution in the nucleus was uniform 
(Fig. 1D). In the LIPOC group, the structure of liver 
cells was poorly defined. The nuclei were rounded, 
the nucleolus was obvious, the nuclei chromatin was 
distributed evenly (Fig. 1D). Therefore, the histologic 
changes of the liver tissues under both light 
microscope and electron microscope were more 
obvious in I/R group than in IPO and LIPOC groups. 

 

 
Figure 1. LIPOC ameliorates hepatic ischemia-reperfusion injury. (A) The establishment of the rat model for hepatic ischemia-reperfusion. Top left:  
anatomy of the left lobe, and the common running section of middle hepatic artery, portal vein, and bile duct; top right: noninvasive small blood vessels clamp was used 
to block the common running section to achieve a rat 70% hepatic ischemia model; bottom left: 70% liver warm ischemia for 1h; bottom right: reperfusion after 1h 
liver warm ischemia. (B) The scheme of treatment design for four tested groups: S, I/R, IPO and LIPOC. R represents reperfusion. (C) Pathological changes in liver 
sections under light microscope (x400 magnification). (D) Pathological changes in liver sections under electron microscope (x10,000 magnification).  
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Figure 2. LIPOC reduces the synthesis of oxygen free radicals and the secretion of proinflammatory cytokines after reperfusion. (A) The serum 
levels of ALT and AST. (B) The levels of MDA in hepatic tissues (prot represents protein). (C) The levels of MPO in hepatic tissues. (D) The levels of SOD in hepatic 
tissues (prot represents protein). (E) The plasma levels of TNF-α. (F) The plasma levels of IL-1β. Compared to S group: *P＜0.05, **P＜0.01; compared to I/R group: 
#P＜0.05, ##P＜0.01. 

 

LIPOC reduces the synthesis of oxygen free 
radicals and the secretion of proinflammatory 
cytokines after reperfusion 

To analyze the mechanism for LIPOC’s effects on 
hepatic ischemia-reperfusion injury, blood samples 
were collected from sub-hepatic vena cava of rats 
from different tested groups, and the serum levels of 
ALT and AST were measured by clinical automated 
analysis. Compared with S group, the plasma 
activities of ALT and AST (Fig. 2A) were increased 
significantly in I/R, IPO and LIPOC groups (P<0.01); 
while compared with I/R group, the plasma activities 
of ALT and AST were decreased significantly in IPO 
and LIPOC groups (P<0.01). No significant changes 
were found between IPO and LIPOC groups (P>0.05). 
The concentrations of MDA, SOD and MPO in hepatic 
tissues were also measured, respectively. Compared 
with S group, the MDA (Fig. 2B) and MPO (Fig. 2C) 
contents in hepatic tissues were increased, while the 
SOD contents (Fig. 2D) were decreased significantly 
in I/R, IPO and LIPOC groups (P<0.05, P<0.01). 
Compared with I/R group, the MDA and MPO 
contents were decreased, while the SOD contents 
were increased significantly in IPO and LIPOC groups 
(P<0.05, P<0.01). In addition, compared with S group, 
the plasma levels of tumor necrosis factor-α (TNF-α) 
(Fig. 2E) and interleukin-1β (IL-1β) (Fig. 2F) were 
increased significantly in I/R, IPO and LIPOC groups 
(P<0.05, P<0.01); but compared with I/R group, the 
plasma contents of TNF-α and IL-1β were decreased 
significantly in IPO and LIPOC groups (P<0.01).  

LIPOC inhibits hepatocellular apoptosis and 
represses Bax/Bcl-2 ratio  

To investigate the protective effect of LIPOC on 
hepatocyte apoptosis, the apoptotic cells were 
detected by TUNEL staining using liver tissue of rats 
from each tested group. Compared with S group, the 
hepatocellular apoptotic index (AI) was increased 
significantly in I/R, IPO and LIPOC groups (P<0.01, 
Fig. 3A-B). In contrast, when compared with I/R 
group, the AIs were decreased significantly in IPO 
and LIPOC groups (P<0.05, Fig. 3A-B). To further 
understand the mechanism for LIPOC’s effect on 
apoptosis, the expressions of Bcl-2 and Bax protein in 
the liver tissues were detected by 
immuno-histochemistry. Compared with S group, the 
expression of Bcl-2 protein was increased significantly 
in I/R, IPO and LIPOC groups (P<0.05, Fig. 3C). In 
comparison with I/R group, the expression of Bcl-2 
protein was increased significantly in IPO and LIPOC 
groups (P<0.05, Fig. 3C). In contrast, compared with S 
group, the expression of Bax protein was increased 
significantly in I/R, IPO and LIPOC groups (P<0.05, 
Fig. 3D); while compared with I/R group, the 
expression of Bax protein was decreased significantly 
in IPO and LIPOC groups (P<0.05, Fig. 3D).  

LIPOC enhances PI3K/Akt and MAPK 
signaling for hepatic protection 

To further investigate the mechanism of LIPOC 
on hepatic protection, we analyzed the effects of 
LIPOC on PI3K/Akt and ERKl/2 signaling. The rat 
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models of hepatic ischemia-reperfusion combined 
with the administration of PI3K inhibitor LY294002 
and MAPK kinase inhibitor PD98059 were 
established. Forty-two healthy male Wistar rats were 
randomly divided into 7 groups: S group, LY+S 
group, PD+S group, I/R group, LIPOC group, 
LY+LIPOC group and PD+LIPOC group (Fig. 4A). 
The changes in the liver function were first assessed 
by analyzing the serum levels of ALT and AST. 
Compared with S group, the levels of ALT (Fig. 4B) 
and AST (Fig. 4C) were increased significantly in I/R, 
LIPOC, LY+LIPOC and PD+LIPOC groups (P<0.01); 
while there was no difference among S group, LY+S 
group and PD+S group (P>0.05). Compared with I/R 
group, the levels of ALT (Fig. 4B) and AST (Fig. 4C) 
were decreased significantly in LIPOC groups 
(P<0.05, P<0.01); but there was no difference among 
I/R, LY+LIPOC and PD+LIPOC groups (P>0.05). 
Compared with LIPOC group, the levels of ALT (Fig. 
4B) and AST (Fig. 4C) were increased significantly in 
LY+LIPOC and PD+LIPOC groups (P<0.05, P<0.01). 

No significant changes were found between LY+ 
LIPOC and PD+LIPOC groups (P>0.05). 

The effects of LIPOC and RISK pathways on 
hepatocyte apoptosis and ultrastructural 
changes 

We then analyzed the role of RISK pathways in 
LIPOC’s effects on hepatocyte apoptosis. Compared 
with S group, the AI values of I/R group, LIPOC 
group, LY+LIPOC group and PD+LIPOC group were 
significantly higher than those of S group (P<0.01, Fig. 
5A&C). There was no significant difference between S 
group and PD+S group and LY+S group (P>0.05, Fig. 
5A&C). The extent of increasing for AI values in 
LIPOC group was significantly lower than I/R group 
(P<0.05, Fig. 5A&C), while there was no significant 
difference between the LY+LIPOC group and the 
PD+LIPOC group with the I/R group (P>0.05, Fig. 
5A&C). Compared with LIPOC group, AIs were 
significantly higher in the LY+LIPOC group and 
PD+LIPOC group (P<0.05, Fig. 5A&C). There was no 

 
Figure 3. LIPOC inhibits hepatocellular apoptosis and represses Bax/Bcl-2 ratio. (A) Staining for TUNEL, Bcl-2, and Bax in liver tissue of rats from each 
tested group (x400 magnification). (B) The quantification of AI using TUNEL staining. (C) The quantification of Bcl-2 staining in each tested group. (D) The 
quantification of Bax staining in each tested group. Compared to S group: *P＜0.05, **P＜0.01; compared to I/R group: #P＜0.05, ##P＜0.01. 
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significant difference between LY+LIPOC group and 
PD+LIPOC group (P>0.05, Fig. 5A&C). Under the 
electron microscopy, the structure of hepatocytes in S 
group was normal, while the cells in LY+S group and 
PD+S group didn’t show obvious alterations 
compared to the S group (Fig.5B). In LY+LIPOC and 
PD+LIPOC group, the structures of hepatocytes were 
very similar with that of I/R group. There were many 
round inclusion bodies with high electron density in 
the cytoplasm. The inclusion bodies also contained 
necrotic mitochondria, and the tight junction structure 
was not clear (Fig. 5B).  

LY294002 and PD98059 antagonizes LIPOC 
increased p-Akt and p-ERK1/2 

To further understand the role of RISK signaling 
pathways in LIPOC’s protective effects on 
hepatocytes, we analyzed the effects of LIPOC and its 
combination with LY294002 and PD98059 on the 
regulation of key molecules in RISK signaling. By 
using RT-qPCR analysis, we observed the expression 
of Akt mRNA and ERK1/2 mRNA in the liver tissues 
in each group, but there was no significant difference 
among each group (Supplemental Table 2). By using 
western blotting analysis, we observed a similar 
expression of Akt (P>0.05) among different treatment 
groups, however, the expression of p-Akt was 
differentially regulated. Compared with S group, the 
expression of p-Akt was increased significantly in I/R 
and LIPOC groups (P<0.05, P<0.01, Fig. 5D-E); while 

there was no difference among S, LY+S and 
LY+LIPOC groups (P>0.05, Fig. 5D-E). Similar effects 
were observed for Erk1/2 and p-Erk1/2 (Fig. 5D-F). 

Protective effect of LIPOC on hepatic 
ischemia-reperfusion injury in liver cancer 
patients undergoing hepatectomy 

To investigate the protective effect of LIPOC on 
HIRI in liver cancer patients undergoing 
hepatectomy, 16 liver cancer patients undergoing 
hepatectomy were randomly divided into control 
group and LIPOC group. LIPOC consisted of two 
4-min tourniquet binding/4-min reperfusion cycles 
by automated cuff-inflator placed on the right leg 
after occlusion of hepatic hilum (Fig. 6A). In control 
group, the right leg blood-flow was not blocked (Fig. 
6A), and there was no obvious difference about 
gender, age, weight, ASA grade, tumor size, occlusion 
time, operative time, fluid infusion volume, blood loss 
volume and blood transfusion volume during 
operation between control group and LIPOC group 
(Supplemental Table 1). The patients’ venous blood 
samples were collected for the detection of liver 
function (including ALT, AST, TBIL, and ALB) before, 
at the end of and 1 day after the operation. 

Compared with that of before operation, the 
levels of ALT (Fig. 6B), AST (Fig. 6C) and TBIL (Fig. 
6D) were significantly higher in both groups after 
operation (P<0.05, P<0.01). Compared with control 
group, the levels of ALT, AST and TBIL at the end of 

 
Figure 4. LIPOC enhances PI3K/Akt and MAPK signaling for hepatic protection. (A) The rat models of hepatic ischemia-reperfusion combined with the 
administration of PI3K inhibitor LY294002 and MAPK kinase inhibitor PD98059 were established. (B) The serum levels of ALT. (C) The serum levels of AST. 
Compared to S group: *P＜0.05, **P＜0.01; compared to LIPOC group: #P＜0.05, ##P＜0.01. 
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surgery and at 1 day after operation were significantly 
lower in LIPOC group (P<0.05, Fig. 6B-D). The levels 
of ALB (Fig. 6E) before operation were normal in both 
groups; compared with that before operation, the 
levels of ALB were significantly lower in both groups 
after operation (P<0.05); while no significant change 
was found between control group and LIPOC group 
(P>0.05). Therefore, LIPOC has protective effect on 
the ischemia-reperfusion injury of liver in patients 
with liver cancer during hepatectomy. 

Discussion 
In order to limit HIRI, blocking the hepatic portal 

circulation during liver surgery is a required and 
difficult step. The previously reported novel LIPOC 
approach has a protective effect on the IRI of heart 
and brain [13-16]. However, whether LIPOC clinically 
has a protective effect on IRI of the liver is largely 
unknown and has an urgent research significance and 
potential clinical application prospects. In this study, 
a 70% I/R model of rat liver was established to study 
the protective effect and molecular mechanism of 
LIPOC on HIRI. Through 16 cases of hepatocellular 
carcinoma resection, whether LIPOC has the 

protective effect on HIRI in hepatectomy was then 
investigated. The results show that LIPOC has a 
protective effect on hepatic ischemia-reperfusion 
injury in rats by reducing the elimination of 
superoxide dismutase, inhibiting neutrophil 
aggregation, and decreasing tumor necrosis factor-α, 
interleukin-1β and other inflammatory cytokines. 
Moreover, LIPOC can inhibit the apoptosis of 
hepatocytes induced by I/R injury possibly by 
promoting the expression of Bcl-2 and inhibiting the 
expression of pro-apoptotic protein Bax. Further, 
LIPOC resulted in a higher level of phosphorylation 
of Akt and ERK1/2. The use of PI3K inhibitor 
LY294002 and ERK1/2 blocker PD98059 did not only 
inhibit the phosphorylation of Akt caused by LIPOC 
but also made the injury protection of liver I/R 
disappear. Through the observation of patients with 
liver cancer, we found that short-term unilateral 
lower limb ischemic treatment significantly repressed 
the increased amplitude of ALT, AST, and TBIL in the 
early postoperative of liver resection, and reduced 
reperfusion injury to the ischemic liver in liver 
resection.

 

 
Figure 5. The effects of LIPOC and RISK pathways on hepatocyte apoptosis and ultrastructural changes. (A) TUNEL staining for liver tissue of rats 
from each tested group (x400 magnification). (B) Pathological changes in liver sections under electron microscope (x30,000 magnification). The structural changes of 
mitochondria are indicated by the arrows. (C) The quantification of AI using TUNEL staining. Compared to S group: **P<0.01; compared to LIPOC group: #P<0.05. 
(D) Western blotting analysis for the expression and phosphorylation of Akt and ERK1/2 among different treatments. (E) Quantification of Akt expression and 
phosphorylation with different treatments. (F) Quantification of ERK1/2 expression and phosphorylation with different treatments. 
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Figure 6. Protective effect of LIPOC on hepatic ischemia-reperfusion injury in liver cancer patients undergoing hepatectomy. (A) The scheme of 
treatment design for 16 liver cancer patients undergoing hepatectomy. Patients were randomly divided into control group and LIPOC group. (B) The levels of ALT 
before operation, at the end of operation, and after operation. (C) The levels of AST before operation, at the end of operation, and after operation. (D) The levels 
of TBIL before operation, at the end of operation, and after operation (E) The levels of ALB before operation, at the end of operation, and 1 day after operation. 
Compared to levels before operation: *P＜0.05, **P＜0.01; compared to control group: #P＜0.05, ##P＜0.01; compared to levels at the end of operation: △P＜0.05. 

 
The LIPOC method in hepatectomy can reduce 

the reperfusion injury in the ischemic liver. In recent 
years, several experimental I/R injury models have 
been improvised to test the efficacy of 
post-conditioning maneuvers on attenuating liver I/R 
injury [32]. The vast majority of these studies were 
performed by intermittent sequential interruptions of 
blood flow in the early phase of reperfusion of the 
operative organ or another remote vital organ, e.g. 
kidney [32, 33]. In contrast, as a non-invasive method, 
LIPOC shows obvious superiority by simply applying 
transient I/R on limb, not influencing operation 
procedures, and without extending the operation 
time. Although LIPOC has been demonstrated 
effective on protecting heart and brain from ischemic 

injury [34-36], there is limited information about its 
effects on liver protection. Prior to our study, there 
was no previous clinical data to demonstrate the 
efficacy of LIPOC or other remote lower limb 
ischemia-reperfusion on liver protection using both 
rat model and human pilot trial. 

Since there is no report for the clinical 
application of LIPOC in liver surgery yet, the 
treatment of this study was mainly referred to the 
method used by LIPOC in cardiac surgery. For 
example, Andreka et al. [34] intermittently gave limb 4 
cycles of 5-min ischemia/ 5-min reperfusion during 
myocardial ischemia resulted in myocardial 
protection. Loukogeorgakis et al. [37] used a 
sphygmomanometer induced transient ischemia to 
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trigger LIPOC in the lower limbs, and compared the 
contributions of various factors, such as the number of 
cycles or the duration of ischemia, on the protective 
effect of LIPOC. The results showed that 2 times of 
5-min ischemia / 5-min reperfusion during ischemia 
could reduce endothelial cell injury. However, the use 
of LIPOC for HIRI may not exactly follow the method 
for operations on heart, because of the hindrance time 
limit for liver. A large number of clinical trials have 
shown that the safe hilar occlusion time is between 15 
~ 20 min [38-40]. In this study, according to the 
Loukogeorgakis et al.’s method, under the premise of 
ensuring the number of treatment, we reduced 1 min 
of each treatment to ensure that the second ischemic 
treatment of lower limb has been completed before 
the opening of the hepatic vascular. Therefore, we 
performed unilateral lower limb after the hilar block 
for 2 times of 4-min ischemia/ 4-min reperfusion (a 
total of 16 min treatment). The results of this study 
show that the LIPOC method we used in hepatectomy 
can reduce the reperfusion injury in the ischemic liver. 
In this study, we only performed unilateral lower 
limb LIPOC, whether bilateral lower extremity LIPOC 
has a better protective effect or not requires further 
study. In addition, the inflation pressure of 200 
mmHg was used in the study. With the premise of 
ensuring the safety of the limbs, whether increasing 
the inflation pressure can result in a better liver 
protective effect also awaits to be explored in the 
future. 

LIPOC enhances PI3K/Akt and MAPK 
signaling for hepatic protection. It has been reported 
that PI3K/Akt signaling pathway is involved in the 
protection of HIRI. Carini et al. [41] found that liver 
cells after hypoxia preconditioning active PI3K and 
regulate PKC-dependent signaling pathway, 
indicating that PI3K plays a vital role in hypoxia 
tolerance of liver cells. Ke et al. [42] found that 
PI3K/Akt inhibited IL-12 production and enhanced 
the function of anti-apoptotic gene Bcl-2/Bcl-XL to 
reduce the damage to the liver cell. In our study, 
compared with LIPOC group, the levels of serum ALT 
and AST were significantly increased in LY+LIPOC 
group, and the improvement of liver function by 
LIPOC was significantly inhibited by LY294002. 
Electron microscopic pathology also showed that 
LY294002 could impair the effects of LIPOC in 
relieving liver cell structure damage. LY+LIPOC 
group has a significantly higher apoptotic index than 
LIPOC group, suggesting that LY294002 could 
contradict the inhibitory effect of LIPOC on 
hepatocyte apoptosis. These results suggest that the 
activation of PI3K/Akt signaling pathway mediates 
the protective effect of LIPOC on HIRI and specific 
PI3K blocker LY294002 significantly inhibits the 

protective effect of LIPOC on the liver. We also 
analyzed the protein expression of key molecules in 
PI3K signaling pathway. After 6 h of reperfusion, the 
expression of Akt was not changed, while the 
phosphorylation of Akt was increased by LIPOC. The 
use of PI3K inhibitor LY294002 before LIPOC 
treatment did not only inhibit the phosphorylation of 
Akt induced by LIPOC, but also the protective effect 
of LIPOC on HIRI, indicating that PI3K activation 
plays critical roles in liver’s self-protection of IRI. 

Studies have shown that in the IRI of vital 
organs, activation of ERK protein kinase can be 
observed at the early stage of injury [20, 43]. However, 
the expression and phosphorylation patterns may be 
distinct in different tissues and organs. ERKs are 
thought to have anti-apoptotic effects in the heart and 
other organs’ I/Rs and have a protective effect on I/R 
organs [44], though there are limited studies on ERK 
in the liver I/R, and the role of ERK1/2 in LIPOC has 
not yet been determined. This study investigated the 
role of ERK1/2 signaling pathway in LIPOC 
protection against HIRI. Compared with LIPOC 
group, serum ALT and AST levels were significantly 
increased in PD+LIPOC group, and PD98059 
significantly inhibited the improvement of liver 
function in LIPOC group. Electron microscopic 
pathology also showed that PD98059 could diminish 
the effects of LIPOC in relieving liver structure 
damage. The apoptotic index of PD+LIPOC group 
was significantly higher than that of LIPOC group, 
suggesting that PD98059 could lessen the inhibitory 
effect of LIPOC on hepatocyte apoptosis. These results 
suggest that the protective effect of LIPOC was 
significantly inhibited by the specific ERK1/2 blocker 
PD98059 on the liver, indicating that the protective 
effect of LIPOC on HIRI was mediated by the 
activation of ERK1/2 signaling pathway. In this 
study, we found that liver protection of LIPOC would 
be abolished even if only one of the two RISK 
pathways (PI3K or ERK1/2) was blocked, suggesting 
that the two signaling pathways are both required for 
the protective effect of LIPOC on liver. It is not clear, 
however, how PI3K and ERK1/2 exert the protective 
effects after activated by LIPOC. Studies have 
reported that mPTP may be a terminal effector for 
multiple signal transduction pathways for organ 
protection [45]. Whether PI3K and ERK1/2 also act 
via mPTP in the liver or not requires further 
investigation. 

Conclusions 
In summary, by analyzing the data from the liver 

I/R rat model and primary liver cancer patients with 
hepatectomy, we show that LIPOC in hepatectomy 
surgery may be able to reduce the ischemic liver 
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reperfusion injury. We also demonstrated that the 
RISK signaling pathways composed of PI3K/Akt and 
ERK1/2 signaling are involved in the protective 
effects of LIPOC on hepatic ischemia-reperfusion 
injury in rats. Our study provides evidence 
supporting the clinical application of LIPOC in HIRI 
in order to reduce the perioperative complications for 
hepatectomy and improve surgical outcomes for 
patients with primary liver cancer and/or other liver 
diseases. 
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