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Abstract: Ischemia–reperfusion injury (IRI) contributes to liver damage in many clinical 

situations, such as liver resection and liver transplantation. In the present study, we investi-

gated the effects of the antioxidant, anti-inflammatory, and anticancer agent salidroside (Sal) 

on hepatic IRI in mice. The mice were randomly divided into six groups: normal control, 

Sham, Sal (20 mg/kg), IRI, IRI + Sal (10 mg/kg), and IRI + Sal (20 mg/kg). We measured 

liver enzymes, proinflammatory cytokines, TNF-α and interleukin-6, and apoptosis- and 

autophagy-related marker proteins at 2, 8, and 24 hours after reperfusion. Components of 

mitogen-activated protein kinase (MAPK) signaling, including P-38, jun N-terminal kinase 

(JNK), and extracellular signal-regulated kinase (ERK), were also measured using an MAPK 

activator anisomycin to deduce their roles in hepatic IRI. Our results show that Sal safely 

protects hepatocytes from IRI by reducing levels of liver enzymes in the serum. These find-

ings were confirmed by histopathology. We concluded that Sal protects hepatocytes from 

IRI partly by inhibiting the activation of MAPK signaling, including the phosphorylation of 

P38, JNK, and ERK. This ameliorates inflammatory reactions, apoptosis, and autophagy in 

the mouse liver.
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Introduction
Recently, liver surgery has been widely adopted in clinical medicine for the treatment 

of liver diseases. Hepatic ischemia–reperfusion injury (IRI) is inevitable follow-

ing hemorrhagic shock, liver resection, liver transplantation, and other medical 

conditions.1,2 This leads to hepatocyte necrosis, liver dysfunction, organ injury, and 

even death. Hepatic IRI includes warm and cold IRI. Although they occur in differ-

ent situations, cold and warm IRI share similar pathophysiological processes. The 

mechanisms of hepatic IRI remain unclear, but involve anerobic metabolism and 

acidosis, mitochondria damage, oxidative stress, calcium overload, liver Kupffer cells, 

and inflammatory cytokines.3

Hepatic IRI is initiated by the production of reactive oxygen species (ROS), 

including peroxides, superoxide, hydroxyl radical, and singlet oxygen.4 After the 

release of ROS, a cascade of mediators are activated, which injure different cells, 

including hepatocytes and endothelial cells.3–6 Inflammatory reactions and inflamma-

tory cytokines are key factors in hepatic IRI. Kupffer cells, or hepatic macrophages, 

are activated by ischemia and synthesize proinflammatory cytokines, including 
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tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and 

IL-6, which act on other cells to induce hepatocyte damage. 

Kupffer cells also promote the accumulation and activa-

tion of neutrophils, which generate more proinflammatory 

cytokines. As a result, Kupffer cells are persistently active 

and liver injury is induced.3,5 As a consequence, a number 

of liver cells die during IRI.

Apoptosis is programmed cell death induced by endo

genous or exogenous factors. It eliminates abnormal or 

dead cells to maintain homeostasis. Apoptosis and necrosis 

are the two main types of cell death during hepatic IRI and 

more than half of dead cells die by apoptosis during the first 

24 hours of reperfusion.5–7 Antiapoptotic measures, includ-

ing the overexpression of Bcl-2, Bax knockout, and caspase 

inhibition, can protect the liver from IRI.8–10 This strongly 

supports the theory that apoptotic cell death plays a role 

during hepatic IRI. Autophagy, or type II programmed cell 

death, is a self-digesting process that removes dysfunctional 

organelles, malformed proteins, and surplus or unnecessary 

cytoplasmic contents through lysosomal digestion.11 It pro-

motes cell survival, but is considered as a double-edged 

sword because it leads to cell death when overactivated.12 

In 1976, Sybers et al reported an increase in autophagic vacu-

oles following IRI.13 Decker et al also found that autophagy 

was induced by cardiac ischemia and reperfusion injury in 

rabbits.14 Recent studies have shown that autophagy plays a 

vital role in liver damage during IRI.6,15–17 Hence, it is impor-

tant to elucidate the exact mechanisms underlying hepatic 

IRI, apoptosis, and autophagy.

Mitogen-activated protein kinases (MAPKs) are impor-

tant cellular signaling proteins and include extracellular 

signal-regulated kinase (ERK), p38 MAPK (P38), and c-jun 

N-terminal kinase (JNK).18,19 They are activated by many 

factors, such as oxidative stress, proinflammatory cytokines, 

ultraviolet radiation, and heat shock.20 In 2004, Koike et al 

reduced IRI following heart, lung, and liver transplantations 

using P38 MAPK inhibitors.21 The ROS/JNK pathway is also 

activated by TNF-α and induces apoptosis and necrosis.22

Salidroside (Sal) is the main active component of Rhodiola 

Rosea L. It is a phenylpropanoid glycoside with antioxidant, 

anti-inflammatory, anticancer, antidepressive, neuroprotec-

tive, and cardioprotective properties.23 However, the protective 

effects of Sal on hepatic IRI have been poorly investigated. 

Studies have shown that Sal pretreatment effectively reduces 

cerebral IRI by decreasing TNF-α expression.23 What is more, 

Sal protects myocardia from IRI in rats by inhibiting apoptosis 

and inflammation.24 In addition, Sal inhibits MAPK signal 

transduction to protect organs from damaging factors, such as 

cardiac exhaustive injury, cadmium-induced hepatotoxicity, 

and cigarette smoke-induced lung diseases.18,25 Therefore, 

it is reasonable to infer that Sal could protect hepatic IRI 

through the downregulation of MAPKs to inhibit inflamma-

tion, apoptosis, and autophagy.

There are no effective prevention strategies or treatments 

for hepatic IRI. This places restrictions on liver surgery 

and the preservation of liver function. Thus, it is crucial to 

investigate the mechanism of hepatic IRI to develop new 

treatments and preventive strategies. The aim of this study 

was to explore the effects of Sal on hepatic IRI in mice and 

to deduce the underlying mechanisms. We hypothesized 

that Sal pretreatment ameliorates hepatic IRI by inhibit-

ing inflammation, apoptosis, and autophagy through the 

MAPK pathway.

Materials and methods
Reagents
Sal and anisomycin (Ani) were purchased from Sigma-Aldrich 

(Saint Louis, MO, USA) and was diluted in normal saline and 

stored away from light at −20°C. Alanine aminotransferase 

(ALT) and aspartate aminotransferase (AST) microplate test 

kits were acquired from the Jiancheng Bioengineering Insti-

tute (Jiancheng Biotech, Nanjing, China). IL-6 and TNF-α 

enzyme-linked immunosorbent assay (ELISA) kits were 

obtained from Anogen (Ontario, Canada). Oligonucleotide 

primers were synthesized by Generay (Shanghai, China). 

The PrimeScript RT Reagent Kit and SYBR Premix Ex 

Taq were purchased from TaKaRa Biotechnology (Dalian, 

China). The terminal deoxynucleotidyl transferase dUTP 

nick end labeling (TUNEL) apoptosis assay kit was obtained 

from Roche (Roche Ltd., Basel, Switzerland).

The primary antibodies used in this study were anti-

Bax, anti-caspase 3, anti-caspase 9, anti-Beclin-1, anti-P62, 

anti-JNK, anti-P38, anti-p-P38 (Proteintech, Chicago, IL, 

USA), anti-TNF-α, anti-Bcl-2, antimicrotubule-associated 

protein 1 light chain 3 (LC3), antimammalian target of 

rapamycin (mTOR), anti-p-mTOR, anti-Akt, anti-p-Akt, 

anti-S6, anti-p-S6 (Cell Signaling Technology, Danvers, 

MA, USA), anti-IL-6, anti-p-JNK (Antibody Revolution, San 

Diego, CA, USA), anti-ERK, and anti-p-ERK (Signalway 

Antibody, College Park, MD, USA).

Animal preparation
This study was approved by the Animal Care and Use Commit-

tee of Shanghai Tongji University. Animal handling and care 

were performed according to the National Institutes of Health 

Guidelines. We made all our efforts to minimize the pain and 
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suffering of mice throughout the study. Male Balb/c mice 

(6–8 weeks old, 23±2 g) were purchased from the Shanghai 

SLAC Laboratory Animal Co., Ltd. (Shanghai, China). The 

mice were raised in a clean and temperature-controlled room 

at 24°C±2°C under a 12-hour:12-hour light:dark cycle. They 

had free access to standard laboratory chow and water.

Experimental design
Eighty-four mice were randomly divided into six groups as 

follows:

1.	 Normal control (NC): six mice were injected with vehicle 

(saline) only.

2.	 Sham: eighteen mice underwent laparotomy after anes-

thesia. The abdominal cavity was closed without IRI.

3.	 Sal (20 mg/kg): six mice were injected with 20 mg/kg 

Sal only.

4.	 IRI: eighteen mice underwent ischemia and reperfusion.

5.	 IRI + Sal (10 mg/kg): eighteen mice were injected with 

10 mg/kg Sal 2 h before IRI.

6.	 IRI + Sal (20 mg/kg): eighteen mice were injected with 

20 mg/kg Sal 2 h before IRI.

To further investigate whether the protective effect of Sal 

was associated with MAPKs, we used Ani, a specific activator 

of P38 and JNK, to create another group of experiment. Thirty 

mice were randomly divided into five groups: 1) Sham group, 

2) IRI group, 3) IRI + Sal (20 mg/kg), 4) IRI + Ani (20 mg/kg), 

and 5) IRI + Sal (20 mg/kg) + Ani (20 mg/kg). Six mice in 

each group were randomly sacrificed at 8 hours after IRI.

According to the pharmacokinetics and preliminary 

experiment of Sal, Sal and Ani were injected intraperito-

neally 2 hours before IRI (Figure S1).23 The doses of Sal 

and Ani were determined according to a previous study 

and preliminary experiments. Six mice in each group were 

randomly sacrificed at 2, 8, or 24 h after IRI. Blood and liver 

tissues were collected for further experiments (Figure 1).

Establishment of a hepatic IRI mouse 
model
A warm hepatic IRI animal model was established in this 

study. Mice were fasted for 12 hours before surgery, but 

had free access to water. The mice were anesthetized by an 

intraperitoneal injection of sodium pentobarbital (40 mg/kg, 

1.25%) (Nembutal, St Louis, MO, USA). After disinfection 

by alcohol, we entered the abdominal cavity by an incision in 

the skin and linea alba. The abdominal viscera were identified 

and then the hepatic lobes were turned over by wet cotton 

swabs to visualize the first porta hepatis. The portal vein, 

hepatic artery, and common bile duct were clipped by vas-

cular clamps to induce hepatic ischemia. The liver lobes 

changed from crimson to light red immediately after the 

occlusion. The incision was covered with humid saline gauze 

to prevent visceral dehydration and mice were put on an 

electric blanket to maintain body temperature. The hepatic 

ischemic process lasted for 45 min. After this, the clamps 

were removed and the reperfusion process was initiated. The 

abdominal cavity was closed step by step and mice were put 

on electric blankets to recover from anesthesia.

Biochemical assays
Blood samples were collected by removing the eyes. Serum was 

separated from the blood by centrifugation at 2,000× g at 4°C 

for 10 min and stored at -80°C. Serum levels of ALT and AST 

were measured in an automated chemical analyzer (Olympus 

AU1000, Olympus, Tokyo, Japan) to evaluate liver IRI. 

Figure 1 Experimental protocol of the study.
Abbreviations: ip, intraperitoneal; IRI, ischemia–reperfusion injury.
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Serum levels of IL-6 and TNF-α were measured using ELISA 

kits according to the manufacturers’ protocols.

Histopathological evaluation
A part of the liver tissue was excised, fixed in 4% para-

formaldehyde for 24 hours, and dehydrated using different 

concentrations of ethanol. Then, tissues were embedded with 

paraffin and cut into 3-μm-thick sections. The sections were 

stained with hematoxylin and eosin (H&E) to observe the 

degree of injury.

Immunohistochemistry
We collected liver tissues 8 hours after IRI for immuno-

histochemistry. Paraffin-embedded 3-μm liver sections 

were dewaxed in a baking oven at 60°C for 20 min and 

then rehydrated with xylene and various concentrations of 

ethanol. Antigen retrieval was performed by heating to 95°C 

for 10 min and then cooling to room temperature. Hydrogen 

peroxide (H
2
O

2
) solution (3%) was added to the sections for 

20 min at 37°C to block endogenous peroxidase activity and 

then nonspecific binding sites were blocked in 5% bovine 

serum albumin. The liver sections were incubated overnight 

with primary antibodies against Bcl-2 (1:500), Bax (1:500), 

Beclin-1 (1:500), and LC3 (1:500) at 4°C. Sections were incu-

bated with a secondary antibody for 1 hour at 37°C. A diamin-

obenzidine kit was used to detect antibody binding. Sections 

were then counterstained with hematoxylin, dehydrated 

through a graded ethanol series and xylene, and mounted 

with entellan. Sections were examined under an optical 

microscope. The ratios of brown-stained areas versus total 

areas were calculated using Image-Pro Plus software 6.0.

Reverse transcription polymerase chain 
reaction (RT-PCR) and quantitative real-
time PCR (qRT-PCR)
We extracted total RNA from liver tissues using TRIzol 

reagent (Thermo Fisher Scientific, Waltham, MA, USA) 

and then reverse-transcribed it into cDNA. qRT-PCR was 

performed with SYBR Premix EX Taq according to the man-

ufacturer’s instructions and products were detected with a 

7900HT Fast PCR System (Applied Biosystems, Foster City, 

CA, USA). The primer details are provided in Table 1.

Western blot analysis
We extracted total protein from liver tissue using radioim-

munoprecipitation assay buffer (Kaiji Biology, Nanjing, 

China). The protein concentration was measured with a 

bicinchoninic acid assay (Kaiji Biology). Protein samples 

were stored at -20°C in a loading buffer. A certain amount of 

protein samples was added to 10% or 12.5% sodium dodecyl 

sulfate polyacrylamide gel electrophoresis to separate pro-

teins. After electrophoresis, proteins were transferred onto 

polyvinylidene fluoride membranes (Hybond™; Escondido, 

CA, USA) using the wet transfer method. Nonspecific bind-

ing sites were blocked with 5% nonfat milk dissolved in 

phosphate-buffered saline (PBS) for at least 1 hour. Mem-

branes were incubated overnight at 4°C with the following 

primary antibodies: anti-β-actin (1:1,000), anti-IL-6 (1:500), 

anti-TNF-α (1:500), anti-Bcl-2 (1:1,000), anti-Bax (1:1,000), 

anticaspase 3 (1:500), anticaspase 9 (1:500), anti-Beclin-1 

(1:1,000), anti-LC3 (1:1,000), anti-p62 (1:1,000), anti-mTOR 

(1:1,000), anti-p-mTOR (1:500), anti-S6 (1:1,000), anti-

p-S6 (1:500), anti-Akt (1:1,000), anti-p-Akt (1:1,000), 

anti-P38 (1:1,000), anti-p-P38 (1:500), anti-ERK (1:500), 

Table 1 Primers used for qRT-PCR in this study

Gene GenBank 
accession number

Primers sequence (5′-3′)

β-actin NM_007393
Forward GGCTGTATTCCCCTCCATCG
Reverse CCAGTTGGTAACAATGCCATGT

IL-6 NM_031158
Forward CTGCAAGAGACTTCCATCCAG
Reverse AGTGGTATAGACAGGTCTGTTGG

TNF-α NM_013693
Forward CAGGCGGTGCCTATGTCTC
Reverse CGATCACCCCGAAGTTCAGTAG

BcI-2 NM_177410
Forward GCTACCGTCGTCGTGACTTCGC
Reverse CCCCACCGAACTCAAAGAAGG

Bax NM_007527
Forward AGACAGGGGCCTTTTTGCTAC
Reverse AATTCGCCGGAGACACTCG

Caspase 3 NM_009810
Forward CTCGCTCTGGTACGGATGTG
Reverse TCCCATAAATGACCCCTTCATCA

Caspase 9 NM_015733
Forward GGCTGTTAAACCCCTAGACCA
Reverse TGACGGGTCCAGCTTCACTA

Beclin-1 NM_019584
Forward ATGGAGGGGTCTAAGGCGTC
Reverse TGGGCTGTGGTAAGTAATGGA

LC3 NM_026160
Forward GACCGCTGTAAGGAGGTGC
Reverse AGAAGCCGAAGGTTTCTTGGG

P62 NM_011018
Forward GAGGCACCCCGAAACATGG
Reverse ACTTATAGCGAGTTCCCACCA

Abbreviations: IL-6, interleukin-6; LC3, light chain 3; qRT-PCR, quantitative real-
time polymerase chain reaction; TNF-α, tumor necrosis factor-α.
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anti-p-ERK (1:1,000), anti-JNK (1:1,000), and anti-p-JNK 

(1:500). The next day, the membranes were washed with PBS 

containing 0.1% Tween (PBST) three times and then incu-

bated with peroxidase-conjugated secondary goat antimouse 

or antirabbit antibodies (1:2,000) for 1 hour at 37°C. After 

three PBST washes, the chromogenic results were visualized 

using an Odyssey two-color infrared laser imaging system 

(Licor, Lincoln, NE, USA).

TUNEL assay
We assessed the apoptosis of liver tissues using the TUNEL 

assay. Paraffin-embedded 3-μm liver sections were dewaxed 

with xylene, dehydrated with ethanol, and digested with 

20 μg/mL proteinase K for 15 min at 37°C. After four washes, 

the sections were incubated with 2% H
2
O

2
 for 5 min at 

37°C, washed twice, and then immersed in TUNEL reaction 

mixture at 37°C in a humidified atmosphere for 1 hour. The 

sections were observed by optical microscopy and positive 

areas with dark brown nuclei were quantified using Image-

Pro Plus software 6.0.

Transmission electron microscopy (TEM)
Liver tissue was fixed in 2% glutaraldehyde buffer and 

then fixed in osmium tetroxide. The sections were observed 

by TEM (JEM 1230, JEOL, Tokyo, Japan).

Statistical analysis
Data were expressed as mean ± SD, and all experiments 

were repeated at least three times. The serum levels of ALT 

and AST, Western blot (Figure S2), immunohistochemistry, 

and TUNEL assay results were analyzed by Student’s t-test. 

The ELISA and qRT-PCR data were analyzed by one-way 

analysis of variance. P-values of ,0.05 were considered 

statistically significant. All statistical graphs were drawn by 

GraphPad Prism 6 (GraphPad Software, Inc., San Diego, 

CA, USA).

Results
Sal and laparotomy do not affect liver 
function and kidney function
To determine whether Sal and laparotomy injured liver func-

tion and kidney function, we compared mice from the NC 

group with mice from the sham group and Sal (20 mg/kg) 

groups. The serum creatinine level was detected using an 

automated biochemical analyzer (Siemens Dimension RxL 

Analyser, Siemens AG, Health Care Division, Munich, 

Germany) at the Clinical Laboratory of Shanghai Tenth 

People’s Hospital. Serum ALT/AST levels, serum creati-

nine level, and H&E stained sections were not significantly 

different between these three groups (Figures 2 and S3). 

Sham and Sal (20 mg/kg) mice were as healthy as NC mice. 

Figure 2 Effects of Sal and laparotomy on the liver function and histopathology of mice.
Notes: (A) The serum ALT and AST levels were presented as mean ± SD (n=6, P.0.05). In these three groups, the liver enzyme levels were not statistically different. 
(B) Representative H&E staining in sections of the liver (original magnification, ×200).
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; H&E, hematoxylin and eosin; NC, normal control; Sal, salidroside.
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Therefore, we used Sham mice as controls in our study. 

These results reveal that Sal and laparotomy do not harm 

liver function or cause liver injury in mice.

Sal pretreatment ameliorates hepatic IRI 
in mice
ALT and AST are sensitive markers of liver dysfunction. 

To assess the effects of Sal pretreatment on hepatic IRI, 

we measured ALT and AST serum levels and the histo-

pathological appearance. As shown in Figure 3A, the serum 

levels of ALT and AST increased dramatically in IRI mice 

at three time points, especially 8 hours after reperfusion. 

Sal pretreatment (10 or 20 mg/kg) reduced the increase in 

ALT and AST levels after IRI. Furthermore, 20 mg/kg Sal 

had a better protective effect than 10 mg/kg. These find-

ings suggest that Sal protects hepatocytes from IRI in a 

dose-dependent manner. We used H&E staining to further 

investigate the effects of Sal on hepatic IRI. In Sham group, 

the liver tissues were well structured and without necrosis. In 

the IRI group, we observed structural disruption, sinusoidal 

Figure 3 Effects of Sal on the liver function and histopathology of hepatic IRI mice.
Notes: (A) The ALT and AST levels increased dramatically in IRI mice at three time points. Pretreatment with Sal attenuated the increase of ALT and AST levels. The levels 
of serum ALT and AST changed depending on the Sal dosage and time. Data were given as mean ± SD (n=6, *P,0.05 for Sham versus IRI, #P,0.05 for IRI + Sal [10 mg/kg] 
versus IRI, and †P,0.05 for IRI + Sal [20 mg/kg] versus IRI + Sal [10 mg/kg]). (B) H&E stain of liver sections (original magnification, ×200).
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; H&E, hematoxylin and eosin; IRI, ischemia–reperfusion injury; Sal, salidroside.
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congestion, hepatocyte ballooning, areas of necrosis, and 

polymorphonuclear cells enrichment in liver tissues. Sal (10 

or 20 mg/kg) pretreatment significantly alleviated hepatocyte 

necrosis and inflammation after IRI, and 20 mg/kg Sal had 

a stronger protective effect than the lower dose (Figure 3B). 

These results indicate that Sal pretreatment can effectively 

reduce hepatic IRI in mice in a dose-dependent manner.

Since serum liver enzyme levels peaked 8 hours after 

reperfusion, we used liver tissues collected at this time point 

for immunohistochemistry and TUNEL assay experiments.

Sal pretreatment inhibits the release of 
inflammatory cytokines including IL-6 
and TNF-α
Inflammatory reactions are involved in the pathogenesis of 

hepatic IRI. Therefore, we investigated changes in IL-6 and 

TNF-α levels in liver tissues by Western blotting and immu-

nohistochemistry. ELISA results demonstrated that IL-6 and 

TNF-α serum levels were elevated and peaked 8 hours after 

reperfusion in IRI mice. Pretreatment with Sal significantly 

decreased this elevation at all three time points (Figure 4A). 

These results were confirmed by qRT-PCR and Western blot 

(Figure 4B and C). These results suggest that Sal pretreatment 

inhibits the release of inflammatory cytokines, including IL-6 

and TNF-α, during hepatic IRI in mice.

Sal pretreatment attenuates hepatocyte 
apoptosis and autophagy during hepatic 
IRI in mice
Apoptosis and autophagy are two types of cell death in hepatic 

IRI. To explore the protective effects of Sal against apoptosis 

and autophagy, we detected apoptosis and autophagy mark-

ers. Bcl-2 is an antiapoptotic protein, while Bax, caspase 3, 

and caspase 9 are known to promote apoptosis. Beclin-1, 

LC3, P62, Akt, mTOR, and S6 play an important role in 

autophagy. We measured the expression of these markers by 

qRT-PCR, Western blotting, and immunohistochemistry. The 

protein and cDNA expression of Bax, caspase 3, caspase 9, 

Beclin-1, and LC3 was elevated in IRI mice at all three time 

points, while the expression of Bcl-2, P62, p-Akt, p-mTOR, 

and p-S6 was decreased. This indicated that apoptosis 

and autophagy were enhanced in IRI mice. The opposite 

expression patterns were observed after pretreatment with 

Sal and the stronger effect was observed with 20 mg/kg Sal 

(Figure 5A–C). We used TUNEL assays to stain apoptotic 

cells in liver tissues. TUNEL-positive cells were cells with 

nuclear chromatin concentration and edge accumulation, and 

their nuclear chromatins were dyed dark brown. These cells 

were indicated by red arrows in Figure 5D. We found that 

fewer TUNEL-positive cells were observed in Sal pretreated 

groups (Figure 5D). We further used the TEM to observe the 

autophagosomes formation in 8 hours in liver tissues. The 

results showed that autophagosomes formation was more 

in the IRI group than in the Sal-treated group (Figure 5E). 

These results demonstrate that Sal can attenuate hepatocyte 

apoptosis and autophagy during IRI in mice.

Sal inhibits the activation of MAPK 
signaling in hepatic IRI
We quantified levels of the main components of the MAPK 

pathway, including P38, ERK, and JNK, and their phospho-

rylated proteins p-P38, p-ERK, and p-JNK in liver tissues 

by Western blotting. The expression of P38, ERK, and JNK 

was similar in the four groups. However, the levels of p-P38, 

p-ERK, and p-JNK were all upregulated in IRI mice. This was 

reversed by Sal pretreatment (both 10 and 20 mg/kg; stronger 

effect with 20 mg/kg) (Figure 6). These results suggest that 

MAPK activation is inhibited by Sal during hepatic IRI.

The protective effects of Sal on hepatic 
IRI are associated with MAPKs
We used anisomycin, a specific activator of P38 and JNK, to 

investigate whether MAPKs are involved in the protective 

effect of Sal against IRI. As shown in Figure 7A, the serum 

levels of ALT and AST were significantly higher in the 

IRI + Ani (20 mg/kg) group than in the IRI group. However, 

cotreatment with Sal ameliorated this increase. The mRNA 

expression levels of IL-6, TNF-α, Bax, Beclin-1, and LC3 

were higher in the IRI + Ani (20 mg/kg) group than in the 

IRI groups, and the level of Bcl-2 was lower (Figure 7B). 

However, Sal treatment reversed these effects. These results 

were consistent with Western blot analysis (Figure 7C). 

These results indicated that liver injury following hepatic IRI 

is enhanced by anisomycin-induced MAPK overactivation 

and that this can be reversed by Sal treatment. These results 

support our speculation that Sal can relieve hepatic IRI by 

inhibiting inflammation, apoptosis, and autophagy, partly 

through the MAPK pathway.

Discussion
Hepatic IRI is an important pathogenesis in clinical practice. 

It can be divided into ischemia and reperfusion phases.4,26,27 

During the ischemia phase, liver tissues are exposed to isch-

emic anoxia, which disrupts mitochondria, Na+–K+ ATPase 

activity, and the production of reperfusion molecules such 

as ROS, inflammatory cytokines, chemokines, and adhesion 

molecules.4,5 The reperfusion phase is itself composed of 
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Figure 4 Sal pretreatment inhibits the production of IL-6 and TNF-α in hepatic IRI.
Notes: (A) The serum IL-6 and TNF-α levels were measured by ELISA and expressed as mean ± SD at 2, 8, and 24 hours after reperfusion in mice. Serum levels of IL-6 and 
TNF-α were significantly increased in IRI mice. Sal pretreatment dramatically reduced the serum levels of IL-6 and TNF-α, particularly at 20 mg/kg. (B) The relative mRNA 
levels of IL-6 and TNF-α were evaluated in each group, as shown by qRT-PCR. (C) Protein expression of IL-6 and TNF-α was detected by Western blot. Data were given as 
mean ± SD (n=6, *P,0.05 for Sham versus IRI, #P,0.05 for IRI + Sal [10 mg/kg] versus IRI, and †P,0.05 for IRI + Sal [20 mg/kg] versus IRI + Sal [10 mg/kg]).
Abbreviations: IL-6, interleukin-6; IRI, ischemia–reperfusion injury; Sal, salidroside; TNF-α, tumor necrosis factor-α; qRT-PCR, quantitative real-time polymerase chain 
reaction.

β

α

α
α

two phases. In the early phase (0–6 hours after reperfusion), 

hepatocytes are swollen, ROS are released, and Kupffer 

cells are activated. The activation of Kupffer cells produces 

TNF-α, IL-6, IL-1β, interferon-γ (IFN-γ), and so on, lead-

ing to the activation and accumulation of neutrophils and 

T cells.27,28 In the late phase, neutrophils kill hepatocytes and 

promote hepatic IRI.3,5 T cells, especially CD4+ T cells, further 

activate Kupffer cells and cytokine release by producing 

granulocyte macrophage colony-stimulating factor, IFN-γ 

and TNF-β.29 These cascade reactions are cyclic processes 

that continuously injure liver tissue after hepatic IRI.

In this study, we investigated the effects of Sal, which 

does not negatively affect serum liver enzymes levels, on 

early- and late-stage hepatic IRI. Our results demonstrate that 

Sal pretreatment can reduce liver injury by downregulating 

the liver enzymes ALT and AST and reducing pathological 
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Figure 5 (Continued)

manifestations. As discussed above, inflammatory reactions 

play a role in the initial phase of hepatocyte injury, so we 

measured IL-6 and TNF-α levels in the serum and liver 

tissues. Sal pretreatment dramatically decreased IL-6 

and TNF-α levels in serum and liver tissues. Therefore, 

inflammatory reactions are inhibited by Sal in hepatic IRI. 

Next, we investigated the mechanisms underlying Sal-

mediated protection.

MAPKs are widely expressed in vertebrate animals. 

They transmit extracellular stimuli to intracellular targets to 

regulate growth, differentiation, stress, inflammation, and 

apoptosis.19,30,31 MAPKs, including P38, JNK, and ERK, are 

activated during hepatic IRI and play a role in the necrosis, 

apoptosis, and autophagy of hepatocytes.6,32 In our study, we 

used the anisomycin, a specific activator of P38 and JNK, to 

further investigate whether the protective effect of Sal was 

associated with MAPKs. Our results showed that Sal can 

relieve hepatic IRI enhanced by Ani, including the inhibition 

of inflammation, apoptosis, and autophagy. These revealed 

that the Sal protects hepatocytes from IRI partly through the 

MAPK pathway.

MAPKs can be activated by phosphorylation cascades 

in response to oxidative stress, proinflammatory cytokines, 

DNA damage, heat injury, ultraviolet radiation, and so 

on.33,34 In hepatic IRI, ROS may directly act on cell mem-

brane receptors to phosphorylate P38.6,27 P-P38 promotes 
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Figure 5 Sal pretreatment ameliorates apoptosis and autophagy in hepatic IRI.
Notes: (A) The relative mRNA levels of Bcl-2, Bax, caspase 3, caspase 9, Beclin-1, LC3, and P62. (B) Protein expression of apoptosis- and autophagy-related proteins. 
(C) Immunohistochemistry was used to detect Bcl-2, Bax, Beclin-1, and LC3 expression in liver tissues (original magnification, ×200). The ratio of brown area to total area 
was analyzed with Image-Pro Plus software 6.0. (D) TUNEL staining showed apoptotic cells (indicated by red arrows) in the four groups 8 hours after reperfusion (original 
magnification, ×200). (E) The autophagosomes were indicated by red arrows in TEM pictures. The results showed that there was more autophagosomes formation in the 
IRI group than in the Sal-treated group (original magnification, ×10,000). Data were given as mean ± SD (n=6, *P,0.05 for Sham versus IRI, #P,0.05 for IRI + Sal [10 mg/kg] 
versus IRI, and †P,0.05 for IRI + Sal [20 mg/kg] versus IRI + Sal [10 mg/kg]).
Abbreviations: IRI, ischemia–reperfusion injury; LC3, light chain 3; Sal, salidroside; TEM, transmission electron microscopy; TUNEL, terminal deoxynucleotidyl transferase 
dUTP nick end labeling.
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translocation of Bax, which is a proapoptotic factor, from the 

cytoplasm to mitochondria.35 Mitochondria control apoptosis 

by altering their membrane permeability.36 The transloca-

tion of Bax to the mitochondria increases the permeability 

of the mitochondrial membrane, leading to the release of 

cytochrome c and the activation of caspase 9 and caspase 3.37 

Then, apoptosis is activated by the phosphorylation of P38. 

P-P38 can also act on monocyte macrophages or promote 

the transcription of NF-KB, resulting in the release of more 

TNF-α, IL-6, and IL-1β (Figure 8).6
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Figure 6 Sal inhibits the phosphorylation of MAPKs in hepatic IRI.
Notes: (A) Protein expression of MAPKs P38, ERK, and JNK, and their active forms p-P38, p-ERK, and p-JNK. (B) The quantitative analysis of Western blot results of 
MAPKs. Data were given as mean ± SD (n=6, *P,0.05 for Sham versus IRI, #P,0.05 for IRI + Sal [10 mg/kg] versus IRI, and †P,0.05 for IRI + Sal [20 mg/kg] versus IRI + Sal 
[10 mg/kg], §P,0.05 for IRI + Sal [20 mg/kg] versus IRI).
Abbreviations: ERK, extracellular signal-regulated kinase; IRI, ischemia–reperfusion injury; JNK, jun N-terminal kinase; MAPK, mitogen-activated protein kinase; Sal, 
salidroside.

β

TNF-α and other inflammatory cytokines activate 

JNK and ERK.6,22 TNF-α is generated by Kupffer cells, 

endothelial cells, and T cells, among others.38,39 It func-

tions not only as a proinflammatory factor but also as a 

proapoptotic factor.40 TNF-α can strongly activate JNK 

and ERK, followed by the phosphorylation of Bcl-2. Bcl-2 

is an antiapoptotic factor that reduces permeability of the 

mitochondria membrane and the release of cytochrome c.  

Phosphorylation of Bcl-2 inactivates it and facilitates 

apoptosis.41,42 Activated JNK also translocates into the 
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Figure 7 The protective effects of Sal on hepatic IRI are associated with MAPKs.
Notes: (A) The serum levels of ALT and AST were significantly increased in the IRI + Ani (20 mg/kg) group when compared with those in the IRI group. However, if cotreated 
with Sal, the increase in levels could be ameliorated. (B) The mRNA expression of inflammation, apoptosis, and autophagy-related factors. In the IRI + Ani (20 mg/kg) group, 
the mRNA expression levels of IL-6, TNF-α, Bax, Beclin-1, and LC3 were higher than those in the IRI group, and the level of Bcl-2 was lower. Sal treatment can reverse the 
effects significantly. (C) The protein expression of p-P38, p-JNK, inflammation, apoptosis, and autophagy-related factors. Data were given as mean ± SD (n=6, *P,0.05 for 
Sham versus IRI, §P,0.05 for IRI + Sal [20 mg/kg] versus IRI, ρP,0.05 for IRI + Ani [20 mg/kg] versus IRI, ∞P,0.05 for IRI + Sal [20 mg/kg] + Ani [20 mg/kg] versus IRI + Ani 
[20 mg/kg], and ¤P,0.05 for IRI + Sal [20 mg/kg] + Ani [20 mg/kg] versus IRI + Sal [20 mg/kg]).
Abbreviations: ALT, alanine aminotransferase; Ani, anisomycin; AST, aspartate aminotransferase; IL-6, interleukin-6; IRI, ischemia–reperfusion injury; LC3, light chain 3; 
MAPK, mitogen-activated protein kinase; Sal, salidroside; TNF-α, tumor necrosis factor-α.

nucleus, activating the transcription of proapoptotic genes, 

such as Fas-L, Bak, and p53.43 In addition, activated ERK 

can also translocate to the nucleus, promoting the transcrip-

tion of genes involved in the proliferation of Kupffer cells.44 

Hence, hepatocyte injury and apoptosis are accelerated by 

JNK and ERK activation.45

Our study showed that Bax, caspase 3, and caspase 9 were 

overexpressed in IRI mice, while Bcl-2 levels were decreased. 
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Figure 8 Sal inhibits MAPK activation to ameliorate inflammatory reactions, apoptosis, and autophagy in the liver.
Notes: In hepatic IRI, after the release of ROS, the levels of inflammatory cytokines, including IL-6 and TNF-α, were increased in serum and liver tissues. Sal pretreatment 
reduced the production of these proinflammatory cytokines to minimize liver injury. Sal inhibited the phosphorylation of P38, JNK, and ERK to ameliorate apoptosis and 
autophagy in hepatocytes.
Abbreviations: ERK, extracellular signal-regulated kinase; IL-6, interleukin-6; IRI, ischemia–reperfusion injury; JNK, jun N-terminal kinase; MAPK, mitogen-activated protein 
kinase; ROS, reactive oxygen species; Sal, salidroside; TNF-α, tumor necrosis factor-α.

These findings were consistent with previous reports that 

apoptosis is enhanced in hepatic IRI mice.6,15–17,22,27 We found 

that Sal pretreatment reduced these effects and inhibited the 

activation of apoptosis. p-P38, p-JNK, and p-ERK levels 

were all decreased in Sal pretreated groups, suggesting that 

Sal protects hepatocytes from IRI by inhibiting the activation 

of MAPK signaling to attenuate apoptosis.

Autophagy is characterized by the formation of autopha-

gosomes and contributes to the pathogenesis of IRI.2,26,46,47 

Sometimes, autophagy promotes survival under stress 

conditions. However, overactivation of autophagy results 

in cell death.43 Previous studies have found that autophagy 

is excessive during hepatic IRI in mice. Autophagy can 

be regulated by two pathways. The mTOR pathway is the 

negatively regulated one. The activation of mTOR can 

phosphorylate ULK1/2 and Atg13 to prevent the formation 

of mTOR complex1, which is crucial in autophagosome 

formation, to downregulate autophagy. What is more, mTOR 

can also phosphorylate and activate ribosomal protein S6 

kinase, which can further activate ribosomal protein S6 and 

result in the protein synthesis, the adhesion of ribosome to 

endoplasmic reticulum, and the inhibition of autophagy.48 

The positively regulated pathway is the Beclin-1 and phos-

phatidyl inositol 3-kinase class III (PI3K3C), or vesicular 

protein sorting 34 (VPS34). Autophagy and apoptosis are 

closely connected. Bcl-2 is a crucial protein in the cross-

talk. In normal cells, Bcl-2 forms a complex with Beclin-1. 

This complex disrupts the interaction between Beclin-1 and 

PI3K3C, which participates in the initiation of autophagy.48 

Besides, the LC3, which undergoes transformation from 

LC3 I to LC3 II during autophagy, conjugates to the autopha-

gosomal membrane and plays a role in the extension of the 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2017:11submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2002

Feng et al

autophagosome membrane and the eventual closure of the 

autophagic vesicle.12 The P62 is also degraded during the for-

mation of autophagosomes.

 In our study, we showed that Beclin-1 and LC3 were 

increased, and P62, p-Akt, p-mTOR, and p-S6 were decreased 

in IRI mice. This was reversed by Sal pretreatment to inhibit 

autophagy. These results were consistent with previous studies 

showing that autophagy is enhanced in hepatic IRI. Our results 

suggest that Sal is a putative antiautophagy candidate.

Taken together, our study has shown that Sal safely pro-

tects hepatocytes from IRI partly by inhibiting the activation 

of MAPK signaling, including the phosphorylation of P38, 

JNK, and ERK. This ameliorates inflammatory reactions, 

apoptosis, and autophagy in the liver. Our findings indicate 

that Sal can be used clinically as a preconditioning drug to 

reduce hepatic IRI during liver resection, liver transplanta-

tion, and other medical interventions.

However, there are some limitations to our study. For 

example, further investigation is required to clarify the 

structure–activity relationship between Sal and hepatic IRI. 

The comorbidities can also interfere with the protection 

effect of Sal. Whether Sal is safe for clinical use also remains 

unclear. Furthermore, the therapeutic effects of Sal need to 

be compared with existing clinical drugs.

Conclusions
The present study has demonstrated that Sal is a safe agent 

for the prevention of hepatic IRI in mice. We confirmed that 

Sal protects hepatocytes from IRI partly by inhibiting the 

activation of MAPK signaling, including the phosphoryla-

tion of P38, JNK, and ERK, to ameliorate the inflammatory 

reactions, apoptosis, and autophagy in the liver.
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Supplementary materials

Figure S1 Effects of the administration time of Sal on hepatic IRI.
Notes: A preliminary experiment was performed to investigate the optimal time of Sal administration. Eighteen mice were randomly divided into six groups. Sal was given 
intraperitoneally 2 hours before, or 0 min, 45 min, and 2 hours after ischemia. Blood samples were collected 8 hours after reperfusion to measure serum liver enzyme levels. 
The results showed that the administration of Sal 2 hours before ischemia had led to a higher decrease of serum liver enzyme levels.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; IRI, ischemia–reperfusion injury.
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Attenuating apoptosis and autophagy in mice by salidroside pretreatment

Figure S2 The statistical analysis of Western blot results.
Notes: (A,B) The densitometry results of Western blot analysis. Images and results shown were representative of three independent experiments. Data were given as 
mean ± SD (n=6, *P,0.05 for Sham versus IRI, #P,0.05 for IRI + Sal [10 mg/kg] versus IRI, †P,0.05 for IRI + Sal [20 mg/kg] versus IRI + Sal [10 mg/kg], §P,0.05 for IRI + Sal 
[20 mg/kg] versus IRI, ρP,0.05 for IRI + Ani [20 mg/kg] versus IRI, ∞P,0.05 for IRI + Sal [20 mg/kg] + Ani [20 mg/kg] versus IRI + Ani [20 mg/kg], and ¤P,0.05 for IRI + Sal 
[20 mg/kg] + Ani [20 mg/kg] versus IRI + Sal [20 mg/kg]).
Abbreviations: Ani, anisomycin; IRI, ischemia–reperfusion injury; JNK, jun N-terminal kinase; LC3, light chain 3; Sal, salidroside; TNF-α, tumor necrosis factor-α.
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Figure S3 Effects of hepatic IRI and Sal on kidney function.
Notes: Serum creatinine levels are presented as mean ± SD (n=3, *P,0.05 for Sham versus IRI, #P,0.05 for IRI versus IRI + Sal 20 mg/kg). In these five groups, when NC 
was compared with Sham (P=0.916444775, 0.084443114, and 0.062917576, respectively) and with Sal 20 mg/kg (P=0.8485032, 0.098783865, and 0.80846183, respectively), 
the serum creatinine level was not statistically different. These indicated that both the Sham operation and 20 mg/kg Sal had no negative effects on kidney function. Serum 
creatinine levels were not different in the Sham and IRI groups 2 hours after reperfusion, but gradually increased in the IRI group after 8 hours. Serum creatinine levels were 
effectively attenuated in the IRI + Sal 20 mg/kg group when compared with the IRI group at 8 hours and 24 hours.
Abbreviations: IRI, ischemia–reperfusion injury; NC, normal control; Sal, salidroside.
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