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Objective: The goal of this study was to determine the effects of beraprost sodium (BPS) 

preconditioning on hepatic ischemia-reperfusion (IR) injury and its underlying mechanisms 

of action.

Materials and methods: Mice were randomly divided into sham, IR, IR+BPS (50 µg/kg), and 

IR+BPS (100 µg/kg) groups. Saline or BPS was given to the mice by daily gavage for 1 week 

before the hepatic IR model was established. Liver tissues and orbital blood were collected 

at 2, 8, and 24 hours after reperfusion for the determination of liver enzymes, inflammatory 

mediators, apoptosis- and autophagy-related proteins, key proteins in P38 and c-Jun N-terminal 

kinase (JNK) cascades, and evaluation of liver histopathology.

Results: BPS preconditioning effectively reduced serum alanine aminotransferase (ALT) and 

aspartate aminotransferase (AST) levels, improved pathological damage, ameliorated produc-

tion of tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β), and affected expressions 

of Bax, Bcl-2, Caspase-3, Caspase-8, and Caspase-9, microtubule-associated protein 1 light 

chain 3 (LC3), Beclin-1, and P62. The protective effects of BPS preconditioning were associ-

ated with reduced P38 and JNK phosphorylation.

Conclusion: BPS preconditioning ameliorated hepatic IR injury by suppressing inflammation, 

apoptosis, and autophagy, partially via inhibiting activation of the P38 and JNK cascades.

Keywords: liver injury, beraprost sodium, inflammation, apoptosis, autophagy, MAPK 

pathway

Introduction
Hepatic ischemia-reperfusion (IR) injury is an underlying complication implicated 

in cellular and tissue damage to the liver during clinical settings such as hepatic 

resection, liver transplantation, trauma, and hemorrhagic shock with subsequent 

resuscitation. It results in varying degrees of hepatic sequelae, liver failure, or even 

distant organ dysfunction with relatively high morbidity and mortality.1 Unfortunately, 

there is no effective strategy to clinically prevent hepatic IR injury. Thus, studies of 

hepatic IR injury in animal models can provide us with a deeper understanding of its 

pathogenesis and suggest possible preventive measures, including pharmacological 

preconditioning.2,3

Hepatic IR gives rise to inflammatory outbreak and oxidative-stress,4,5 which have 

been found to initiate a series of pleiotropic mitogen-activated protein kinase (MAPK) 

cascades.6 The P38 and c-Jun N-terminal kinase (JNK) cascades are most involved 

Correspondence: Chuanyong Guo; 
Yingqun Zhou
Department of Gastroenterology, 
Shanghai Tenth People’s Hospital, Tongji 
University School of Medicine, Number 
301, Middle Yanchang Road, Jing’an, 
Shanghai 200072, People’s Republic 
of China
Tel +86 21 6630 2535; +86 21 3605 0414
Fax +86 21 6630 3983
Email guochuanyong@hotmail.com; 
yqzh02@163.com 

Journal name: Drug Design, Development and Therapy
Article Designation: Original Research
Year: 2018
Volume: 12
Running head verso: Deng et al
Running head recto: Inhibiting inflammation, apoptosis, and autophagy by beraprost sodium
DOI: 182292

D
ru

g 
D

es
ig

n,
 D

ev
el

op
m

en
t a

nd
 T

he
ra

py
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/DDDT.S182292
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:guochuanyong@hotmail.com
mailto:yqzh02@163.com


Drug Design, Development and Therapy 2018:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4068

Deng et al

in hepatic IR injury.7–9 Activated P38 and JNK cascades are 

closely associated with aggravated inflammation and apop-

totic or autophagic cell death during hepatic IR injury.10,11

The sterile inflammatory response induced by hepatic 

IR poses a great threat to the structure and function of the 

liver and distant organs.12 Several studies have reported that 

inhibiting P38 or JNK activation reduces these inflamma-

tory cascades via inhibiting the expression of inflammatory 

mediators such as tumor necrosis factor-α (TNF-α) and 

interleukin-1β (IL-1β).13,14

Apoptosis can be initiated through extrinsic or intrinsic 

pathways and is a prominent feature of the pathogenesis of 

hepatic IR injury.15 Inhibiting P38 or JNK phosphorylation 

has been investigated as a protective mechanism against 

apoptosis that could attenuate hepatic IR injury or other acute 

liver injuries.16–19 Autophagy is a multifunctional process 

that plays important roles in normal cellular homeostasis 

and human diseases, including hepatic IR injury.20 It was 

revealed that activated JNK induces Bcl-2 phosphorylation, 

which causes the dissociation of Beclin-1 from Bcl-2, leading 

to autophagic cell death.21 Thus, the inflammation, apoptosis, 

and autophagy that are involved in hepatic IR injury are at 

least partially mediated by P38 and JNK signaling.

Beraprost sodium (BPS) is an analog of prostacyclin that 

has a longer half-life, more stable chemical characteristics, 

and higher oral bioavailability.22 Apart from its arterial 

vasodilative and antiplatelet effects,23,24 BPS properties 

including anti-inflammatory and antioxidant activities have 

also been investigated.25–32 Blocking or inhibiting inflamma-

tory cascades or oxidative stress has been demonstrated to 

protect against cell death in hepatic IR injury.33,34 Further-

more, BPS was also found to be protective against myocardial 

or cerebral IR injury.35,36 However, the effects of BPS have 

never been explored in animal models of hepatic IR injury. 

Therefore, the main goal of this study was to investigate 

the protective effects and potential mechanism of BPS 

for the prevention of hepatic IR injury. We hypothesized that 

the effects of BPS on hepatic IR injury would be achieved by 

inhibiting inflammation, apoptosis, and autophagy, partially 

via inhibiting P38 and JNK signaling.

Materials and methods
Reagents
BPS (purity: 98.9%) produced by Toray Industries Inc. 

(Tokyo, Japan) was stored at −20°C in the dark. It was diluted 

with sterile normal saline to different concentrations before 

use. The antibodies used in this study for Western blotting 

included anti-β-actin (60008-1-Ig), -Bcl-2 (26593-1-AP), -Bax  

(60267-1-Ig), -Caspase-3 (19677-1-AP), -Caspase-9 (66169-

1-Ig), -Beclin-1 (11306-1-AP), -microtubule-associated 

protein 1 light chain 3 (LC3) (14600-1-AP), and -P62 (18420-

1-AP) purchased from Proteintech (Rosemont, IL, USA); 

anti-cleaved Caspase-8 (8592), -IL-1β (12242), -TNF-α 

(11948), -JNK (9252), and -P38 (9212) purchased from 

Cell Signaling Technology (Danvers, MA, USA); anti-p-

JNK (ARE6036; Antibody Revolution, Inc. San Diego, 

CA, USA); and anti-p-P38 (orb6578; Wuhan Goodbio 

Technology Co., Ltd., Wuhan, China). Except for the anti-

bodies anti-Bcl-2 (orb10173; Wuhan Goodbio Technology 

Co., Ltd.) and -TNF-α (60291-1-Ig, Proteintech), the 

sources and identities of other antibodies including anti-

Bax, -Beclin-1, -IL-1β, -p-JNK, and -p-P38 used for immu-

nohistochemical staining were the same as those used for 

Western blotting. Apoptosis was evaluated by a TUNEL 

assay kit manufactured by Hoffman-La Roche Ltd. (Basel, 

Switzerland). Microplate test kits purchased from Nanjing 

Jiancheng Bioengineering Institute (Nanjing, China) were 

used for alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST) detection. IL-1β and TNF-α levels 

were determined by ELISA kits purchased from Anogen-Yes 

Biotech Laboratories Ltd. (Ontario, Canada). Quantitative 

real-time (qRT) PCR kits purchased from TaKaRa Biotech-

nology Co., Ltd (Dalian, China) were applied to monitor 

target gene transcription.

Animals
Six-week-old male Balb/c mice weighing 20–22 g were pur-

chased from Shanghai SLAC Laboratory Animal Co., Ltd. 

(Shanghai, China). Mice were kept in a clean environment 

under a 12/12 hour light or dark cycle and a temperature 

of 20°C–24°C. Mice were given access to food and water 

ad libitum. All experimental procedures involving mice 

were approved by the Animal Care and Use Committee of 

Shanghai Tongji University. Handling and care of mice 

conformed to the National Institute of Health Guidelines.

Experimental design
Pilot study
First, it was necessary to perform a pretest to investigate 

whether the selected dosages of BPS (50 and 100 µg/kg), 

which were based on other studies27,36 were safe and did not 

alter the normal function and structure of liver. Fifteen mice 

were randomly divided into the following three groups (n=5):

1.	 Normal saline control (NC) group.

2.	 Low dose BPS (50 µg/kg) group.

3.	 High dose BPS (100 µg/kg) group.
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The same volume of normal saline, low, or high dose 

BPS was given to mice by gavage daily for a week. Then the 

orbital blood was taken to determine ALT and AST levels, 

and the middle and left lateral liver lobes were removed for 

H&E staining.

Formal study
Seventy-two mice were randomized into the following 

four groups (n=18):

1.	 Sham group: mice suffered a laparotomy, the first porta 

hepatis was dissociated without vascular clipping, and 

then the abdominal incision was sutured after normal 

saline preconditioning.

2.	 IR group: hepatic IR models were established in mice 

after normal saline preconditioning.

3.	 IR+BPS (50 µg/kg) group: mice were preconditioned 

with BPS (50 µg/kg) followed by establishing hepatic 

IR models.

4.	 IR+BPS (100 µg/kg) group: mice were preconditioned 

with BPS (100 µg/kg) followed by establishing hepatic 

IR models.

The mice were given equal volumes of normal saline or 

BPS (50 or 100 µg/kg) by gavage daily for 7 days before 

hepatic IR models were established. Six mice were sacrificed 

to gather samples of the orbital blood and middle and left 

lateral liver lobes from each group at three predetermined 

time points: 2, 8, and 24 hours after reperfusion.

Mouse model of hepatic IR injury
A mouse model of 70% hepatic IR injury was established 

in this study. Mice were fasted for 16 hours before surgery, 

but had free access to water. The mice were intraperitone-

ally injected with 1.25% sodium pentobarbital (Nembutal; 

Sigma-Aldrich, St. Louis, MO, USA) at a dose of 40 mg/kg 

for anesthesia, and then placed on a sterile operating table 

with limbs fixed. After midline laparotomy, the liver lobes 

were turned over using a wet cotton swab, and the first 

porta hepatis, primarily composed of hepatic artery, portal 

vein, and common bile duct was blocked with a vascular 

clamp, which immediately caused hepatic segmental warm 

ischemia with the color of the hepatic lobes changing from 

reddish brown to light red. Next, abdominal viscera were 

restored to their natural anatomical position, the abdominal 

cavity was closed, and the incision was covered with a moist 

saline gauze. Finally, the mice were placed on an electric 

blanket to maintain body temperature until they revived. 

After 45 minutes of ischemia, the obstruction was relieved to 

restart reperfusion, and the abdominal incision was sutured.

Serum enzymes and inflammatory 
mediators
Serum samples were separated from blood by centrifuging 

at 4,600×g at 4°C for 10 minutes and preserved at -80°C 

after incubating the samples at 4°C for 5 hours. ALT and 

AST, two sensitive biochemical indexes of impaired liver 

function, were quantified through an automated chemical 

analyzer (AU1000; Olympus Corporation, Tokyo, Japan). 

Serums TNF-α and IL-1β were determined by ELISA kits.

Histopathological evaluation
Liver tissues collected from each mouse were fixed in 4% 

paraformaldehyde for at least 24 hours at room temperature. 

Small pieces of the tissues were embedded in paraffin after 

dehydration, clearing, and wax immersion. Then, serial 4-µm 

thick sections were cut and stained with H&E for assessment. 

The severity of liver damage at 8 hours post-reperfusion was 

blindly evaluated by Suzuki’s histological criteria.37

qRT-PCR
The total RNA from frozen liver tissues was extracted using 

TRIzol (Thermo Fisher Scientific, Waltham, MA, USA) and 

was further isolated and purified. After determining the RNA 

concentration, samples were processed into cDNA using a 

reverse transcription kit. Gene expression at the mRNA level 

was detected by SYBR Green qRT-PCR through a 7900HT 

fast RT-PCR system (Applied Biosystems, Foster City, CA, 

USA). The primers used for qRT-PCR are shown in Table 1. 

Table 1 Oligonucleotide sequences of primers used for qRT-PCR

Target gene Designed primer sequence (5′→3′)

β-Actin Forward GTGACGTTGACATCCGTAAAGA
Reverse GCCGGACTCATCGTACTCC

P62 Forward GAGGCACCCCGAAACATGG
Reverse ACTTATAGCGAGTTCCCACCA

Beclin-1 Forward ATGGAGGGGTCTAAGGCGTC
Reverse TGGGCTGTGGTAAGTAATGGA

LC3 Forward TTATAGAGCGATACAAGGGGGAG
Reverse CGCCGTCTGATTATCTTGATGAG

Bax Forward AGACAGGGGCCTTTTTGCTAC
Reverse AATTCGCCGGAGACACTCG

Bcl-2 Forward GCTACCGTCGTGACTTCGC
Reverse CCCCACCGAACTCAAAGAAGG

Caspase-3 Forward CTCGCTCTGGTACGGATGTG
Reverse TCCCATAAATGACCCCTTCATCA

Caspase-8 Forward TGCTTGGACTACATCCCACAC
Reverse GTTGCAGTCTAGGAAGTTGACC

Caspase-9 Forward GGCTGTTAAACCCCTAGACCA
Reverse TGACGGGTCCAGCTTCACTA

IL-1β Forward GAAATGCCACCTTTTGACAGTG
Reverse TGGATGCTCTCATCAGGACAG

TNF-α Forward CAGGCGGTGCCTATGTCTC
Reverse CGATCACCCCGAAGTTCAGTAG

Abbreviation: qRT-PCR, quantitative real-time PCR.
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The specificity of primers was verified by Sanger sequenc-

ing of the amplified PCR products. The relative mRNA 

expression levels were analyzed by the 2−ΔΔCt method and 

normalized by β-actin.38

Immunohistochemical staining
Paraffin sections from 8 hours after reperfusion were baked in an 

oven for 2 hours at 60°C, and then dewaxed and rehydrated. 

Antigen retrieval was performed by placing sections in citrate 

buffer, which was then heated to 95°C for 10 minutes; after 

cooling to room temperature, this process was repeated four 

times. Next, 3% hydrogen peroxide was added to the sections 

for 20 minutes to block endogenous peroxidase activity, and 

then 5% BSA was added to block nonspecific binding for 

15 minutes (both at room temperature). Slices were then 

incubated overnight at 4°C with the following antibodies: 

anti-LC3 (1:100); anti-TNF-α, -IL-1β, -Bcl-2, -Bax, -p-JNK, 

and -p-P38 (all 1:200); and anti-Beclin-1 (1:1,000). The 

following day, secondary antibody was incubated with 

the slices for 1 hour at 37°C. A chromogenic substrate for 

peroxidase, 3,3′-diaminobenzidine, was added and oxidized 

by the peroxidase conjugated to the secondary antibody to 

produce observable brown color. Next, slices were coun-

terstained with hematoxylin, dehydrated with a gradient 

alcohol series, cleared in xylene, sealed with neutral gum, 

and observed and imaged under a light microscope. Final 

evaluations were performed with Image-Pro Plus software 

6.0 to calculate the integrated optical densities (IODs) of the 

positive staining area.

Western blotting
Fresh liver tissues were cut into small pieces and frozen 

immediately with liquid nitrogen and stored at −80°C. Liver 

tissues were ground into powder while in liquid nitrogen, and 

then were lysed in RIPA buffer containing protease inhibi-

tors. Protein concentrations were measured using the bicin-

choninic acid method. Then, protein samples were preserved 

in 5× loading buffer at −20°C before being separated by 10% 

or 12.5% SDS-PAGE and transferred onto polyvinylidene 

fluoride membranes. Membranes were blocked with 5% 

skimmed milk dissolved in PBS (5% BSA dissolved in PBS 

used for p-P38 and p-JNK) for at least 1 hour and subsequently 

incubated overnight at 4°C with the following primary anti-

bodies: anti-TNF-α, -IL-1β, -P38, -JNK, -p-P38, and -p-JNK 

(all 1:500); anti-Caspase-3 and -cleaved Caspase-8 (both 

1:800); and anti-β-actin, -Bcl-2, -Bax, -Beclin-1, -LC3, -p62 

and -Caspase-9 (all 1:1,000). The next day, after washing 

thrice with PBS containing 0.1% Tween-20, the membranes 

were incubated with anti-rabbit or anti-mouse near-infrared 

fluorescent secondary antibodies. Finally, an Odyssey two-

color infrared laser imaging system (LI-COR Biosciences, 

Lincoln, NE, USA) was used to detect excited fluorescent 

signal from the membrane.

TUNEL assay
After dewaxing with xylene and rehydration in a diminishing 

alcohol gradient, liver slices were processed with Proteinase 

K to increase cell and nuclear membrane permeability and 

to ensure full labeling with the TUNEL reaction mixture. 

An optical microscope and the Image-Pro Plus software 6.0 

were used to observe and analyze TUNEL results.

Statistical analysis
All experiments were repeated three times. Experimental 

data were collected, processed, and presented as mean ± SD. 

One-way ANOVA using the Student-Newman-Keuls method 

was used to compare statistical differences among three 

or four groups using SPSS version 20.0 software (IBM, 

Armonk, NY, USA). A value of P,0.05 was regarded as 

statistically significant.

Results
BPS had no adverse effects on liver 
structure or function
No notable hepatocellular injury or structural tissue changes 

were observed among the three groups in the Pilot Study 

(Figure 1A). Additionally, there were no statistically signifi-

cant differences in liver function, as determined by quanti-

fying serum ALT and AST levels (Figure 1B). Therefore, 

toxic effects of BPS (50 or 100 µg/kg) on liver physiology 

and biochemistry were excluded.

BPS preconditioning ameliorated hepatic 
IR injury
Our overall evaluation of the effects of BPS on hepatic IR 

injury was determined by measuring serum ALT and AST 

levels and histological examinations at 2, 8, and 24 hours 

after reperfusion. Pathological changes of the liver were 

mainly manifested as varying degrees of sinusoidal conges-

tion, hepatocyte degeneration or necrosis, inflammatory cell 

infiltration, and disturbances or destruction of the lobular 

architecture (Figure 2A). These changes were most serious 

in the IR group. The BPS pretreatment markedly improved 

liver pathology, and the effects increased with increasing 

BPS doses. Suzuki’s injury score for evaluating liver sections 

from 8 hours post-reperfusion also demonstrated this. 
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Liver function changed accordingly; serum ALT and AST 

levels were significantly higher in the IR group than in the 

sham or BPS-preconditioned groups, and there was a greater 

reduction in the high-dose BPS group (Figure 2B). Thus, 

BPS preconditioning ameliorated the extent of functional 

and structural liver damage caused by hepatic IR in a dose-

dependent manner.

BPS preconditioning inhibited 
inflammatory cascades involved in hepatic 
IR injury
Inflammation is a powerful detrimental factor that plays an 

important role in the damage caused by hepatic IR. TNF-α 

and IL-1β, two critical mediators of inflammation during 

hepatic IR injury, were detected by qRT-PCR, ELISA, immu-

nohistochemical staining, and Western blotting. Hepatic 

IR significantly increased TNF-α and IL-1β expressions at 

mRNA levels compared to the sham group, and expressions 

of these cytokines peaked at 8 hours, and BPS precondi-

tioning effectively reduced TNF-α and IL-1β expressions 

(Figure 3A). Similarly, TNF-α and IL-1β protein levels 

markedly increased in the IR group compared to the sham 

group, and BPS preconditioning markedly reduced TNF-α 

and IL-1β expressions as shown by ELISA (Figure 3B), 

immunohistochemical staining (Figure 3C), and Western 

blotting (Figure 3D); this effect was, especially, evident at 

the 100 µg/kg dose. Thus, BPS preconditioning inhibited 

inflammatory reactions by suppressing the production of 

inflammatory mediators such as TNF-α and IL-1β.

BPS preconditioning reduced both 
extrinsic and intrinsic apoptosis
Apoptosis is one of the consequences of liver injury caused 

by IR. Therefore, reduced apoptosis is presumably associated 

with better outcomes for hepatic IR injury. The TUNEL assay 

was used to analyze samples from 8 hours after reperfusion 

Figure 1 BPS had no adverse effects on liver structure or function.
Notes: (A) Representative H&E-stained hepatic sections were examined under light microscopy and imaged at a 100× magnification. (B) Serum ALT and AST levels are 
presented as mean ± SD. ANOVA indicated that differences among the three groups were not statistically significant (n=5; P.0.05).
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BPS, beraprost sodium; NC, normal control.
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Figure 2 BPS preconditioning ameliorated hepatic IR injury.
Notes: (A) Representative H&E-stained hepatic sections were examined under light microscopy and imaged at 100× magnification. Suzuki’s pathological criteria was used to 
determine the degrees of liver injury at 8 hours post-reperfusion. (B) Serum ALT and AST levels. Data are presented as mean ± SD (n=6; *P,0.05 for IR vs sham; #P,0.05 
for IR+BPS [50 µg/kg] vs IR; +P,0.05 for IR+BPS [100 µg/kg] vs IR; ^P,0.05 for IR+BPS [100 µg/kg] vs IR+BPS [50 µg/kg]).
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BPS, beraprost sodium; IR, ischemia-reperfusion.
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and revealed that only IR caused high levels of apoptosis; 

the most positive cells (dark brown nuclei) were found 

in the IR group. Apoptosis was significantly alleviated in 

the BPS-preconditioned groups, and the effect was dose-

dependent; only a few apoptotic cells were observed in the 

sham group (Figure 4A). Analyses of qRT-PCR, immuno-

histochemical staining, and Western blot data from 2, 8, and 

24 hours after reperfusion showed similar trends in apoptosis 

(Figure 4B–D). Hepatic IR caused increased Bax expres-

sion and a marked drop in Bcl-2 expression at the mRNA 

and protein levels; BPS preconditioning partially reversed 

these changes (Figure 4B–D). Caspase-3, Caspase-8, and 

Caspase-9 presented similar trends as Bax at the mRNA 

level (Figure 4B); similarly, cleaved Caspase-3, cleaved 

Caspase-8, and cleaved Caspase-9 levels also followed this 

trend (Figure 4D). Thus, BPS preconditioning attenuated 

apoptosis in a dose-dependent manner.

BPS preconditioning ameliorated hepatic 
IR-induced autophagy
Autophagy is another important process that contributes to 

hepatic IR injury. To explore the relationship between the 

protective effects of BPS pretreatment on hepatic IR injury 

and autophagy, autophagy-related proteins including LC3, 

Figure 3 (Continued)
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Beclin-1, and P62 were detected. qRT-PCR showed that 

hepatic IR greatly activated LC3 and Beclin-1 transcription 

compared to the sham group (Figure 5A). Accordingly, 

Beclin-1 protein level was found to be increased by immu-

nohistochemical staining (Figure 5B) and Western blotting 

(Figure 5C). The expression of LC3 II at protein level was 

increased as shown in Figure 5C. P62 mRNA and protein 

levels showed the opposite trend compared to Beclin-1 

(Figure 5A and C). BPS preconditioning reduced LC3 II and 

Beclin-1 expressions and enhanced P62 expression, and the 

effect was markedly evident at the 100 µg/kg dose. Thus, 

BPS showed dose-dependent anti-autophagy activity in the 

hepatic IR model.

BPS suppressed the P38 and JNK 
cascades
From the above results, it was concluded that BPS pre-

conditioning alleviated hepatic IR injury via inhibiting 

inflammation, apoptosis, and autophagy. However, it was 

uncertain which signaling pathway(s) was more affected by 

BPS. Through activating or inhibiting different signaling 

cascades, BPS could greatly inhibit inflammation, apoptosis, 

and autophagy. Activation of the P38 and JNK cascades is 

closely related to inflammation and cell death; therefore, 

we investigated whether the activity of BPS on hepatic IR 

injury was via inhibiting P38 and JNK activations. P38, 

JNK, and their phosphorylated versions, p-P38 and p-JNK, 

were evaluated at the protein levels. P38 and JNK expres-

sions were not significantly different among the four groups; 

however, IR markedly activated P38 and JNK to p-P38 and 

p-JNK, respectively, compared to the sham group. BPS 

preconditioning inhibited P38 and JNK phosphorylation as 

shown by immunohistochemistry (Figure 6A) and Western 

blotting (Figure 6B). Thus, the protective effects of BPS 

against hepatic IR injury were at least partially mediated by 

inhibiting P38 and JNK phosphorylation.

Figure 3 BPS preconditioning inhibited TNF-α and IL-1β expressions.
Notes: (A) Relative TNF-α and IL-1β mRNA levels were determined by qRT-PCR. (B) Serum TNF-α and IL-1β were detected by ELISA. (C) TNF-α and IL-1β protein 
expressions in liver tissues at 8 hours after reperfusion are shown by immunohistochemical staining. Final evaluations were made using Image-Pro Plus 6.0 software to 
calculate the IODs of the positive staining area. (D) Western blot analysis of TNF-α and IL-1β protein levels. Gray values were determined by Odyssey software. Relative 
TNF-α and IL-1β levels were measured through relative changes of gray values. Data are presented as mean ± SD (n=6; *P,0.05 for IR vs sham; #P,0.05 for IR+BPS [50 µg/kg] 
vs IR; +P,0.05 for IR+BPS [100 µg/kg] vs IR; ^P,0.05 for IR+BPS [100 µg/kg] vs IR+BPS [50 µg/kg]).
Abbreviations: BPS, beraprost sodium; IL-1β, interleukin-1β; IODs, integrated optical densities; IR, ischemia-reperfusion; TNF-α, tumor necrosis factor-α; qRT-PCR, 
quantitative real-time polymerase chain reaction.
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Figure 4 (Continued)
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Discussion
Hepatic IR injury is a deleterious complication that greatly 

affects the postoperative survival and prognosis of patients 

who have undergone hepatic surgery, trauma, or shock. 

The precise cellular and molecular mechanisms underly-

ing hepatic IR injury have not been clarified. Inflammation 

and oxidative stress are two powerful mechanisms that 

contribute to the progression of hepatic IR injury.4,5 In vitro 

studies have shown that BPS alleviated lipopolysaccharide-

induced inflammation by suppressing TNF-α production in 

human monocytic cells by inhibiting P38, JNK, and ERK 

phosphorylation.25 In rat glomerular mesangial cells, BPS 

inhibited ROS production and increased antioxidant activity 

to probably protect against diabetic nephropathy.26 Three 

findings from in vivo studies have demonstrated that the 

liver is an important target of BPS intervention for acute 

or chronic progressive liver disease, and that the activity of 

BPS is associated with its anti-inflammatory or antioxidant 

properties.27–29 Therefore, BPS may be a promising drug 

against hepatic IR injury.

For this study, we established mouse models of hepatic IR 

injury to investigate whether BPS preconditioning protected 

against hepatic IR injury and their possible underlying mecha-

nisms. Overwhelming sterile inflammation caused by hepatic 

IR imperils the viability of the liver and distant organs, which 

can severely threaten patient health.12 Inhibiting inflammation 

cascades could be a powerful tool to defend against hepatic 

IR injury. Kupffer cells ([KCs]; resident liver macrophages) 

Figure 4 BPS preconditioning ameliorated both intrinsic and extrinsic apoptosis.
Notes: (A) TUNEL-stained liver sections from 8 hours post-reperfusion were observed under microscopy and imaged at 200× magnification. Final evaluations were made 
using Image-Pro Plus 6.0 software to calculate the TUNEL positive cells to total cells. (B) Relative Bax, Bcl-2, Caspase-3, Caspase-8, and Caspase-9 mRNA levels were determined 
by qRT-PCR. (C) Bax and Bcl-2 protein expressions in liver tissues at 8 hours post-reperfusion are shown by immunohistochemical staining. Final evaluations were made using 
Image-Pro Plus 6.0 software to calculate the IODs of the positive staining area. (D) Western blot analysis of Bax, Bcl-2, cleaved Caspase-9, cleaved Caspase-8, and cleaved 
Caspase-3 levels. Relative levels of these apoptosis marker proteins are reflected through relative changes in gray values. Data are presented as mean ± SD (n=6; *P,0.05 for 
IR vs sham; #P,0.05 for IR+BPS [50 µg/kg] vs IR; +P,0.05 for IR+BPS [100 µg/kg] vs IR; ^P,0.05 for IR+BPS [100 µg/kg] vs IR+BPS [50 µg/kg]).
Abbreviations: BPS, beraprost sodium; IODs, integrated optical densities; IR, ischemia-reperfusion; qRT-PCR, quantitative real-time polymerase chain reaction.
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Figure 5 BPS preconditioning ameliorated IR-induced autophagy.
Notes: (A) Relative Beclin-1, LC3, and P62 mRNA levels were determined by qRT-PCR. (B) Beclin-1 protein expression in liver tissues at 8 hours post-reperfusion was shown 
by immunohistochemical staining. Final evaluations were made using Image-Pro Plus 6.0 software to calculate the IODs of the positive staining area. (C) Western blot analysis 
of Beclin-1, LC3, and P62 protein levels. Relative levels of these autophagic marker proteins are reflected through relative changes in gray values. Data are presented as 
mean ± SD (n=6; *P,0.05 for IR vs sham; #P,0.05 for IR+BPS [50 µg/kg] vs IR; +P,0.05 for IR+BPS [100 µg/kg] vs IR; ^P,0.05 for IR+BPS [100 µg/kg] vs IR+BPS [50 µg/kg]).
Abbreviations: BPS, beraprost sodium; IODs, integrated optical densities; IR, ischemia-reperfusion; LC3, light chain 3; qRT-PCR, quantitative real-time polymerase chain 
reaction.
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Figure 6 BPS suppressed P38 and JNK phosphorylation.
Notes: (A) Levels of p-P38 and p-JNK in liver tissues at 8 hours post-reperfusion are shown by immunohistochemical staining. Final evaluations were made using Image-Pro 
Plus 6.0 software to calculate the IODs of the positive staining area. (B) Western blot analysis of P38, p-P38, JNK, and p-JNK levels. Relative levels of these signaling proteins 
are reflected through relative changes in gray values. Data are presented as mean ± SD (n=6; *P,0.05 for IR vs sham; #P,0.05 for IR+BPS [50 µg/kg] vs IR; +P,0.05 for IR+BPS 
[100 µg/kg] vs IR; ^P,0.05 for IR+BPS [100 µg/kg] vs IR+BPS [50 µg/kg]).
Abbreviations: BPS, beraprost sodium; IODs, integrated optical densities; IR, ischemia-reperfusion; JNK, c-Jun N-terminal kinase.

are activated due to various stimuli including ROS during the 

early stages of reperfusion to initiate inflammatory cascades 

and subsequently release inflammatory mediators such as 

TNF-α and IL-1β, as well as produce ROS.4,39,40 TNF-α 

is a critical inflammatory mediator that plays key roles in 

further propagating KCs activation and the recruitment and 

activation of neutrophils, which consequently results in more 

intense inflammatory responses and the occurrence of other 
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deleterious cellular events such as apoptosis.41 TNF-α and 

IL-1β also promote P38 and JNK phosphorylation,42 which 

further promotes the expression of inflammatory mediators 

such as TNF-α and IL-1β.43,44 Thus amplified inflamma-

tory responses aggravate hepatic IR injury. Therefore, we 

explored whether BPS preconditioning could protect liver 

tissues by blocking inflammatory cascades. TNF-α and IL-1β 

are core inflammatory factors that were tracked in this study. 

Our study showed that BPS preconditioning significantly 

inhibited TNF-α and IL-1β expressions both at the mRNA 

and protein levels compared to the IR group at three different 

time points. In accordance with these results, liver pathology 

and function were both improved by BPS preconditioning, 

as shown by H&E staining, and serum ALT and AST levels. 

BPS preconditioning had protective effects against hepatic IR 

injury via suppressing expression of inflammatory mediators 

such as TNF-α and IL-1β; however, the underlying mecha-

nisms remain unknown.

The MAPK family consists of three core kinases, which 

function sequentially in a cascade reaction that plays an 

important part in transmitting a wide array of extracellular sig-

nals intracellularly, thus regulating many cellular activities.45 

Inhibition of phosphorylation and activation of P38 and JNK 

have been shown to be closely related to decreased inflamma-

tion in hepatic IR injury13,14 as well as inflammation caused 

by other stimuli.43,44 The anti-inflammatory effects of BPS 

have also been shown to be partially mediated by inhibiting 

P38 and JNK phosphorylation.25 Therefore, we explored P38 

and JNK expressions as well as activation of their respective 

signaling cascades to explore potential mechanisms underly-

ing the anti-inflammatory effects of BPS preconditioning on 

hepatic IR injury. Our results showed that BPS precondition-

ing significantly inhibited P38 and JNK phosphorylation. 

Furthermore, BPS preconditioning inhibited expression of 

the inflammatory cytokines TNF-α and IL-1β, as mentioned 

above. Therefore, we inferred that the anti-inflammatory 

effects of BPS that afforded protective effects against hepatic 

IR injury were at least partially mediated by suppressing P38 

and JNK phosphorylation.

However, other mechanisms could be behind the protec-

tive effects of BPS preconditioning on hepatic IR injury. 

Apoptosis, which takes place through intrinsic or extrinsic 

pathways, contributes to hepatic IR injury. Bax is a pro-

apoptotic protein that interacts with Bcl-2, a pro-survival 

protein, to determine cell survival or apoptosis fates through 

the intrinsic pathway.46 TNF-α is an important agonist that 

induces extrinsic apoptotic cell death of liver.47 P38 phospho-

rylation has been shown to cause the mitochondrial transloca-

tion of Bax.48,49 Studies have also found that activated JNK 

promotes Bcl-2 phosphorylation.50,51 The increased ratio of 

Bax/Bcl-2 contributes to mitochondrial outer membrane per-

meabilization, which releases cytochrome c and sequentially 

activates Caspase-9 and Caspase-3, thus causing apoptotic cell 

death through the intrinsic pathway.52,53 Additionally, hepatic 

IR induces inflammatory response, such as the release of 

TNF-α. Binding of TNF-α to corresponding death receptors 

causes allosteric activation of the receptor, followed by the 

formation of the death-inducing signaling complex, which 

results in the autocatalytic activation of Caspase-8, the sub-

sequent activation of Caspase-3, and finally, apoptotic cell 

death through the extrinsic pathway.15 Furthermore, activated 

Caspase-8 can further intensify intrinsic apoptosis by cleav-

ing Bid to tBid. tBid transiently interacts with and activates 

Bax, which then initiates intrinsic apoptosis.54 Therefore, 

in our study, BPS preconditioning was investigated for its 

ability to alleviate apoptosis as shown in TUNEL staining. 

Then, we further found that BPS preconditioning suppressed 

Bax expression and increased Bcl-2 expression, both at 

the mRNA and protein levels; Caspase-3, Caspase-8, and 

Caspase-9 showed similar changes as Bax. Taken together, 

we inferred that the inhibitory effects of BPS on intrinsic 

and extrinsic apoptosis were downregulating the Bax/

Bcl-2 ratio and inhibiting TNF-α expression, both of which 

were at least partially mediated by inhibiting P38 and JNK 

phosphorylation.

The Bcl-2 family plays a key role in the balance between 

apoptosis and autophagy. Apoptosis and autophagy are 

linked through the Beclin-1/Bcl-2 complex. Bcl-2 is an 

anti-apoptotic protein with a BH3 binding groove that 

interacts with Beclin-1, a pro-autophagy protein with a BH3 

domain, to inhibit autophagy.55 A subtle balance between 

free Beclin-1 and Beclin-1 complexed with Bcl-2 is critical 

for maintaining the basal level of autophagy that is required 

for normal cellular homeostasis;56 however, activated JNK 

induces Bcl-2 phosphorylation, which causes the disso-

ciation of Beclin-1 from Bcl-2, leading to autophagic cell 

death.21 Thus, autophagy that is involved in hepatic IR injury 

is at least partially mediated by P38 and JNK signaling. 

Liu et al reported that beta-asarone attenuated IR-induced 

autophagy in the brain by upregulating Bcl-2 via inhibiting 

JNK phosphorylation,57 which leads to the dissociation of 

Bcl-2 from Beclin-1; free Beclin-1 subsequently induces 

autophagy. Beclin-1, LC3, and P62 are three autophagy 

markers. Our study showed that BPS preconditioning signifi-

cantly alleviated autophagy, as indicated by the downregu-

lation of Beclin-1 and LC3, and the upregulation of P62 at 

both the mRNA and protein levels. Therefore, the protective 

effects of BPS preconditioning against autophagy might be 
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associated with a greater association between Bcl-2 and 

Beclin-1, which is achieved by inhibiting JNK phosphoryla-

tion to enhance Bcl-2 activity.

Based on our studies, we speculate that BPS precondi-

tioning might be effective to alleviate severity of liver IR 

injury and improve prognosis for patients who underwent 

liver surgery. The protective mechanisms of BPS precon-

ditioning on hepatic IR injury for humans might be similar 

to those observed from our studies on mice. The effects of 

BPS preconditioning against hepatic IR injury might be 

partially mediated through the inhibition of the P38 and 

JNK cascades, thus inhibiting inflammation and the release 

of inflammatory mediators, and alleviating apoptosis and 

autophagy as well, thereby reducing hepatocytes injury and 

liver enzymes release. Therefore, BPS preconditioning seems 

to be effective to alleviate hepatic IR injury and improve 

the survival and prognosis of patients. According to our 

studies, the possible human equivalent dose against liver IR 

injury could be roughly, preliminarily estimated based on 

body surface area. The equivalent dose is 4.05–8.1 µg/kg 

for humans who weigh 60 kg.58 Indeed, the dose conversion 

from animal to human is far from being so simple. Besides 

body surface area, there are many factors that need to be 

considered including weight, safety, pharmacokinetics, and 

physiological time and so on. Converting effective dose of 

BPS preconditioning used in mice against hepatic IR injury 

to pharmacologically active dose for humans needs further 

deep and extensive studies.

Hepatic IR injury has complicated and intersected mecha-

nisms underlying its etiology that require further study. The 

protective effects of BPS on hepatic IR injury were found to 

be related to reduced inflammation, apoptosis, and autophagy 

via inhibiting the P38 and JNK cascades (Figure 7). Further 

efforts are required to more deeply explore the mechanisms 

involved in BPS preconditioning for hepatic IR injury.

Conclusion
Hepatic IR induced inflammation, apoptosis, and autophagy, 

all of which contributed to liver injury progression and were 

partially ameliorated by BPS preconditioning. The activity 

β α

Figure 7 Probable mechanisms of BPS preconditioning against hepatic IR injury.
Notes: In hepatic IR injury, activated KCs released inflammatory cytokines such as TNF-α and IL-1β. TNF-α and IL-1β subsequently activated P38 and JNK phosphorylation, 
which not only further aggravated inflammation but also promoted intrinsic apoptosis and autophagy. Besides, TNF-α could induce extrinsic apoptosis and intensify intrinsic 
apoptosis as well. BPS preconditioning afforded protective effects against hepatic IR injury partially via suppressing P38 and JNK phosphorylation to alleviate inflammation, 
apoptosis and autophagy.
Abbreviations: BPS, beraprost sodium; IL-1β, interleukin-1β; IR, ischemia-reperfusion; JNK, c-Jun N-terminal kinase; KCs, Kupffer cells; TNF-α, tumor necrosis factor-α.
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of BPS in hepatic IR injury appeared to be inhibiting the P38 

and JNK cascades.

Data availability
The data used to support the findings of this study are 

included within the article.
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