@ﬁ SPANDIDOS
,3,‘ PUBLICATIONS

EXPERIMENTAL AND THERAPEUTIC MEDICINE 15: 4599-4614, 2018

Salidroside mediates apoptosis and autophagy
inhibition in concanavalin A-induced liver injury
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Abstract. Salidroside (Sal) is a glycoside extract from
Rhodiola rosea L. with anti-inflammatory, antioxidant, anti-
cancer and cardioprotective properties. The present study
explored the protective effects and the possible mechanisms
of Sal on concanavalin A (ConA)-induced liver injury in
mice. Balb/C mice were divided into five groups: Normal
control (injected with normal saline), ConA (25 mg/kg), Sal
(10 mg/kg) +ConA, Sal (20 mg/kg) + ConA (Sal injected 2 h
prior to ConA injection) and Sal (20 mg/kg) only. The serum
levels of liver enzymes, pro-inflammatory cytokines, and
apoptosis- and autophagy-associated marker proteins were
determined at 2, 8 and 24 h after ConA injection. LY294002
was further used to verify whether the phosphoinositide
3-kinase (PI3K)/Akt pathway was activated. Primary hepa-
tocytes were isolated to verify the effect of Sal in vitro. The
results indicated that Sal was a safe agent to reduce patholog-
ical damage and serum liver enzymes in ConA-induced liver
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injury. Sal suppressed inflammatory reactions in serum and
liver tissues, and activated the PI3K/Akt signaling pathway to
inhibit apoptosis and autophagy in vivo and in vitro, which
could be reversed by LY294002. In conclusion, Sal attenu-
ated ConA-induced liver injury by modulating PI3K/Akt
pathway-mediated apoptosis and autophagy in mice.

Introduction

Autoimmune hepatitis (AIH) is an increasingly serious human
health problem worldwide (1). Although the precise etiology
of AIH remains unknown, it is thought to be a multifacto-
rial polygenic disorder caused by genetic and environmental
factors (1-3). AIH is characterized by increased serum amino-
transferase, pro-inflammatory cytokine and immunoglobulin
levels (1). The standard treatment for ATH consists of steroids,
immunosuppressive medications and liver transplantation.
This treatment delays disease progression and exacerbation,
but it is associated with certain side effects, particularly
Cushingoid changes (1-4). Therefore, novel approaches to the
treatment of ATH are needed.

Concanavalin A (ConA), which is extracted from the jack
bean Canavalia ensiformis, is a lectin with agglutination and
mitogenic properties. It can bind to sugar residues on the
surface of multiple cell types (5-7). ConA is able to activate T
cells, leading to the activation of inflammatory reactions and
the release of inflammatory cytokines, including interleukin
(IL)-1B, IL-6, tumor necrosis factor-a (TNF-a) and interferon-y
(IFN-y) (8). Tiegs et al (5) explored the possibility that ConA
induces hepatitis. The results indicated that ConA-induced
acute liver injury could serve as a suitable animal model of
AIH, since it closely mimicked the pathogenetic mechanisms
and pathological changes of patients with ATH.

Previously, researchers have demonstrated that apop-
tosis and autophagy are involved in the pathogenesis of
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ConA-induced liver injury (9-15). Apoptosis is type I
programmed cell death caused by endogenous or exogenous
signals, leading to the elimination of dead cells without
generating inflammatory activity. Apoptosis is regarded
as a double-edged sword, as it can avoid inflammatory
responses, but it can also lead to tissue damage when over-
activated (15,16). Autophagy is a process by which cells
eliminate discarded components by enveloping them into
autophagosomes and targeting them for lysosomal degrada-
tion (9,17). Autophagy is beneficial to the survival of cells
because it removes unwanted cellular substances and provides
energy under starvation conditions. However, it can also lead
to cell death if the process is excessively activated (9,18).
Apoptosis and autophagy are overactivated in ConA-induced
liver injury and contribute to liver injury (11).

Salidroside (Sal) is a phenylpropanoid glycoside extracted
from Rhodiola rosea L. (19). In traditional Chinese medicine,
it is thought to enhance cognition and physical performance
for prolonged periods (20). Previous studies have reported
that Sal exhibits numerous bioactive properties, including
anti-inflammatory, antioxidant, anticancer, anti-depression,
anti-fatigue and cardioprotective effects (21-25). Sal was
demonstrated to exert its protective effect by regulating the
apoptosis pathway (26,27). Hu et al (19) reported that Sal
attenuates ConA-induced hepatitis by modulating cytokine
secretion and lymphocyte migration in mice.

Based on these previous findings, in the present study, the
protective effect of Sal on ConA-induced liver injury was inves-
tigated in mice and its underlying mechanisms were explored.
It was hypothesized that Sal ameliorates ConA-induced liver
injury by modulating inflammation, apoptosis and autophagy
through the phosphoinositide 3-kinase (PI3K)/Akt pathway.

Materials and methods

Reagents. Sal, ConA, LY294002, collagenase and D-Hanks
buffer were purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). TNF-a was obtained from PeproTech,
Inc. (Rocky Hill, NJ, USA). Alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) microplate test kits were
obtained from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Enzyme-linked immunosorbent assay
(ELISA) kits for IL-6 (cat. no. MEC1008) and TNF-a (cat.
no. MEC1003) were purchased from Anogen (Mississauga,
ON, Canada). The cell counting kit-8 (CCKS8) was purchased
from Dojindo Molecular Technologies, Inc. (Kumamoto,
Japan). Oligonucleotide primers were synthesized by Generay
Biotech Co., Ltd. (Shanghai, China). The primary antibodies
used in this study are listed in Table I. The PrimeScript RT
Reagent kit and SYBR Premix Ex Taq were obtained from
Takara Biotechnology Co., Ltd. (Dalian, China). The TUNEL
apoptosis assay kit was provided by Roche Diagnostics
(Basel, Switzerland). All other reagents were of analytical
grade.

Animals and treatment. A total of 114 male Balb/c mice
(6-8 weeks old, 23+2 g) were purchased from Shanghai
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). The
mice were housed in a clean room maintained at 24+2°C
and 55% humidity with a 12/12-h light/dark cycle, with
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free access to food and water. The mice were used for three
separate experiments: i) Establishment of the ConA model
(n=78, randomly divided into five groups); ii) evaluation of
treatment with LY294002 (n=24, randomly divided into four
groups) and iii) isolation of primary hepatocytes (n=12). The
study was approved by the Animal Care and Use Committee
of Tongji University (Shanghai, China), and was performed in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and the ARRIVE
guidelines (28,29). No mice died or became severely ill prior
to the end of the experiment. Efforts were made to minimize
the pain and suffering of the mice throughout the study.

Establishment of the ConA model. Sal was diluted with
normal saline and injected intraperitoneally 2 h before the
injection of ConA, which was administered according to
the pharmacokinetics of Sal (30). The doses of Sal were
10 and 20 mg/kg, according to a previous study (31). ConA
was dissolved in normal saline at a concentration of 5 mg/ml
and injected via the tail vein at a dose of 25 mg/kg to induce
acute hepatic injury. The experiment included 78 mice
randomly divided into five groups as follows: i) Normal
control (NC), n=18, injected with vehicle (saline); ii) ConA,
n=18, injected with ConA (25 mg/kg) only; iii) Sal 20 mg/kg,
n=06, injected with Sal only; iv) Sal (10 mg/kg) + ConA, n=18,
injected with 10 mg/kg Sal 2 h before injection of ConA;
v) Sal (20 mg/kg) + ConA, n=18, injected with 20 mg/kg Sal
2 h before injection of ConA.

A total of 6 mice were sacrificed randomly at 2, 8 and
24 h after ConA injection (mice in group 3 were sacrificed at
24 h after Sal treatment). The mice were sacrificed by cervical
dislocation under anesthesia with sodium pentobarbital
(40 mg/kg, 1.25%, intraperitoneal) (Nembutal; cat. no. P3761;
Sigma-Aldrich; Merck KGaA) (13,32,33). Blood samples were
collected by removing the eyes and the liver tissue was isolated.
The serum was separated by centrifugation at 4,500 x g at 4°C
for 10 min. The serum and liver tissues were stored at -80°C.

Evaluation of treatment with LY294002. 1L.Y294002, a
specific inhibitor of PI3K, was used to create another group
of experiments to investigate whether the protective effect
of Sal was associated with the PI3K/Akt pathway. A total
of 24 four mice were randomly divided into four groups
(n=6): i) NC, ii) ConA, iii) Sal (20 mg/kg) + ConA, iv) Sal
(20 mg/kg) + LY294002 (40 mg/kg) + ConA. LY294002 was
diluted in 10% dimethyl sulfoxide and 90% PBS, and was
injected intraperitoneally 2 h before ConA injection (34). All
mice in each group were sacrificed at 8 h after ConA injec-
tion. The mice were sacrificed by cervical dislocation under
anesthesia with sodium pentobarbital (40 mg/kg, 1.25%,
intraperitoneal) Blood samples were collected by removing
the eyes and the liver tissue was isolated. The serum was
separated by centrifugation at 4,500 x g at 4°C for 10 min.
The serum and liver tissues were stored at -80°C.

Biochemical assays. The serum levels of ALT and AST were
detected with an automated chemical analyzer (Olympus
AU1000, Olympus Corporation, Tokyo, Japan). The serum
inflammatory cytokines IL-6 and TNF-a were measured
using ELISA kits, according to the manufacturer's protocol.
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Antibody Type Species Targeted species Dilution ratio (western blot/THC) Supplier Catalog number
[-actin Mono M H,M,R 1:1,000 CST #3700
IL-1pB Mono R M 1:1,000 CST #12507
IL-6 Poly R H,M,R 1:1,000/1:200 PT 21865-1-AP
TNF-a Mono M H,M,R 1:1,000/1:200 PT 60291-1-Ig
Bcl-2 Mono M H,M 1:500/1:200 Ab ab692
Bax Poly R H,M,R 1:1,000/1:200 PT 60267-1-Ig
Caspase-3 Poly R H,M,R 1:1,000 PT 19677-1-AP
Caspase-9 Mono M H,M,R 1:1,000 PT 66169-1-Ig
Beclin-1 Poly R H,M,R 1:1,000/1:200 PT 11306-1-AP
LC3 Poly R H,M,R 1:500/1:200 PT 14600-1-AP
po2 Poly R H,M,R 1:1,000 PT 55274-1-AP
PI3K Poly R H,M,R 1:1,000/1:200 PT 20584-1-AP
Akt Mono M H,M,R 1:2,000 PT 60203-2-1g
p-Akt Mono M H,M,R 1:1,000/1:200 PT 66444-1-Ig

IHC, immunohistochemistry; IL, interleukin; TNF, tumor necrosis factor; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2 associated X protein; LC3,
microtubule-associated protein 1A/1B-light chain 3; PI3K, phosphoinositide 3-kinase; p-, phosphorylated; H, human; M, mouse; R, rabbit;
CST, Cell Signaling Technology, Inc. (Danvers, MA, USA); PT, ProteinTech Group, Inc. (Chicago, IL, USA); Ab, Abcam (Cambridge, MA,

USA).

Histopathology. The middle portion of the left lobe of the
liver was excised and fixed in 4% paraformaldehyde at 4°C
for =24 h. Then, the tissues were paraffin-embedded, cut into
3-pum thick sections, and stained with hematoxylin for 10 min
and eosin for 5 min to observe the degree of inflammation
and tissue damage by light microscopy. All procedures were
performed at 37°C. The ratios of necrotic and inflammatory
areas to total areas were calculated using Image-Pro Plus soft-
ware 6.0 (Media Cybernetics, Rockville, MD, USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from liver tissues using
TRIzol reagent (Thermo Fisher Scientific, Inc., Waltham, MA,
USA) and transcribed into total complementary DNA (cDNA)
using an RT kit. The RT conditions were: 37°C for 15 min,
85°C for 5 sec and 4°C until removal of the RT products. Then,
cDNA was used as a template for gPCR with SYBR Premix
Ex Taq, according to the manufacturer's protocol. The qPCR
conditions were: 95°C for 30 sec, 95°C for 5 sec and 60°C
for 30 sec (40 cycles). The qPCR results were detected with
a 7900HT Fast PCR system (Applied Biosystems; Thermo
Fisher Scientific, Inc.). The qPCR results were quantified using
the 2244 method (35). The primers used for qPCR are listed
in Table II.

Western blot analysis. Western blot analysis was used to deter-
mine the differential expression of proteins of interest. Total
protein was extracted from cryopreserved liver tissues using
radioimmunoprecipitation assay buffer (Nanjing KeyGen
Biotech Co.,Ltd.,Nanjing, China),and the protein concentration
was detected with a bicinchoninic acid assay (Nanjing KeyGen
Biotech Co., Ltd.). Proteins (80 ug/lane) were separated by
7.5-12.5% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis according to standard protocols and then transferred

onto polyvinylidene fluoride membranes using the wet transfer
method. Then, membranes were blocked with 5% nonfat milk
dissolved in PBS to block non-specific binding sites at room
temperature for 1 h, followed by incubation with monoclonal
primary antibodies overnight at 4°C (Table I). f-actin was
used as an internal loading control for protein normalization.
On the second day, the membranes were washed with PBS
containing 0.1% Tween three times (10 min/wash) and then
incubated with goat anti-mouse (cat. no. 926-68020) or goat
anti-rabbit (cat. no. 926-32211) (both LI-COR Biosciences,
Lincoln, NE, USA; 1:2,000) secondary antibodies for 1 h at
37°C. After three washes, the membranes were imaged and the
density was measured using the Odyssey two-color infrared
laser imaging system and software 1.0 (LI-COR Biosciences).

Immunohistochemistry. The prepared paraffin-embedded
3-pm liver sections were dewaxed in a baking oven at 60°C for
20 min, then rehydrated with xylene and a descending alcohol
series. The sections were treated using an antigen retrieval
technique consisting of heating in a water bath at 95°C for
10 min and incubation in 3% hydrogen peroxide solution for
20 min at 37°C to block endogenous peroxidase activity. The
nonspecific binding sites were blocked with 5% bovine serum
albumin (Nanjing KeyGen Biotech Co., Ltd.) at 37°C for
20 min, then at room temperature for 10 min. Then, the liver
sections were incubated overnight at 4°C with the primary
antibodies (Table I). The next day, after incubation with
polymer rabbit-mouse HRP conjugated secondary antibodies
(Dako; Agilent Technologies, Inc., Santa Clara, CA, USA;
cat. no. K5007; 1:1) for 30 min at room temperature, the liver
sections were analyzed with a diaminobenzidine kit to detect
antibody binding. The sections were then counterstained with
hematoxylin at room temperature for 30 sec, dehydrated with
a graded ethanol and xylene series, and mounted with Entellan
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Table II. Primers used in quantitative polymerase chain
reaction.

Forward/
Gene reverse Primer sequence (5'-3')
[-actin Forward GGCTGTATTCCCCTCCATCG
Reverse CCAGTTGGTAACAATGCCATGT
IL-1p Forward CGATCGCGCAGGGGCTGGGCGG
Reverse AGGAACTGACGGTACTGATGGA
IL-6 Forward CTGCAAGAGACTTCCATCCAG
Reverse AGTGGTATAGACAGGTCTGTTGG
TNF-a Forward CAGGCGGTGCCTATGTCTC
Reverse CGATCACCCCGAAGTTCAGTAG
Bcl-2 Forward GCTACCGTCGTCGTGACTTCGC
Reverse CCCCACCGAACTCAAAGAAGG
Bax Forward AGACAGGGGCCTTTTTGCTAC
Reverse AATTCGCCGGAGACACTCG
Caspase-3 Forward CTCGCTCTGGTACGGATGTG
Reverse TCCCATAAATGACCCCTTCATCA
Caspase-9 Forward GGCTGTTAAACCCCTAGACCA
Reverse TGACGGGTCCAGCTTCACTA
Beclin-1  Forward ATGGAGGGGTCTAAGGCGTC
Reverse TGGGCTGTGGTAAGTAATGGA
LC3 Forward GACCGCTGTAAGGAGGTGC
Reverse AGAAGCCGAAGGTTTCTTGGG
p62 Forward GAGGCACCCCGAAACATGG
Reverse ACTTATAGCGAGTTCCCACCA

IL, interleukin; TNF-a, tumor necrosis factor-a; Bcl-2, B-cell
lymphoma-2; Bax, Bcl-2 associated X protein; LC3, microtu-
bule-associated protein 1A/1B-light chain 3.

(Merck KGaA). Finally, the slices were observed by optical
microscopy. Five random fields of views for each slice were
analyzed. The ratios of brown stained areas vs. total areas
were calculated using Image-Pro Plus software 6.0.

TUNEL assay. A TUNEL assay was performed according to the
kit manufacturer's protocol. The prepared paraffin-embedded
3-pum liver sections were dewaxed in xylene for 10 min twice
and dehydrated with ethanol. Then, 20 pgg/ml DNase-free
proteinase K was added at room temperature for 15 min. The
TUNEL reaction mixture was added to the sections at 37°C in a
humidified atmosphere for 1 h, and the sections were observed
by optical microscopy. The positive areas with dark brown
nuclei were calculated using Image-Pro Plus software 6.0. Five
random fields of views were examined for each section.

Primary hepatocyte isolation. Primary hepatocytes were
isolated with a two-step perfusion method according to a
previously described method (33,36-38). A total of 12 mice
were anesthetized by intraperitoneal injection of 40 mg/kg
1.25% pentobarbital. After sterilization with 75% alcohol,
the mice were laparotomized, and the hepatic portal vein was
perfused with 10 ml pre-warmed D-Hanks buffer, then with
5 ml 0.02% type V collagenase solution. Then, the removed
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liver tissues were cut into small pieces and placed in collage-
nase V solution at 37°C for 30 min. The cell suspensions were
then filtered through two layers of gauze and centrifuged at
800 x g at room temperature for 5 min. RPMI-1640 culture
medium (Thermo Fisher Scientific, Inc.) was added, then the
cells were incubated at 5% CO, and 37°C. The viability of the
isolated hepatocytes was determined with Trypan blue exclu-
sion. The cells were stained with 0.4% Trypan blue at room
temperature for 3 min, and cell viability was counted using
blood counting chamber. Dead cells are able to take in Trypan
blue turn blue, whereas living cells cannot. The viability of
the isolated hepatocytes exceeded 95%. Mouse death was
confirmed by cervical dislocation.

Cell culture and CCK8 assay. The primary hepatocytes were
cultured in RPMI-1640 culture medium with 10% fetal bovine
serum (HyClone; GE Healthcare, Logan, UT, USA), 100 U/ml
penicillin and 100 g/ml streptomycin (Gibco; Thermo Fisher
Scientific, Inc.) in a humidified incubator at 37°C under 5%
CO,. The apparent logarithmic phase cells were seeded at a
density of 2x10* cells/well in 96-well plates (100 p1 of medium
per well), and the Sal concentration was 10, 20, 40, 60, 80
or 100 uM (39,40). After 24 h, TNF-a was added to induce
hepatocyte injuries at a concentration of 10 ng/ml (36). Cell
viability was measured with the CCK8 assay, according to
the manufacturer's protocol. The primary hepatocytes were
divided into five groups: i) NC, no treatment; ii) Sal, treated
with Sal diluted in ddH,O at a concentration of 40 uM;
iii) TNF-a, treated with TNF-a dissolved at a concentration
of 10 ng/ml; iv) TNF-a + Sal, Sal (40 uM) was administered
24 h before TNF-a treatment; v) TNF-a + Sal + LY294002,
Sal (40 uM) and LY294002 (40 uM) were administered 24 h
before TNF-a treatment. At 24 h after TNF-a treatment, cells
were collected for flow cytometry detection and western blot
analysis as described above.

Flow cytometry analysis. The Annexin V-FITC apoptosis
detection kit was purchased from BD Biosciences (San Jose,
CA, USA). Following the different treatments the primary hepa-
tocytes were collected and stained with FITC and propidium
iodide according to the manufacturer's protocol. The results
were analyzed using a flow cytometer (Beckman Coulter, Inc.,
Brea, CA, USA) and the data was analyzed using software
FlowlJo software version 10 (FlowJo LLC, Ashland, OR, USA).

Statistical analysis. Data are presented as the mean + standard
deviation and experiments were repeated at least three times.
The Student's t-test and one-way analysis of variance (followed
by Tukey's post-hoc test) were used to analyze all results.
GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA,
USA) was used for analysis. P<0.05 was considered to indicate
a statistically significant difference.

Results

Saldoes not affect liver function or the inflammatory response.
To exclude any potential detrimental effects of Sal treatment,
liver enzymes and hemotoxylin and eosin (H&E)-stained liver
sections were examined after exposure to Sal at 20 mg/kg for
24 h. As indicated in Fig. 1A, serum ALT and AST levels did
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Figure 1. Effects of Sal on liver function and pathology of healthy mice. (A) Serum ALT and AST levels. Data are presented as the mean + standard deviation
(n=6). (B) Representative hematoxylin and eosin-stained sections of the liver (original magnification, x200). NC, negative control; ALT, alanine aminotrans-

ferase; AST, aspartate aminotransferase; Sal, salidroside.

not differ between the Sal-treated and NC groups. As indicated
in Fig. 1B, treatment with 20 mg/kg Sal did not cause obvious
necrosis or inflammation in H&E-stained sections. These find-
ings indicate that Sal has no adverse effect on liver function or
the inflammatory response in mice.

Sal pretreatment attenuates liver injury induced by ConA
in mice. To determine the effects of Sal pretreatment on
ConA-induced liver injury, serum ALT and AST levels were
measured and H&E staining was performed. The results indi-
cated that ConA significantly increased serum ALT and AST
levels compared with the control. However, Sal treatment at
10 or 20 mg/kg significantly decreased the levels of these liver
enzymes compared with ConA treatment, and 20 mg/kg Sal
exhibited a significantly stronger effect compared with 10 mg/kg
Sal (Fig. 2A). As indicated in Fig. 2B, extensive areas of necrosis
and an increased inflammatory response were observed in liver
tissues treated with ConA alone, and these effects increased
over time. However, Sal treatment attenuated these effects at the
three time points, particularly in the 20 mg/kg Sal group. These
histopathological changes were quantified using Image-Pro Plus
software 6.0, and the differences between the four groups were
statistically significant (Fig. 2C). In summary, these results indi-
cate that pretreatment with Sal effectively reduces liver injury
induced by ConA, and 20 mg/kg Sal has an increased protective
effect compared with 10 mg/kg Sal.

Sal pretreatment reduces the production of IL-1f, IL-6 and
TNF-a in ConA-induced liver injury. ConA may induce hepa-
titis, which not only results in inflammatory infiltration in
liver tissues, but also increases the levels of pro-inflammatory
cytokines in the serum, including IL-1§, IL-6 and TNF-a (13).
Therefore, in the current study, the degree of inflammation was
detected by measuring the serum levels of IL-6 and TNF-a,
the mRNA and protein levels of pro-inflammatory cytokines
in liver tissues, and the histochemical pro-inflammatory cyto-
kine expression. The serum levels of IL-6 and TNF-o were
significantly increased in the ConA group compared with the
control. Out of the three detected time points, the serum IL-6
levels were highest at 2 h after ConA injection, while TNF-a
levels were highest at 8 h after ConA injection (Fig. 3A). Sal
pretreatment significantly reduced the serum levels of IL-6
and TNF-a compared with ConA treatment alone, particu-
larly at 20 mg/kg Sal. The results of qPCR and western blot
analyses were similar to those of ELISA regarding the mRNA
and protein expression of IL-1p, IL-6 and TNF-a (Fig. 3B-D).
In the majority of cases Sal (20 mg/kg) was more effective
at reducing the expression of the inflammatory cytokines in
liver tissues compared with Sal (10 mg/kg). However, as for
TNF-a expression, the statistical analysis of western blot at
8 and 24 h revealed that Sal 10 mg/kg exhibited a stronger
protective effect. These results may due to the possibility
that Sal (at a higher dosage) may lead to the inhibition of
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Figure 2. Effects of Sal on liver function and pathology of mice in ConA-induced liver injury. (A) Levels of serum ALT and AST. (B) H&E staining of liver
sections (original magnification, x200). There were extensive areas of necrosis, which were eosinophilic and disorganized (circled by green lines), and an
increased inflammatory response (indicated by black arrows) in liver tissues treated with ConA alone, and these effects increased over time. However, Sal
treatment attenuated these effects at the three time points, indicated by the decreased areas of necrosis. (C) Necrotic and edema areas in H&E-stained sections
were analyzed with Image-Pro Plus software 6.0. Data are presented as the mean + standard deviation (n=6). 'P<0.05 vs. NC; “P<0.05 vs. ConA (25 mg/kg);
P<0.05 vs. Sal (10 mg/kg) + ConA (25 mg/kg). Sal, salidroside; ConA, concanavalin A; NC, negative control; H&E, hematoxylin and eosin; ALT, alanine
aminotransferase; AST, aspartate aminotransferase.

apoptosis and autophagy of hepatocytes, therefore the injured  in liver tissues. Immunohistochemical staining was used to
but not dead cells induced an excessive secretion of TNF-a  determine the expression of IL-6 and TNF-a (Fig. 3E), and
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the results were consistent with those of ELISA, qPCR and
western blot analyses. These results provided strong evidence
that pretreatment with Sal may reduce the release of inflam-
matory cytokines, including IL-1f, IL-6 and TNF-a, in
ConA-induced liver injury at the transcriptional and transla-
tional levels.

Sal pretreatment attenuates hepatocyte apoptosis in
ConA-induced liver injury. B-cell lymphoma-2 (Bcl-2)
is considered to be an anti-apoptotic protein, while
Bcl-2-associated X protein (Bax), caspase-3 and caspase-9 are
known to be markers of apoptosis (17). RT-qPCR and western
blot analysis were performed to detect the expression of apop-
tosis markers at the mRNA and protein levels. As indicated
in Fig. 4A-C, the relative expression of Bax, caspase-3 and
caspase-9 was significantly enhanced at the three time points
after ConA treatment compared with the control; however,
this enhancement was significantly attenuated by pretreatment
with Sal. Relative expression of Bcl-2 exhibited the opposite
results. The results of immunohistochemical staining were
consistent with those of qPCR and western blotting (Fig. 4D).
Furthermore, a TUNEL assay was performed to investigate
apoptosis levels in liver tissues. The positive areas, which
represented apoptotic cells, were significantly larger in the
ConA group compared with the NC group. However, in the
Sal pretreated groups, the positive ratio was significantly
decreased and 20 mg/kg Sal exhibited a larger effect compared
with 10 mg/kg Sal (Fig. 4E). These results demonstrate that
Sal may attenuate hepatocyte apoptosis in ConA-induced liver
injury.

Sal pretreatment inhibits hepatocyte autophagy in
ConA-induced liver injury. Beclin-1 and LC3 serve key
functions in the process of autophagy (17). p62 is an
ubiquitin-binding protein involved in autophagy that can be
degraded in autophagosomes (41). RT-qPCR and western
blot analyses indicated that ConA significantly upregulated
beclin-1 and LC3 expression and significantly downregu-
lated p62 expression compared with the control (Fig. SA-C).
However treatment with Sal reversed this effect, particularly
Sal (20 mg/kg). There was an exception as Sal (10 mg/kg)
had a better effect at inhibiting the ration of LC3 II/LC3 I at
8 and 24 h. This was consistent with the statistical analysis
of the western blot analysis of TNF-a in Fig. 3D, where a
higher TNF-a level may also lead to a higher level of hepato-
cytes injuries and autophagy. Immunohistochemical analysis
revealed a significantly increased expression of beclin-1
and LC3 in the ConA group compared with the NC group
(Fig. 5D). Treatment with Sal significantly downregulated
the expression of beclin-1 and LC3 and Sal (20 mg/kg) was
significantly more effective than Sal (10 mg/kg). (Fig. 5D).
These results demonstrate that Sal inhibits autophagy in
hepatocytes.

Sal activates the PI3K/Akt signaling pathway in ConA-induced
liver injury. To determine whether the protective effect of Sal
on ConA-induced liver injury is mediated by the PI3K/Akt
signaling pathway, the protein levels of PI3K, Akt and phos-
phorylated (p-)Akt were detected. The results indicated that
ConA injection downregulated PI3K and p-Akt/Akt at the three
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time points tested compared with the levels in the NC group.
However, Sal pretreatment suppressed the decreasing effect
significantly at 2 and 24 h (Fig. 6A). Immunohistochemistry of
PI3K and p-Akt also indicated a significant decrease in protein
levels in the ConA group compared with the control, and a
significant increase in the Sal pretreated groups (Fig. 6B). In
summary, these results indicate that Sal pretreatment may
activate the PI3K/Akt signaling pathway in ConA-induced
liver injury.

Sal pretreatment ameliorates liver injury in ConA-induced
liver injury, at least in part through the PI3K/Akt signaling
pathway. 1LY294002, a specific inhibitor of PI3K, was used
to verify whether the protective effect of Sal was associ-
ated with PI3K. Levels of serum liver enzymes and the
mRNA and/or protein expression of TNF-a, IL-6, Bcl-2,
Bax, beclin-1, LC3 and p-Akt were detected with or without
LY294002 treatment. As indicated in Fig. 7, the protective
effective of Sal was significantly reversed by LY294002,
with an increase of liver enzymes, an increase of TNF-a,
IL-6, Bax, beclin-1 and LC3 mRNA and protein levels, a
decrease of Bcl-2 mRNA and protein levels and a decrease
of p-Akt protein levels. These results suggest that Sal could
activate the PI3K/Akt signaling pathway in ConA-induced
liver injury. In addition, these results indicate that the
inflammatory response, apoptosis and autophagy processes,
which lead to liver injuries in this model, are associated with
the PI3K/Akt pathway.

Salincreases cell viability and reduces cell apoptosis induced
by TNF-a in vitro. The hepatocyte viability was measured
by CCK8 assay. In the Sal (0 uM) group where the cells
were treated with TNF-a alone the viability of the cells was
reduced to 21.55+1.52% (data not shown). When the cells were
treated with Sal, their viability was then gradually enhanced
(Fig. 8A). The results indicated that hepatocyte viability
was injured by TNF-a treatment (data not shown). However,
Sal pretreatment could enhance hepatocyte viability in a
dose-dependent manner (Fig. 8A). The half maximal inhibi-
tory concentration (ICs) of Sal was 37.61 uM. This indicated
that Sal protected the primary hepatocytes from inflamma-
tory damage induced by TNF-a. Then, 40 xM Sal was used
for subsequent treatment. The flow cytometry and western
blot results of Bcl-2 and Bax indicated that TNF-a treatment
could significantly induce apoptosis in primary hepatocytes
(Fig. 8B-E). However, pretreatment with Sal significantly
reduced the induction of apoptosis (Fig. 8B). LY294002
was used to detect whether the PI3K/Akt signaling pathway
was activated in hepatocytes by western blot analysis. The
results revealed that if cells were treated with Sal alone, the
tested protein expression did not significantly change. This
confirmed the safety of Sal in vitro. In the TNF-a group,
the protein expression of p-Akt and Bcl-2 were significantly
reduced compared with the NC group, while the Bax, Beclin-1
and LC3 II/LC3 I levels were significantly enhanced (Fig. 8E).
However, when the cells were treated with a combination of
TNF-a and Sal the results were reversed, which indicated that
Sal may inhibit the apoptosis and autophagy process in vitro.
When the cells were co-treated with Sal and LY294002 the
protective effects of Sal were reversed. This suggested that
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Figure 3. Sal pretreatment inhibits the release of IL-1f, IL-6 and TNF-o in ConA-induced liver injury. (A) Serum IL-6 and TNF-a levels were measured
using ELISA kits at 2, 8 and 24 h after ConA injection in mice. (B) Relative mRNA levels of IL-1f, IL-6 and TNF-a were evaluated in each group by
reverse transcription-quantitative polymerase chain reaction. (C and D) Protein expression of IL-1f, IL-6 and TNF-o was detected by western blot analysis.
(E) Immunohistochemistry was used to detect IL-6 and TNF-a expression in liver tissues (original magnification, x200). The ratio of brown area to total area
was analyzed with Image-Pro Plus software 6.0. Data are presented as the mean + standard deviation (n=6). "P<0.05 vs. NC; *P<0.05 vs. ConA (25 mg/kg);
"P<0.05 vs. Sal (10 mg/kg) + ConA (25 mg/kg). Sal, salidroside; ConA, concanavalin A; NC, negative control; IL, interleukin; TNF-a., tumor necrosis factor-a.

the PI3K/Akt signaling pathway was activated by TNF-o and  Discussion
the apoptosis and autophagy levels were regulated through
the PI3K/Akt signaling pathway (Fig. 8D and E). AIH was first reported by Jan Waldedm in 1950 (3). AIH may



SPANDIDOS EXPERIMENTAL AND THERAPEUTIC MEDICINE 15: 4599-4614, 2018 4607

Relative caspase-3 mRNA

Hours post Cond injection

= ne EA sal (10 makg) + ConA (25 makg)
B8 Cond (25 maika) B Sal (20 mgikg) + Cond (25 mgikg)

B :
- EaEE WEEN neen
~eEEe BEEE B
= N SN SE e
caspase-3
= FENE Suss HEEN
- Besm

N oSyl Sllaghy S fengly K GeADaghy sDingy sy N GmARegly) Siitegly  SWpeghy
ok t5mli]  +Caed 5 mply] Hleh [Ty} ooed By} ok [Himgly) olond Kimgly)

h ih uh

B-actin

Cleaved caspase-3 Cleaved caspase-

{refative to NC)

+ ® *

* L il . W o

Hours post Condl injection Hours post Cond injection Hours post Cond injection Hours post Cond injection
= N Sal (10 mgkg) + ConA (25 maikg)
EER ConA (25makg) B Sal (20 makg) + ConA (25 makg)

fi nA Sal (20 mg/kg)
(25 mg/kg) +ConA (25 mg/kg)  +ConA (25 mglkg)
0 NG EA sal (10 mgkg) + Cond (25 maikg)
EER ConA (25mgikg) ER Sal (20 mgkg) + Cond (25 mgikg)

Positive rate (%)

- - -
NC ConA

Sal (10 mg/kg) Sal (20 mg/kg)
(25 mglkg) +ConA (25 mg/kg)  +ConA (25 mg/kg)

Figure 4. Sal pretreatment downregulates apoptosis in ConA-induced liver injury. (A) Relative mRNA levels of Bcl-2, Bax, caspase-3 and caspase-9.
(B and C) Protein expression of Bcl-2, Bax, caspase-3 and caspase-9. (D) Immunohistochemistry was used to detect Bcl-2 and Bax (original magnification,
x200). The ratio of brown area to total area was analyzed with Image-Pro Plus software 6.0. (E) TUNEL staining indicated apoptotic cells in the four groups
at 8 h after ConA injection (original magnification, x200). The percentage of TUNEL-positive cells was determined by Image-Pro Plus software 6.0. Data
are presented as the mean + standard deviation (n=6). 'P<0.05 vs. NC; "P<0.05 vs. ConA (25 mg/kg); 'P<0.05 vs. Sal (10 mg/kg) + ConA (25 mg/kg). Sal,
salidroside; ConA, concanavalin A; NC, negative control; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein.

progress to end-stage liver disease, including liver cirrhosis or  providing opportunities for researchers to investigate the
even hepatocellular carcinoma (42). Currently, immunosup-  mechanism and treatment of AIH (36,43,44).

pressive treatment is primarily used in the clinic (3). ConA Wu er al (22) reported that Sal exerts protective effects
is used as a suitable animal model to establish AIH in vivo, against acetaminophen-induced liver toxicity in mice. Sal was
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microtubule-associated protein 1A/1B-light chain 3.

also demonstrated to alleviate oxidative damage in the livers of
rats with non-alcoholic steatohepatitis (27). Our previous study
indicated that Sal could reduce hepatic ischemia reperfusion
injury (32). These findings suggest that Sal exerts beneficial
effects on liver function.

In the present study, it was identified that Sal functioned
as an anti-inflammatory agent to prevent ConA-induced
liver injury in mice. Inflammation is the central process
of ConA-induced liver injury. After intravenous injection,
ConA accumulates specifically in the liver, binding to the
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mannose-rich glycoproteins on liver sinusoidal endothe-
lial cells (5,6,45). This leads to the activation of T cells,
particularly CD4* T cells. Finally, T cells secrete a series of
cytokines, including IL-1p, IL-6, TNF-a, IFN-y and 1L-2.
When inflammation occurs, it results in liver injury and the
elevation of aminotransferase levels in the serum (5,6,19,45).
In the present study, the results indicated that pretreatment
with Sal suppressed the release of IL-1p, IL-6 and TNF-a
in the serum and in liver tissue. Therefore, the inflamma-
tory reaction is inhibited by Sal to protect liver tissues from
ConA-induced liver injury.

A number of studies have demonstrated that Sal may
activate the PI3K/Akt pathway to protect cardiomyocytes,
hepatocytes and brain function, and protect against colorectal
cancer (21,23,46,47). Based on these findings, it was examined
whether the effects of Sal pretreatment were mediated by
the regulation of PI3K/Akt signaling in the current model.
LY294002 is a potent and reversible inhibitor of PI3K, which
competes for the ATP binding site of PI3K, resulting in cell
cycle arrest, induction of apoptosis and negative feedback of the
inflammatory response (34,48). The current results indicated
that the protein level of p-Akt was decreased in ConA-treated
groups, whereas Sal reversed this effect. However, if LY294002
was used, the protective effect of Sal was reversed again.
Hence, it was concluded that Sal acts as a protective factor in
ConA-induced liver injury by activating the PI3K/Akt pathway.

The PI3K/Akt pathway is widespread in cells and serves
key functions in cell growth, proliferation, apoptosis and
autophagy (49-51). Following activation, PI3K further acti-
vates Akt, leading to its phosphorylation and translocation
from the cytoplasm to the cell membrane. The activation of
p-Akt causes a series of changes in cytokines associated with
apoptosis. Firstly, p-Akt phosphorylates Bcl-2-associated
death promoter (Bad), a pro-apoptotic Bcl-2 family member,
inhibiting the interaction between Bad and Bcl-2. The release
of Bcl-2 has an anti-apoptotic effect, leading to the inhibition
of its proteolytic activity (49). Secondly, p-Akt phosphorylates
Bax, which translocates to the mitochondrion and induces the
release of cytochrome c and the activation of caspases (52).
Bax is inactivated by phosphorylation, leading to the inhibition
of apoptosis. Thirdly, p-Akt also phosphorylates caspase-9
at Serl196, activating the conversion of procaspase-3 into
caspase-3 causing a conformational change and leading to the
inhibition of its proteolytic activity. This results in apoptosis
(Fig. 9) (53).

In the current study, the expression of apoptosis-associated
proteins was evaluated in liver tissues, including Bcl-2, Bax,
caspase-3 and caspase-9. The results indicated that Sal upregu-
lated the expression of Bcl-2 and downregulated the expression
of Bax, caspase-3 and caspase-9. These results strongly support
the hypothesis that Sal suppresses apoptosis in ConA-induced
liver injury by activating the PI3K/Akt pathway.
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The PI3K/Akt pathway serves a function in the regulation
of autophagy (54). Autophagy was first described as a process
by which cells digest organelles and recycle their components
in 1963 (17,55). However, accumulating evidence suggests that
autophagy also has a cytoprotective role under physiologi-
cally relevant conditions (12). The Japanese scientist Ohsumi
Yoshinori won the Nobel Prize in 2016 for his contribution

to elucidating the mechanism of autophagy. Beclin-1, the
mammalian ortholog of the yeast protein autophagy-related
gene-0, interacts with PI3K class III, also known as vesicular
protein sorting 34 (VPS34), and serves a critical function
in the nucleation process of autophagy (17). LC3 is widely
used as a marker for monitoring the autophagy process. LC3
I exists in the cytosol, whereas LC3 II is conjugated to the
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autophagosomal membrane and serves a key function in the  used as an index to evaluate the degree of autophagy. In addi-
membrane extension of autophagosomes and the eventual tion, p62 is an ubiquitin-binding protein involved in autophagy
closure of the vesicle (9). Therefore, the LC3 II/LC3 I ratio is  that is selectively degraded in autophagosomes (41). Overall,


https://www.spandidos-publications.com/10.3892/etm.2018.6053
https://www.spandidos-publications.com/10.3892/etm.2018.6053

4612

AT
Macrophages

FENG et al: SALIDROSIDE ATTENUATES APOPTOSIS AND AUTOPHAGY IN LIVER

Figure 9. Sal ameliorates apoptosis and autophagy via activating the PI3K/Akt pathway in ConA-induced liver injury. In ConA-induced liver injury, the levels
of IL-1f, IL-6 and TNF-a increase in the serum and liver tissues. Sal pretreatment reduces the production of these pro-inflammatory cytokines to relieve liver
injury. Furthermore, Sal may activate the PI3K/Akt pathway to ameliorate liver injury. Following PI3K/Akt activation, Bad and Bax are phosphorylated and
deactivated, and Bcl-2 is released from Bad, leading to the inhibition of apoptosis. Akt could also inhibit the production of caspase-9 to alleviate apoptosis.
Released Bcl-2 conjugates with beclin-1 to form the Bcl-2/ beclin-1 complex, interfering with the interaction between beclin-1 and VPS34, inhibiting the
autophagy process. Thus, Sal successfully decreases liver injury in ConA-induced liver injury in mice. Sal, salidroside; ConA, concanavalin A; Bcl-2, B-cell
lymphoma-2; Bax, Bcl-2-associated X protein; Bcl-2-associated death promoter; LC3, microtubule-associated protein 1A/1B-light chain 3; IL, interleukin;
TNF-a, tumor necrosis factor-a; PI3K, phosphoinositide 3-kinase; mTOR, mechanistic target of rapamycin; VPS34, vesicular protein sorting 34.

the levels of beclin-1 and the LC3 II/LC3 I ratio increase,
while the level of p62 decreases, when autophagy is activated.

Autophagy is regulated by two pathways. The first pathway
is mediated by Bcl-2, which acts on the beclin-1/VPS34
connection and regulates both apoptosis and autophagy.
Bcl-2 interacts with beclin-1 under normal conditions,
forming the Bcl-2/beclin-1 complex, which disrupts the
interaction between beclin-1 and VPS34 and inhibits
autophagy (17,41,56). However, under conditions of stress,
such as the toxicity from ConA, the Bcl-2/beclin-1 complex is
disrupted and autophagy is enhanced. The other pathway is the
mechanistic target of rapamycin pathway, which is regulated
by PI3K/Akt, mitogen-activated protein kinase/extracellular
signal-regulated kinase and tuberous sclerosis protein 1/2,
among others (10,12).

Previous studies have indicated that the autophagy process
is enhanced in ConA-induced liver injury models (10-12,57).
The results of the present study were consistent with previous
findings. Furthermore, Sal pretreatment decreased the levels
of beclin-1 and the LC3 II/LC3 I ratio and increased the
level of p62. These findings indicate that Sal may relieve
ConA-induced liver injury by regulating autophagy, possibly
through the PI3K/Akt pathway.

Certain traditional Chinese preparations that contain Sal
have been used in traditional Chinese medicine to improve
cardiovascular disorders and chronic cerebral circulatory
insufficiency (58). This suggests that it is possible to develop an

efficient and stable Sal agent as a functional food to decrease
the occurrence of AIH. This could be used clinically for the
treatment of AIH, and potentially for other liver diseases. Sal
also inhibits the proliferation of hepatocellular carcinoma cells
in vitro (25). Since hepatitis, liver cirrhosis and hepatocellular
carcinoma are closely connected, Sal may have potential uses
as an anticancer agent as well.

It should be noted that the present study had several limita-
tions. First, the mechanisms involved in ConA-induced liver
injury are complex. Further research is required to elucidate
the exact mechanism of ConA-induced liver injury. Second,
the present study was performed in mice, and additional
studies are required to examine the protective effects of Sal on
liver injury in human beings.

In conclusion, the present study demonstrated that Sal
is a safe agent for the treatment of liver injury in mice. It
was identified that Sal may alleviate liver injury induced by
ConA through two mechanisms. Firstly, Sal suppressed the
inflammatory reaction in serum and liver tissues. Secondly,
Sal activated the PI3K/Akt signaling pathway, inhibiting
apoptosis and autophagy in vivo and in vitro. These results
indicate that Sal may be a potential therapeutic agent for
AIH.
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