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Objective: Hepatic ischemia reperfusion (IR) limits the development of liver transplantation
technology. The aim of this study was to explore the protective effects of Bergenin on
hepatic IR, particularly the elimination of reactive oxygen species (ROS) and activation of
the peroxisome proliferators activated receptor y (PPAR-y) pathway.

Methods: Initial experiments were performed to confirm the non-toxicity of Bergenin. Mice were
randomly divided into sham, IR, and IR + Bergenin (10, 20 and 40 mg/kg) groups, and serum and
tissue samples were obtained at 2, 8 and 24 h for detection of liver enzymes (ALT and AST),
inflammatory factors (TNF-a, IL-6 and IL-1), ROS, cell death markers (Bcl-2, Bax, Beclin-1 and
LC3) and related important pathways (PPAR-y, P38 MAPK, NF-kB p65 and JAK2/STAT1).
Results: Bergenin reduced the release of ROS, down-regulated inflammatory factors, and
inhibited apoptosis and autophagy. Additionally, expression of PPAR-y-related genes was
increased and phosphorylation of P38 MAPK, NF-kB p65 and JAK2/STAT 1-related proteins
was decreased in Bergenin pre-treatment groups in a dose-dependent manner.

Conclusion: Bergenin exerts hepatic protection by eliminating ROS, affecting the release
of inflammatory factors, and influencing apoptosis- and autophagy-related genes via the
PPAR-y pathway in this model of hepatic IR injury.

Keywords: hepatic ischemia reperfusion, Bergenin, reactive oxygen species, apoptosis,
autophagy

Introduction

With economic and medical developments, more and more patients with end-stage
liver disease are needing liver transplants.' However, hepatic ischemia-reperfusion
(IR) injury is an inevitable pathophysiological condition following this type of
surgery. IR can cause acute inflammation, liver failure, multiple organ failure and
even death.>* At present, there is no definite and effective intervention method,
hence it is necessary to identify more economical and effective drugs for the
prevention and treatment of symptoms suffered by liver transplant recipients.

The molecular mechanisms involved in liver IR injury are complex and diverse,
involving the activation of Kupffer cells and neutrophils, the release of reactive
oxygen species (ROS) and the production of inflammatory chemokines.>® Kupffer
cells and neutrophils play a central regulatory role in the pathological mechanism.
Activated Kupffer cells in the early stages of hepatic ischemia produce large quan-
tities of ROS, which induces oxidative stress and stimulates inflammatory cascades,
resulting in hepatocyte necrosis and apoptosis by promoting TNF-a, IL-6, IL-1p and
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other inflammatory factors.” ROS can act as central meta-
bolites that initiate activation of apoptosis-related signalling
pathways.”* Normally, ROS are in a dynamic equilibrium,
but during reperfusion, ROS released by neutrophils reach
cytotoxic levels, resulting in the loss of protein function,
which leads to rapid necrosis of hepatocytes.* This also
affects PPAR-y in endothelial cells and hepatocytes, thereby
activating sensitive transcription factors such as NF-kB p65
and JAK/STATSs.

PPAR-y is a nuclear transcription factor belonging to the
nuclear hormone receptor superfamily and is expressed in
liver, kidney, the nervous system and tumours.” It can affect
the expression of ROS and inflammatory factors by regulating
macrophage activation.'™'" In recent years, the role of PPAR-y
in IR has been extensively studied, most intensely for
myocardial IR.'*!* PPAR-y and AMPK were identified as
advantageous targets for myocardial IR therapy, and
MicroRNA-370 can protect against myocardial IR injury in
mice following sevoflurane anaesthetic preconditioning via
the PPAR signalling pathway.'*'> Similar findings have also
been reported for IR studies in kidney, intestine and brain."® "
These studies indicate that PPAR-y is down-regulated in IR,
and agonists such as 15-deoxy-A'*'*-prostaglandin J2 and
rosiglitazone can alleviate IR-induced injury. Furthermore,
ROS and inflammatory factors such as TNF-a, IL-6 and IL-
1B can down-regulate PPAR-y, the status of which is mainly
influenced by the mitogen-activated protein kinase (MAPK)
family pathway.”*' PPAR-y and activated retinoid X receptor
o (RXR-a) form isomeric dimers that regulate the subsequent
expression of NF-kB p65 and JAK/STATS, and further affect
the regulation of inflammatory factors, apoptosis, and
autophagy.”” Therefore, PPAR-y is one of the key pathways.

At present, there is no definite and effective method for
the prevention and/or treatment of IR. Remote ischemic
preconditioning has been proposed, but not yet demon-
strated. Drug pre-treatment, which uses exogenous bioac-
tive substances to reduce IR injury, has been applied in
some clinical studies, and some low- and medium-
molecular-weight natural products have been developed
that are cheap to extract and have minimal side effects.
For example, we previously showed that salidroside, astax-
anthin, fucoidan and other compounds are effective against
liver IR-induced injury.>**° Bergenin is an isocoumarin
compound first isolated from Brassica oleracea that has
since been extracted from a wide variety of plant sources
using simple and economical extraction processes.
Bergenin has many biological activities including antiox-
idant, anti-inflammatory, anti-tumour, anti-virus, analgesia

and cough relief properties.’®>° Intragastric administration
at a dose of 3 g/kg has no toxic effects on the growth and
development of mice, and no toxic manifestations in heart,
lung, liver, kidney or gastrointestinal organs.’® Bergenin
protects liver function against D-galactosamine-induced
hepatotoxicity in rats.>! However, there is no definitive
mechanistic research on the protective effects against hepa-
tic IR.

In view of the important role of oxidative stress-related
ROS production in liver IR injury, ROS clearance may be
important for achieving therapeutic effects. To this end, we
herein explored the strong antioxidant activity of Bergenin.
The effects of Bergenin on PPAR-y and its associated path-
ways were investigated, especially from the perspective of
ROS clearance and interference with apoptosis and autop-
hagy induced by IR. The findings provide a valuable theo-
retical basis for clinical application.

Materials and Methods

Reagents

Bergenin (CAS: 477-90-7, purity >98.0%) was purchased
from Sigma-Aldrich (Cat. No. 80479, St. Louis, MO, USA)
and stored at 4°C. It was dissolved in physiological saline for
animal treatments. GW9662 (Cat. No. HY-16578, purity:
99.53%) was obtained from MedChemExpress (NJ, USA)
and dissolved in DMSO. Primary antibodies used in experi-
ments were Bcl-2 (Cat. No. 3498), Bax (Cat. No. 2772),
Caspase-9 (Cat. No. 9508), P38 MAPK (Cat. No. 8690),
p-P38 MAPK (Cat. No. 9216), PPAR-y (Cat. No. 2443),
NF-kB p65 (Cat. No. 8242), p-NF-kB p65 (Cat. No. 3033),
STAT1 (Cat. No. 14994) and p-STAT1 (Cat. No. 9167) from
Cell Signaling Technology, Danvers, MA, USA and LC3-I/I1
(Cat. No. 14600-1-AP), Beclin-1 (Cat. No. 11306-1-AP),
P62 (Cat. No. 18420-1-AP), JAK2 (Cat. No. 17670-1-AP),
p-JAK2 (Cat. No. 15234-1-AP), RXR-a (Cat. No. 21218-
1-AP), and GAPDH (Cat. No. 60004-1-Ig) from Proteintech,
Chicago, IL, USA. ROS Fluorescent Probe-DHE was pur-
chased from Vigorous (Beijing, China). The PrimeScript RT
Reagent Kit and SYBR Premix Ex Taq were obtained from
TaKaRa Biotechnology (Cat. No. RR420A, Dalian, China).
The terminal deoxynucleotidyl transferase dUTP nick end
labelling (TUNEL) apoptosis assay kit was purchased from
Roche (Cat. No. 11570013910, Basel,
Oligonucleotide primers were synthesised by Generay

Switzerland).

(Shanghai, China). Enzyme linked immunosorbent assay
(ELISA) kits for TNF-a, IL-6 and IL-1f were purchased
from eBioscience (San Diego, CA, USA).
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Animal Preparation

Male Balb/c mice (body weight 23 + 2 g) were purchased
from the Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China). They were raised under a 12 h light-
dark cycle at a constant temperature of 24 + 2°C and given
free access to food and water. All experimental protocols
were performed according to the National Institutes of
Health Guidelines and approved by the Animal Care and
Use Committee of Shanghai Tongji University. Throughout
the course of this study, all efforts were made to minimise
the pain and suffering of animals.

We established a 70% liver warm IR model, as
described previously.* Firstly, all mice were fasted before
surgery and given free access to water. Intraperitoneal
injection was performed using 1.25% sodium pentobarbi-
tal (Nembutal, St. Louis, MO, USA), and surgery was
performed after successful anaesthesia. After mouse abdo-
mens were depilated and disinfected, a midline incision
was performed to open the abdominal cavity, and the
portal vein and hepatic artery between the left and middle
lobes of the liver were carefully separated. Clamping with
non-invasive blood vessel clamps showed that the liver
lobe was obviously whitened, and the abdominal cavity
was covered with gauze soaked in physiological saline and
placed on a 37°C constant temperature heating pad for
heat preservation treatment. After 60 min, the blood vessel
clip was quickly removed, and the liver was recovered
(bright red). The abdominal cavity was closed rearing
was continued after awakening.

Experimental Design

In the preliminary study, 24 mice were divided randomly
into four groups of six animals per group; Control, Sham,
Sham+saline, and Sham+ Bergenin (40 mg/kg). In the for-
mal study, 120 mice were randomly divided into five groups
of 24 animals per group; Sham, IR, IR+Bergenin (10 mg/kg,
IRB10), IR+Bergenin (20 mg/kg, IRB20), IR +Bergenin
(40 mg/kg, IRB40). The Bergenin dose was chosen based
on previous research.*>>* Sham groups underwent no
action apart from opening and stitching of the abdominal
cavity. Bergenin (dissolved in physiological saline) groups
were given a corresponding dose (10, 20 or 40 mg/kg) of
Bergenin by gavage at 3 days (once before the operation,
once per day). Mice in the formal study were sacrificed at 2,
8 and 24 h after surgery (eight animals at each time point),
and serum and liver tissues were collected for subsequent
experiments.

Cell Culture and Viability

Normal hepatocyte LO2 cells were purchased from the
Chinese Academy of Sciences Committee Type Culture
Collection Cell Bank. Cell lines were cultured in RPMI-
1640 medium and plated at a density of 2x10° cells/well in
96-well plates in 100 pL of medium per well. Cells were
treated with Bergenin (3 mM) and GW9662 (10 uM)
according to the experiment design for 60 min. Cells
were then treated with hypoxia (3% 02, 5% CO2, and
92% N2) for 24 h and reoxygenated (5% CO2, 95% air)
for 2 h. Cell viability was evaluated by CCK-8 assay. All
experiments were repeated five times.

Biochemical Assays and Histopathological

Evaluation

Serum was collected by centrifuging at 4000 rpm for 10 min
and stored at —80°C. Serum liver enzymes (ALT and AST)
were analysed using an automatic biochemical analyser
(Olympus AU1000, Tokyo, Japan). Inflammatory factors
were assessed by ELISA kits according to manufacturer’s
protocols. Liver tissue was fixed with 4% paraformaldehyde
for at least 24 h, embedded in paraffin, and cut into 5 pm
thick sections that were preserved at room temperature.
Some sections were stained with hematoxylin-eosin (HE)
stain to show pathological changes. Nuclei were stained
purple blue, and the cytoplasm appeared red under a light
microscope (Leica, Wetzlar, Germany).

Liver Tissue ROS Assay

Dihydroethidine (DHE) enters cells through living cell
membranes and is oxidised by ROS to form red fluorescent
ethidine oxide, which can be used to determine quantify
ROS content in cells and measure changes. Liver tissue was
washed with saline and dehydrated overnight at 4°C with
30% sucrose solution. Tissues were prepared with optimum
cutting temperature compound (OCT) and frozen sections
were stored at —20°C. After washing, 10 uM DHE solution
was dripped onto sections and samples were incubated at
room temperature for 30 min. Red areas of tissues were
observed under a light microscope after washing.

SYBR Green Real-Time PCR

Total RNA from liver tissues was extracted with TRIzol,
purified, and quantitatively analysed. RNA was reverse-
transcribed into cDNA and stored at —20°C. SYBR Green
quantitative real-time PCR was performed to detect the expres-
sion of target genes using a 7900HT fast real-time PCR system
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(Applied Biosystems, New York, NY, USA) using appropriate
proportions of primers and SYBR Green reagent. Differences
in gene expression were calculated according to dissolution
curves and reference gene expression. Sequences of primers
used in experiments are shown in Table 1.

Western Blotting Analysis

Fresh liver tissue was ground into a slurry with liquid
nitrogen and radioimmunoprecipitation assay (RIPA) lysis
buffer, centrifuged, quantified with bicinchoninic acid
(BCA), mixed with loading buffer and stored at —20°C.
Sodium dodecyl sulphate polyacrylamide gel electrophor-
esis (SDS-PAGE; 8-12.5% gels) was subsequently per-
formed using samples with the same protein content at 80
V for concentration and 120 V for separation. Separated
proteins were transferred to 0.22 um polyvinylidene fluor-
ide (PVDF) membranes, blocked with 5% bovine serum
albumin (BSA), and incubated with the corresponding pri-
mary antibodies overnight at 4°C. On the second day, phos-
phate buffer solution containing 0.1% Tween 20 (PBST)
was used to remove primary antibodies and membranes
were incubated with fluorescent secondary antibody (anti-

Table | Nucleotide Sequences of Primers Used for qRT-PCR

rabbit or anti-mouse IgG) for 1 h at room temperature. The
strength of protein signals was measured using an Odyssey
two-colour infrared laser imaging system (LI-COR

Biosciences, Lincoln, NE, USA).

Immunohistochemistry

Paraffin-embedded slices were dried in an oven at 67°C for
2 h. After dewaxing with alcohol and xylene, slices were
rinsed with phosphate-buffered saline (PBS) three times, and
antigen retrieval was performed citrate buffer(pH 6). After
microwave treatment for 10 min on medium power, removal
of water and cooling at room temperature, samples were rinsed
with PBS. Each slice was then incubated at room temperature
for 10 min with one drop of 3% hydrogen peroxide to block
the activity of endogenous peroxidase. After washing, one
drop of the corresponding primary antibody was added and
incubated at room temperature for 2 h. After rinsing in PBS
again, polymer reinforcing agent was added and incubated at
room temperature for 20 min. After incubation with horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse sec-
ondary antibodies, diaminobenzidine (DAB) was used to
visualise granular brown substances. Finally, samples were
sealed with neutral gum and imaged using a microscope
equipped with a digital camera (Leica). Image Pro Plus
Software 6.0 (Media Cybernetics, Silver Spring, MD, USA)
was used to measure the integrated optical densities (IOD) of
sections and analyse differences.

TdT-Mediated dUTP Nick End Labelling
(TUNEL) Staining

Paraffin sections were washed twice with xylene and once
with gradient ethanol. Proteinase K working solution was
used to digest tissues for 15-30 min at 37°C. The TUNEL
assay reaction mixture was prepared according to the man-
ufacturer’s instructions and used to treat the corresponding
tissues at room temperature for 20 min. After drying slides,
samples were sealed with neutral gum and a drop of PBS or
glycerol was added to observe apoptotic cells. The specific
observation and analysis methods were performed as
described above for immunohistochemistry experiments.

Transmission Electron Microscopy (TEM)
Flushed liver tissue was perfused with glutaraldehyde buffer
(3%) containing 0.2 mM cacodylate. Samples were then
post-fixed in 1% osmium tetroxide (OsO4) for 1 h and sec-
tions were viewed by TEM using a JEM1230 instrument
(JEOL, Japan) to identify autophagosomes and for further
analysis.

Gene Primer Sequence (5'-3')
TNF-o Forward CAGGCGGTGCCTATGTCTC
Reverse CGATCACCCCGAAGTTCAGTAG
IL-1B Forward GCCACGGCACAGTCATTGA
Reverse TGCTGATGGCCTGATTGTCTT
IL-6 Forward CTGCAAGAGACTTCCATCCAG
Reverse AGTGGTATAGACAGGTCTGTTGG
PPARY Forward GGAAGACCACTGCATTCCTT
Reverse GTAATCAGCAACCATTGGGTCA
RXR-a. Forward ATGGACACCAAACATTTCCTGC
Reverse CCAGTGGAGAGCCGATTCC
Beclin-1 Forward ATGGAGGGGTCTAAGGCGTC
Reverse TGGGCTGTGGTAAGTAATGGA
LC3-Il Forward GACCGCTGTAAGGAGGTGC
Reverse AGAAGCCGAAGGTTTCTTGGG
Bax Forward AGACAGGGGCCTTTTTGCTAC
Reverse AATTCGCCGGAGACACTCG
Bcl-2 Forward GCTACCGTCGTCGTGACTTCGC
Reverse CCCCACCGAACTCAAAGAAGG
GAPDH Forward AATGGATTTGGACGCATTGGT
Reverse TTTGCACTGGTACGTGTTGAT
132 submit your manuscript
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Statistical Analysis

Experimental data are presented as mean= standard devia-
tion (SD) and all statistical analyses were performed using
SPSS v25.0 software (IBM Corp., Armonk, NY, USA).
Student’s t-tests and one-way analysis of variance
(ANOVA) with the Student-Newman-Keuls method fol-
lowed by Tukey’s tests were applied when F was signifi-
cant, according to the characteristics of the data. In all
cases, p <0.05 was considered statistically significant.
Histograms were generated using GraphPad Prism
Software v7.0 for Windows (GraphPad, San Diego, USA).

Results
Bergenin Has No Significant Side Effects

on Liver or Other Major Organs

The non-toxicity of Bergenin was firstly validated. Mice
were randomly divided into treatment and sham groups
and given 40 mg/kg Bergenin (or the same volume of
saline for sham groups) for 3 days. The results showed
revealed no significant differences in ALT and AST
between Bergenin and normal groups, and the other three
groups had almost the same levels of these liver enzymes
(Figure 1A). Furthermore, HE staining of liver was per-
formed to investigate pathological morphology, and all
samples displayed microcytic fission disorder, which may
be related to drug metabolism in vivo (Figure 1B). Indeed,
there were no significant differences in the levels of TNF-
a, IL-6 and IL-1 released in serum, or in apoptosis- and
autophagy-related proteins Bcl-2, Bax, Beclin-1 and key
pathways related to PPAR-y in liver tissues (Figure 1C and
D). The above results indicate that Bergenin had no
obvious side effects on the body.

Bergenin Alleviates Liver Function Injury

Induced by Ischemia-Reperfusion

The rapid increase in ALT and AST is an important marker of
acute liver injury, and the severity of liver IR injury is closely
correlated with time. We selected 2, 8 and 24 h as time points
according to previous studies.**>>> The results showed that
ALT and AST were increased at 2 h after reperfusion and
peaked at 8 h, then declined at 24h. Moreover, at all three
time points, levels of these liver enzymes in Bergenin treat-
ment groups were decreased significantly in a dose-dependent
manner, which indicates that Bergenin had an obvious pro-
tective effect on liver function (Figure 2A). To further vali-
date the above results, we evaluated pathological changes in

liver tissue, and the IR group displayed disordered

morphological cell arrangement and damaged tissue struc-
ture, and these features worsened over time. However, the
area of necrotic liver tissue was significantly reduced after
drug pre-treatment in the IRB40 group (Figure 2B). The
above results indicate that Bergenin can reduce cell necrosis
caused by hepatic IR, and the higher the dose, the better the
effect.

Bergenin Can Effectively Eliminate ROS
and Inhibit the Release of Inflammatory

Factors

The release of ROS and inflammatory factors (TNF-o, IL-6
and IL-1pB) following macrophage activation induced by
ischemia is an important link in IR injury with key signifi-
cance in aggravating microcirculation disorders in liver.
Therefore, we chose the 8h time point characterised by the
most severe injuries for further exploration. It was found that
the ROS content (red fluorescence) was increased signifi-
cantly in the IR group, but decreased in drug treatment
groups (Figure 3A). Furthermore, the effect of a high dose
was more pronounced than a low dose. We also explored
inflammatory factors in terms of serum levels, gene tran-
scription and protein expression. ELISA and PCR data
showed that pre-treatment with Bergenin significantly inhib-
ited the release of inflammatory factors at each time point
(Figure 3B and C). In order to visualise morphological
changes, we performed immunohistochemical staining of
liver slices, and the appearance of brown granules confirmed
expression of TNF-a and IL-6. Consistent with the observed
changes in serology and gene transcription, inflammatory
factors were elevated in the IR group but decreased signifi-
cantly after Bergenin treatment (Figure 3D). These results
suggest that Bergenin can eliminate the production of ROS
and inflammatory factors induced by liver IR.

Bergenin Activates PPAR-y and Inhibits
Phosphorylation of Factors in Related

Pathways

PPAR-y is an important pathway in hepatic IR. It plays
a crucial role in regulating cell growth, differentiation and
adaptation to environmental stress. We screened key path-
ways related to ROS and inflammatory factors, such as
P38 MAPK, NF-xB p65 and JAK2/STAT1, according to
the proposed IR mechanism, in order to explore the hepa-
toprotective effects of Bergenin. Firstly, we measured the
expression of PPAR-y in liver. The results showed that
PPAR-y was significantly increased in Bergenin-treated

Drug Design, Development and Therapy 2020:14
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liver tissues at both mRNA and protein levels, and RXR-a
was up-regulated synchronously, but inhibited in the IR
group (Figure 4A). Furthermore, the upstream P38 MAPK
is also very sensitive to ROS generation in the IR group.
We therefore measured phosphorylation of P38 MAPK in
different groups, and phosphorylation was clearly inhib-
ited by drug treatment (Figure 4B). We also analysed the
phosphorylation ratio of P38 MAPK, and the results were
consistent with the observed changes in ROS (Figure 4C).
Meanwhile, PPAR-y regulates a variety of downstream
genes, and NF-kB p65 and JAK2/STAT1 are closely
related to oxidative stress and inflammation. We therefore
evaluated protein phosphorylation and tissue expression
levels, and the results were consistent with the inflamma-
tory factor release levels described above (Figure 4D).
Therefore, we believe that Bergenin activates PPAR-y by
clearing ROS and regulating the P38 MAPK pathway,
which
related to inflammatory factor release.

subsequently regulates downstream pathways

Bergenin Can Effectively Inhibit Liver
IR-Induced Apoptosis and Autophagy

Apoptosis and autophagy are important death modes besides
cell necrosis, and the interaction between apoptosis and
autophagy plays an important role in IR injury. Therefore,
we assessed the known markers Bcl-2, Bax, and caspases (for
apoptosis) and Beclin-1, LC3-II and P62 (for autophagy) to
evaluate programmed cell death. The results of PCR and
Western blotting showed that Bergenin promoted the expres-
sion of anti-apoptotic protein Bcl-2, consistent with the
expression of PPAR-y. At the same time, it inhibited the
expression of Bax and caused an imbalance in the Bcl-2/
Bax ratio (Figure 5A and B), which is important for apoptosis
in vivo. The corresponding mitochondrial apoptotic proteins
caspase-9 were clearly decreased (Figure 5B). Similarly, the
increase in Beclin-1 and LC3-II and the decrease in P62 in
the IR group indicate that autophagy was increased signifi-
cantly, while Bergenin inhibited the occurrence of autophagy.
The above results were verified by immunohistochemical
staining and shown to be reliable (Figure 5C).

TUNEL staining and electron microscopy are impor-
tant methods for probing apoptosis and autophagy.
Compared with the sham group, autophagic vacuoles
were increased significantly in the IR group, but autopha-
gosomes were not easily detected after drug treatment.
Meanwhile, TUNEL staining also revealed that apoptotic
cells were increased in the IR group and decreased in the

drug treatment groups (Figure 5D). In conclusion, these
results suggest that Bergenin not only reduces cell necro-
sis, but also inhibits cell apoptosis and autophagy.

Bergenin Activates PPAR-y and Inhibits
Phosphorylation of NF-kB P65 in vitro

In order to further verify the mechanism, we used normal
hepatocyte (LO2) cells for hypoxia treatment to simulate
the injury mechanism in vivo. Before this, Bergenin and
PPAR-y inhibitor GW9662 were added to cells for pre-
treatment. The results showed that Bergenin could effec-
tively protect against cell death caused by hypoxia, and the
proportion of dead cells was increased again after inhibit-
ing PPAR-y activation (Figure 6A). By contrast, PCR and
Western blotting results showed that Bergenin may also
play a role in hepatocyte protection by activating PPAR-y
and inhibiting NF-kB p65 in vitro (Figure 6B and C).

Discussion
Liver IR injury is an important factor restricting the develop-
ment of liver transplantation in patients with end-stage liver
disease, and reducing the extent of IR injury could represent
a breakthrough. Bergenin is a natural secondary metabolite
extracted from the rhizomes, bark and leaves of many plant
families and genera. Its pharmacological activities are diverse,
and is has been included in the Pharmacopoeia as an antitus-
sive drug, but it is also useful for antioxidation treatment.

Non-toxicity of drugs is a precondition for their appli-
cation. Herein, we first used a high dose of Bergenin
(40 mg/kg) to explore potential changes in liver function
and the pathological performance of organs in mice, and
found that this dose had no significant effects in vivo.
Thereafter, we established a transient IR model and per-
formed pre-treatment with various doses of Bergenin
before the model was established. A significant increase
in liver enzymes indicated that liver IR caused extensive
hepatocyte necrosis, since ALT and AST were released
into the blood in large quantities. By contrast, in the
drug treatment groups, liver enzyme levels displayed
a steady decline with increasing drug dosage. HE staining
showed that the necrotic area was consistent with the
levels of hepatic enzymes, which indicates that Bergenin
played a significant role in liver protection. This is con-
sistent with the results of previous studies.*

When cells are stimulated by physical, chemical or
biological factors, excessive quantities of ROS can be pro-
duced and this stress is important for adaptation. Studies
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Figure 6 Bergenin activates PPAR-y and inhibits phosphorylation of NF-kB pé5 in vitro. (A) Cell viability were measured by CCK-8 assay (n=8). (B) mRNAs expression of
PPAR-y assessed by real-time PCR (n = 8). (C) Western blotting of PPAR-y and RXR-a and phosphorylated NF-kB. Statistical analysis was performed by Image 6.0 (n = 6).
*p <0.05 for IR vs sham, #p <0.05 for IR+Bergenin vs IR, *p <0.05 for IR+Bergenin+GW9662 vs IR+Bergenin.

have shown that ROS in liver IR are produced by Kupffer
cells and neutrophils. ROS activate a series of pathways
including the MAPK signalling pathway, and induce the
release of TNF-a, IL-6 and IL-1f, which further aggravate
cell damage.®** Gao and colleagues demonstrated that
Bergenin decreases levels of NO, TNF-a, IL-6 and IL-18,
which are increased in lipopolysaccharide (LPS)-induced
mouse mastitis.”” Meanwhile, Bergenin is known to ame-
liorate diabetic nephropathy in rats by suppressing renal
inflammation.*® Thus, we investigated ROS and inflamma-
tory factors related to this process using molecular biologi-
cal methods, and the results also confirmed that Bergenin
can effectively eliminate oxidative stress products produced
during IR, and reduce the production of inflammatory fac-
tors. This may be related to the formation of beta-
conformational carbohydrates from 4-methylated gallic
acid and glucose, consistent with previous studies on IR,
but the pathway through which ROS plays a protective role
in hepatocytes has not been clearly elucidated.

Studying PPAR-y and its receptors is important for under-
standing IR."* PPAR-y controls the metabolism of many cells
and it regulates upstream MAPK family members, while
downstream factors mediate multiple pathways such as
NF-kB p65, JAK2/STAT1 and NFAT pathways.>’** MAPK
is an important transmitter of signals from the cell surface to
the nucleus that can be activated by various extracellular
stimuli such as cytokines, neurotransmitters, hormones, cell
stress and cell adhesion.***® NF-kB p65 and JAK2/STATI
signalling pathways are involved in inflammation through
complex molecular regulation. In a previous study, our team
demonstrated that 15-Deoxy-/\-12,14-Prostaglandin J2 (15d-
PGJ2) can improve liver function by activating PPAR-y to
inhibit NF-kB p65, and the role and mechanism of the
PPAR-y natural ligand activator-15d-PGJ2 in liver has since
reviewed.* ™ Herein, we carried out molecular biological
studies on PPAR-y as well as upstream and downstream path-
ways. Firstly, we found that activation and expression of
PPAR-y in IR were significantly inhibited, whereas PPAR-y
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was activated in drug treatment groups, corresponding to
improved liver function. By contrast, increased phosphoryla-
tion of P38 MAPK in the IR group was decreased following
Bergenin pre-treatment, consistent with the observed changes
in ROS. In addition, down-regulation of phosphorylated NF-
kB p65 and JAK2/STAT1 by PPAR-y in drug treatment groups
may affect the release of inflammatory factors, leading to cell
death. Thus, we demonstrated that the release of inflammatory
factors such as TNF-a, IL-6 and IL-1B was reduced by
Bergenin. The mechanism may involve activation of PPAR-y
induced by inhibiting P38 MAPK phosphorylation, thereby
weakening the ability to induce hepatocyte death via NF-xB
p65 and JAK2/STAT1.

It is generally believed that cell death may involve necro-
sis, apoptosis and autophagy, and the balance between apop-
tosis and autophagy plays an important role in cell
survival.*** Besides ROS-induced cell necrosis, apoptosis
and autophagy are also important in cell death in IR.
Apoptosis is related to the severity of ischemia and the time
of reperfusion.*®*’ Effective inhibition of apoptosis can pro-
tect the liver from IR injury.*®> Autophagy is a ubiquitous life
process in eukaryotic cells. Under short-term hypoxia and
starvation conditions, autophagy is activated and plays a dual
regulatory role.*® Epicatechin gallate can protect HBMVECs
from IR injury by ameliorating apoptosis and autophagy, but
Alliin alleviates myocardial IR injury by promoting
autophagy.**° Initial autophagy is an important defence
mechanism to remove damaged cell structures and aging

S

=

Neutrophils and macrophages

organelles from degraded cells. However, excessive autop-
hagy and apoptosis in the latter stages cause hepatocyte death
and aggravate damage of hepatocytes. Therefore, if
a compound can effectively inhibit apoptosis and autophagy,
it may protect the liver to some extent. Studies have proved
that PPAR-y has an important relationship with Bcl-2, which
can directly up-regulate Bcl-2 and down-regulate Bax to play
an effective anti-apoptotic role.” > Free Bcl-2 has a BH3
domain that can bind to Beclin-1, a specific marker of autop-
hagy, thereby affecting the occurrence of autophagy.>*
Similarly, our present results showed that Bax, Bcelin-1
and LC3-II were increased significantly in liver IR while
Bcl-2 was decreased. However, after drug treatment, these
indices were reversed in a dose-dependent manner.
Combining the above theories and results, Bergenin
appears to mediate the activation of PPAR-y by eliminating
ROS-induced phosphorylation of P38 MAPK. PPAR-y com-
petes with and recruits CBP and p300, limiting their ability to
inhibit entry of NF-kB p65 into the nucleus as well as JAK2/
STAT1 phosphorylation, thereby blocking the release of TNF-
a, IL-6 and IL-1B, causing hepatocyte injury. Additionally,
PPAR-y activation disrupts the Bcl-2/Bax ratio and decreases
formation of the Bax/Bax heterodimer, which affects MPTP
opening and prevents the release of cytochrome C from mito-
chondria. Finally, reduced cytochrome C release into the cyto-
plasm attenuates hepatocyte apoptosis and is accompanied by
a decrease in cleaved caspase-9. On the other hand, up-
regulation of Bcl-2 results in greater binding to free active
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Figure 7 Mechanism of action of Bergenin. Bergenin mediates the binding of PPAR-y to RXR-a mainly by eliminating IR-induced ROS which activates P38 MAPK pathways.
Inhibition of NF-kB p65 and JAK2/STAT | pathways blocks the release of related pro-inflammatory factors. Additionally, by up-regulating Bcl-2 and down-regulating Bax, the
opening of the mitochondrial permeability transition pore (MPTP) is affected, preventing the release of cytochrome C from mitochondria and thereby inhibiting hepatocyte
apoptosis. Thus, up-regulation of Bcl-2 results in increased binding to Beclinl, which reduces autophagy by inhibiting the transformation of LC3-I to LC3-Il. Therefore, the
hepatoprotective effect of Bergenin is mediated by three mechanisms: necrosis, apoptosis and autophagy.
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Beclin-1, which mediates the conversion of LC3-I to LC3-II.
Reducing Beclin-1 activity renders it unable to bind to P62
carrying LC3-II, which reduces cell autophagy. This could
explain the protective effect of Bergenin on liver function
from three aspects; necrosis, apoptosis and autophagy
(Figure 7). Due to the complexity of natural products and
their mechanisms, the exact targets and mechanisms need to
be further explored and verified.

In conclusion, the antioxidant effect of Bergenin plays
an important role in IR, mainly by eliminating ROS,
mediating the release of inflammatory factors, and influen-
cing apoptosis- and autophagy-related genes via the
PPAR-y pathway. Bergenin exhibits potent pharmacologi-
cal activity, and it can protect many organs through multi-
ple mechanisms simultaneously. Therefore, it is of great
clinical value for the prevention and treatment of IR in
liver transplantation. In-depth research is needed to
develop derivatives with higher activity and lower toxicity.
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