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Abstract— Apigenin, a flavonoid found in many plants, has various biological properties.
We aimed to investigate the anti-inflammatory and anti-oxidative activity of apigenin against
carbon tetrachloride (CCly)-induced acute liver injury in mice and hydrogen peroxide (H,O,)-
induced oxidative stress in HepG2 cells and possible mechanism. /n vivo, apigenin signifi-
cantly reduced alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity
in serum of mice challenged by CCl; and markedly alleviated the lipid peroxidation as
indicated by the increased level of superoxide dismutase (SOD), reduced glutathione
(GSH), glutathione peroxidases (GSH-Px) and catalase (CAT), and the decreased
malondialdehyde (MDA) in liver tissue. Apigenin also ameliorated inflammation by down-
regulating tumor necrosis factor-alpha (TNF-«), interleukin-6 (IL-6), and upregulating IL-10.
Consistently, the elevated ALT and AST level; the impaired balance between SOD, GSH
activity, and excessive ROS; and the increased gene expression of TNF-x and IL-6 resulting
from H,O,-induced oxidative stress were restored by apigenin. Moreover, the results from
Western blot, real-time qPCR, and immunofluorescence assay indicated that apigenin en-
hanced the activity of TNF receptor-associated factor (TRAF) 2/3 and cellular inhibitor of
apoptosis protein (c-IAP) 1, ameliorated NF-kB-inducing kinase (NIK), and mediated the
nuclear translocation of NF-kB2, therefore had an inhibitory effect on the non-canonical NF-
kB pathway which was activated in both models. siNIK canceled the protective effect of
apigenin on H,O,-induced HepG2 cells. Altogether, our results demonstrated that apigenin
mitigated liver injury by ameliorating inflammation and oxidative stress through suppression
of the non-canonical NF-kB pathway, indicating the potential of apigenin for treatment of the
liver injury.
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Hepatoprotective Effect of Apigenin Against Liver Injury

INTRODUCTION

The liver is the largest parenchymatous organ
and one of the most important organs in the human
body [1]. It plays a vital role in many metabolic and
clearance functions in order to maintain homeostasis
and health, including the metabolism of carbohy-
drates, proteins and lipids, the uptake and detoxifica-
tion of toxins and pathogens, and so on [2]. It is
therefore foreseeable that the liver can be vulnerable
to many xenobiotics or endogenously generated
harmful substances, and liver diseases can be life-
threatening [3]. Acute liver injury has been consid-
ered as an initiating factor and a common pathway to
numerous liver diseases [4], and it is associated with
a high degree of morbidity and mortality [5]. Thus, it
is essential to explore a novel agent in terms of acute
liver injury.

Carbon tetrachloride (CCly) is one of the most
widely used toxicant for inducing experimental acute
liver injury in animals [6]. After ingestion, CCly is
activated by cytochrome P450 (CYP450) in the liver
into trichloromethyl radical (CCls-), which readily
reacts with oxygen to form trichloromethylperoxy
radical (CCl300-). CCL;00- initiates lipid peroxida-
tion by oxidizing membrane polyunsaturated fatty
acids and covalently binds with proteins and lipids
to generate other reactive oxygen species (ROS) such
as the superoxide radical [7]. Meanwhile, CCl, in-
ducing the expression of pro-inflammatory cytokines
mediates the process of inflammation, which is also a
contributing factor of CCly-induced acute liver injury
[8].

Initially thought to be mainly related to lympho-
cyte development and adaptive immunity, the non-
canonical NF-kB pathway has recently been shown
to also contribute to regulating liver inflammation,
integrity, and function [9, 10]. NF-kB-inducing ki-
nase (NIK), a central signaling component, triggers
the phosphorylation of p100 (also known as NF-kB2)
and causes its inducible processing to p52. Under
quiescent conditions, the steady level of NIK is ex-
tremely low due to constant ubiquitylation and deg-
radation facilitated by an ubiquitin ligase complex
consists of TNF receptor-associated factor (TRAF)
2/3 and cellular inhibitor of apoptosis protein (c-
IAP) 1/2 [11]. Upon activation through a select
group of TNFR superfamily members [12—-14], deg-
radation of any component of this ubiquitin ligase
complex will lead to accumulation of NIK,
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constitutive pl00 to p52 processing and eventually
nuclear translocation of RelB-p52 NF-kB complex.
Hepatic NIK is reported to be a regulator of liver
inflammation, oxidative stress, and liver injury [9,
15, 16]. The non-canonical NF-kB pathway can be
considered a plausible drug target for alleviating
CCly-induced acute liver injury and H,O,-induced
cell injury where oxidative stress and inflammation
are implicated.

Apigenin is a flavonoid found at a significant
level in a wide range of fruits, vegetables, and herbs
[17]. Numerous efforts have been made to investigate
apigenin’s anti-inflammatory [18], anti-oxidative [19],
anti-apoptotic [20], and anti-tumor [10] effects. How-
ever, the effect of apigenin on CCly-induced acute
liver injury is yet to be discovered. Here, we ex-
plored the role of apigenin in CCls-induced acute
liver injury focusing on its effect on inflammation
and oxidative stress, and the role of the non-
canonical NF-kB pathway was investigated to eluci-
date the mechanism by which apigenin exerts its
activity.

MATERIAL AND METHOD

Materials

Apigenin (>98.0%) and bifendate (>97%) were
obtained from ALADDIN-E. COM. (Shanghai,
P.R.C.). Alanine aminotransferase (ALT), aspartate
aminotransferase (AST), superoxide dismutase (SOD),
reduced glutathione (GSH), glutathione peroxidases
(GSH-Px), catalase (CAT), and malondialdehyde
(MDA) reagent kits were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, P.R.C.).
BCA protein assay kit, ROS assay, radio immunopre-
cipitation assay (RIPA) lysis buffer, Trizol, and
phenylmethanesulfonyl fluoride (PMSF) were obtained
from Beyotime Biotechnology (Shanghai, P.R.C.).
Mouse tumor necrosis factor-alpha (TNF-x) ELISA
kit, mouse interleukin-6 (IL-6), and mouse IL-10
ELISA kit were provided by Neobioscience (Shenzhen,
P.R.C.). Primary antibodies for TRAF2/3, c-IAPI1,
NIK, and RelB were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, US), NF-«kB2 p100/
p52 from Santa Cruz Biotechnology (Santa Cruz, CA,
US), and f-actin from Bioworld Technology, Inc.
(Nanjing, P.R.C.). PrimeScript™ RT Master Mix (Per-
fect Real Time) and TB Green® Premix Ex Taq™ II
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(Tli RNaseH Plus) were provided by Takara Biomed-
ical Technology (Beijing) Co., Ltd. (Dalian, P.R.C.).

Animal Experiment

Male ICR mice (18-22 g) were purchased from
Weitong Lihua Experimental Animal Co. Ltd. (Beijing,
P. R. C). Mice were bred with room temperature at 24
+2 °C, relative humidity 50-60%, and unlimited ac-
cess to fodder and water. After 7 days of adaptation to
the environment, the mice were randomly divided into
6 groups (n =6), among which were the control group;
model group; apigenin 50, 100, and 200 mg/kg groups;
and bifendate group. Control and model groups were
orally administrated with the vehicle (0.5% CMC-Na,
10 mL/kg), apigenin groups were administrated with
the corresponding drugs by gavage (50, 100, and
200 mg/kg, dissolved in 0.5% CMC-Na, 10 mL/kg),
and the bifendate group was administrated with
bifendate (100 mg/kg, dissolved in 0.5% CMC-Na,
10 mL/kg). After 7 days of administration, the CCly-
induced acute liver injury model was established 2 h
after the last administration. The control group was
intraperitoneally treated with the vehicle (olive oil,
25 mL/kg), and the rest of the groups with CCly
(2.5 mL/kg, 10% in olive oil). All mice were sacrificed
12 h after the exposure to CCly, and blood samples and
liver tissue were collected for further investigation. All
animal experiment was approved by the Institutional
Animal Care and Use Committee of China Pharmaceu-
tical University.

Cell Culture

The human liver carcinoma cell line HepG2 (ob-
tained from Shanghai Institute of Biochemistry and Cell
Biology) were cultured in Dulbecco’s modified eagle
medium (DMEM) with 10% fetal bovine serum (FBS),
penicillin (100 U/mL), and streptomycin (100 pg/mL).
The cells were incubated under 37 °C with 5% CO, and
100% relative humidity.

ROS Assay

The level of ROS in HepG2 cells was identified
using 2,7-dichloroflurescein diacetate (DCFH/DA)
probe. In brief, HepG2 cells were seeded in 6-well plate
at a density of 4 x 10° cells/well. The control and model
groups (n =3) were added DMEM with 10% FBS, and
the apigenin groups (10, 20, and 40 uM) and the
bifendate group (10 uM) were pretreated with respective
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drugs (diluted in DMEM with 10% FBS). After 24-h
incubation, the medium of all cells other than the control
group was replaced by 800 uM H,0O, (diluted in
DMEM) and the control group by DMEM. After being
exposed to H,O, for 24 h, the medium was aspirated and
the cells were rinsed once with phosphate-buffered sa-
line (PBS). DCFH/DA (10 uM, diluted in DMEM) was
added to each well and the cells were incubated at 37 °C
for 30 min shielded from light. The probe was washed
off with PBS 3 times, and the fluorescence intensity of
each well was observed with the inverted fluorescence
microscope (Nikon, Tokyo, Japan).

Measurement of ALT and AST

The quantities of ALT and AST in both serum and
cells’ medium supernatant were identified using commer-
cial chemical assay kits according to the manufacturers’
directions.

Measurement of MDA, SOD, GSH, GSH-Px, and CAT

The quantities of MDA, SOD, GSH, GSH-Px, and
CAT in livers and SOD and GSH in cells were detected
using commercial chemical assay kits. In brief, livers and
cells were homogenized with normal saline or RIPA lysis
buffer respectively and then centrifuged for 10 min
(3500x%g) at 4 °C. The indexes above were detected fol-
lowing the manufacturers’ directions.

Histopathological Analysis

Liver tissues were fixed in 4% paraformaldehyde,
embedded in paraffin, and sliced into 5-pum sections. Then,
the sections were dewaxed with xylene and rehydrated in a
graded series of ethanol, followed by staining with hema-
toxylin and eosin. To evaluate the severity of CCly-induced
liver injury, histological examination under a microscope
and analysis of necrotic area were performed in a double-
blinded manner by independent investigators who was
unaware of the treatment conditions made histological
assessments.

ELISA Assay

The quantities of TNF-« and IL-6 in the liver were
determined by ELISA assay. Fifty microliters of liver
lysate and positive control was added to the 96-well
plate and incubated at 37 °C for 90 min. The lysate
was aspirated and the wells were rinsed 5 times. One
hundred microliters of detection antibody was added in
each well, and the plate was sealed and incubated at
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37 °C for 60 min. The washing procedure was repeated.
One hundred microliters of HRP-linked secondary anti-
body was added in each well, and the plate was sealed
and incubated at 37 °C for 30 min. The washing proce-
dure was repeated. One hundred microliters of TMB
substrate was added in each well and the plate was sealed
and incubated at 37 °C for 15 min. One hundred micro-
liters of STOP solution was added in each well and the
plate was gently shook for a few seconds. The absor-
bance was read at 450 nm.

Western Blot

The expression of TRAF2/3, c-IAP1, NIK, p100,
and p52 in the liver was estimated by Western blot.
The liver samples of all groups (n=3) were homog-
enized in RIPA lysis buffer with 1 mM PMSF and
phosphatase inhibitor cocktail. The homogenate was
centrifuged for 10 min (12,000xg) at 4 °C, and the
supernatant where the protein existed was kept. The
loading buffer was added and the samples were heat-
ed at 99 °C for 5 min. The protein was separated by
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and then transferred to
polyvinylidene fluoride (PVDF). After the transfer,
the membranes were incubated in 5% w/v bovine
serum albumin (BSA) for 2 h at room temperature
and then in primary antibodies (diluted as recom-
mended) overnight at 4 °C. When the incubation
with primary antibodies was done, the membranes
were washed with TBST 3 times for 10 min each.
The membranes were incubated with horseradish per-
oxidase (HRP)-linked antibody for 2 h at room tem-
perature and then, the secondary antibody was
washed off as before. ECL plus was added on the
membrane and the expression of protein was identi-
fied by ChemiDoc™ XRS+ System (Bio-Rad Labo-
ratories, Inc., CA, US) and analyzed by Image J.

Real-Time qPCR

Total RNA in cells and livers were extracted
using Trizol reagent, and the first-strand complemen-
tary DNA (cDNA) was synthesized with PrimeScript
RT Master Mix, followed by intercalator gPCR assay
using TB green Premix Ex Taq II. The primers for
real-time qPCR (RT-qPCR) were listed in Table 1.
The expression of target genes was normalized to the
expression of GAPDH and analyzed by the 27°°°
method.
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Immunofluorescence Assay

Cells were rinsed with PBS for 3 times and
fixed with formaldehyde for 30 min, followed by
permeabilized treatment with 0.3% Triton X-100 for
20 min. Five percent of BSA was used to block the
cells for 1 h, and cells were incubated with primary
antibody overnight. After washing with PBS for 3
times, the cells were incubated with FITC-conjugated
secondary antibody for 2 h and then Hoechst for
30 min. Images were obtained by an inverted fluo-
rescence microscope (Nikon, Tokyo, Japan).

3-(4,5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium
Bromide Assay

After pretreatment of apigenin and administration of
H,0,, 20 uL 5 mg/mL MTT was added and incubated with
the cells for 4 h shielded from light. One hundred fifty
microliters of dimethyl sulfoxide was added and the absor-
bance was detected at 490 nm.

RNA Interference

HepG2 cells were transfected with 50 nM NIK
small interfering RNA (siRNA) and scrambled
siRNA for negative control using lipofectamine
6000 transfection reagent (Beyotime Biotechnology,
Shanghai, China) for 6 h according to the manufac-
turers’ directions. The knockdown efficiency was
identified by RT-qPCR 48 h after the transfection.
The concentration of apigenin used in the transfec-
tion experiment was 40 uM.

Statistical Analysis

Statistical analysis was performed on Software SPSS
19.0 (SPSS version 19.0, SPSS Inc., Chicago, US). All
experimental data were presented as mean + standard
deviation (SD). One-way analysis of variance (ANOVA)
followed by least significant difference (LSD) test was
used. p < 0.05 was considered statistically significant.

RESULT

Apigenin Alleviated CCly-Induced Acute Liver Injury

We first established CCly-induced acute liver injury
by intraperitoneal administration of CCly (2.5 mL/kg) for
12 h after pretreatment of apigenin with a different con-
centration for 7 days in mice. CCl, was a classic and well-
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Table 1. Primers for RT-qPCR

Species Genes Primer
Human TNF Forward: 5~ AGGCTCAGGATGGGTGT-3’
Reverse: 5'-GTGGGGGAGCACGTAGT-3'
1L6 Forward: 5-GCTCCTCTGACGCTTAC-3’
Reverse: 5-TTCTTGGGCGTGTTCTG-3’
NFKB2 Forward: 5-TTCAGCGAGCTTCAGATTT-3’
Reverse: 5'-GCCGGTCCCTCATAGTTACA-3'
NIK Forward: 5'-ATGATGCTCCACATGCTCAA-3'
Reverse: 5'-GTAGTGCCTTGCCCACTTTC-3’
GAPDH Forward: 5-GGTGAAGGTCGGTGTGAACG-3’
Reverse: 5'-CTCGCTCCTGGAAGATGGTG-3'
Mouse Nfkb2 Forward: 5'-TGACATTGAGGTTCGGTTCTA-3'
Reverse: 5-TTCCACCAGAGGGTAATAGGT-3'
Nik Forward: 5'-CCTCCACTCACGAAGGATTC-3’
Reverse: 5~ AGGGATGTAGTCCCCTGTGA-3’
Gapdh Forward: 5-CGAGATCCCTCCAAAATCAA-3'

Reverse: 5-TTCACACCCATGACGAACAT-3'

established model for acute liver injury [21], and raised
ALT and AST activities in serum, as well as histopatho-
logical analysis, have been recognized as a marker for liver
damage. Multifocal hepatic parenchymal necrosis was ob-
served in CCly-treated mice. On the contrary, apigenin and
bifendate markedly ameliorated the pathological changes
(Fig. 1a). Moreover, we found significantly increased se-
rum ALT and AST levels in mice treated with CCly,
compared with the control group. However, apigenin and
bifendate markedly reversed this change (Fig. 1b and c¢),
which indicated that apigenin could inhibit liver injury
induced by CCly.

Apigenin Reduced Oxidative Stress Induced by CCl, in
Mice

Although the mechanism through which CCl, exerts
its effect of liver injury is yet to determine, researchers have
pointed out that liver damage may be induced by free
radical metabolites [22], which was associated with oxida-
tive stress. It has been reported that CCly treatment could
lead to lipid peroxidation, thereby compromising the anti-
oxidant system. MDA, the end product of lipid peroxida-
tion, can be used as a marker to determine the severity of
this process. On the other hand, the level of endogenous
radical scavengers, such as SOD, CAT, and GSH-Px, the
antioxidant enzymes, and GSH, non-enzyme molecules,
indicates the damage degree of the antioxidant system.
SOD, CAT, and GSH-Px activities as well as GSH level
in the liver tissue of the model group were significantly
decreased in comparison with the control group (Fig. 2a—

d). In addition, the MDA level of the model group was
dramatically upregulated (Fig. 2e). On the contrary, com-
pared with the model group, increased level of SOD, CAT,
GSH-Px, and GSH was observed in mice treated with a
different concentration of apigenin and bifendate, as well
as alleviated MDA level (Fig. 2a—e). Taken together, the
results implied that apigenin could restore the antioxidant
activity and suppress lipid peroxidation in mice, therefore
inhibiting oxidative stress induced by CCly.

Apigenin Ameliorated CCly-Induced Inflammation in
Mice

In addition to oxidative stress induced by CCly, acti-
vated inflammatory response also causes liver injury in
CCly-induced hepatotoxin. Free radicals not only cause
liver damage through oxidative stress but also initiate
inflammation, via recruiting and activating resident mac-
rophages (in the case of liver tissue, Kupffer cells) that
produce and release pro-inflammatory mediators, such as
TNF-o and IL-6 [4]. In our study, ELISA assay was used
to detect the content of pro-inflammatory cytokines: TNF-
«, IL-6, and anti-inflammatory cytokine IL-10 in the liver.
The content of TNF-c, IL-6, and IL-10 in the model group
was substantially upregulated compared with the control
group (Fig. 2f-h). However, after pretreatment with a
different concentration of apigenin and bifendate, a signif-
icant reduction of those pro-inflammatory cytokines and an
increase of the anti-inflammatory cytokine were observed
in comparison with the model group (Fig. 2f-h). The
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Fig. 1. Apigenin attenuated liver injury induced by CCl4 in vivo. Mice were pre-treated with a different concentration of apigenin (50, 100, and 200 mg/kg)
for 7 days, followed by 12-h dosing of CCl4 (n = 6). Histopathological examination and analysis of necrosis area were used to determine the liver injury (a),
and ALT and AST in serum were measured (b). Data are expressed in the form of means + SD. #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the control

group, *p <0.05, **p <0.01, ***p <0.001 compared with the model group.

results indicated that apigenin alleviated inflammatory re-
sponse induced by CCly.

Apigenin Inhibited the Non-canonical NF-kB Pathway
in CCly-Induced Acute Liver Injury

The hepatoprotective activity of apigenin in vivo via
anti-oxidation and anti-inflammation was confirmed, but
the mechanism was yet to discover. It has been reported
that hepatic NIK was identified as a novel trigger of the
liver inflammation and destruction program under patho-
logical conditions like drugs or other toxins exposure and
oxidative stress [9]. Therefore, gene expression and protein
levels were investigated to determine the effect of apigenin
on the non-canonical NF-kB pathway.

In the resting state, an ubiquitin ligase complex con-
taining TRAF2/3 and c-IAP1/2 induces the ubiquitination
and subsequent degradation of a crucial factor, NIK. Upon
stimulation, the complex undergoes signal-dependent self-
degradation, leading to the accumulation of NIK and con-
sequent activation of the non-canonical NF-kB pathway.
In our study, we found a decline in the protein level of
those negative regulators, including TRAF2/3 and c-1AP1,
after CCl, administration, as well as an increase in NIK,
indicating the activation of the non-canonical pathway
induced by CCly. In contrast, compared with the model
group, the TRAF2/3 and c-IAP1 levels in the groups
treated with a different concentration of apigenin increased
significantly, and the NIK level decreased dramatically
(Fig. 3a). Unlike the canonical NF-kB pathway which
relies on inducible degradation of IkBx and nuclear
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Fig. 2. Apigenin mitigated oxidative stress and inflammation induced by CCl4 in vivo. SOD (a), CAT (b), GSH-Px (¢), GSH (d), and MDA (e) in liver tissue
were measured for identifying the degree of oxidative stress. Pro-inflammatory cytokines TNF- (f), IL-6 (g), and anti-inflammatory cytokine IL-10 (h) were
detected using ELISA for inflammation. Data are expressed in the form of means + SD. #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the control group,

#*p <0.05, **p <0.01, ***p <0.001 compared with the model group.

translocation of the p50/RelA dimer [23], the non-
canonical pathway depends on phosphorylation-induced
p100 processing and activation of p52/RelB complex
[24]. Consistently, our results showed that CCl, treatment
markedly increased the transformation from p100 to p52
and the amount of RelB in comparison with the control
group, indicating the activation of the non-canonical NF-
kB pathway in CCly-induced acute liver injury in mice.
Nevertheless, apigenin pretreatment substantially restored
the variations (Fig. 3a). In conformity with Western blot,
real-time qPCR results showed an increased mRNA level
of NIK and NF-kB2 in CCly-induced mice. On the con-
trary, compared with the model group, the mRNA level of
NIK and NF-kB2 significantly decreased after apigenin
pretreatment (Fig. 3b and c). These observations suggested
that apigenin might block the non-canonical NF-xB path-
way to protect against CCly-induced acute liver injury.

Apigenin Reduced H,0,-Induced HepG2 Cell Injury

H,0,, a reactive non-radical, can permeate cytoplas-
mic membranes and be converted to more reactive species
such as hydroxyl radical and singlet oxygen. H,O, is the
precursor for the generation of hydroxyl radical, which is a
strong initiator of lipid peroxidation [25]. H,O,-induced
oxidative stress in HepG2 cells has been used to verify the

efficacy and mechanism of new agents. In our study, the
in vitro model was designed by exposing HepG2 cells to
H,0, to validate the finding of the protective effect of
apigenin in vivo. The cell viability was tested by MTT
assay and the level of ALT and AST in medium superna-
tant was measured as indicators of cell function. Compared
with the vehicle-treated cells, a significant decrease of cell
viability and substantial ALT and AST level elevation in
the medium of H,O,-treated cells was observed. On the
contrary, upregulated cell viability and reduced level of
ALT and AST were detected in the group treated with
apigenin and bifendate (Fig. 4a and b), indicating the
cytoprotective effect of apigenin pretreatment.

Apigenin Ameliorated Oxidative Stress Induced by
H,0, in vitro

The quantities of SOD and GSH in HepG2 cell in-
duced with H,O, were tested, as well as the intracellular
ROS level. A remarkable decrease of SOD and GSH in the
cell lysate of the H,O,-treated cells was observed, com-
pared with the vehicle-treated cells (Fig. 4c and d). And,
the intracellular ROS level was significantly raised after
H,0, exposure (Fig. 4g). However, apigenin pretreatment
of a different concentration, as well as bifendate, markedly
enhanced the activity of SOD and GSH and alleviated the
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Fig. 3. Apigein had an inhibitory effect on the non-canonical NF-«kB pathway in CCly-induced liver injury. The protein level of TRAF2, TRAF3, c-IAP1,
NIK, RelB, p100 and p52 in liver tissue were detected (a). The mRNA level of NIK (b) and NF-«kB2 (¢) in liver tissue were measured. Data are expressed in
the form of means + SD. #p < 0.05, ##p < 0.01, ###H#p < 0.001 compared with the control group, *p < 0.05, **p < 0.01, ***p <0.001 compared with the model

group.

intracellular ROS level (Fig. 4c, d, and g). These findings
suggested that apigenin had a cytoprotective effect against
H,0,-induced oxidative stress in HepG2 cells.

Apigenin Alleviated H,O,-Induced Upregulated
Expression of Pro-inflammatory Cytokines

The gene expression of pro-inflammatory cytokines
was identified to determine the anti-inflammatory activity
of apigenin in vitro. A remarkable increase in TNF-« and
IL-6 mRNA levels was detected in cells treated with H,O,
compared with the vehicle-treated group. Contrariwise, the
pretreatment of apigenin and bifendate significantly

reduced the gene expression of TNF-« and IL-6 (Fig. 4e
and f), revealing the anti-inflammatory effect of apigenin
against H,O,-induced cell injury.

Apigenin Inhibited the Expression of NIK and NF-«kB2
in H,0,-Induced Cell Injury

To determine the effect of apigenin on H,O,-in-
duced oxidative stress, the protein level of NF-kB2
was detected by immunofluorescence assay, and the
mRNA level of NIK and NF-kB2 was identified using
real-time qPCR. Cells exposed to H,O, demonstrated
showed increased NF-kB2 (green) colocalizing with
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the nuclear stain (Hoechst, blue) compared with the NF-kB pathway. On the other hand, apigenin pretreat-

control group (Fig. 5a), and H,0,-induced cell injury ment of a different concentration for 24 h markedly
largely triggered the gene expression of NIK and NF- reduced NF-kB2 nuclear colocalization (Fig. 5a) and
kB2 (Fig. 5b and c), which indicated that H,O,-in- suppressed gene expression of NIK and NF-kB2

duced oxidative stress activated the non-canonical (Fig. 5b and c). These data indicated that apigenin
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might carry out its cytoprotective effect against H,O,-
induced oxidative stress via inhibiting the activity of
NIK and NF-«B2.

The Effect of Apigenin Was Abolished in the Absence
of NIK

To further verify the involvement of the non-
canonical NF-kB pathway in the protective effect of
apigenin, HepG2 cells were transfected with siNIK to

silence NIK mRNA and inhibit the pathway. The ROS
level and mRNA level of pro-inflammatory cytokines were
observed to determine whether the anti-oxidative and anti-
inflammatory activity were abolished when NIK was ab-
sent. The result from RT-qPCR showed that the transfec-
tion was successful (Fig. 6a). Same as demonstrated be-
fore, the ROS level was significantly increased after the
exposure to H,O, and pretreatment of apigenin can reverse
the situation (Fig. 6b). However, the knockdown of NIK
can significantly decrease the level of ROS and cancel the
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with the model group.

anti-oxidative effect of apigenin (Fig. 6b). In addition,
silencing NIK can remarkably downregulate the mRNA
level of TNF-« and IL-6 and eliminate the anti-
inflammatory activity of apigenin (Fig. 6¢ and d). These
results showed that apigenin functioned dependently on the
non-canonical NF-kB pathway.

DISCUSSION

In this study, we investigated the hepatoprotective
effect of apigenin against CCly-induced acute liver injury
in mice and H,O,-induced oxidative stress in HepG2 cells.
And, we further investigated its anti-oxidative and anti-
inflammatory activity and explored the underlying possible
mechanism. The results we got confirmed that apigenin
exerted its hepatoprotective effect in vivo and in vitro

through anti-oxidation and anti-inflammation via
inhibiting the non-canonical NF-kB pathway.

Hepatocellular damage and the subsequent disruption
of the plasma membrane induced by CCly cause the release
of the content of hepatocytes including intracellular en-
zymes such as ALT and AST into the extracellular space
[26]. The released enzymes ultimately enter into circula-
tion and thereby increase the serum levels of ALT and AST
[27]. The level of serum ALT and AST activity reflects
damage to hepatocytes and is considered to be a highly
sensitive and fairly specific preclinical and clinical bio-
marker of hepatotoxicity [27]. Our study showed pretreat-
ment of apigenin restrained ALT and AST levels in serum
in mice challenged by CCly, which implies the repressed
damage of liver cells and restoration of the cell membrane
function induced by apigenin.

Inflammation underlies a wide variety of physiologi-
cal and pathological processes. It has been widely
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appreciated that inflammation is a double-edged sword. On
the one hand, it plays a vital role in the initial host defense
against many infections. On the other hand, excessive
activation of inflammatory cytokines promotes the patho-
genesis of various liver diseases [28, 29]. In the liver,
inflammation is particularly important because it underlies
the pathogenesis of a number of diseases, such as alcoholic
and nonalcoholic steatohepatitis, ischemia/reperfusion
(I/R), liver injury, and cirrhosis [28]. A growing number
of studies have implicated cytokines and cytokine-
dependent pathways in the development of various liver
diseases including liver failure and hepatic inflammation
[30]. CCly-induced acute liver injury is characterized by
systemic and local inflammation with the recruitment of
macrophages and neutrophils into the liver vasculature
[31]. Elevation of pro-inflammatory cytokines like TNF-
o and IL-6 is strongly associated with liver injury [32]. In
the present study, we demonstrated that apigenin markedly
restored the dysregulated TNF-« and IL-6 in mice chal-
lenged by CCly, indicating the anti-inflammatory effect of
apigenin in vivo.

The condition of oxidative stress results from the
imbalance between antioxidant defense mechanisms and
ROS [33]. Liver diseases are nearly always characterized
by increased oxidative stress induced by excessive ROS.
Oxidative stress is a major molecular event triggered by
CCl, [34]. After activation by CYP450, CCl;- is produced
and converted into CCL300- in the presence of oxygen,
which is more reactive than the former and far more likely
to abstract a hydrogen from polyunsaturated fatty acids,
thereby initiating the process of lipid peroxidation [6].
MDA accumulated in the liver, the final product of lipid
peroxidation, can be detected to estimate the severity of
CCly-induced lipid peroxidation. CAT, SOD, and GSH-Px
enzymes constitute the primary part of the enzymatic anti-
oxidant defense system against oxidative stress [35]. The
decrease in those antioxidant enzymes and an antioxidant
molecule GSH after CCl, administration can serve as the
hallmark of oxidative injury in the liver. In our study, the
pretreatment of apigenin significantly repressed the in-
crease of MDA in the liver induced by CCl, and markedly
enhanced SOD, CAT, GSH, and GSH-Px activity. The
results indicated that apigenin can restore the balance be-
tween accumulation of ROS and antioxidant defense
mechanism, and the hepatoprotective effect of apigenin
partly results from attenuating oxidative stress.

HepQG2 retains many of the phenotypic and genotypic
characteristics of liver cells; therefore, this cell line has
been used in various studies concerning traditional medi-
cines for their hepatoprotective effect [36]. In our study, we
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demonstrated the protective effect of apigenin against
H,0,-induced oxidative stress in HepG2 cells. Substantial
decrease of ALT and AST in medium supernatant after the
pretreatment of apigenin was observed. The anti-
inflammatory activity of apigenin was shown by the di-
minished mRNA level of TNF-« and IL-6 compared with
the model group. And, the balance between excessive ROS
and antioxidants was restored as the increased SOD and
GSH level and attenuate ROS level were identified.

In order to explore the potential mechanism underly-
ing the hepatoprotective effect of apigenin, the non-
canonical NF-kB pathway was probed by Western blot
and real-time qPCR. Recently, the non-canonical NF-«xB
pathway has been shown to play an important role in liver
injury [9, 15]. Abnormal activation of hepatic NIK is
involved in many liver diseases, such as nonalcoholic fatty
liver disease (NAFLD), liver steatosis [37], liver injury,
and fibrosis [9]. In resting cells, the level of NIK is ex-
tremely low due to ubiquitination and degradation com-
pleted by an ubiquitin E3 ligase complex containing
TRAF2 and cIAP1/2 [38]. And, TRAF3 acts as an adaptor
that binds to NIK and recruits NIK to the complex [39].
NIK can be activated by many stimuli, including oxidative
stress, cytokines, and endotoxins [9]. Upon activation,
stimulation causes TRAF3 degradation, thus uncoupling
NIK from the ubiquitin E3 ligase complex and leading to
the accumulation of NIK [40]. As the crucial component of
non-canonical NF-kB pathway, NIK further induces p100
processing by phosphorylation and ubiquitylation via the
activation of the IkB kinase & (IKKx) [41], leading to the
generation of p52 and the nuclear translocation of p52 and
RelB [38]. It has been reported that a high level of NIK
mRNA was detected in CCl-induced acute liver injury [9,
15]. And, inhibition of NIK by a small-molecule inhibitor
B022 completely blocked CCly-induced nuclear transloca-
tion of p52 and had a protective effect against liver injury
[15]. Tt has been shown that the non-canonical NF-kB
pathway was strongly associated with CCls-induced acute
liver injury. In this study, we observed reduction in the
protein level of negative regulators, TRAF2/3 and cIAPI,
accumulation of NIK, and increased transformation from
p100 to p52 after CCly-induced acute liver injury, which
indicated that toxin like CCly; may mediate injury via
activating the non-canonical NF-kB pathway. In addition,
increased colocalization of NF-kB2 and the nuclear stain
and enhanced expression of NIK and NF-kB2 mRNA was
identified in H,O,-induced HepG2 cells, implying that
oxidative stress activated the accumulation of NIK and
the nuclear translocation of p52, which was associated with
the increased activity of the non-canonical NF-«kB
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pathway. However, apigenin was shown to restore all the
dysregulation, revealing its inhibitory effect on the non-
canonical NF-kB pathway. Moreover, silencing NIK by
siNIK transfection abolished the anti-inflammatory and
anti-oxidative activity of apigenin against H,O,-induced
oxidative stress in HepG2 cells, demonstrating that
apigenin exerted its protective effect via inhibiting the
non-canonical NF-kB pathway.

CONCLUSION

In summary, our study demonstrated the hepatopro-
tective activity of apigenin in CCly-induced acute liver
injury in mice and H,0O,-induced oxidative stress in
HepG2 cells. This effect can be attributed to its antioxidant
and anti-inflammatory activities through inhibiting the
non-canonical NF-kB pathway. All in all, our study pro-
vided evidence for the potential of apigenin to be a thera-
peutic agent for liver injury.
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