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Pericarpium zanthoxyli has been extensively used in traditional Oriental medicine to treat gastric disorders and has anti-in-
flammatory and antioxidative activities. Therefore, the present study examined a possible hepatoprotective effect of a P. zanthoxyli
extract (PZE) and investigated the underlying molecular mechanisms. We employed an in vitro model of arachidonic acid
(AA) +iron-induced hepatocyte damage and an in vivo model of CCly-induced liver injury to assess the effects of PZE and
evaluated the relevant molecular targets using biochemical assays, flow cytometry analysis, Western blot, and histopathological
analysis. The PZE inhibited AA + iron-induced hepatotoxicity in HepG2 cells, improved mitochondrial dysfunction, and reversed
an increase in the cellular H,O, production and a decrease in the reduced GSH levels induced by AA + iron. Treatment with either
30 or 100 ug/ml PZE significantly increased the expression of nuclear factor erythroid 2-related factor 2 (Nrf2) protein, and the
latter dose also increased the antioxidant response element- (ARE-) driven luciferase activity and enhanced the protein ex-
pressions of glutamate-cysteine ligase catalytic subunit and NAD(P)H:quinone oxidoreductase 1. In addition, treatment with
100 ug/ml PZE for 3 or 6 h increased the phosphorylation rates of Nrf2 and the extracellular signal-regulated kinase. In the in vivo
experiment, oral treatment with both 100 and 300 mg/kg PZE inhibited the plasma aspartate aminotransferase activity, and the
latter also inhibited the plasma alanine aminotransferase activity. In addition, both doses of PZE ameliorated the parenchymal
degeneration and necrosis in the liver induced by CCl, administration, which was associated with reduced expressions of cleaved
caspase-3, cleaved poly (ADP-ribose) polymerase, nitrotyrosine, and 4-hydroxynonenal by PZE. These findings suggest that PZE
has protective effects against hepatotoxicity both in vitro and in vivo, which are mainly mediated via its antioxidant activity.

1. Introduction

Nowadays, liver disease is still one of the biggest health
problems worldwide [1]. Not only is acute liver injury as-
sociated with high mortality rates, but it also initiates severe
hepatic damage such as liver fibrosis, hepatic cirrhosis, and
liver cancer [2]. Excessive oxidative stress caused by stressful

events has been shown to be the mechanism underpinning
the pathophysiological process in various acute liver injuries
[3], highlighting the possibility that that counteracting he-
patic oxidative stress can improve both acute liver damage
and severe chronic hepatic diseases. Consequently, medical
agents with hepatoprotective potential are usually deter-
mined for their effects on hepatic oxidative stress [4].
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Fortunately, there are several in vitro and in vivo ex-
perimental models available to evaluate drug’s effects on
hepatic oxidative stress. For example, in vitro, simultaneous
application of arachidonic acid (AA) and iron to the cultured
hepatic origin cells (i.e., HepG2 cells) is widely used to
induce hepatic oxidative stress. AA is a polyunsaturated fatty
acid that is released from membranes and promotes oxi-
dative stress, apoptosis, necrosis, and inflammatory response
[5-7]. In addition, surplus iron catalyzes the release of AA by
altering membrane phospholipids [8, 9]; moreover, it syn-
ergizes with AA to induce mitochondrial damage and ox-
idative stress; thereby, AA+iron is typically toxic to
hepatocytes [6]. Carbon tetrachloride (CCly) is a hep-
atotoxicant used widely in animals to investigate in vivo the
effects of hepatoprotective drugs on toxicant-induced liver
injury. CCly is mainly metabolized in the liver by cyto-
chrome P450 2E1, producing directly or indirectly a variety
of free radical metabolites such as trichloromethyl, tri-
chloromethyl peroxyl, and peroxynitrite, which further
generate reactive oxygen species (ROS), constituting the
molecular basis for the CCly-induced hepatotoxicity [10].
Excessive ROS launch lipid peroxidation of the cellular
membrane and endoplasmic reticulum and create distur-
bance of membrane permeability, reduction of protein
synthesis, and impairment of DNA, eventually leading to
hepatic degeneration and necrosis [11].

An excessive oxidative stress is fundamentally the result
of the imbalance of prooxidant and antioxidant functioning
in the tissue; that is to say, antagonization of oxidative stress
can be implemented by boosting the antioxidant capacity in
the tissue. A transcription factor named nuclear factor
erythroid 2-related factor 2 (Nrf2) appears to be an im-
portant antioxidant molecule in cells [12, 13]. Nrf2 is a basic
leucine zipper protein that initiates the expression of anti-
oxidant proteins which protect against the oxidative damage
triggered by endogenous and exogenous toxicants [14]. Nrf2
can be detected in a wide range of tissues, including in the
liver. Accordingly, the role of Nrf2 in the liver disorders has
been frequently evaluated to identify therapeutic candidates
[4].

Pericarpium zanthoxyli is the dried pericarp of the ripe
fruit from Zanthoxylum bungeanum Maxim. or Zanthox-
ylum schinifolium Siebold and Zucc. (Rutaceae), which are
distributed in China, Japan, and Korea. Extracts of P.
zanthoxyli (PZE) have been empirically used in traditional
Oriental medicine for treating cold perspiration of the
stomach and spleen, stomach pain, indigestion, diarrhea,
gastritis, and toothache [15-17]. P. zanthoxyli contains many
biologically active constituents, such as (—)-aromadendrene,
(-)-isopulegol,  (+)-gamma-cadinene, (+)-beta-pinene,
(-)-N-acetylanonaine (R-type), hydroxyl-y-sanshool, hy-
droxy-a-sanshool, hydroxy-S-sanshool, linalool, nerol,
zanthoxylin, zanthobungeanine, «-pinene, piperitone,
skimmianine, [-sitosterol, y-sanshool, terpinen-4-ol, (+,
—)a-sanshool, a-terpineol, a-thujene, 3-sanshool, and trans-
ocimene [18]. Modern scientific experiments have revealed
that P. zanthoxyli has antiparasitic, antibacterial, anti-in-
flammatory, antioxidative, and antidiabetic effects [19]. For
example, PZE lowered the plasma levels of IL-1p,
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cyclooxygenase-2 (COX-2), and TNF-« in rats with cervical
spondylotic radiculopathy [20]; flavonoids from P. zan-
thoxyli effectively scavenged hydroxyl free radicals in an in
vitro experiment [21]; PZE inhibited lipid peroxidation
induced by lipopolysaccharide in macrophage RAW 264.7
cells and suppressed the expressions of inducible nitric oxide
synthase and COX-2 [22]. These preclinical facts along with
the empirical use of P. zanthoxyli in treating human di-
gestive diseases prompt us to hypothesize that P. zanthoxyli
has hepatoprotective effects which may be mediated via its
antioxidant properties.

To test this hypothesis, in the present study, we examined
whether PZE protects hepatocytes against AA plus iron-
induced oxidative stress by manipulating mitochondrial
dysfunction, modulating glutathione (GSH) levels and H,0O,
production, and interfering with the apoptotic process; in
addition, we examined whether this cytoprotective effect is
linked to the induction of antioxidant genes through ERK-
mediated Nrf2 signaling. Moreover, in in vivo experiments,
the possible hepatoprotective effect of PZE was also deter-
mined in CCly-treated mice by measuring the plasma ac-
tivities of the marker enzymes for hepatic functioning and by
analyzing histomorphometrically the histopathological
profiles of the hepatic damage.

2. Materials and Methods

2.1. Reagents and Antibodies. AA was obtained from Cal-
biochem (San Diego, CA, USA). Antibodies against pro-
caspase-3, cleaved caspase-3, poly (ADP-ribose) polymerase
(PARP), Bcl-2, lamin A/C, ERK1/2, phospho-ERK1/2, and
NAD(P)H:quinone oxidoreductase 1 (NQO1) along with
horseradish peroxidase-conjugated goat anti-mouse anti-
bodies were provided by Cell Signaling Technology (Beverly,
MA, USA). Anti-Nrf2 and anti-cleaved PARP antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The anti-phospho-Nrf2, anti-glutamate-cysteine
ligase catalytic subunit (GCLC), and anti-4-hydroxynonenal
(4-HNE) polyclonal antibodies were purchased from Abcam
(Cambridge, MA, USA). The Fugene® HD and luciferase
assay kit were obtained from Promega (Madison, W1, USA).
Anti-nitrotyrosine (NT) polyclonal antibody was purchased
from Millipore Corporation (Bedford, MA, USA). The 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium  bro-
mide (MTT), rhodamine 123 (Rh123), 2’,7’'-dichloro-
fluorescein diacetate (DCFH-DA), silymarin (SIL), anti-
p-actin antibody, and other reagents were supplied by
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of PZE. Pericarpium zanthoxyli was ob-
tained from Daewon Pharmacy (located in Daegu, Republic
of Korea), and a voucher specimen (number: DHU-
GHFM?78) was stored in Daegu Haany University (Republic
of Korea). PZE was prepared by extracting 100g of P.
zanthoxyli in 1.2 liter of boiling water for 3 h. The PZE was
filtered using a 0.22pum filter (Nalgene, Rochester, NY,
USA), lyophilized by a vacuum evaporator, and deposited at
—20°C until use. The yield of lyophilized PZE was 14.5%. The
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ultra-performance liquid chromatography (UPLC) profile of
PZE was analyzed using a Waters ACQUITY UPLC system
(Waters Corp., Milford, MA, USA) with a Waters ACQ-
UITY photodiode array detector and Waters ACQUITY
BEH C18 column (1.7 ym, 2.1 mm x 100 mm) assisted by the
Empower software (Figure 1). The PZE includes hyperoside
(21.047 £0.53 ug/g), 7-methoxycoumarin (19.395 + 0.63 ug/
g), bergapten (2.816+0.096ug/g), and xanthoxylin
(1.756 + 0.043 ug/g).

2.3. Cell Culture. The HepG2 cell line (a human hepatoma
cell line) was provided by American Type Culture Collection
(Rockville, MD, USA). HepG2 cells were cultured using
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen,
Carlsbad, CA, USA) at 37°C in a humidified 5% CO, at-
mosphere, and the DMEM contained 10% fetal bovine se-
rum, 50 mg/ml streptomycin, and 50 units/ml penicillin.
Cells were incubated in medium without 10% fetal bovine
serum for 12 h, stimulated by 10 uM AA for 12h, and then
continued to be incubated with 5 M iron for the designated
time periods. AA was dissolved in dimethyl sulfoxide
(DMSO), and iron solution (iron-nitrilotriacetate in NaCl,
pH 7.4 adjusted with NaHCO; solution) was prepared be-
fore being added to the cells [7]. To determine the effects of
PZE, the cells were treated with 10-300 ug/ml PZE (dis-
solved in distilled water) 1h prior to the AA exposure.
Another set of HepG2 cells undergoing the same experi-
mental schedule with the PZE treated cells were treated with
respective vehicles and assigned as the control group.

2.4. MTT Assay for Cell Viability. HepG2 cells were cultured
with DMEM in a 24-well plate, and the density was 5 x 10*
cells per well. The cells were incubated with 0.25 mg/ml MTT
for 120 min following treatment with AA +iron, PZE, or
their combination. The media were removed, the formazan
crystals were dissolved in DMSO, and the absorbance was
read at 570 nm with the Tecan Infinite M200 microplate
reader (Mannedorf, Switzerland). The relative cell viability
was analyzed by the following equation:

absorbance of treated sample

cell viability = x100. (1)

absorbance of control

2.5. Measurement of H,O, Production. DCFH-DA perme-
ates into the cells and turns into the fluorescent dichloro-
fluorescein by interacting with H,O,. The production of
H,0, was evaluated by detecting the fluorescence intensity
of the treated cells after being incubated with DCFH-DA
(10 uM) for 60 min at 37°C [7]. The fluorescence intensity
was read at an excitation/emission wavelength (485/530 nm)
with the Tecan Infinite M200 microplate reader (Tecan).

2.6. Determination of Reduced GSH Concentration. The GSH
content in HepG2 cells was monitored using a two-step
chemical GSH #400 kit (Oxis International, Portland, OR,
USA). After the indicated treatments, the cells were lysed in
metaphosphoric acid, and the level of reduced GSH was

examined by the Tecan Infinite M200 microplate reader
(Tecan).

2.7. Determination of Mitochondrial Membrane Potential
(MMP). The MMP was examined by employing the Partec
GmbH FACSCalibur flow cytometer (Miinster, Germany)
[7]. The treated cells were stained with Rh123 (0.05 yg/ml), a
membrane-permeable cationic fluorescent dye, for 30 min
and harvested by trypsinization. Afterward, the cells were
suspended in phosphate-buffered saline containing 1% fetal
bovine serum and then went through the FACS. In each
analysis, 20,000 events were monitored.

2.8. Western Blot Analysis. Preparation of whole cell lysates
and Western blot analysis were carried out as previously
described [23]. HepG2 cells were lysed in RIPA buffer that
contained Halt protease and phosphatase inhibitor cocktail
(Thermo Scientific) for ten minutes and then centrifuged at
4°C, 15,000 xg, for thirty minutes. The obtained supernatant
was collected, and the total proteins were equally loaded
onto SDS-PAGE gels and transferred electrophoretically to a
nitrocellulose membrane. The membrane was incubated
with the primary antibody and then with the secondary
antibody. The interested protein bands were visualized with
the assistance of enhanced chemiluminescence (Amersham
Biosciences, Buckinghamshire, UK). The S-actin immuno-
blotting was done to prove the equal protein loading.
Densitometric analysis was performed with the Image]
software.

2.9. Transient Transfection and Luciferase Reporter Assay.
Antioxidant response element- (ARE-) driven reporter gene
construct, pGL4.37[luc2P/ARE/Hygro], was provided by
Promega. To generate glutathione-S-transferase (GST) A2
promoter-driven luciferase construct, pGL415-rGSTA2-
1128, rGSTA2 promoter region from —1128 to —1bp was
amplified by templating pGL3-rGSTA2-1128 and ligated
into the Kpnl/BglII site of pGL4.15 (Promega). The nucle-
otide sequence of the construct was proved by sequence
analysis with an ABI7700 DNA cycle sequencer. HepG2 cells
were transfected by pGL4.37 or pGL415-rGSTA2-1128
plasmid with Fugene HD (Promega) following the manu-
facturer’s instruction, and the selection of the resistant
colonies was done by adding 80 yg/ml hygromycin, pooled
for the reporter gene analysis. To measure luciferase activity,
the transfected cells (5 x 10° cells/well) were replated in 12-
well plates overnight, serum-starved for 12h, and treated
with 10-100 ug/ml PZE for 24 h. Luciferase activities in cell
lysates were determined using a microplate reader after
adding luciferase assay reagent. The relative luciferase ac-
tivity was calculated based on the protein content that was
measured by the BCA method.

2.10. CCly-Induced Liver Injury. Six-week-old male ICR
mice (30-32g) were obtained from Orient Bio Inc.
(Seongnam, Gyeonggi-do, Korea) and acclimatized for 7
days. CCl, (0.5 ml/kg/day, dissolved in corn oil, 10% vol/vol)
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F1GURE 1: UPLC chromatogram of four marker compounds in PZE. UPLC chromatogram of (a) commercial standard compounds. UPLC
chromatogram of (b) four marker compounds in PZE. The chromatograms were obtained at 280 nm (7-methoxycoumarin), 290 nm
(xanthoxylin), and 330 nm (bergapten and hyperoside).
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was intraperitoneally (i.p.) administered to the mice (5 mice
per group) for 2 days to induce liver damage. PZE was
dissolved in distilled water and orally (p.o., by gavage) given
to the mice at doses of 100 or 300 mg/kg/day for 4 con-
secutive days. On the first day, the mice were given PZE and,
90 min later, received the first injection of CCly; on the
second day and the third day, the mice received PZE
treatment without CCly; on the fourth day, the mice were
administered the second CCl, 90 min after the fourth PZE
treatment. Twenty-four hours after the second CCl,, the
mice were sacrificed by euthanasia with CO, asphyxiation,
and the liver and blood samples were harvested. SIL (100 mg/
kg/day) was employed as a positive control of pharmaco-
therapy. Additionally, a separate group of mice (n=5)
treated with the respective vehicles (in the same volume)
underwent the same experimental schedule with the PZE
treated mice and served as the (vehicle-treated) control
group. All animal procedures were approved by the Insti-
tutional Animal Care and Use Committee of Daegu Haany
University (Approval number: DHU2016-073) and per-
formed in accordance with the national regulations re-
garding the usage and welfare of laboratory animals.

2.11. Blood Biochemistry. Plasma was separated from the
blood sample, and alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) in plasma were examined
with an automated blood analyzer (FUJI DRI-CHEM
NX500I, Fuji Medical Systems Co., Ltd., Tokyo, Japan).

2.12. Histological Examination. Tissue samples were sepa-
rated from the left lateral lobe of the liver, fixed in formalin
(10%), embedded in paraffin, sectioned (3-4 ym), stained by
hematoxylin and eosin (HE) [23, 24], and observed under a
light microscope (Eclipse 80i, Nikon, Tokyo, Japan). The
histopathological profile of each sample includes confluent
necrosis, focal lytic necrosis, apoptosis, and focal and portal
inflammation, which was assessed by the modified histo-
logical activity index (HAI) and graded according to a
semiquantitative histopathological scoring system estab-
lished previously [25] (Table 1). The percentage of degen-
erative regions (%/mm?) in the hepatic sample marking
centrolobular necrosis, congestion, and inflammatory cell
infiltration was calculated using a computer-assisted auto-
mated image analyzer (iSolution FL version 9.1, IMT i-
Solution Inc., Vancouver, BC, Canada), and the hepatocytes
with degenerative changes (necrosis, acute cellular swelling,
and severe fatty change) were counted. The number of
infiltrated inflammatory cells was calculated with an auto-
mated image analyzer denoted by cells/1000 hepatocytes,
and the number of cells/mm® of hepatic parenchyma was
presented according to previous methods [23, 24].

2.13. Immunohistochemistry. The cleaved caspase-3, cleaved
PARP, 4-HNE, and NT immunoreactive cells were, re-
spectively, detected by an immunohistochemical method
using purified primary antibodies, the avidin-biotin-per-
oxidase, and peroxidase substrate kits (Vector Labs,

TaBLE 1: Modified HAI grading: inflammatory scores used in the
present study.

a. Confluent necrosis
Absent
Focal confluent necrosis
Zone 3 necrosis in some areas
Zone 3 necrosis in most areas
Zone 3 necrosis + occasional portal-central bridging
Zone 3 necrosis + multiple portal-central bridging
Panacinar or multiacinar necrosis

AN Ul WD~ O

b. Focal (spotty) lytic necrosis, apoptosis, and focal
inflammation

Absent

One focus or less per 10 x objective

Two to four foci per 10 x objective

Five to ten foci per 10 x objective

More than ten foci per 10 x objective 4

w N = O

HAI: histological activity index, HAI grading scores=A+B, possible
maximum total scores = 10, modified from the method described by Ishak
et al. [25].

Burlingame, CA, USA) as described previously [23, 24, 26].
Briefly, the activity of endogenous peroxidase was blocked
by incubating the sections in methanol and 0.3% H,O, for
0.5h, and the blockade of nonspecific immunoglobulin
binding was implemented with a normal horse serum
blocking solution for 60 min in a humidity chamber. The
sections were treated with (or without) the primary antisera
overnight at 4°C in the humidified chamber, followed by
incubation with the biotinylated secondary antibody and
ABC reagents for 60 min at room temperature. Then, the
sections were allowed to react with the peroxidase substrate
kit for 3 min at room temperature. Finally, all sections were
rinsed with 0.01 M phosphate-buffered saline for three times;
the sections treated without any primary antibodies were
considered as the blank controls for the immunohisto-
chemical staining (data not shown); and the sections were
observed under the microscope with an aid from the
computer-based automated image analyzer (iSolution FL ver
9.1, IMT i-Solution Inc., Burnaby, BC, Canada). Hepatic
tissue images in the sections were adjusted to contain 1000
hepatocytes on the view field of the analyzer, which were
located in a restricted hepatic parenchyma area around a
centrolobular region and central veins. The cells with im-
munostained (3,3'-diaminobenzidine staining, brown in
color) areas over 20% were considered as positive for cleaved
caspase-3, cleaved PARP, NT, and 4-HNE, respectively, and
the numbers of the positive cells (/1000 hepatocytes) were
counted; these processes were all done by two trained ob-
servers who were blind to the treatments [23, 24].

2.14. Statistical Analysis. All data are expressed as
means + SD (standard deviation). All the data, except for the
histomorphometric values, were statistically analyzed with
one-way analysis of variance (ANOVA) followed by the
Newman-Keuls post hoc test. The homogeneity of variance
was checked using the Levene test [27]. The histomorpho-
metric data (n=5) were statistically analyzed by either
ANOVA + the least significant difference (LSD) post hoc test
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TaBLE 2: General histomorphometrical analysis of acute CCly-treated mouse hepatic tissues.

General histomorphometry

Percentages of Numbers of degenerative

Groups inil)jt(osl:og;z:-l ;LC:;(V:}IIO) degenerative regions hepatocytes (cells/1000 2&?;:;1;2;??:3}32?;%
? (%/mm?) hepatocytes)

Control 0.40 +£0.55 1.54+0.78 14.80+7.95 24.20+6.98

PZE 300 0.40 +0.55 1.53+0.87 15.00+7.78 23.80+12.64

CCly 8.20 +1.10° 83.37 +6.10° 808.80 +78.10° 223.00 +76.42°

CCl, + silymarin 4.40 +0.55% 47.02 + 4.58°¢ 453.20 +50.01° 71.60 +10.29°°

CCl, + PZE 100 4.60 +0.89%° 48.11+7.95% 473.60 + 86.38¢ 71.00 + 14.09°

CCly + PZE 300 3.40 £0.55% 38.55+6.63° 363.80 +59.82% 51.00 + 15.22

2p <0.01 as compared with control by LSD test, ®p < 0.01 as compared with CCl, by LSD test, “p <0.01 and %p < 0.05 as compared with control by MW test,
€p<0.01 as compared with CCl,; by MW test.

TaBLE 3: Immunohistochemical-histomorphometrical analysis of acute CCly-treated mouse hepatic tissues.

Positive cells by immunohistochemistry (cells/1000 hepatocytes)

Groups Cleaved caspase-3 Cleaved poly (ADP-ribose) polymerase Nitrotyrosine 4-Hydroxynonenal
Control 12.20 +9.18 19.80 +10.94 28.40+18.22 62.40 + 30.66
PZE 300 12.00 +7.65 19.40 + 9.66 27.20 +£20.75 61.40 + 37.58
ccly 664.60 + 77.89° 713.40 + 57.50° 664.20 + 50.00° 795.60 +60.11°
CCl, + silymarin 420.00 +33.13%¢ 463.80 + 57.12°¢ 388.40 + 69.68°¢ 404.40 +51.03%

CCl, + PZE 100 433.20 +89.18°¢ 461.20 + 77.33<¢ 412.80 + 133.19°¢ 427.20 + 83.58%°
CCl, + PZE 300 261.80 + 50.98%¢ 284.00 + 108.91¢ 217.20 + 37.10% 278.60 + 45.39%°

p <0.01 as compared with control by LSD test, ®p < 0.01 as compared with CC, by LSD test, °p < 0.01 as compared with control by MW test, “p <0.01 and

€p <0.05 as compared with CCly; by MW test.

or the Kruskal-Wallis H-test + the Mann-Whitney U test
(MW) (the nonparametric tests) depending on the results of
the Levene test (indicated in Tables 2 and 3) [28, 29]. SPSS
for Windows software (Release 14.0 K; SPSS Inc., Chicago,
IL, USA) was used to conduct all the above-mentioned
analyses. p <0.05 was considered significantly different.

3. Results

3.1. Effect of PZE on AA Plus Iron-Induced Cell Death.
The protective effect of PZE against the hepatotoxicity in-
duced by AA +iron was examined via the MTT assay.
Treatment with AA +iron produced a marked decrease in
the viability of HepG2 cells (p <0.01). However, at the
concentrations of 10-300 yug/ml, PZE significantly increased
the cell viability (p <0.05:10 ug/ml; p <0.01:30, 100, and
300 ug/ml) (Figure 2(a)).

3.2. Effect of PZE on Apoptosis-Related Protein Expressions.
The protein levels of cleaved PARP, cleaved caspase-3, and
Bcl-2 were analyzed by Western blot. Treatment with
AA +iron increased the protein levels of cleaved PARP and
cleaved caspase-3 (p < 0.05: cleaved PARP; p <0.01: cleaved
caspase-3) but reduced the protein level of Bcl-2 (p <0.01).
However, these changes were reversed by 100 ug/ml PZE
treatment (p <0.05: cleaved PARP; p<0.01: cleaved cas-
pase-3 and Bcl-2) (Figure 2(b)).

3.3. Effect of PZE on AA + Iron-Induced Oxidative Stress and
Mitochondrial Dysfunction. Treatment with AA +iron

increased the level of H,O, in HepG2 cells (p<0.01);
however, PZE (30 and 100 ug/ml) significantly inhibited the
H,0, production (30 ug/ml, p <0.05; 100 ug/ml, p<0.01)
(Figure 3(a)). In addition, AA plus iron treatment reduced
the intracellular level of GSH in HepG2 cells (p < 0.01), but
pretreatment with PZE reversed this reduction (30 and
100 pug/ml, p <0.01) (Figure 3(b)). Moreover, AA plus iron
treatment increased the population of Rh123-negative cells
(RN1 fraction) (p <0.01), which was inhibited by both 30
(p<0.01) and 100 ug/ml PZE (p <0.01) (Figure 3(c)). PZE
alone did not affect the H,O, production, GSH levels, and
mitochondrial function.

3.4. Effect of PZE on Nuclear Nrf2 Accumulation and Cytosol
GCLC and NQOI Protein Expressions. To examine the effect
of PZE on Nrf2 activation, the nuclear Nrf2 content was
measured by Western blot analysis. Nuclear accumulation of
Nrf2 increased significantly 1h after treatment with 100 ug/
ml PZE (p<0.01) and peaked at 3h after the treatment
(p<0.01) (Figure 4(a)). Furthermore, treatment with
3-100 ug/ml PZE for 3 h escalated the nuclear translocation
of Nrf2  (p<0.05:30ug/ml;  p<0.01:100 pug/ml)
(Figure 4(b)). Moreover, treatment with 100 ug/ml PZE
elevated the protein expressions of both GCLC (for 12 and
24h, p<0.01) and NQOL1 (for 24 h, p <0.01) in HepG2 cells,
indicating enhanced expressions of the Nrf2-target genes
(Figure 4(c)).

3.5. Effect of PZE on Nrf2 and ERK Phosphorylation as well as
ARE-Driven Luciferase Activity. Treatment with 100 yg/ml
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FIGURE 2: Inhibition of AA +iron-induced cell death by PZE. (a) HepG2 cells were pretreated with 10-300 yg/ml PZE for 1h and
subsequently incubated with 10 uM AA for 12 h, followed by exposure to 5uM iron for 4 h. Cell viability was measured by MTT assay. (b)
Western blotting of apoptosis proteins was performed using HepG2 cell lysates incubated with 30 and 100 yg/ml PZE for 1 h, continuously
treated with 10 uM AA for 12 h, and then exposed to 5uM iron for 1 h. All data represent means + SD of three independent experiments
(** p<0.01, * p <0.05 between control and AA + iron-treated cells; ** p <0.01, # p < 0.05 between AA + iron-treated cells with or without
PZE).

PZE for 3h or 6 h increased the expression of phospho-ERK  level in the cytosol, which peaked at 6h (p <0.05 for 1h;
in the cytosol of HepG2 cells (p <0.05) (Figure 5(a)). In p<0.01 for 3 or 6h) (Figure 5(a)). The functional role of
addition, PZE (100 yg/ml) also increased the phospho-Nrf2 ~ Nrf2 is reflected by the ARE-driven reporter gene
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FIGURE 3: Effects of PZE on AA + iron-stimulated oxidative stress and mitochondrial dysfunction. (a) H,O, production. (b) GSH contents.
HepG2 cells were treated with 30 and 100 yg/ml PZE for 12 h and then continuously exposed to 10 uM AA for 12 h followed by exposure to
5uM iron for 4h After incubation, the GSH contents were measured in cell homogenates. (c) Mitochondrial membrane permeability was
measured in HepG2 cells, pretreated with 30 and 100 yg/ml PZE for 1h, and exposed subsequently to AA and iron. The cell population
exhibiting low Rh123 staining intensity is represented as a fold. All data are presented as means + SD of three independent experiments
(**p <0.01 between control and AA +iron-treated cells; ## p<0.01, # P <0.05 between AA +iron-treated cells with or without PZE).

expression; as seen in Figure 5(b), treatment with 100 yg/ml
PZE for 24 h significantly increased the luciferase activity of
the ARE reporter construct (p <0.01).

3.6. Effect of PZE on Plasma ALT and AST Levels. CCl, ad-
ministration increased the activities of plasma ALT
(p<0.01) and AST (p<0.01). However, as seen in
Figures 6(a) and 6(b), oral treatment with both 100 and
300 mg/kg PZE inhibited these increases, ALT (p <0.01 for
300mg/kg PZE) and AST (p<0.05 for 100mg/kg PZE;
p<0.01 for 300 mg/kg PZE). The effects did not show a

dose-dependent manner, and PZE (300 mg/kg) alone did not
have any impact. The positive control drug SIL at the dose of
100 mg/kg also inhibited plasma ALT and AST activities
(p<0.05 for ALT; p<0.01 for AST), and the efficacy is
comparable to that of PZE 100-300 mg/kg.

3.7. Effect of PZE on CCl4-Induced Histopathological Changes.
As shown in Table 2 and Figure 6(c), the CCl, administration
increased the HAI of the liver (p <0.01), the percentage of
degenerative regions (p < 0.01), the number of degenerative
hepatocytes (p<0.01), and the number of infiltrated
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FIGURE 6: Effects of PZE on CCly-induced liver injury. (a), (b) The activities of ALT and AST in blood. (c) The representative general
histopathological profiles of the hepatic tissues, taken from intact or acute CCl4-treated mouse with/without PZE administration (CV:
central vein; PT: portal triad regions; scale bars = 120 ym). Data represent means + SD (** p < 0.01 compared with the vehicle-treated group;

## p<0.01, # P <0.05 compared with the CCl4-treated group).

inflammatory cells (p <0.01) in the liver tissue (p <0.01).
However, 100mg/kg PZE (p<0.01), 300mg/kg PZE
(p<0.01), and 100mg/kg SIL (p<0.01) all significantly
abated these increases. In addition, in the group of 300 mg/
kg PZE alone, no significant changes were observed.

In the immunohistochemical analysis, as seen in Table 3
and Figure 7, there were significant immunoreactivity ele-
vations of cleaved caspase-3 (p<0.01), cleaved PARP
(p<0.01), NT (p<0.01), and 4-HNE (p <0.01) in the liver
samples of the CCl,-treated group compared to the vehicle
control group. However, treatment with 100 mg/kg PZE
(p<0.050r p<0.01), 300 mg/kg PZE (p <0.01), or 100 mg/
kg SIL (p<0.01), respectively, ameliorated these

histopathological changes. Once again, 300 mg/kg PZE alone
did not produce any significant effects.

4. Discussion

PZE has been widely used in traditional Oriental medicine
for treating the disorders related to the digestive system
[15, 16]. In laboratory studies, PZE also displays antipara-
sitic, antibacterial, anti-inflammatory, and antioxidative
properties [19-22]. However, no preclinical studies have
ever been done to evaluate a possible therapeutic effect of
PZE on hepatotoxicity. Accordingly, the present study
addressed this issue in both in vitro and in vivo ways.
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FIGURE 7: Representative (a) cleaved caspase-3, cleaved PARP, (b) NT, and 4-HNE immunoreactivities of the hepatic tissues, taken from
intact or acute CCl4-treated mouse with/without PZE administration. Scale bars indicate 120 um (CV: central vein).

In in vitro experiments, the present study found that
PZE treatment at the doses of 10-300 yg/ml promoted the
cell viability of AA plus iron-stimulated HepG2 cells and
improved the profile of oxidative stress and the expressions
of factors related to apoptosis, which were associated with
enhanced activities of Nrf2 and ERK signaling pathways. In
in vivo experiments, oral treatment with PZE at doses of
100 and 300 mg/kg/day improved the abnormal leakage of
hepatic enzymes and the histopathological changes in the
liver induced by CCl,. Taken together, these results suggest
that PZE has hepatoprotective effects by counteracting
oxidative stress, which may involve the ERK/Nrf2/ARE
pathway.

Previously, we reported that application of AA +iron
resulted in the death of hepatocytes, which is associated with
oxidative stress and apoptosis [30-33]. Consistently, in the
present study, there was decreased cell viability in AA plus
iron-stimulated HepG2 cells; however, PZE treatment ef-
fectively rescued the cell death, indicating a possible hep-
atoprotective effect of PZE. Meanwhile, in the present study,
AA +iron treatment overproduced H,0,, depleted the re-
duced GSH pool, and disturbed mitochondrial function in
the hepatocytes. H,O, is a typical marker molecule of ox-
idative stress; the pool of reduced GSH constitutes an im-
portant defensive line against oxidative stress; and the
mitochondria are the major resource of free radical mole-
cules in cytosol. However, in the present study, these oxi-
dative stress-related phenomena were greatly improved by
treatment with PZE. These results are in agreement with the

studies reporting that PZE scavenged hydroxyl free radicals
and inhibited lipid peroxidation in vitro [21, 22], hence
suggesting that the hepatoprotection by PZE is mediated via
its antioxidant action.

The increased apoptotic process is critical in the death
of hepatocytes induced by AA plus iron, and both elevated
oxidative stress and dysregulated equilibrium of intracel-
lular cations contribute to this process. For example, AA
has been shown to elevate the intracellular Ca®* concen-
tration and stimulate mitochondrial Ca®" uptake, leading
to a compromised mitochondrial function [5, 31]. The
dysfunction of mitochondria induces the release of cyto-
chrome ¢; subsequently stimulates the downstream cas-
pases, such as caspase-3 and caspase-9; and further
activates other apoptotic cellular proteins, such as PARP,
finally resulting in apoptosis. In the present study, the
Western blot analysis revealed that AA plus iron simulation
enhanced the protein expressions of cleaved PARP and
caspase-3 but reduced the protein level of Bcl-2 (an anti-
apoptotic protein), indicating the promoted process of
apoptosis in the HepG2 cells. However, the same Western
blot analysis also found that treatment with PZE effectively
reversed the expression of these proteins. Although it is not
clear whether these antiapoptotic effects of PZE come from
possible modulation of the cellular Ca®* equilibrium, from
the antioxidant action, or from their combination, these
results suggest that the protective effect of PZE on HepG2
cells against AA +iron is accomplished by curbing the
apoptotic process.
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After being separated from Keapl, Nrf2 is translocated
to the nucleus and heterodimerizes with the small protein
called Maf to activate the Nrf2-driven genes transcription
via ARE in the promoter region [34, 35]. The Nrf2/ARE/
target genes constitute an important pathway to facilitate
the cellular antioxidant action because the Nrf2 target
genes serve as cellular detoxicants, antioxidants, and ROS
scavengers [36]. In the present study, PZE treatment sig-
nificantly increased the nuclear accumulation of Nrf2 in
HepG2 cells; consequently, we can consider that PZE ac-
tivates the Nrf2/ARE pathway to exert its antioxidant ac-
tion. This idea is directly supported in the present study by
the result that PZE treatment markedly raised the ARE
luciferase activity in the HepG2 cells, which reflects the
increased activation of the Nrf2/ARE/target genes pathway,
and is also reinforced by the result that PZE elevated the
expressions of antioxidant proteins GCLC and NQO1 in
the HepG2 cells, which are both the Nrf2 target genes’
production [37-39]. It has been well documented that the
phosphorylation of Nrf2 at serine 40 by ERK1/2 facilitates
the dissociation of Nrf2 with Keapl and promotes the
nuclear translocation of Nrf2 [40, 41]. In the present study,
treatment with 100 ug/ml PZE for 3-6h significantly in-
creased the phosphorylation rates of ERK in HepG2 cells,
and the same dose of PZE for 1-6h also escalated the
phosphorylation rates of Nrf2 by the similar fashion with
the case of ERK. These results suggest that phosphorylation
of Nrf2 by the MAPK pathway contributes to the activation
of Nrf2 by PZE. Altogether, these results collectively
suggest that the hepatoprotective effects of PZE against
AA +iron-induced oxidative stress are mediated via the
ERK/Nrf2/ARE pathway.

CCl, generates substantial damage to liver. ALT and AST
are both typical biochemical markers of hepatocytic injury,
leaked from injured liver cells to enter into the blood [42]. In
the present study, the CCl, administration significantly
increased plasma ALT and AST levels in mice. However, the
levels of the ALT and AST were significantly reduced by
treatment with 300 mg/kg PZE, and 100 mg/kg PZE also
inhibited the increase of plasma AST levels. SIL, a flavonoid
included in the herb milk thistle, Silybum marianum, rep-
resents a typical herb-origin antioxidant that has hep-
atoprotective effects [43]. In the present study, SIL (100 mg/
kg/day) was employed to be a positive pharmacological
control, and the oral administration of SIL also significantly
inhibited CCly-induced increases of plasma ALT and AST
activity. These results biochemically suggest that PZE pro-
tects the liver against CCly-induced toxicity in vivo.

Consistent with the previous reports [23, 24], in the
present study, the histopathological observation revealed
that there was vacuolation (deposition of lipid droplets) and
ballooning of hepatocytes, as well as inflammatory cell in-
filtration in CCl,-treated mice. The damaged hepatocytes
were mainly distributed around central veins, and cells with
fatty changes were found in the margins. However, in the
present study, treatment with both 100 and 300 mg/kg PZE
doses, respectively, attenuated the heightened HAI index
(denoting the severity of hepatic tissue damage, see Tables 1
and 2), the elevated percentages of degenerated regions, the
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increased numbers of degenerated hepatocytes, and the
enhanced numbers of infiltrated inflammatory cells in the
hepatic tissues induced by CCl, administration. These re-
sults are in agreement with the biochemical results and
histologically suggest that PZE produces protective effects
against CCly-induced liver injury.

As seen in the in vitro experiments, the increased hepatic
apoptosis appears to be the major cause of AA +iron-in-
duced hepatocytic death [30], and this holds true for the in
vivo experiment [44]. The immunohistochemical analysis in
the present study revealed that there were increased num-
bers of cleaved caspase-3 immunoreactive cells and cleaved
PARP immunoreactive cells in the CCl,-treated mice liver,
which were mainly located in centrolobular regions.
However, these increased immunoreactivities were greatly
reduced by treatment with 100 and 300 mg/kg PZE as well as
100 mg/kg SIL. These results lend strong support to the
results of the in vitro experiment that evaluated the same
apoptotic molecules and histologically confirm the inhibi-
tory effect of PZE on toxicants-induced hepatocytic
apoptosis.

NT is a tyrosine nitration product that is generated by
reactive nitrogen species including peroxynitrite anions and
nitrogen dioxide [45, 46], and 4-HNE is an a,f-unsaturated
hydroxyalkenal yielded by cell lipid peroxidation [47, 48]. In
the present study, obvious increases in the number of NT
and 4-HNE immunoreactive cells were immunohis-
tochemically observed in the hepatic tissues of CCl,-treated
mice; however, they were, respectively, reversed by 100 mg/
kg PZE, 300 mg/kg PZE, or 100 mg/kg SIL treatment. These
findings not only immunohistochemically present the oxi-
dative stress mechanism of CCl,-induced hepatotoxicity, but
also consolidate the in vitro evidence that PZE protects the
hepatocytes against oxidative stress.

In summary, in the present study, PZE in vitro and in
vivo exerted protective effects against AA plus iron-induced
hepatocytotoxicity and carbon tetrachloride-induced liver
injury. Besides, PZE in vitro improved the status of oxidative
stress and normalized the protein expressions of apoptosis-
related factors, which were also observed in vivo. Meanwhile,
PZE boosted nuclear translocation of Nrf2, increased ARE
luciferase activity, and elevated the phosphorylation rates of
Nrf2 and ERK, reflecting the promoted activity of the ERK/
Nrf2/ARE pathway. These findings collectively suggest that
PZE has protective effects against xenotoxicants-induced
hepatotoxicity by antagonizing increased oxidative stress via
the ERK/Nrf2/ARE pathway, and direct us toward future
investigation for identifying the bioactive compounds that
account for the hepatoprotection by PZE.

Data Availability

The data justifying the conclusions of this study are all
statistically analyzed and presented in the Results section
and are also available from the corresponding authors.

Conflicts of Interest

The authors declare that they have no conflicts of interest.



14

Authors’ Contributions

SCK and RZ contributed to the design and supervision of
this study. SMP, JKK, and EOK participated in the in vitro
studies. SKK, CAP, SGL, and IJC conducted the in vivo
experiments. Experimental and laboratory analysis was
carried out by SMP, CWL, SHB, and WGA. KHJ performed
the statistical analysis. The manuscript was written by RZ,
SCK, SKK, and CWL. The editing of the manuscript was
done by RZ, SCK, DHJ, and SK. All the authors read and
approved the final version of the manuscript.

Acknowledgments

This research was supported by Basic Science Research
Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education (No.
2015R1A6A3A01060985: collection and analysis of data), the
National Research Foundation of Korea (NRF) grant funded
by the Korea Government (No. 2018R1A5A2025272: in-
terpretation of data and writing of manuscript), and the
Basic Research Foundation of the Education Department of
Heilongjiang Province, China (No. 2017-QYKYYWF-0750:
design and writing of manuscript).

References

[1] R. Taub, “Liver regeneration: from myth to mechanism,”
Nature Reviews Molecular Cell Biology, vol. 5, no. 10,
pp. 836-847, 2004.

[2] V. Arroyo, R. Moreau, P. S. Kamath et al., “Acute-on-chronic
liver failure in cirrhosis,” Nature Reviews Disease Primer,
vol. 2, p. 16041, 2016.

[3] Q. Zhao, Y. Peng, K. Huang et al.,, “Salvianolate protects
hepatocytes from oxidative stress by attenuating mitochon-
drial injury,” Evidence-based Complementary and Alternative
Medicine, vol. 2016, Article ID 5408705, 10 pages, 2016.

[4] S. M. Shin, J. H. Yang, and S. H. Ki, “Role of the Nrf2-ARE
pathway in liver diseases,” Oxidative Medicine and Cellular
Longevity, vol. 2013, Article ID 763257, 9 pages, 2013.

[5] M. A. Balboa and J. Balsinde, “Oxidative stress and arachi-
donic acid mobilization,” Biochimica et Biophysica Acta
(BBA)-Molecular and Cell Biology of Lipids, vol. 1761, no. 4,
pp. 385-391, 2006.

[6] A. A. Caro and A. I. Cederbaum, “Synergistic toxicity of iron
and arachidonic acid in HepG2 cells overexpressing
CYP2E1,” Molecular Pharmacology, vol. 60, no. 4, pp. 742-
752, 2001.

[7] S. M. Shin and S. G. Kim, “Inhibition of arachidonic acid and
iron-induced mitochondrial dysfunction and apoptosis by
oltipraz and novel 1,2-dithiole-3-thione congeners,” Molec-
ular Pharmacology, vol. 75, no. 1, pp. 242-253, 2009.

[8] B. Tadolini and G. Hakim, “The mechanism of iron (III)
stimulation of lipid peroxidation,” Free Radical Research,
vol. 25, no. 3, pp. 221-227, 1996.

[9] R. Mattera, G. P. Stone, N. Bahhur, and Y. A. Kuryshev,
“Increased release of arachidonic acid and eicosanoids in
iron-overloaded cardiomyocytes,” Circulation, vol. 103,
no. 19, pp. 2395-2401, 2001.

[10] R.O. Recknagel, E. A. Glende Jr.,]. A. Dolak, and R. L. Waller,
“Mechanisms of carbon tetrachloride toxicity,” Pharmacology
[ Iherapeutics, vol. 43, no. 1, pp. 139-154, 1989.

Evidence-Based Complementary and Alternative Medicine

[11] A. Salazar-Montes, L. Ruiz-Corro, A. Lopez-Reyes,
E. Castrejon-Gomez, and J. Armendariz-Borunda, “Potent
antioxidant role of pirfenidone in experimental cirrhosis,”
European Journal of Pharmacology, vol. 595, no. 1-3,
pp. 69-77, 2008.

[12] A. K. Jaiswal, “Nrf2 signaling in coordinated activation of
antioxidant gene expression,” Free Radical Biology and
Medicine, vol. 36, no. 10, pp. 1199-1207, 2004.

[13] J.-M. Lee and J. A. Johnson, “An important role of Nrf2-ARE
pathway in the cellular defense mechanism,” BMB Reports,
vol. 37, no. 2, pp. 139-143, 2004.

[14] A. Giudice, C. Arra, and M. C. Turco, “Review of molecular
mechanisms involved in the activation of the Nrf2-ARE
signaling pathway by chemopreventive agents,” Methods in
Molecular Biology, vol. 647, pp. 37-74, 2010.

[15] B. S. Cheong and M. G. Shin, Iconographical Folk Medicine
Encyclopedia, pp. 795-796, Seoul University Publishers, Seoul,
South Korea, 1999.

[16] Seoul University Publishers, “New oriental medicine hand-
book,” Traditional Oriental Medicine Database, Seoul Uni-
versity Publishers, Seoul, South Korea, 1999.

[17] M. Zhang, Y. Chen, Z. Zhu, and G. Chen, “Pharmacological
studies on warming the middle-jiao to alleviate pain by
Pericarpium zanthoxyli,” Zhongguo Zhong Yao Za Zhi, vol. 16,
pp. 493-497, 1991.

[18] H. Wagner, R. Bauer, D. Melchart, P. G. Xiao, and
A. Staudinger, Chromatographic Fingerprint Analysis of
Herbal Medicines: Pericarpium Zanthoxyli Huajiao, Springer,
Berlin, Germany, 2011.

[19] M. Zhou, F. Shi, K. Chen, M. Kang, and X. Liang, “Research
progress of the medicinal value of Zanthoxylum bungeanum
Maxim,” Farm Products Processing, vol. 495, pp. 65-72, 2020.

[20] H. Zhang, C. Huang, D. Yang, G. Hu, J. Xiao, and L. Xu,
“Anti-inflammatory effect of alkylamides in Zanthoxylum
bungeanum on rats with cervical spondylotic radiculopathy,”
JETCM, vol. 25, pp. 1552-1554, 2016.

[21] J. H. Liu, “Study on microwave-assisted extraction technology
and antioxidant activity of flavonoids from Zanthoxylum
bungeanum leaves,” China Condiment, vol. 40, pp. 16-20,
2015.

[22] J. W. Chung, J. U. Oh, S. Lee, and S. J. Kim, “Inhibition of
inducible nitric oxide synthase, cycleooxygenase-2 and lipid
peroxidation by methanol extract of Pericarpium zanthoxyli,”
Tropical Journal of Pharmaceutical Research, vol. 12,
pp. 369-375, 2013.

[23] J.-H. Lee, E. J. Jang, H. L. Seo et al., “Sauchinone attenuates
liver fibrosis and hepatic stellate cell activation through TGEF-
B/Smad signaling pathway,” Chemico-Biological Interactions,
vol. 224, pp. 58-67, 2014.

[24] S. H. Ki, J. H. Yang, S. K. Ku, S. C. Kim, Y. W. Kim, and
I. J. Cho, “Red ginseng extract protects against carbon tet-
rachloride-induced liver fibrosis,” Journal of Ginseng Re-
search, vol. 37, no. 1, pp. 45-53, 2013.

[25] K. Ishak, A. Baptista, L. Bianchi et al., “Histological grading
and staging of chronic hepatitis,” Journal of Hepatology,
vol. 22, no. 6, pp. 696-699, 1995.

[26] H. Yu, L. Zheng, L. Yin et al., “Protective effects of the total
saponins from Dioscorea nipponica Makino against carbon
tetrachloride-induced liver injury in mice through suppres-
sion of apoptosis and inflammation,” International Immu-
nopharmacology, vol. 19, no. 2, pp. 233-244, 2014.

[27] B. Zhao, L. H. Schwartz, C. S. Moskowitz et al., “Pulmonary
metastases: effect of CT section thickness on measurement-



Evidence-Based Complementary and Alternative Medicine

initial experience,” Radiology, vol. 234, no. 3, pp. 934-939,
2005.

[28] J. Ludbrook, “Update: microcomputer statistics packages. A
personal view,” Clinical and Experimental Pharmacology and
Physiology, vol. 24, no. 3-4, pp. 294-296, 1997.

[29] S. Kang, J. Lee, E. Lee et al.,, “Fermentation with aquilariae
lignum enhances the anti-diabetic activity of green tea in type
II diabetic db/db mouse,” Nutrients, vol. 6, no. 9, pp. 3536-
3571, 2014.

[30] H. L. Ko, E. H. Jung, D. H. Jung et al., “Paeonia japonica root
extract protects hepatocytes against oxidative stress through
inhibition of AMPK-mediated GSK3p,” Journal of Functional
Foods, vol. 20, pp. 303-316, 2016.

[31] L. Scorrano, S. A. Oakes, J. T. Opferman et al., “BAX and bak
regulation of endoplasmic reticulum Ca2+: a control point for
apoptosis,” Science, vol. 300, no. 5616, pp. 135-139, 2003.

[32] G.Z.Dong, E.].Jang, S. H. Kang et al., “Red ginseng abrogates
oxidative stress via mitochondria protection mediated by
LKB1-AMPK pathway,” BMC Complementary and Alterna-
tive Medicine, vol. 13, p. 64, 2013.

[33] G.-Z. Dong, J.-H. Lee, S. H. Ki et al.,, “AMPK activation by
isorhamnetin protects hepatocytes against oxidative stress
and mitochondrial dysfunction,” European Journal of Phar-
macology, vol. 740, pp. 634-640, 2014.

[34] H. Motohashi and M. Yamamoto, “Nrf2-Keapl defines a
physiologically important stress response mechanism,” Trends
in Molecular Medicine, vol. 10, no. 11, pp. 549-557, 2004.

[35] S. Tanigawa, M. Fujii, and D. Hou, “Action of Nrf2 and Keapl
in ARE-mediated NQO1 expression by quercetin,” Free
Radical Biology and Medicine, vol. 42, no. 11, pp. 1690-1703,
2007.

[36] M. S. Yates, Q. T. Tran, P. M. Dolan et al., “Genetic versus
chemoprotective activation of Nrf2 signaling: overlapping yet
distinct gene expression profiles between Keap1 knockout and
triterpenoid-treated mice,” Carcinogenesis, vol. 30, no. 6,
pp. 1024-1031, 2009.

[37] S. A. Reisman, D. B. Buckley, Y. Tanaka, and C. D. Klaassen,
“CDDO-Im protects from acetaminophen hepatotoxicity
through induction of Nrf2-dependent genes,” Toxicology and
Applied Pharmacology, vol. 236, no. 1, pp. 109-114, 2009.

[38] Y.-C. Yang, C.-K. Lii, A.-H. Lin et al., “Induction of gluta-
thione synthesis and heme oxygenase 1 by the flavonoids
butein and phloretin is mediated through the ERK/Nrf2
pathway and protects against oxidative stress,” Free Radical
Biology and Medicine, vol. 51, no. 11, pp. 2073-2081, 2011.

[39] H. Y. Kay, J. Won Yang, T. H. Kim et al., “Ajoene, a stable
garlic by-product, has an antioxidant effect through nrf2-
mediated glutamate-cysteine ligase induction in HepG2 cells
and primary hepatocytes,” The Journal of Nutrition, vol. 140,
no. 7, pp. 1211-1219, 2010.

[40] L. M. Zipper and R. T. Mulcahy, “Erk activation is required for
Nrf2 nuclear localization during pyrrolidine dithiocarbamate
induction of glutamate cysteine ligase modulatory gene ex-
pression in HepG2 cells,” Toxicological Sciences, vol. 73, no. 1,
pp. 124-134, 2003.

[41] A. Boutten, D. Goven, E. Artaud-Macari, J. Boczkowski, and
M. Bonay, “NRF2 targeting: a promising therapeutic strategy
in chronic obstructive pulmonary disease,” Trends in Mo-
lecular Medicine, vol. 17, no. 7, pp. 363-371, 2011.

[42] M. K. Manibusan, M. Odin, and D. A. Eastmond, “Postulated
carbon tetrachloride mode of action: a review,” Journal of
Environmental Science and Health, Part C, vol. 25, no. 3,
pp. 185-209, 2007.

15

[43] K. Wellington and B. Jarvis, “Silymarin: a review of its clinical
properties in the management of hepatic disorders,” Bio-
Drugs, vol. 15, no. 7, pp. 465-489, 2001.

[44] 7. Shi, K. Aisaki, Y. Ikawa, and K. Wake, “Evidence of he-
patocyte apoptosis in rat liver after the administration of
carbon tetrachloride,” The American Journal of Pathology,
vol. 153, no. 2, pp. 515-525, 1998.

[45] P. Pacher, J. S. Beckman, and L. Liaudet, “Nitric oxide and
peroxynitrite in health and disease,” Physiological Reviews,
vol. 87, no. 1, pp. 315-424, 2007.

[46] J.Y.Jung, C. W. Lee, S. M. Park et al., “Activation of ampk by
buddleja officinalis maxim. Flower extract contributes to
protecting hepatocytes from oxidative stress,” Evidence-Based
Complementary And Alternative Medicine, vol. 2017, Article
ID 9253462, 15 pages, 2017.

[47] F. Sun, E. Hamagawa, C. Tsutsui, Y. Ono, Y. Ogiri, and
S. Kojo, “Evaluation of oxidative stress during apoptosis and
necrosis caused by carbon tetrachloride in rat liver,” Bio-
chimica et Biophysica Acta (BBA)-Molecular Basis of Disease,
vol. 1535, no. 2, pp. 186-191, 2001.

[48] R.L.Smathers,J.J. Galligan, B. J. Stewart, and D. R. Petersen,
“Overview of lipid peroxidation products and hepatic protein
modification in alcoholic liver disease,” Chemico-Biological
Interactions, vol. 192, no. 1-2, pp- 107-112, 2011.



