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Abstract

Background: Several studies have found that caffeic acid (CA), a well-known phytochemical, displays important
antioxidant and anti-cancer activities. However, no evidence exists on the protective effect and its mechanisms that
CA treatment alone has against oxidative stress induced by tert-butyl hydroperoxide (t-BHP) in HepG2 cells.

Methods: Hepatoprotective activities such as cell viability, mMRNA expression, and report gene assay were measured
using HepG2 cell. Three types of genes and proteins related with detoxification in liver were used for measuring
the hepatoprotective effects. Statistical analysis was performed using one-way ANOVA test and differences among
groups were evaluated by Tukey's studentized range tests.

Results: The present study indicate that treatment with CA up-regulates heme oxygenase-1 (HO-1) and glutamate-
cysteine ligase (GCL) mRNA and protein expressions in a CA-dose-dependent manner. In addition, translocation of
nuclear factor-E2 p45-related factor (Nrf2) from the cytoplasm to the nucleus and phosphorylation of extracellular
signal-regulated kinase, ERK and c-Jun N-terminal kinase, JNK which have been shown to be involved in mitogen-

binding site.

liver damage against oxidative damage.

response element

activated protein kinases, MAPKs are significantly enhanced by CA treatment. Furthermore, in cell nuclei, CA
enhances the 5-flanking regulatory region of human antioxidant response element (ARE) and activates the ARE

Conclusion: Therefore, CA proved to be a stimulant of the expression of detoxification enzymes such as HO-1,
GCLC, and GCLM through the ERK/Nrf2 pathway, and it may be an effective chemoprotective agent for protecting
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Background

Results from many studies conducted worldwide demon-
strate that numerous natural compounds could be useful
as functional food ingredients, including those with anti-
oxidant and/or anti-inflammatory activity [1, 2]. Caffeic
acid (CA), the well-known phenolic compound widely
present in plants, has shown a variety of pharmacological
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properties, such as anti-inflammatory, anti-cancer, and
anti-viral activities [3]. Previously, we reported that CA
present in perilla (Perilla frutescens) leaves plays an im-
portant role in increasing intracellular glutathione (GSH)
content by stimulating glutamate-cysteine ligase (GCL)
via c-Jun N-terminal kinase (JNK)/activator protein-1
(AP-1) pathway [4]. However, the role of CA in activating
nuclear factor-E2 p45-related factor (Nrf2) involved in the
antioxidant redox cycle associated with cell survival is not
well studied.

tert-Butyl hydroperoxide (t-BHP) is used to induce
oxidative stress in in vitro models and generates reactive
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oxygen species (ROS) that proceed to effect lipid peroxi-
dation [5]. In addition, +-BHP can trigger apoptosis
through the release of cytochrome c from mitochondria
[6]. Recently, t-BHP was reported to down-regulate the
expression of superoxide dismutase (SOD) in rats [7].
Therefore, it seems important to investigate the mechan-
ism by which #-BHP-induced oxidative stress causes
cytotoxicity.

Nuclear factor-E2 p45-related factor (Nrf2), which be-
longs to the Cap’n’Collar family of basic leucine zipper
transcription factors, has been identified as a key species
involved in antioxidant responsive element (ARE)-medi-
ated gene expression [8]. Studies conducted in the past
showed that the deletion of the Nrf2 gene in mice re-
sults in a decrease in the expression of the phase II de-
toxification genes, including those encoding heme
oxygenase-1 (HO-1) and GCL [9, 10]. Mitogen-activated
protein kinases (MAPKSs) can be activated by a wide var-
iety of different stimuli, in particular, extracellular
signal-regulated kinase (ERK) is generally activated by
growth factors. Recently, results from several studies in-
dicated the presence of a relationship between phos-
phorylation of ERK and Nrf2 activation [11, 12].

Therefore, we aimed to investigate the protective effect
of CA with respect to hepatic damage caused by ¢-BHP-
induced oxidative stress, and we attempted to assess
how CA affects Nrf2 translocation, and whether it is ac-
companied by MAPK activation under oxidative stress
conditions.

Methods

Reagents and materials

Dulbecco modified eagle medium (DMEM), penicillin-
streptomycin, trypsin-EDTA, Trizol’, lipofectamine 2000
transfection reagent, and bovine serum albumin were
purchased from Life Technologies (Grand Island, NY,
USA), whereas caffeic acid, 3-(4,5-dimethylthiazol-2yl)-2,
5-diphenyl tetrazolium bromide (MTT), DMSO, ¢-BHP,
and 2,4-dinitrofluorobenzene (FDNB) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Antibodies
against ERK1/2, INK, phospho-ERK, and GCL were pur-
chased from Santa Cruz Biotechnology (Dallas, TX,
USA), and those against p38, phosphorylated-JNK, and
phosphorylated-p38 were purchased from Cell Signaling
Technology (Danvers, MA, USA). pGL4.37 (Luc2P/
ARE/Hygro) and the dual-luciferase reporter assay kit
were purchased from Promega (Madison, WI, USA). A
BCA protein assay kit was purchased from Thermo Sci-
entific (Waltham, MA, USA).

Cell culture and viability assay

Human hepatoma HepG2 cells were obtained from the
ATCC (Manassas, VA, USA) and were cultured in
DMEM containing 1 g/L glucose, 10% (v/v) FBS, 3.7 g/L
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sodium bicarbonate, 100 U/mL penicillin and strepto-
mycin. Cells were maintained at 37 °C in a humidified
atmosphere containing 5% CO,. HepG2 cells were
seeded at a density of 5 x 10° cells/well in 6-well plates
to the amount of selected mRNAs, and the expression
level of target protein expression. Cells were seeded at a
density of 5 x 10* cells/well in a 24-well plate to conduct
the cytotoxicity and reporter gene assays. In addition, to
conduct the ROS assay. Cells were grown in DMEM
containing 10% FBS but were transferred to serum-free
medium 20 h before the assays were conducted. After
cell attachment, the cells were washed two times with
phosphate-buffered saline (PBS) solution, incubated with
CA (at a concentration of 20, 10, or 5 uM) for 24 h, and
subsequently, were washed two times with PBS solution
and then 0.3 mM ¢-BHP for 2h. Cells were then trans-
ferred to DMEM containing 5 mg/mL of MTT, where
they were incubated for 4 h at 37°C. The medium was
then removed and 200 pL of DMSO was added to each
well to dissolve the formazan crystals. Finally, the optical
density was measured at a wavelength of 540 nm.

Isolation and culture of primary rat hepatocytes
Hepatocytes were isolated from 7 week old male Wistar rats
weighing 200-250 g. Rat hepatocytes were prepared by the
collagenase perfusion method, and several modifications
were made to the previously described methods [13, 14].
This experiment was carried out according to the guidelines
of the Committee for Ethical Usage of Experimental Ani-
mals of Korea University (KUIACUC-20100319-2). The
medium was replaced 4 h after plating and then cultured in
a humidified incubator in airy atmosphere at 37 °C.

Analysis of intracellular ROS

For determining intracellular ROS, HepG2 cells were ex-
posed to 100 uM dichlorofluorescein diacetate (DCFH-
DA) for 30 min at 37 °C. After being washed two times
with PBS solution, these cells were exposed to various
concentrations of CA dissolved in phenol-red-free
DMEM medium for 24 h, washed two times with PBS
solution, and then treated with -BHP for 2 h. The fluor-
escence of 2'7’-dichlorofluorescein was detected at an
excitation wavelength of 485 nm and an emission wave-
length of 535nm using a multi-plate reader (Sense;
HIDEX, Turku, Finland).

Quantitative PCR (qRT-PCR) and RT-PCR

Total RNA (0.5 pg) collected using the Trizol reagent
was reverse-transcribed into cDNA using a ¢cDNA syn-
thesis kit (Legene Biosciences, San Diego, CA, USA).
The following primers for RT-PCR and qRT-PCR were
designed based on the published cDNA sequences (Add-
itional file 1: Table S1). RT-PCR was conducted in a
20 pL solution according to the manufacturer’s protocol
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(DreamTaq DNA polymerase, Thermo Scientific, Pitts-
burgh, PA, USA). qRT-PCR was performed using the
real-time SYBR Green method on a BioRad iQ-5 thermal
cycler, and PCR was conducted in a 20 pL of solution ac-
cording to manufacturer’s instructions (iQ SYBR Green
Supermix, Bio-rad, Hercules, CA, USA).

Luciferase reporter assay

HepG2 cells were seeded onto 24-well plates 24 h before
transfection at a density of 1 x 10> cells/well. These cells
were then transfected with a pGL4.37 luciferase plasmid
(luc2p/ARE/Hygro) using Lipofectamine 2000 (Life
Technologies) according to manufacturer’s instructions.
After 4h incubation at 37 °C, the transfection medium
was replaced with complete medium, and cells were in-
cubated for an additional 24 h. After that, the cells were
treated with CA for 24h and then treated with ¢-BHP
for 2 h. Next, the luciferase assay was performed using a
dual-luciferase assay kit (Promega). Luciferase activity
values were then quantified with a luminometer, and the
values of firefly- and renilla-luciferase expression were
normalized to the luciferase activities of untreated cells.

Preparation of cytosolic and nuclear proteins

HepG2 cells were incubated in the presence of CA in
growth medium for 24 h and then treated with t-BHP for
2 h. Cells were washed with ice-cold PBS solution, har-
vested by scrapping, spun down at 12,000 rpm for 5 min
at 4°C, and re-suspended in cytosolic extract buffer (10
mM Hepes, 10 mM KCl, 0.1 mM EDTA, 1mM DTT, 1
mM PMSE, 0.8% NP40, 5 pg/mL of leupeptin, and aproti-
nin, pH7.8). After mixing, cells were centrifuged at 12,
000 rpm for 2 min at 4°C, and the supernatant (cytosolic
extract) was collected. The cell pellets were then re-
suspended in nucleic extract buffer (50 mM Hepes, 50
mM KCl, 300 mM NaCl, 0.1 mM EDTA, 1mM DTT, 1
mM PMSE, 20% glycerol, 5 pg/mL of leupeptin, and apro-
tinin, pH 7.8). After the cell suspension was vigorously
mixed for 10 min at 4 °C, it was centrifuged at 12,000 rpm
for 2min at 4°C, and the supernatant (nuclear extract)
was collected. Protein concentration was determined by
BCA protein assay reagent.

Western analysis

HepG2 cells were grown in 6-well plates and treated with
CA. Protein samples were separated on 10% SDS-
polyacrylamide gels and electrotransferred to Immobilon-
P transfer membranes (Millipore, Billerica, MA, USA).
Immunoblotting was performed using antibodies against
GCL, MAPKs, and phosphor-MAPKs. The protein bands
were detected using an Enhanced Chemiluminescence
Detection kit (Abclon, Seoul, Korea). Data are expressed
as fold-induction of treated samples with respect to the
vehicle control.
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Preparation of nuclear extract and electrophoretic
mobility shift assay (EMSA)

HepG2 cells were incubated with CA in growth medium
for 24 h. Nuclear proteins were isolated using the NE-
PER™ nuclear and cytoplasmic extraction kit (Pierce,
Rockford, IL, USA), and EMSA was conducted using the
Lightshift® Chemiluminescent kit (Pierce, Rockford, IL,
USA) according to manufacturer’s instructions. The Nrf2
probe sequence 5'-TCA GCG ACT GGG ACT TTT CT-
3’ was obtained from a commercial source (Cosmo Gene-
tech, Seoul, Korea), and it contained the Nrf2 binding site
with a 5' biotin label. The binding reactions were carried
out for 30 min, and the relevant reaction mixture con-
tained 5 pg of nuclear proteins. To determine the binding
specificity to the oligonucleotide, a 200-fold excess of un-
labeled Nrf2 was added to the extract from CA-treated
cells. DNA-protein complexes were separated under non-
denaturing conditions on a 6% polyacrylamide gel using
0.5X TBE (45 mM Tris, pH 7.5, 45 mM boric acid, 2 mM
EDTA) as a running buffer. The results were recorded
using a Chemiluminescent Nucleic Acid Detection Mod-
ule kit (Pierce, Rockford, IL, USA).

Statistical analysis

Statistical analysis was performed using SAS ver. 9.3 (SAS
Institute, Cary, NC, USA). Parameter values were expressed
as mean * standard deviation. Differences among groups
were evaluated by one-way analysis of variance and Tukey’s
studentized range tests. Differences characterized by a p-
value under 0.05 were considered significant.

Results
Protective effect of CA on t-BHP-induced oxidative stress
As can be seen from the first set of bars of the diagram
in Fig. la, the value for the viability of HepG2 cells
treated with 20 pM CA was more than 95%, indicating
that CA is non-cytotoxic to these cells in this concentra-
tion. Oxidative stress induced by various concentrations
(0 to 8 mM) of t-BHP decreased cell viability in a dose-
dependent manner after a 2h incubation. Under the
same conditions of oxidative stress, the pretreatment
with 20 uM CA significantly enhanced cell viability with
respect to the case of cells incubated with the same con-
centration of t-BHP, but without having undergone the
pretreatment with CA. Furthermore, HepG2 cells ex-
posed to 250 and 500 uM concentrations of -BHP (in
the absence of CA pre-treatment) showed about 60 and
40% of cell viability with respect to the no-z-BHP case.
As can be seen in Fig. 1b, exposing HepG2 cells to a
0.3 mM concentration of -BHP caused the amount of
intracellular ROS to increase to about 270% of the level
of the control. However, the pre-treatment with CA sig-
nificantly decreased the amount of intracellular ROS gen-
erated in a dose-dependent manner. Therefore, we used a
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Fig. 1 Effect of Caffeic acid (CA) treatment on HepG2 cells experiencing tert-butyl hydroperoxide (t-BHP)-induced oxidative cytotoxicity. a Cells
were seeded at a density of 5x 10% cells/well in a 24-well plate. Viability of cells treated with 20 uM of CA for 24 h or not treated with this
compound, before having been treated with various concentrations of t-BHP for 2 h. b Reactive oxygen species (Hsieh, #32) generation by cell
cultures as a percentage of the generation of the control mixture. HepG2 cells were seeded at a density of 1 x 10% cells/well in a 96-well plate.
After seeding, cell were preincubated with 100 uM of dichlorofluorescin diacetate (DCFH-DA) for 30 min at 37 °C. They were then exposed to

either 0 or 0.3 mM concentrations of t-BHP and to various concentration of CA (0-20 uM). ROS generation values are expressed as mean +
standard deviation (n = 3). Different letters indicate signification differences at p < 0.05 by Tukey's studentized range tests

0.3 mM concentration of +-BHP to induce oxidative stress
in HepG2 cells and a maximum 20 pM concentration of
CA for further in vitro studies, such as those aimed at
probing enzyme activity and signaling pathways.

Effect of CA on gene expression in HepG2 cells and rat
primary hepatocytes

Then, we investigated the effect of CA treatment on the
expression of genes associated with antioxidant activ-
ities, such as HO-1 and GCL. First, RT-PCR was used to

analyze mRNA levels in HepG2 cells treated with CA.
Although a down-regulation of GCLC, GCL modifier
subunit (GCLM), and HO-1 mRNA levels were observed
as a consequence of treatment with #-BHP, cells in the
CA-treatment groups displayed an increase in HO-1 and
GCLC mRNA levels in spite of ¢-BHP treatment com-
pared with cells in the control group without CA-
treatment (Fig. 2a, and c). Especially, GCLM mRNA ex-
pression also recovered as a consequence of CA pre-
treatment in a dose-dependent manner although it did
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Fig. 2 Effect of CA treatment on the mRNA levels of specific genes or on the expression of the protein they encode in HepG2 cells. Except for
the control, in which cells were not exposed to any chemical, cells were incubated with CA at different concentrations (5, 10, and 20 uM) — or
not at all — for 24 h before being incubated with 0.3 mM t-BHP for 2 h. Total RNA was extracted using the Trizol reagent and an equivalent
amount of RNA was converted into cDNA using the reverse transcriptase kit implementing manufacturer’s instructions. RT-PCR and gRT-PCR
experiments were ultimately performed to analyze the amount of a HO-1, ¢ glutamate-cysteine ligase (GCL) catalytic unit (GCLC), and e GCL
modifier subunit (GCLM) mRNA in HepG2 cells. Proteins (10 pg) were separated by 10% SDS-PAGE and electro-transferred to a polyvinylidene
difluoride (PVDF) membrane. Immunoblotting was performed using monoclonal or polyclonal antibodies against b heme oxygenase-1 (HO-1),
d GCLC, and f GCLM. Values are expressed as mean + standard deviation (n = 3). Different letters indicate signification differences at p < 0.05 by

Tukey's studentized range tests
J

not show as much as GCLC and HO-1 gene expres- treated only with -BHP. Furthermore, all increases in
sions (Fig. 2e). Similar to the results of hepG2 cells, gene expressions observed as a consequence of CA
the mRNA expression of HO-1, GCLC, and GCLM in treatment were dose-dependent. In addition, the pro-
the CA-treated groups increased despite the t-BHP tein expressions of the HO-1 and GCL families in
treatment in rat primary hepatocytes (Fig. 3a-c). In all  cells in the CA treatment groups were all increased
cases, gene expressions increased in cells in the CA- compared with those in cells in the group treated
treatment groups compared with cells in the group only with -BHP (Fig. 2b, d, and f).
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they encode in rat primary hepatocytes. Except for the control, in
which cells were not exposed to any chemical, cells were incubated
with CA at different concentrations (5, 10, and 20 uM) — or not at
all — for 24 h before being incubated with 0.3 mM t-BHP for 2 h.
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amount of RNA was converted into cDNA using the reverse
transcriptase kit implementing manufacturer’s instructions. gRT-PCR
experiments were ultimately performed to analyze the amount of a
HO-1, b GCLC, and ¢ GCLM mRNA in rat primary hepatocytes. Values
are expressed as mean + standard deviation (n = 3). Different letters
indicate signification differences at p < 0.05 by Tukey's studentized
range tests
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Effect of CA on nuclear translocation of Nrf2

Nrf2 has been identified as a key transcription factor
involved in ARE-mediated gene expression [8]. The
results demonstrated that Nrf2 gene expression in-
creased as a result of CA treatment (Fig. 4a). Nrf2
mRNA level decreased in HepG2 cells as a result of
t-BHP treatment. However, the cells pre-treated with
CA dose-dependently increased the level of Nrf2
mRNA. As can be seen in Fig. 4b, nuclear transloca-
tion of Nrf2 was also observed by Western analysis.
Treatment with £-BHP reduced the amount of Nrf2
protein observed in HepG2 cell nuclei; conversely, a
larger amount of Nrf2 was observed in the cytosolic
fraction of t-BHP-treated cells than in the cytosolic
fraction of control cells. In spite of -BHP treatment,
the cells subjected to pretreatment with CA experi-
enced an up-regulation of whole Nrf2 protein syn-
thesis and of the nuclear translocation of this
protein, compared to cells subjected only to the ef-
fect of ¢-BHP-induced oxidative stress. HepG2 cell
treatment with 20 uM CA resulted in the transloca-
tion of the Nrf2 protein to the nucleus. Therefore,
our results indicate that the increase in the level of
HO-1 and GCL subunit mRNAs observed in CA-
treated cells was associated with the translocation of
Nrf2 to cell nuclei.

Effect of CA on MAPK phosphorylation

The effect of CA treatment on MAPK phosphoryl-
ation in HepG2 cells was examined by incubating the
cells with CA for 24 h (Fig. 5a). No significant differ-
ence in the phosphorylation of p38 was observed with
incubation with #-BHP. However, treatment with ¢-
BHP significantly decreased phosphorylation of the
ERK and JNK proteins. The pretreatment of cells with
CA increased phosphorylation of ERK and JNK. These
results indicated that z-BHP-induced oxidative stress
down-regulates JNK and ERK phosphorylation, leading
to affect cell viability. However, the treatment with
CA could be protective against -BHP-induced liver
damage via up-regulation of JNK and ERK
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with the reverse transcriptase kit according to manufacturer’s instructions. RT-PCR and gRT-PCR experiments were performed to determine the amount of
Nrf2 mRNA in HepG2 cells. b Proteins (10 pg) were separated by 10% SDS-PAGE and electro-transferred to PVDF membrane. Values are expressed as
mean + standard deviation (n = 3). Different letters indicate signification differences at p < 0.05 by Tukey's studentized range tests
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phosphorylation. To clarify how the expression of
genes associated with antioxidant activity is affected
by the phosphorylation pathway of JNK and ERK,
HepG2 cells were pretreated with the specific inhibitors
for ERK1/2 (PD98059) and JNK (SP600125) as well as p38
(SB203580). As can be seen from the data in Fig. 5b—e, ¢-
BHP-induced oxidative stress down-regulates the expres-
sion of genes associated with antioxidant activity, such as
HO-1, GCLC, GCLM, and Nrf2, as measured by

conducting RT-PCR and qRT-PCR experiments. However,
the pretreatment with CA of cells exposed to ¢-BHP led to
an almost complete recovery of mRNA expression, with
respect to the control. Notably, the pretreatment with
PD98059 was associated with a reduction in HO-1,
GCLC, GCLM, and Nrf2 mRNA levels. By contrast, pre-
treatment with SB203580 and SP600125 was not associ-
ated with significant differences with respect to the no-
inhibition case (Fig. 5b—e).
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Effect of CA on the viability of cells pretreated with
specific inhibitors

To confirm the cytoprotective effect of CA through the
possible mechanisms that affect accumulation of HO-1
and GCL enzymes, HepG2 cells were pre-incubated with
specific inhibitors, such as SnPP (for HO-1), BSO (for

GCL), SP600125 (for JNK), PD98059 (for ERK), and
SB203580 (for p38). As can be evidenced from the data
in Fig. 6a, when HO-1 and GCL were blocked by their
specific inhibitors, treatment with CA did not increase
the viability of cells exposed to t-BHP. Interestingly, al-
though exposure to SP600125 and PD98059 reduced the
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viability of cells treated with CA and ¢-BHP, inhibition of
p38 had no effect on cell viability (Fig. 6b). Hence, these
results indicate that CA protects HepG2 cells against -
BHP-induced oxidative stress by up-regulating HO-1,
GCLC and GCLM via ERK signaling pathway-mediated
Nrf2 gene expression, and JNK pathway as well.

Measuring the effect of CA on Nrf2 activation through the
reporter gene assay

To investigate the mechanism by which CA effects hepa-
toprotection against -BHP-induced oxidative stress, we
measured the luciferase activity about 5'-flanking regula-
tory region of human ARE. Transient transfection ana-
lysis was performed using the pGL4.37 vector containing
four copies of the ARE gene that encodes a protein driv-
ing transcription of the luciferase reporter gene luc2P.
Treatment with -BHP decreased luciferase activity by
about 60% compared with the untreated cells in the con-
trol; however, pretreating cells with 20 uM of CA led to
a significant recovery of the activity to about 89% of the
no-treatment control (Fig. 7). These results show that
CA treatment can affect Nrf2 binding to the ARE, ARE-
mediated gene expression, and induction.

Effect of CA on ARE binding site activation

EMSA was performed on nuclear extracts of non-treated
HepG2 cell controls as well on cells treated with t-BHP
and/or CA. Cells were treated with the 5, 10, and 20 uM
of CA for 24 h and their nuclear extracts were subse-
quently assayed. The nuclear extracts of t-BHP-treated
cells were used as an oxidative stress control. Treatment

with 0.3mM¢-BHP was associated with a down-
regulation in ARE DNA-binding ability (Fig. 8, lane 4)
compared with the non-treated control (Fig. 8, lane 3).
The pretreatment with CA at 20 pM concentration
caused an up-regulation in DNA-binding complex of
Nrf2 with respect to the case of cells in the oxidative
stress control (Fig. 8, lane 7). The specificity of the band
was confirmed by performing a competition assay using
a sample containing a 200-fold excess of the unlabeled
ARE probe (Fig. 8, lane 2). Treatment with -BHP af-
fected the ARE binding site activation, and exposing to
CA, t-BHP-treated cells led to a recovery of the ARE
activation.

Discussion

Caffeic acid (CA), a natural phenolic compound widely
present in plants, has been investigated in the past for
its protective effect against chemically induced intracel-
lular oxidative damage [15-17]. Our group has studied
this compound for its antioxidant and hepatoprotective
activities [18, 19]. Although we did not similarly struc-
tured phenolic acids in the present study, we previously
reported that CA in the presence of rosmarinic acid, is
responsible for the protective potency of perilla leaf ex-
tract on -BHP induced oxidative stress [18]. Our group
showed that aqueous extracts of Perilla frutescens leaves
protected hepatocytes against t-BHP-induced toxicity
[20]. Also, perilla leaf extract and CA from the extract
up-regulated GSH synthesis in HepG2 cells and rat liver
tissue, via activation of the transcription factor AP-1 [4,
21]. In addition, perilla leaf extract activated nuclear
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translocation of cytosolic Nrf2 and increased HO-1 gene
expression [22]. Although results from several studies
have indicated that CA protects from chemically in-
duced cellular damage in vitro [23, 24], to the best of
our knowledge, the hepatoprotective effect of CA against
t-BHP-induced oxidative stress via MAPKs and Nrf2 ac-
tivation had not been previously investigated. Thus, the
present study was investigated to provide possible mech-
anisms that CA treatment has against t~-BHP-induced
oxidative stress in liver cells. In addition, it is worth
mentioning that £-BHP was used as an oxidative agent in
this study. Because -BHP is not relevant to human ex-
posure, it may be appropriate to test other oxidative
stress agents to human that may be exposed to humans
for future experiments.

To survive under a variety of environmental stresses,
hepatocytes retain a cellular defense systems that pro-
tects them against oxidative challenges [25, 26]. One of
these system requires phase II drug-metabolizing en-
zymes, such as glutathione-S-transferase and UDP-
glucuronosyltransferase [27], and antioxidant enzymes,
such as HO-1, NADP(H):quinone oxidoreductase-1
(NQO-1), and GCL [28, 29]. Our previous study re-
ported that CA treatment only increased only GCL cata-
lytic subunit, GCLC mRNA level in normal phase cell
[4]. However, as can be evinced from the data in the
present study, cell treatment with CA led to a dose-
dependent significant increase in the expression of not
only GCLC but also GCLM, compared with cells treated
only with £-BHP. These discrepancies may be due to the

concentration of CA treated in the cells, and/or the in-
cubation time treated in the CA in the presence or ab-
sence of t-BHP. In the previous experiment [4], HepG2
cells were treated with a concentration of CA from
62 puM up to 250 uM for 8 h without ¢-BHP treatment,
whereas the maximum concentration of CA used in this
experiment was 20 uM for 24 h followed by -BHP treat-
ment for 2h. On the other hand, the L-02 liver cells
which were incubated with CA (10 and 50 uM) for 15
min, and then incubated with 7.5 mM acetaminophen
for 48 h had no effect on GCLC and GCLM mRNA/pro-
tein [30]. Huang et al. reported that up-regulated the
mRNA /protein expression of GCLC and GCLM was ob-
served in rat primary hepatocytes treated with flavones
including 25puM chrysin and apigenin for 24h [31].
Treatment of RAW264.7 cells with ¢-BHP significantly
reduced GCLC and GCLM mRNA levels, and treatment
of these cells with 25 pM licochalcone A, a natural phe-
nol for 18h, led to the recovery of both GCLC and
GCLM gene expression levels [32].

Our results demonstrated that cytotoxicity caused by
t-BHP-induced oxidative stress was recovered by CA
treatment by way of the up-regulation of the expression
of detoxifying enzymes like HO-1, GCLC, and GCLM.
These enzyme-encoding genes, whose expression is as-
sociated with detoxification activity, were regulated by a
consensus cis-element located at the 5'-flanking pro-
moter region, such as the antioxidant response element
(ARE) [33]. The transcription factor Nrf2 plays a key
role in the antioxidant redox cycle associated with cell
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survival, because it is an essential component of the
ARE-binding transcription factor [8]. Investigating Nrf2
translocation, we observed that cells treated with CA ex-
perienced a significant and dose-dependent nuclear ac-
cumulation of Nrf2. On the other hand, in cells treated
with CA was observed a reduction in the amount of
cytosolic Nrf2 compared with cells treated with ¢-BHP
alone. Previously, various studies demonstrated that can-
didate materials of chemopreventive agents can lead to
the Nrf2 accumulation in nucleus and promoting of
Nrf2-dependent gene expression [10, 34].

The change in the redox caused by oxidative stress is
known to alter many signaling pathways, including
MAPKs [35]. MAPK pathways mediated by ERK, JNK,
and p38 have been demonstrated to play a central role

in transducing extracellular signals to the nucleus [36].
Results from a study demonstrated that short-term treat-
ment of rat prostate endothelial cells with -BHP in-
creased the level of p38 and ERK phosphorylation [37].
However, our result showed that HepG2 cells with ¢-
BHP decreased JNK and ERK phosphorylation levels and
that CA treatment activates these signaling pathways. To
investigate the effect that MAPK phosphorylation has on
gene expression, we probed HO-1 and GCL mRNA
levels in the presence of specific MAPK inhibitors. In
these experiments, we were able to observe that pre-
treatment with SB302580, a specific inhibitor of p38 or
SP600125, a specific inhibitor of JNK for 1h followed by
treatment of 20 uM CA for 24'h, did not affect gene ex-
pressions; however, the mRNA levels of Nrf2, HO-1,
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GCLC, and GCLM significantly decreased as a conse-
quence of pretreatment with the ERK-specific inhibitor
PD98059 followed by treatment of CA suggesting that
CA protects HepG2 cells against t-BHP-induced oxida-
tive stress by activating Nrf2/ERK pathway. In our previ-
ous experiment, however, cells treated with CA (62.5-
250 uM CA) for 1h in the absence of t-BHP significantly
(p <0.05) increased phosphorylation of the JNK and c-
Jun, whereas the phosphorylation of ERK and p38 was
not affected [4]. And the pretreatment with PD98059 or
SB203580 or SP600125 for 1h followed by treatment of
250 uM CA for 1h, did not affect gene expression of
GCLM; however, the mRNA level of GCLC significantly
(p <0.05) decreased as a consequence of pretreatment
with the JNK-specific inhibitor SP600125 followed by
treatment of 250 pM CA indicating that CA increased
GSH levels and GCLC in HepG2 cells via the JNK/AP-1
pathway. In a review article [38], regulation of expres-
sion of GCLC and GCLM subunit genes in HepG2 cells
in response to a phenolic antioxidant f-naphtoflavonone
are mediated by phorbol myristate acetate-responsive
element (TRE/AP-1) and electrophile responsive elem-
ent (its equivalent, ARE). Interestingly, activation of JNK
and ERK also plays a role in antioxidant protection
against -BHP in the presence of CA, because HepG2
cells treated with SP600125 and with PD98059 displayed
a significant decrease in cell viability (Fig. 6). Previously
we demonstrated that phosphorylation of JNK and acti-
vation of the AP-1 transcription factor are associated
with GCLC gene expression [4]. In the present study, we
confirmed that treating cells with CA influenced GCLM
gene expression as well as GCLC one via the ERK/Nrf2
pathway. This finding agrees with a recently study indi-
cating that inhibition of ERK gene expression inhibited
Nrf2-mediated induction of GCLM expression [39].
Therefore, HepG2 cell damage due to oxidative stress
caused by #-BHP can be protected by CA treatment
trough ERK/Nrf2 pathway as well as the JNK/AP-1 path-
way to upregulate GCL expression leading to GSH
synthesis.

Conclusions

We have found that treatment of HepG2 cells with CA
enhanced the expression of detoxification enzymes like
HO-1, GCLC, and GCLM by way of ERK phosphoryl-
ation and Nrf2 activation. Thus, ERK/Nrf2 pathway in-
fluence the ability of CA in HepG2 cells to protect
themselves against t-BHP-induced oxidative stress.
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