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Eupatilin Protects Gastric Epithelial Cells from Oxidative Damage
and Down-Regulates Genes Responsible for the Cellular Oxidative Stress
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Purpose. The formulated ethanol extract (DA-9601) of Artemisia asiatica has pronounced anti-
inflammatory activities and exhibits cytoprotective effects against gastrointestinal damage. Here we
investigated whether eupatilin, a major component of DA-9601, has a property of antioxidant activity
and protects gastric epithelial cells from H2O2-induced damage.
Methods. The protective effect of eupatilin against H2O2-induced damages was studied in gastric
epithelial AGS cells by measuring wound healing, cell proliferation, and cell viability. Global gene
expression profiling was obtained by high-density microarray.
Results. Hydrogen peroxide significantly delayed epithelial migration in wounded area. In contrast,
eupatilin prevented the reduction of epithelial migration induced by H2O2. Eupatilin also ameliorated
H2O2-induced actin disruption in AGS cells. Interestingly, treatment with eupatilin dramatically inhibited
FeSO4-induced ROS production in a dose-dependent manner. In addition, eupatilin protected cells from
FeSO4-induced F-actin disruption. With high-density microarray, we identified dozens of genes whose
expressions were up-regulated in H2O2-treated cells. We found that eupatilin reduces the expression of
such oxidative-responsible genes as HO-1, PLAUR and TNFRSF10A in H2O2-treated cells.
Conclusion. These results suggest that eupatilin acts as a novel antioxidant and may play an important
role in DA-9601-mediated effective repair of the gastric mucosa.
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INTRODUCTION

Extracts of Artemisia asiatica has been traditionally used
for the treatment of such diseases as inflammation, cancer
and microbial infection. In fact, a novel antipeptic formula-
tion prepared from the ethanol extracts of A. asiatica, namely,

DA-9601 (Stillen™), has been reported to possess anti-
oxidative and anti-inflammatory activities on experimentally
induced gastrointestinal damage as well as hepatic and
pancreatic lesions (1–4). DA-9601 is now on the market in
South Korea and will be on sale in other Asian countries in
the near future. However, despite of those studies in animals
and in human subjects, the underlying mechanisms of DA-
9601-mediated protection are largely unidentified.

Eupatilin is one of the pharmacologically active ingredients
of DA-9601. However, most studies regarding the function of
eupatilin in vitro are attributed to the induction of apoptosis in
many cell types (5–8). For example, eupatilin inhibited the
growth of MCF-10A-ras cells by inhibiting the expression of
cell cycle regulators such as cyclin D1, cyclin B1, Cdk2 and Cdc2
(8). Eupatilin also induced apoptotic cell death in gastric epi-
thelial AGS cells by elevating the expression of p53 and p21 (6).

It is interesting to be noted that some herbal medicines
have been shown to possess a variety of biological activities at
nontoxic concentrations in cells or organisms. Flavonoids are
well known examples and have various functions including
carcinogen inactivation, anti-proliferation, cell cycle arrest,
induction of apoptosis and differentiation, inhibition of angio-
genesis, anti-oxidation and reversal of multi-drug resistance or
a combination of these functions (9). Resveratrol is also
another good example. It has been demonstrated that resver-
atrol induces apoptosis and causes cell cycle arrest in various
cell types (10–12). Meanwhile, there are also numerous reports
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demonstrating that resveratrol has an anti-oxidative property
and protects cells from exogenous pro-oxidative damages (13–
16). As eupatilin is a major ingredient of DA-9601, we
therefore questioned whether eupatilin has a direct anti-
oxidative property and that it may have a function to protect
gastric epithelial cells against oxidant-induced damage.

In the present study, we describe the effects of eupatilin
on gastric epithelial cell migration and actin cytoskeletal
changes induced by H2O2 or FeSO4. By utilizing high-density
microarray and real-time PCR, we also describe a number of
oxidative stress-responsible genes and their down-regulation
probably by indirect diminish of H2O2 by eupatilin in gastric
epithelial AGS cells.

MATERIALS AND METHODS

Reagents and Antibodies

Eupatilin (5) was supplied from Dong-A Pharmaceutical
Co. Ltd., (Yongin, South Korea) (2) and dissolved in DMSO
for treatment. Unless otherwise indicated, 0.1% of DMSO
was used as a vehicle control. The structural formula of
eupatilin is shown in Fig. 1. Hydrogen peroxide, dimethyl
sulfoxide, phosphate-buffered saline (PBS), TRITC-Phalloi-
din, propidium iodide (PI) were purchased from Sigma
Chemical Co. (St. Louis, MO). Dihydrorhodamine 123
(DHR) was from Molecular Probes, Inc. (Eugene, OR). Cell
counting kit-8 (CCK-8) was from Dojindo molecular technol-
ogies, Inc (Tokyo, Japan). Ficoll-hypaque was from Amer-
sham Biosciences (Little Chalfont, England).

Cell Culture

Human gastric epithelial AGS cells obtained from the
American Type Culture Collection (ATCC) were cultured at
37°C in a 5% CO2 atmosphere in Ham’s F12 medium
supplemented with heat-inactivated 10% fetal bovine serum
(FBS; Gibco BRL) and appropriate antibiotics. The BALB/c
murine macrophage cell line J774A.1 (ATCC TIB-67) was
grown in DMEM supplemented with 2 mM glutamine, 100 U/
ml penicillin, 100 μg/ml streptomycin, and 10% heat-inacti-
vated fetal bovine serum in 5% CO2 at 37°C. Human
neutrophils were isolated from normal donors by dextran
sedimentation followed by centrifugation through a discontin-
uous Ficoll gradient (Amersham Biosciences, Little Chalfont,

England). All the cell lines or primary cells mentioned above
were cultured at 37°C in a humidified incubator containing 5%
CO2 and 95% air.

Cell Viability Assay

Cellular viability was determined by PI incorporation.
Cells were treated with various reagents as indicated in the
Results section, washed with PBS twice, resuspended in PBS
containing 20 μg/ml PI, and then immediately analyzed on a
flow cytometer (Becton-Dickinson, Rutherford, NJ). PI-
positive cells were counted as dead cells and the remaining
cells were designated as viable cells.

In Vitro Wound Assay

In vitro injury was induced in AGS monolayers by creat-
ing one to two liner scratches of ±0.3 mm width using a sterile
pipette tip, after which detached cells were removed by washing
with serum-freemedia and freshmedia containing 10%FBSwere
added. In some cases, cells were pretreated for 1 h with H2O2,
eupatilin, or H2O2 plus eupatilin, washed with serum-free media,
and then further incubated at 37°C in fresh media containing
10% FBS. In case of simultaneous treatment, cells were treated
with eupatilin for 1 h before H2O2 unless otherwise indicated.
Wound closure was followed over 16 h using a differential
interference contrast (DIC) equipped with 10X objective in
FV1000 confocal laser scanning microscope, and initial and
remaining wound areas were determined using FLUOVIEW
software ver.1.5 (Olympus corporation, Japan) for calculation of
the percentage of wound closure. Cells were also fixed for actin
staining as described below “Actin staining of AGS cells”

Cell Proliferation Assay

Cell proliferation was assessed by using the Cell Counting
Kit-8 (CCK-8;Dojin, Tokyo, Japan). CCK-8 solution is comprised
of WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) that
produces a water-soluble formazan dye upon bioreduction in
the presence of an electron carrier (17). WST-8 is reduced by
dehydrogenase in cells to give a yellow-colored product
(formazan), which is soluble in the tissue culture medium. The
amount of the formazan dye generated by the activity of
dehydrogenases in cells is directly proportional to the number
of living cells. Cultured cells were incubated with CCK-8 solution
for 1 h at 37°C, and the absorbance at 450 nm was measured
with a spectrophotometer.

Measurement of Reactive Oxygen Species (ROS)

The production of ROS was measured by detecting the
fluorescent intensity of oxidant-sensitive probe dihydrorhod-
amine 123 (DHR, Molecular Probes; 18). Cells (1×105/well in
96-well plates) were washed with Lock’s buffer and incubated
with AM-DHR at 37°C/5% CO2 for 30 min. The cells were
then incubated with eupatilin in the presence or absence of
FeSO4. After 30 min of incubation, the kinetics of fluorescent
intensity for DHR was recorded using fluorescent plate
reader at excitation of 507 nm and emission of 529 nm. The
fluorescent readings were digitized using SoftMax Pro.
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Fig. 1. Structural formula of eupatilin (5,7-dihydroxy-3′,4′,6-trime-

thoxy-flavone).
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Actin Staining of AGS Cells

AGS cells (5×105/well) were grown on glass coverslips
(18-mm diameter; Fisher Scientific, Pittsburgh, PA). The
culture media were exchanged fleshly 1 h before reagent
treatment. The cells were incubated with various
concentrations of H2O2 (0–0.5 mM) or with H2O2 (0.3 mM),
eupatilin (200 μM), or H2O2 plus eupatilin for 1 h at 37°C.
The cells were fixed for 15 min with 3.7% formaldehyde in
PBS containing 0.1% Triton X-100 and 1 mM MgCl2
(pH 7.2), stained with TRITC–phalloidin in PBS, and
mounted with anti-fade solution (Molecular Probes). The
slides were examined with an FV1000 confocal laser scanning
microscope (Olympus corporation, Japan) equipped with ×40,
×60, and ×100 objectives and the data were analyzed by using
the FLUOVIEW software ver.1.5 (Olympus corporation,
Japan).

RNA Isolation

AGS cells (1–3×106) were incubated for 1 h with
eupatilin (200 μM), H2O2 (0.3 mM), or eupatilin plus H2O2,
washed with serum-free media, and then further incubated at
37°C for the indicated time points in fresh media containing
10% FBS. Cells were harvested and total RNA was isolated
using easy Blue (iNtRON Biotechnology, Korea) by the
following manufacturer’s instructions. The total RNA
samples for quality were measured at 260/280 nm, 260/
230 nm, and 28S/18S ratio.

cDNA Preparation and Microarray Hybridization

For each hybridization, dUTP-labeled cDNA was ampli-
fied from total RNA samples (5 μg per sample) by a RT-IVT
Labeling Reagents (Applied Biosystems, MA). Approximate-
ly 50 μg labeled cDNA samples were subsequently purified
by using a RT-IVT Purification Components (Applied Bio-
systems). The resulting samples were hybridized onto micro-
array chip containing oligonucleotide probes for 29,098
human genes (Applied Biosystems) and further processed
according to the Applied Biosystems protocol.

Microarray Data Analysis

Microarray images and data were obtained and pro-
cessed using the AB1700 microarray analyzer (Applied
Biosystems) and Avadis Prophetic version 3.3 software
(Strand Genomics, India). Briefly, the captured images
were auto-gridded, and the signals were quantified and
corrected for background. To select differentially expressed
genes, the genes were filtered using Standard Expression
Array System signal to noise threshold (S/N greater than 3
in at least three samples). The filtered genes were than
normalized by the Lowess Regression normalization meth-
od. Genes with significantly different expression were
identified using the t test (P<0.05) and the fold change
method (Fold change>4). Fold changes were calculated from
the average intensities of each replicated sample. Microarray
experiment was repeated three times (three arrays per
sample) to reduce a high risk of false-positive or false-
negative results.

Semiquantitative RT-PCR

Semiquantitative RT-PCR was performed to validate the
gene expression data resulted from microarray analysis. Each
set of samples was analyzed in triplicate. The RNA samples
used in RT-PCR experiments were identical to those used in
microarray experiments. Reverse transcription of the RNA
was performed using RT PreMix Kit (iNtRON Biotechno-
logyl). One microgram of RNA and 20 pmol primers were
preincubated at 70°C for 5 min and transferred to a mixture
tube. The reaction volume was 20 μl. cDNA synthesis was
performed at 42°C for 60 min, followed by RT inactivation at
94°C for 5 min. Thereafter, the RT-generated DNA (2–5 μl)
was amplified using PCR PreMix Kit (iNtRON Biotechno-
logyl). The primers used for cDNA amplification were: 5′-
CAGAACATCCTGGAGCCTGTAAC-3′ (sense) and 5′-
ATGTCCATTGCCTGATTCTTTGTG-3′ (antisense) for
TNFRSF10A; 5′-CGGAGTCAACGGATTTGGTCGTAT-3′
(sense), 5′-AGCTTCTCCATGGTGGTGAAGAC-3′ (anti-
sense) for HMOX 1; 5′-CATGCAGTGTAAGACCAA
CGGGGA-3′ (sense), 5′-AATAGGTGACAGCCCGGCCA
GAGT -3′ (antisense) for PLAUR; 5′-ATGACTTCCAAGC
TGGCCGTGGCT-3′ (sense) and 5′-TCTCAGCCCTCTTC
AAAAACTTCTC-3′ (antisense) for GDF 15; 5′-ATGTGCT
GTACCAAGAGTTTG-3′ (sense) and 5′-TTACATGTTC
TTGACTTTTTTACTGAGGAG-3′ (antisense) for ATF 3;
5′-CGGAGTCAACGGATTTGGTCGTAT-3′ (sense), 5′-
AGCTTCTCCATGGTGGTGAAGAC-3′ (antisense) for
GAPDH. Amplification conditions were denaturation at 94°C
for 30 s, annealing at 56~65°C for 30 s, and extension at 72°C for
30 s for 30 cycles. The expected PCR products were 299 bp (for
TNFRSF10A), 265 bp (for HMOX 1), 245 bp (for PLAUR),
120 bp (for GDF 15), 540 bp (for ATF 3), and 306 bp (for
GAPDH). PCR products were subjected to electrophoresis on
1.2% agarose gel and were stained with ethidium bromide.

Real-Time Quantitative PCR

Real-time RT-PCR was performed to quantify the
expression levels of TNFRSF10A, HMOX 1 and PLAUR,
GDF15, ATF3 mRNA. The mRNA levels of cytokines were
analyzed by quantitative real-time RT-PCR using DNA
Engine with Chromo-4 Detector (MJ research, Waltham,
MA). Total RNAs isolated using easy Blue (iNtRON
Biotechnology, Korea) was reverse transcribed to cDNA
using RT PreMix Kit (iNtRON Biotechnologyl). Obtained
cDNA was subjected to quantitative real-time PCR in
accordance with the manufacturer’s instructions. PCR was
performed in triplicates using 12.5 μl of SYBR Premix Ex Taq
(Takara, Japan) and 2 μl of cDNA as a template in a 25 μl of
final volume. PCR amplification was preceded by incubation
of the mixture for 15 min at 95°C and 40 cycles of the
amplification step consisted of denaturation, annealing and
extension. The denaturation was performed for 30 s at 95°C,
annealing was done in a transitional temperature range from
58°C to 62°C with a step-size of 0.5°C per cycle, and the
extension was performed 30 s at 72°C with fluorescence
detection after each cycle. After the final cycle, melting-point
analyses of all samples were performed within the range from
65°C to 95°C with continuous fluorescence detection. Ex-
pression level of GAPDH was used for normalization.
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Statistics

The mean values were calculated from data taken from
at least three (usually four or more) separate experiments
conducted on separate days. Microarray results were ana-
lyzed by the Student’s t test. Other results in the text were
analyzed by the ANOVA with post hoc test, where appropri-
ate, by the Dunnett’s test, using a commercial statistical
software package (Instat®). A P value less than 0.05 was
considered to indicate statistical significance.

RESULTS

Eupatilin Prevents the Delay of Wound Repair in AGS Cells
Induced by H2O2

To evaluate the protective effect of eupatilin against
oxidative stress, we initially tested whether eupatilin prevents
the delay of wound repair in H2O2-treated cells. Representa-
tive wound assays are shown in Fig. 2A. The number of
migrated cells into the wounded area was significantly

delayed by treatment with H2O2 (Fig. 2A and B), as
compared to that with no reagent (control). The results of a
dose-dependent experiment revealed that the optimal inhibi-
tion was obtained with the 0.3 mM of H2O2 (**p<0.001;
Fig. 2B). Eupatilin alone had no significant effect, whereas
H2O2-induced delay of wound repair was significantly pre-
vented by the treatment with eupatilin in a dose-dependent
manner (100–500 μM; Fig. 2C). As shown in Fig. 3A,
eupatilin could prevent the H2O2-induced inhibition of cell
proliferation. However, this was not likely due to the effect of
eupatilin-induced cell proliferation, because eupatilin by itself
decreased the proliferation of AGS cells (Fig. 3B). We
therefore performed cell viability assay to test whether the
preventive effect of eupatilin on H2O2-induced inhibition of
cell proliferation arises from its potential to protect cells from
H2O2-induced cell death. As shown in Fig. 3C, treatment with
eupatilin dramatically decreased H2O2-induced cell death,
suggesting that the preventive effect of eupatilin against
H2O2–induced delayed wound closure is due to the its ability
to protect cells from oxidative stress.

Eupatilin Prevents the H2O2-Induced Actin Disruption

It is now established that ROS can injure the mucosa by
disruption of the cytoskeletal network, a key component of
mucosal barrier integrity (19). We therefore investigated
whether eupatilin prevents the instability of cytoskeletal
protein actin. As shown in Fig. 4A, treatment of AGS cells
with H2O2 (0.3 mM, 1 h) significantly disrupted the F-actin
cytoskeleton, as determined by the actin staining with the
TRITC-phalloidin and then high-resolution laser confocal
microscopy. In contrast, pretreatment with eupatilin (200 μM)
protected the F-actin cytoskeleton against oxidant damage as
shown by the appearance of an intact and continuous pattern
of actin at the site of plasmamembrane (areas of cell-cell contact;
Fig. 4B). As eupatilin has a preventive effect against H2O2–
induced delayed wound closure, we further examined the F-
actin cytoskeleton at 16 h after wound repair experiments, and
observed that the cells which are migrated to the wounded area
in H2O2 plus eupatilin-treated group reveal more intact F-actin
cytoskeleton than that in H2O2-treated group (Fig. 4C).

Eupatilin Inhibits ROS Production

Based on the results obtained above, we hypothesized
that the effects of eupatilin to protect AGS cells against
oxidant damage are associated with its efficacy to scavenge
ROS generated within the cells or derived from a variety of
external sources. We therefore further examined whether
eupatilin inhibits ROS generation in AGS cells stimulated by
FeSO4 [150 μM (18)]. As shown in Fig. 5A and B, treatment
with eupatilin dramatically inhibited FeSO4-induced ROS
production in a dose-dependent manner and the inhibition
levels were higher than that of achieved with anti-oxidant
NAC at the same concentrations. Rebamipide, a novel
quinolinone-derived gastroprotective agent used in Japan
for the treatment of gastric ulcers, has been reported to
provide gastroprotection through scavenging of free radicals
(20). We therefore investigated the effects of rebamipide to
scavenge FeSO4-induced ROS production in AGS cells and
compared them to that of eupatilin. As shown in Fig. 5A and
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Fig. 2. Eupatilin prevents the delay of wound repair in AGS cells
induced by H2O2. Confluent AGS cell monolayers in 12 well plates
were wounded by introducing a linear scratch of ±0.3 mm width using
a sterile pipette tip. Cells were pretreated for 1 h with H2O2 (0.1–
0.5 mM), eupatilin (10–500 μM), or H2O2 plus eupatilin, washed with
serum-free media, and then further incubated at 37°C for 16 h in
fresh media containing 10% FBS. The extent of wound closure was
monitored and quantitated by the analysis of the remaining wound
areas using Olympus FLUOVIEW software. A Bright field images of
the wound areas taken at 0 and 16 h, after incubation with the H2O2

(0.3 mM), eupatilin (200 μM), or H2O2 plus eupatilin. EU Eupatilin.
The data were compared with the values obtained without H2O2 as
control by ANOVA and Dunnett’s test (*P<0.05, **P<0.01). B and
C Quantitative analysis of the percentage of wound closure after 16 h
of wound injury in AGS cell monolayers in the absence or presence
of agents as indicated. ANOVA and post hoc Dunnett’s test (*P<0.05
vs control (−H2O2/−EU); +P<0.05 vs +H2O2). The bar graphs
summarize the results from three to six independent experiments.
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C, the effect of rebamipide was less significant than that of
eupatilin in terms of inhibition of FeSO4-induced ROS
production in AGS cells. The concentrations ranging from
10 to 500 μM of eupatilin showed no toxic effects at 16 h of
incubation on AGS cells (Fig. 5D). Eupatilin also inhibited
FeSO4-induced ROS production in other cell types, e.g., J774
and human neutrophils (data not shown).

Although we demonstrated that eupatilin prevents H2O2-
induced wound delay and actin disruption, these data do not
allow a direct connection between the cellular effects and the
effects on free radicals by eupatilin. We therefore further tested
whether eupatilin also prevents FeSO4-induced inhibition of
cell proliferation as well as disruption of F-actin cytoskeleton.
As shown in Fig. 6A, treatment with eupatilin significantly
prevented the FeSO4-induced inhibition of cell proliferation at
the concentrations ranging from 10 to 500 μM of eupatilin. In
addition, treatment of AGS cells with eupatilin protected the
F-actin cytoskeleton against FeSO4-induced damage (Fig. 6B).

Eupatilin Inhibits H2O2-Induced Heme Oxygenase-1
(HMOX-1) Expression in AGS Cells

In order to understand the protective role of eupatilin at
the transcriptional level in H2O2-treated AGS cells, we
analyzed the global gene expression patterns of AGS cells
that were treated with H2O2 (0.3 mM). The expression
profiles were surveyed through microarray experiments with
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Fig. 3. Eupatilin rescues AGS cells from the H2O2-induced inhibition
of cell proliferation. A Cells were pretreated for 1 h with H2O2

(0.3 mM), eupatilin (200 μM), or H2O2 plus eupatilin, washed with
fresh media, and further incubated for 16 h in fresh media containing
10% FBS. Cell proliferation was determined as described in the
Materials and Methods section. ANOVA and post hoc Dunnett’s test
(*P<0.05 vs control (vehicle treated); +P<0.05 vs H2O2-treated cells).
B Cells were treated with vehicle (0.1% DMSO) or eupatilin
(200 μM), and further incubated for various time points (0–48 h).
Cell proliferation was determined as above (A). C Cells from the
above (A) were tested for cell viability as described in the Materials
and Methods section. ANOVA and post hoc Dunnett’s test (*P<0.05
vs control (PBS); +P<0.05 vs H2O2-treated cells). The bar graphs
summarize the results from three to six independent experiments.
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Fig. 4. Eupatilin inhibits H2O2-induced actin disruption in cultured
AGS cells. A and B AGS cells (5×105/well) were grown on glass
coverslips. The cells were incubated with various concentrations of
H2O2 (0–0.5 mM; A) or with H2O2 (0.3 mM), eupatilin (200 μM), or
H2O2 plus eupatilin (B) for 1 h at 37°C. The cells were fixed and
stained with TRITC–phalloidin as described in the Materials and
Methods section. The slides were examined with a FV1000 confocal
laser scanning microscope (×40 or ×100), and the data were analyzed
by using the FLUOVIEW software ver.1.5. Bar=10 μm. C Cells from
Fig. 1A were also fixed and stained with TRITC–phalloidin. F-actin
was observed as described in (A). The white dashed line indicates the
boundary of initial wound (0 h). The results were similar in three
independent experiments.
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oligonucleotide probes for 29,098 human genes. Student’s t-
test was used for determining significant changes in gene
expression between untreated and H2O2-treated AGS cells.
The expression levels of each gene from untreated vs. H2O2-
treated AGS cells are presented as fold change, as compared
with the control. 57 genes were found to be differentially
expressed with a cutoff (p<0.05 and fold change>4). Among
the 57 genes, 42 genes were up-regulated and some of up-
regulated genes were involved in inflammation, oxidative
stress, cell growth/proliferation, cellular protein metabolism
and cytoskeleton organization. The known individual genes
(>4-fold up-regulated by H2O2) are listed in Table 1. To
validate the accuracy of microarray expression profiling data,
we performed semi-quantitative RT-PCR and real-time
quantitative PCR with several genes such as GDF15, ATF3,
PLAUR, TNFRSF10A, and HMOX1 (HO-1), and confirmed
that the three methods show overall qualitative agreement
(Fig. 7). To further test whether eupatilin inhibits the
expression of these potential candidate genes induced by
oxidative stress (21–25), we performed the gene expression

studies in the presence of H2O2, eupatilin, or H2O2 plus
eupatilin. As shown in Fig. 8, eupatilin markedly reduced
HO-1 expression, and weakly inhibited PLAUR and
TNFRSF10A expression in H2O2-treated cells. Interestingly,
however, other genes such as GDF15 and ATF3 were not
down-modulated, but instead, they were induced by eupatilin
and the induction was more significant in the presence of
H2O2. This may explain the pro-apoptotic effects of eupatilin,
as the expression of both GDF15 and ATF3 genes are known
to be associated in p53-dependent pathways in various cells
(26–28).

DISCUSSION

A loss of gastric mucosal barrier integrity has been
implicated as one of the key mechanisms underlying the
pathophysiology of oxidative inflammatory disorders in
stomach (29,30). Accordingly, characterizing a therapeutically
effective means of protecting gastric barrier function under
conditions of oxidant-induced injury, as the present investi-
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gation has done, is of significant clinical importance with
potentially important implication for the treatment of a
variety of inflammatory disorders. In the present study, we
demonstrated, for the first time, that eupatilin prevents the
reduction of cell migration and disruption of actin cytoskel-
eton induced by H2O2. Eupatilin also inhibited FeSO4-
induced ROS generation in various cell types, including
AGS cells, J774 cells and neutrophils. Moreover, eupatilin
prevented FeSO4-induced cell growth inhibition and F-actin
disruption, thereby suggesting a strong relationship between
cellular protective effect of eupatilin and its inhibitory effect
on ROS production. In support of these findings, eupatilin
dramatically reduced the expression of HO-1, an oxidative-
stress responsible gene, by H2O2 in AGS cells. Thus, we
demonstrate here a novel role for eupatilin in oxidant-
induced injury rather than its better characterized effect as
an apoptotic inducer in various cells.

A previous study using gastric epithelial cells showed
that H2O2 inhibited cell migration and proliferation, probably
by inhibiting the formation and ruffling movement of
lamellipodia or by disrupting the actin cytoskeleton (19,31).
In the present study, H2O2 significantly suppressed the

migration of AGS cells into wounded areas. We found that
the preventive effect of eupatilin in H2O2-induced suppres-
sion of cell migration was not related to the cellular
proliferation, as eupatilin had no promoting effect on cell
proliferation. Instead, we suggest that attenuation of actin
disruption is critical for the action of eupatilin in preventing
the delayed migration in H2O2-treated AGS cells. Indeed, we
now understand that actin dynamics is critical for epithelial
cell migration (32).

Given the importance of gastrointestinal barrier function
in the body homeostasis, it may be essential to develop agents
that have a potential to protect barrier function under
conditions of oxidant-induced injury. In this sense, a good
example is rebamipide, a novel quinolinone-derived gastro-
protective agent used in Japan for the treatment of gastritis and
gastric ulcers (33). Previous reports demonstrated that reba-
mipide is an effective cytoprotective agent against oxidant-
induced actin cytoskeletal instability and cellular apoptosis
(19,31). These results also suggested that the cytoprotective
effects of rebamipide are possibly through the radical scav-
enging action (19,31). In a good agreement with this line, our
present results also demonstrated that eupatilin dramatically

Table 1. Genes Whose Expression was 4-Fold Over-Induced in H2O2-Treated AGS Cellsa

Gene_Name Gene_Symbol RefSeq_NM
Fold Change
(H2O2/control)

Growth differentiation factor 15 GDF15 NM_002575 27.21
Activating transcription factor 3 ATF3 NM_002659 18.02
Early growth response 1 EGR1 NM_001964 8.29
Plasminogen activator, urokinase receptor PLAUR NM_001613 7.43
Pre-mRNA cleavage complex II protein Pcf11 PCF11 NM_001065 7.30
Tumor necrosis factor receptor superfamily, member 10a TNFRSF10A NM_003844 7.20
Serine (or cysteine) proteinase inhibitor, clade B
(ovalbumin), member 2

SERPINB2 NM_014330 7.15

Phorbol-12-myristate-13-acetate-induced protein 1 PMAIP1 NM_021127 6.78
Protein phosphatase 1, regulatory (inhibitor) subunit 15A PPP1R15A NM_014330 6.56
Cyclin-dependent kinase inhibitor 1A (p21, Cip1)" CDKN1A NM_002133 6.50
Heme oxygenase (decycling) 1 HMOX1 NM_006622 6.14
Myosin IXA MYO9A NM_006901 5.71
NACHT, leucine rich repeat and PYD containing 1 NALP1 NM_000389 5.47
Actin, alpha 2, smooth muscle, aorta ACTA2 NM_001613 5.36
Integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 receptor) ITGA2 NM_000341 5.29
Tumor necrosis factor receptor superfamily, member 10d,
decoy with truncated death domain

TNFRSF10D NM_003840 5.18

Ras homolog gene family, member E ARHE NM_006901 4.97
Mdm2, transformed 3T3 cell double minute 2, p53 binding
protein (mouse)

MDM2 NM_001049 4.83

Polo-like kinase 2 (Drosophila) PLK2 NM_003447 4.81
Growth arrest-specific 8 GAS8 NM_001481 4.70
EPH receptor A2 EPHA2 NM_004431 4.68
CMT1A duplicated region transcript 1 CDRT1 NM_006382 4.47
Sestrin 2 SESN2 NM_031459 4.35
Keratin associated protein 10–7 KRTAP10–7 NM_198689 4.30
Activating transcription factor 4 (tax-responsive enhancer
element B67)

ATF4 NM_015885 4.28

Zinc finger, DHHC domain containing 11 ZDHHC11 NM_024786 4.19
Advillin AVIL NM_152362 4.17
Chloride channel 2 CLCN2 NM_022782 4.11
Leukemia inhibitory factor (cholinergic differentiation factor) LIF NM_021127 4.04
Tumor necrosis factor receptor superfamily, member 1A TNFRSF1A NM_005168 4.03

aAGS cells (3×106 ) were incubated for 1 h with H2O2 (0.3 mM), washed, and then further incubated for 3 h at 37°C in complete media. Total
RNA was isolated and analyzed by DNA microarray hybridization.
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inhibits FeSO4-induced ROS production in such cells as AGS,
J774 cells, and neutrophils. More directly, eupatilin signifi-
cantly attenuated F-actin disruption by FeSO4 in AGS cells.

Genetic chip technology is characterized by high com-
munication, low consumption and miniaturization (34,35),
providing a technological platform to study the mechanism of
herbal medicines against various biological disorders includ-
ing oxidative stress-related diseases. To gain molecular insight
into the biological mechanisms played by eupatilin in H2O2-
induced cell damage, we first investigated the gene expression
patterns in H2O2-treated cells using microarray technology.
We identified a variety of genes with altered expression in
H2O2-treated cells, including genes for inflammation, oxida-
tive stress, cell growth/proliferation, cellular protein metabo-
lism and cytoskeleton organization (Table 1). Among those
H2O2-responsible genes, selective inhibition of H2O2-induced
expression of HO-1 by eupatilin further suggests a novel role
for eupatilin in oxidant-induced injury. However, it was
interesting to be noticed that such genes as GDF15 and
ATF3 are not down-modulated, but instead, they were
induced by eupatilin and the induction was more significant

in the presence of H2O2. This result may suggest that
eupatilin has dual functions, i.e., cytoprotective effect against
oxidant-induced injury and pro-apoptotic function in some
cell types. Previous report demonstrated that eupatilin-
induced apoptotic cell death is associated with the elevated
expression of p53 and p21 (6). Indeed, the expression of both
GDF15 and ATF3 genes are known to be associated in p53-
dependent pathways in various cells (26–28). Meanwhile, it is
also possible that transcription factors involved in the H2O2-
mediated induction of these two genes are different from that
of the HO-1 gene. For example, HO-1 induction is known to
be regulated by the transcription factors AP-1, AP-2, NF-κB,
and Nrf-2 in various cellular systems (36–38). Although ATF3
has similar binding sites as seen in HO-1 promoter, other sites
such as ATF/CRE, E2F and Myc/Max are also reported (39).

Cell-based experiment is valuable not only for rapid
screening of potential therapeutic agents but also for gaining
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mechanistic insights not accessible otherwise. However, the
observations made in cultured cells need to be confirmed
using appropriate animal models to test in vivo significance of
the cellular findings. Moreover, in vivo efficacy testing of
potential therapeutic agents is a prerequisite for their further
development as clinically useful agents. It has been demon-
strated that oral administration of DA-9601 at 40 mg/kg body
weight was known to reduce ethanol-induced gastric mucosal
hemorrhagic lesions and lipid peroxidation (4). Indeed, this
concentration contains approximately 0.7 mg/kg of eupatilin,
which is equal to the concentration of the 40 μM eupatilin in
1 ml PBS/mouse. Therefore, the present study strongly
suggests an in vivo relevance of eupatilin effect in terms of
its anti-oxidative property.

Taken together, our current results describing the
protective effect of eupatilin against oxidative damage will
contribute to the elucidation of the efficacy of eupatilin in
protecting gastric mucosal ulceration. Further, these results
indicate a potential mechanism in the therapeutic activity of
DA-9601 (StillenTM) in the treatment of diseases
characterized by gastric mucosal ulceration.
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