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ABSTRACT: Recently, we reported the anti-inflammatory effects of arvelexin isolated from Brassica rapa in macrophages. In the
present study, the effects of arvelexin were investigated in a dextran sulfate sodium (DSS)-induced colitis mouse model and in a
cellular model. In the DSS-induced colitis model, arvelexin significantly reduced the severity of colitis, as assessed by disease
activity, colonic damage, neutrophil infiltration, and levels of colonic iNOS. Moreover, arvelexin inhibited the expressions of IL-8,
IP-10, ICAM-1, and VCAM-1 in HT-29 colonic epithelial cells. Arvelexin also inhibited the TNF-α-induced adhesion of U937
monocytic cells to HT-29 cells. Furthermore, arvelexin reduced p65 NF-κB subunit translocation to the nucleus and IκBα
degradation in the colonic tissues and in TNF-α-induced HT-29 cells. These results demonstrate that the ameliorative effects of
arvelexin on colonic injury are mainly related to its ability to inhibit the inflammatory responses via NF-κB inactivation, and
support its possible therapeutic role in colitis.

KEYWORDS: adhesion molecule, Arvelexin, Brassica rapa, chemokine, NF-κB, ulcerative colitis

■ INTRODUCTION

Crohn’s disease (CD) and ulcerative colitis (UC) are chronic
inflammatory bowel diseases (IBD) characterized by aberrant
responses to luminal bacteria in genetically susceptible subjects
and by a chronic inflammatory disorder of the digestive tract.1,2

Although the etiologies of IBDs have not been established,
evidence indicates that the involvement of damaged epithelia
and activated immune cells in inflamed mucosa play an
important role.3 In addition, patients with long-standing IBD
are at great risk of developing colitis-associated cancer.4 At
present, the medical treatment of IBD relies mainly on
traditional drugs, such as 5-aminosalicylates (5-ASA), cortico-
steroids, and immunosuppressants like azathioprine and 6-
mercaptopurine. Furthermore, antibiotics are becoming in-
creasingly important in the settings of steroid resistant disease
and steroid-dependent patients.5 However, their side effects
and systemic actions are so severe that they disturb quality of
life, particularly when administered long-term.6 Thus, it is
important to develop an optimal therapy for IBD.
The intestinal epithelium serves as a barrier between luminal

triggers and the host, and an impaired barrier function could
lead to increased uptake of luminal antigens that promote
mucosal inflammation. In addition, the activation of the
proinflammatory gene transcription program in colonic
epithelial cells challenged by bacterial products, such as
lipopolysaccharide (LPS) or inflammatory cytokines like

tumor necrosis factor-α (TNF-α) or interleukin-1β (IL-1β), is
associated with acute and chronic intestinal inflammation.7 The
infiltration and migration of inflammatory cells, such as
neutrophils and monocytes, into tissue lesion sites are
dependent on cytokine and chemokine levels. Chemokines,
such as interleukin-8 (IL-8) and interferon-γ inducible protein-
10 (IP-10), play critical roles by activating and attracting
leukocytes to sites of inflammation and by upregulating
adhesion molecules. Furthermore, IL-8 and IP-10 have been
reported to be markedly expressed in the mucosa of colitis, and
IL-8 expression was even found to be correlated with the
degree of colon inflammation.8,9 In addition to chemokines,
intracellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1), both members of the
immunoglobulin superfamily of proteins, are crucially involved
in the trafficking of inflammatory cells through endothelial and
epithelial barriers in the inflamed colon.10,11

Nuclear factor-kappa B (NF-κB) activation appears to be
strongly associated with IBD.12 NF-κB is composed mainly of
two proteins; p65 and p50. Under normal conditions in
intestinal epithelial cells, NF-κB dimers are present in
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cytoplasm as NF-κB-Inhibitor of kappa B (IκB) complex, and
activation of this complex by proinflammatory cytokines leads
to the phosphorylation of IκB proteins and their subsequent
recognition by ubiquitin ligases. The resulting proteasomal
degradation of IκB proteins leads to the translocation of NF-κB
to the nucleus, where it binds to its consensus DNA binding
sites to regulate the transcriptions of a large number of genes
that include proinflammatory cytokines, adhesion molecules,
chemokines, and inducible enzymes.13,14 Furthermore, in-
creases in intestinal epithelial tight-junction permeability
require NF-κB activation, which suggests that NF-κB signaling
is a potential therapeutic target for the treatment of IBD.15−17

Arvelexin (4-methoxyindole-3-acetonitrile; Figure 1A) is a
biologically active compound found in Brassica rapa L.
(Brassicaceae), a species that includes many important crops,
such as the Chinese cabbage and the turnip, the latter of which
are cultivated in quantity commercially in South Korea to make
kimchi.18 In traditional medicine, B. rapa has been used to treat
a variety of diseases and conditions, such as hepatitis, jaundice,
furuncle, and sore throat. Furthermore, several studies have
suggested that extracts of B. rapa prevent high-fat diet-induced
obesity,19 modulate the deleterious effects of diabetes,18 protect
against cisplatin-induced nephrotoxicity,20 and exert anti-
inflammatory effects on LPS-induced macrophages and
carrageenan-induced paw edema.21 Although B. rapa contains

numerous biologically active compounds, such as flavonoids
(isorhamnetin, kaempferol, and quercetin glycosides),22 phenyl-
propanoid derivatives,22 indole alkaloids,23 and sterol gluco-
sides,23 the molecular targets and the mechanisms underlying
the biological activities of these constituents are poorly defined.
Among them, it is known that arvelexin, one of the phytoalexins
secreted in Brassicaceae, exerts antifungal activity.24 Several
phytoalexins harbor various biological activities; especially
resveratrol found in many plants including grapes and berries
has potent anti-inflammatory, anticancer, and cardioprotective
activities in vitro and in vivo.25 To explore the beneficial effects
of arvelexin on IBD, we investigated its anti-inflammatory
properties and the underlying molecular mechanisms respon-
sible in a DSS-induced colitis murine model and in TNF-α-
induced HT-29 intestinal epithelial cells.

■ MATERIALS AND METHODS
Isolation of Indole Compounds from the Root of B. rapa.

Brassica rapa L. emend. Metzg was obtained from the GangHwa
Agricultural R&D Center (Incheon, Republic of Korea), and its
identity was confirmed by one of the authors (H.-G.C.). A voucher
specimen (number 05157) has been deposited at the Laboratory of
Natural Product Chemistry, Kyung Hee University (Suwon, Republic
of Korea). Five kilograms of the fresh root skin of B. rapa were
immersed in 80% MeOH solution (10 L) and left for 24 h at room
temperature with occasional stirring. The extract was filtered and the

Figure 1. Arvelexin attenuated the progression of DSS-induced colitis in mice. A: Chemical structure of arvelexin. B: Mice were administered 5%
DSS in drinking water (ad libitum) for 6 days with or without arvelexin (30 or 90 mg/kg/day po). 5-ASA (75 mg/kg/day po) was used as a positive
control. Changes in DAI levels were evaluated daily throughout the 6 day administration period. C: Changes in body weights were monitored daily.
Body weight losses are expressed as percentages of body weights on immediately prior to treatment. D: Colons were obtained after 6 days of DSS
administration, and their lengths were measured. Values are the mean ± SD (n = 8); #P < 0.05 vs the vehicle-treated control group; *P < 0.05, **P <
0.01, ***P < 0.001 vs the DSS-induced group; significances between treated groups were determined using ANOVA and Dunnett’s post hoc test. E:
Histological analysis of DSS induced damage. Representative H&E sections of colonic tissues were obtained from control mice (vehicle), DSS-
induced mice (5% DSS, ad libitum), and DSS-induced mice treated with arvelexin (90 mg/kg/day po) for 6 days. Asterisks indicate distension of the
submucosa caused by edema. Black arrows mark lesions with complete loss of crypt morphology.
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remainder was extracted twice more using the same method. The
resulting filtrates were combined and concentrated under reduced
pressure at 40 °C to obtain the MeOH extract (102 g). The MeOH
extract (100 g) was then suspended in water (1 L) and extracted with
ethyl acetate (EtOAc, 1 L × 2). The EtOAc and aqueous layers were
then concentrated under reduced pressure at 40 °C to afford an
EtOAc fraction (BRE, 7 g) and a H2O fraction (BRW, 89 g). The BRE
(7 g) was applied to the silica gel column chromatography, eluted with
n-hexane−EtOAc (10:1 → 5:1 → 3:1→ 1:1) and CHCl3−MeOH
(10:1 → 7:1 → 5:1 → 3:1 → 2:1 → 1:1) to afford 23 fractions
(BRE1−BRE23). The fraction BRE9 (268 mg) was subject to
octadecyl silica gel column chromatography, and MeOH−H2O was
used as an eluting solution to give a purified indole compound,
arvelexin [BRE9-3, 21 mg, Ve/Vt 0.50−0.63, TLC (SiO2 F254) Rf =
0.42 in n-hexane−EtOAc (1:1), (RP-18 F254) Rf = 0.62 in MeOH−
H2O (2:1)]. The chemical structures of arvelexin were determined by
comparing their physicochemical and spectroscopic data reported
values.26 The compound used for this study were examined by HPLC
and were >97% pure. The Shimadzu LC-20A was used for HPLC
analysis, equipped with a UV detector (268 nm) (Shimadzu, Tokyo,
Japan). Chromatography was performed on a Waters C18 column (5
μm, 250 × 4.6 mm) set at 30 °C. Aliquots of 20 μL of each sample
solution were injected and eluted according to the following program
at a flow rate of 0.7 mL/min: 45% MeOH→ 70% MeOH from 0 to 10
min, 75% MeOH → 90% MeOH from 20 to 25 min, 90% MeOH to
40 min. The peak of arvelexin was appeared at 16.62 min.
Experimental Animals. All animal care and experimental

procedures complied with the Guidelines of the Committee for
Animal Care and Use of laboratory animals, College of Pharmacy,
Kyung Hee University, according to an animal protocol (Approval No.
# KHP-2009-12-2). Male ICR mice weighing 28−30 g were purchased
from Daehan Biolink (Eumsung, Korea). All mice were housed 4/cage
and fed standard laboratory chow in the animal room with 12 h dark/
light cycles and constant temperature (temperature, 20 ± 5 °C;
humidity, 40−60%; light/dark cycle, 12 h) for 2 weeks or more.
Induction of Colitis. Experimental colitis was induced by giving

mice drinking water ad libitum containing 5% (w/v) DSS for 6 days.
Mice of each group were monitored carefully every day to confirm that
they consumed an approximately equal volume of DSS-containing
water. 5-ASA was dissolved in 0.9% saline, and arvelexin was dissolved
in vehicle (0.9% saline containing 0.01% Tween 20 and 0.5%
carboxymethyl cellulose sodium). Control groups were given vehicle
daily for 6 days. 5-ASA (75 mg/kg/day po) and arvelexin (30 or 90
mg/kg/day po) were administrated daily for 6 days, commencing at
the same time DSS exposure began. The experiments were conducted
two times with eight mice in each group.
Evaluation of Disease Activity Index (DAI). Body weight, stool

consistency, and gross bleeding were recorded daily. Disease activity
index (DAI) was determined by combining scores of (i) body weight
loss, (ii) stool consistency, and (iii) gross bleeding, divided by 3. Each
score was determined as follows: change in body weight loss (0, none;
1, 1−5%; 2, 5−10%; 3, 10−20%; 4, >20%), stool blood (0, negative; 1,
+; 2, ++; 3, +++; 4, ++++) and stool consistency (0, normal; 1 and 2,
loose stool; 3 and 4, diarrhea). Body weight loss was calculated as the
percent difference between the original body weight (day 0) and the
body weight on any particular day (Table 1.). At the end of the
experiment, mice were killed and the colons were separated from the
proximal rectum, close to its passage under the pelvisternum. The

colon length was measured between the ileo−cecal junction and the
proximal rectum.

Histopathology. The resected large intestine was grossly
examined for the mucosal defect, hemorrhage, or ulcerative lesions,
and then fixed immediately in 4% neutral formalin. For histopatho-
logical analysis, tissue sections were made from the representative
region of large intestine by the conventional tissue preparation
methods, and viewed under the light microscope ( × 10−1000) after
hematoxylin and eosin (H&E) staining. For immunohistochemistry,
frozen midcolons were sectioned on a cryostat at 5 μm, and stored in
storage solution at −70 °C until required. After air-drying, sections
were treated with 3% H2O2 for 5 min in the dark, and sections were
incubated with polyclonal anti-inducible nitric oxide synthase (iNOS)
antibody and anti-IκB antibody (Santa Cruz, CA, USA) diluted 1:100
in PBS containing 3% Triton X-100, 0.5 mg/mL of bovine serum
albumin and 1.5% normal horse serum, overnight at 4 °C in a
humidified chamber. After incubation with primary antibody, the
sections were then incubated with biotinylated secondary antibody
(1:200 dilution; Vector Laboratories Inc., Burlingame, CA, USA) for
90 min, avidin−biotin−peroxidase complex (1:100 dilution; Vector
Laboratories Inc., CA, USA) at room temperature for 1 h. Peroxidase
activity was visualized with the use of diaminobenzidine.

Myeloperoxidase (MPO) Assay. MPO accumulation was
measured in soft tissue from colon, as a marker of neutrophil influx
into the tissue. The tissue was thawed and homogenized in lysis beffer
(10 mM Tris pH 7.4, 200 mM NaCl, 5 mM EDTA, 10% glycerol, 1
mM phenylmethylsulfonylfluoride (PMSF), 1 μg/mL leupeptide and
28 μg/mL aprotonine). The homogenate was then centrifuged at
1500g for 15 min, and the resulting supernatant was assayed for MPO
assay using EIA kits (Hycult Biotech, Netherlands).

Western Blot Analysis. Segments of colon or cell were
homogenized and resuspended in PRO-PREP protein extraction
solution (Intron Biotechnology, Seoul, Korea) and incubated for 20
min at 4 °C. Tissue or cell debris was removed by microcentrifugation,
followed by quick freezing of the supernatants. Nuclear proteins were
extracted with NE-PER (Thermo Fisher Scientific, Waltham, MA,
USA), followed by the Thermo manufacturer’s instructions. The
protein concentration was determined using the Bio-Rad protein assay
reagent according to the manufacturer’s instruction. Cellular protein
was electroblotted onto a PVDF membrane following separation on
10% SDS−polyacrylamide gel electrophoresis. The immunoblot was
incubated for 1 h with blocking solution (5% skim milk) at room
temperature, followed by incubation overnight with a primary
antibody. Blots were washed four times with Tween 20/Tris-buffered
saline and incubated with a 1:1000 dilution of horseradish peroxidase-
conjugated secondary antibody for 2 h at room temperature. Blots
were again washed three times with Tween 20/Tris-buffered saline,
and then developed by enhanced chemiluminescence (GE Healthcare,
WI, USA).

Cell Culture and Sample Treatment. The HT-29 human colonic
epithelial cell line and U937 human monocyte cell line were obtained
from the Korea Cell Line Bank (Seoul, Korea). These cells were grown
at 37 °C in RPMI 1640 supplemented with 10% fetal bovine serum,
penicillin (100 units/mL) and streptomycin sulfate (100 μg/mL) in a
humidified atmosphere of 5% CO2. Cells were incubated with
arvelexin at concentrations of 25, 50, 100, or 200 μM, and then
stimulated with TNF-α (10 ng/mL) for the indicated time. Various
concentrations of tested compounds dissolved in DMSO were added
to the medium. The final concentration of DMSO did not exceed
0.05%.

RNA Preparation and Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR). Total cellular RNA was isolated using
Easy Blue kits (Intron Biotechnology, Seoul, Korea). From each
sample, 1 μg of RNA was reverse-transcribed (RT) using MuLV
reverse transcriptase, 1 mM deoxyribonucleotide triphosphate
(dNTP), and oligo (dT12−18) 0.5 μg/μL. PCR analyses were
performed on aliquots of the cDNA preparations to detect IL-8, IP-
10, ICAM-1, VCAM-1, and GAPDH (as an internal standard) gene
expression using a thermal cycler (Perkin-Elmer Cetus, CA, USA).
Reactions were carried out in a volume of 25 μL containing 1 unit of

Table 1. Evaluation of Disease Activity Index (DAI)

DAI score wt loss (%) stool consistency occult/gross bleeding

0 none normal normal
1 1−5
2 5−10 loose stools hemoccult positive
3 10−20
4 >20 diarrhea gross bleeding
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Taq DNA polymerase, 0.2 mM dNTP, ×10 reaction buffer, and 100
pmol of 5′ and 3′ primers. After an initial denaturation for 2 min at 95
°C, 26 or 30 amplification cycles were performed for IL-8 (1 min of 94
°C, 1 min of 56 °C, and 1 min 72 °C), IP-10 (1 min of 94 °C, 1 min of
55 °C, and 1 min 72 °C), ICAM-1 (1 min of 94 °C, 1 min of 50 °C
and 1 min 72 °C), and VCAM-1 (1 min of 94 °C, 1 min of 50 °C, and
1 min 72 °C). The PCR primers used in this study are listed in Table 2

and were purchased from Bioneer (Seoul, Korea). After amplification,
the PCR reactions were electrophoresed on 2% agarose gel and
visualized by ethidium bromide staining and UV irradiation.
RNA Interference. Cells were transiently transfected with 100 nM

of NF-κB p65 siRNA or control siRNA (Bioneer, Seoul, Korea) using
Lipofectamine RNAi MAX reagent (Invitrogen, CA, USA) for 24 h by
following the manufacturer’s instructions.
Monocyte Adhesion Assay. Monocyte-epithelial cell adhesion

was evaluated using human leukemia premonocytic U937 cells. U937
cells were labeled with 2′,7′-bis(2-carboxyethyl)-5(6)-carboxyfluor-
escein acethoxymethyl ester (BCECFAM, 10 μg/mL; Sigma, MO,
USA) for 1 h at 37 °C. HT-29 cells cultured in a 48-well plate were
pretreated with arvelexin for 1 h and then incubated with TNF-α for
an additional 8 h. Then, HT-29 cells were coincubated with
BCECFAM-prelabeled U937 cells (4 × 105 cells/well) for 1 h at 37
°C. Nonadhering U937 cells were removed by washing gently with
PBS. For quantitative analysis, the cells were lysed in 0.1% Triton X-
100 in 0.1 M Tris at room temperature for 30 min in the dark.
Fluorescence intensity was measured using a FluostarOptima micro-
plate reader (Perkin-Elmer, CA, USA) with excitation at 485 nm and
emission at 520 nm.
Statistical Analyses. Results are expressed as the mean ± SD.

Statistically significant values were compared using ANOVA and
Dunnett’s post hoc test, and P-values of less than 0.05 were considered
statistically significant.

■ RESULTS
Arvelexin Attenuated Severity, Weight Loss, and

Colon Length Shortening in the DSS-Induced Colitis
Model. To determine the effects of arvelexin on colitis, mice
were administered 5% DSS in drinking water for 6 days with or
without arvelexin (30 or 90 mg/kg/day, po) once a day.
Progressive body weight loss, hematochezia, and diarrhea were
noted from 3 days after administration of 5% DSS. Following
induction of colitis, a combinatorial DAI, which incorporate
body weight loss, stool consistency, and gross bleeding, was
significantly increased in DSS-treated mice, but the admin-
istration of arvelexin (30 or 90 mg/kg/day, po) significantly
reduced DAI values versus the DSS-treated group from 3 days
post-treatment (Figure 1B). In particular, arvelexin had better

suppressive effects than 5-ASA (75 mg/kg/day, po), the
reference drug. As shown Figure 1C, DSS-exposed mice body
weights significantly decreased for experiment periods.
However, treatment with arvelexin or ASA reduced this weight
loss. In addition, colon lengths in DSS-treated mice were
markedly shorter than in vehicle-treated control mice, and
arvelexin significantly reduced the colon shortening caused by
DSS (Figure 1D). To investigate the protective effects of
arvelexin on DSS-induced colitis, pathological examinations of
colon and rectum sections were carried out after H&E staining.
As shown in Figure 1E, tissue sections from vehicle-treated
control mice exhibited a histologically normal colon structure,
whereas histologic examination of colon sections of mice with
DSS-induced colitis showed mucosal inflammation in the
rectum with reduced proximal severity, as previously
described.27 Colon structures in the DSS group showed severe
disruption of the tissue architecture, edema, and mixed
inflammatory cell infiltration with ulcerations and large areas
of epithelial denudation. Interestingly, the evaluation of colons
from arvelexin-administered mice (90 mg/kg) revealed an
obvious reduction in inflammatory response, which resulted in
a prominent decrease in microscopic tissue damage as
compared with colons from DSS-treated mice. In order to
identify possible side effects of arvelexin, we administered
arvelexin at 90 mg/kg for 7 days without DSS exposure. A
microscopic examination of colon sections revealed no evident
changes (Figure 1E).

Arvelexin Administration Reduced MPO Activity and
iNOS Expression in DSS-Induced Colon Tissues. DSS-
induced colon damage is associated with an influx of
inflammatory cells, such as neutrophils and lymphocytes, into
the intestinal mucosa that promote extensive oxidant and
protease-dependent injury.28,29 Therefore, we assessed whether
the protective effects of arvelexin on DSS-induced colitis are
associated with alterations in the infiltrations of inflammatory
cells by determination of MPO levels. This enzyme is produced
mainly by polymorphonuclear leukocytes, and its levels are
correlated with the degree of neutrophil infiltration in tissues.30

After 6 days of DSS treatment, MPO activity was markedly
increased to a level about 11 times higher than that in untreated
control group (Figure 2A), and this increase in MPO activity
was significantly reduced by arvelexin administration (30 and
90 mg/kg) or 5-ASA (75 mg/kg).
The expression of iNOS in intestinal mucosa appears to be

enhanced in active ulcerative colitis, and when present in
excess, it plays a proinflammatory role and increases oxidative
stress by producing excessive amounts of NO.31 Therefore, we
evaluated the effects of arvelexin on DSS-induced iNOS
expression in colitis tissues by Western blot analysis. As
shown in Figure 2B, arvelexin significantly inhibited DSS-
induced iNOS expression in mice at day 6 post-treatment. In
addition, these results were confirmed by H&E stained colonic
sections (Figure 2C).

Arvelexin Suppressed NF-κB Activation in DSS-
Induced Colitis. NF-κB is not only a key regulator in the
immunological setting but also strongly influences mucosal
inflammation.32 Thus, we examined the effects of arvelexin on
the nuclear translocation of the p65 NF-κB subunit in colonic
tissues by Western blotting. As shown in Figure 3A, treatment
with DSS for 6 days markedly increased the translocation of
p65 to the nucleus, whereas arvelexin significantly suppressed
the DSS-induced nuclear translocation of p65 in colonic tissues.
Since NF-κB remains inactive in the cytosol because it is bound

Table 2. PCR Primer Sequence

gene sequence

IL-8 sense 5′-CAAACCTTTCCACCCCAAAT-3′
antisense 5′-ACCCTCTGCACCCAGTTTTC-3′

IL-10 sense 5′-CTGCCATTCTGATTTGCTGC-3′
antisense 5′-ACGTGGACAAAATTGGCTTG-3′

ICAM-1 sense 5′-TTATACACAAGAACCAGACC-3′
antisense 5′-TGTATCTGACTGAGGACAAT-3′

VCAM-1 sense 5′-GAGAAACCATTTACTGTTGA-3′
antisense 5′-ACATAAAGTGTTTGCGTACT-3′

GAPDH sense 5′-ATGGTTTACATGTTCCAATA-3′
antisense 5′-GTCTCTCTCTTCCTCTTGTG-3′
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by IκB, and activated and translocated to the nucleus by
inflammatory signals,33 we examined whether arvelexin inhibits
the degradation of IκB in colonic tissue. Arvelexin was found to
significantly prevent DSS-induced IκBα degradation in mice,
and immunohistochemistry analysis showed that IκBα protein
was more strongly stained in the colon tissues of control mice
than in those of DSS-treated mice, and that this staining was
recovered to the normal level by arvelexin administration (90
mg/kg) (Figure 3B).
Arvelexin Reduced TNF-α-Induced Monocyte-Epithe-

lial Adhesion by Suppression of ICAM-1, VCAM-1, IL-8,
and IP-10 Expressions in HT-29 Colonic Epithelial Cells.
In IBD, it has been shown that the expressions of chemokines
and adhesion molecules play important roles in inflammatory
cell recruitment to inflamed intestines and developing
colitis.10,34,35 To investigate the cellular mechanisms respon-
sible for DSS-induced colitis attenuation by arvelexin, we
quantified the expressions of IL-8, IP-10, ICAM-1, and VCAM-
1 in HT-29 intestinal epithelial cells by RT-PCR. TNF-α
significantly upregulated the expressions of the IL-8, IP-10, and
ICAM-1 genes and pretreatment of arvelexin significantly and
concentration-dependently reduced these mRNA expressions.
Interestingly, arvelexin so strongly inhibited TNF-α-induced
VCAM-1 gene expression even at low concentration (Figure

4A). We next examined the inhibitory effects of arvelexin on
the TNF-α-induced adhesion of U937 premonocytic cells to
HT-29 human colonic epithelial cells to mimic the initial step
of colon inflammation. HT-29 colonic epithelial cells were
pretreated with arvelexin (25, 50, 100, or 200 μM) for 1 h and
then treated with TNF-α (10 ng/mL) for 8 h. As shown in
Figure 4B, TNF-α significantly increased the adhesion of U937
monocytes to HT-29 colonic epithelial cells, and arvelexin
significantly and concentration-dependently reduced this TNF-
α-induced monocyte-epithelial adhesion. In addition, MTT
assays indicated that the suppressive effects of arvelexin on
TNF-α-induced monocyte adhesion and chemokines and
adhesion molecule expressions were not due to nonspecific
cytotoxicity (Sup. Figure 1 in the Supporting Information).

Arvelexin Suppressed TNF-α-Induced NF-κB Activa-
tion in HT-29 Colonic Epithelial Cells. In IBD, the line of
defense provided by intestinal epithelial cell is breached, and
this results in an uncontrolled immune response.36−38 Since it
is generally known that NF-κB activation in epithelial cells
induces the expressions of cytokines, chemokines, and adhesion
molecules,32 we evaluated the suppressive effects of arvelexin
on TNF-α-induced NF-κB activation in HT-29 colonic
epithelial cells. As demonstrated in Figure 5A, it was found
that TNF-α markedly induced the translocation of p65 to the

Figure 2. Arvelexin reduced the influx of inflammatory cells and iNOS expression in inflamed colons. After 6 days of DSS treatment with or without
arvelexin, colon tissues were processed to determine MPO activity or iNOS expression levels. A, B: Colon segments from control mice (saline or
vehicle), DSS-induced mice (5% DSS, ad libitum), and DSS-induced mice treated with arvelexin (30 or 90 mg/kg/day po) or 5-ASA (75 mg/kg/day
po) were subjected to EIA to determine MPO levels. Values are the means ± SDs (n = 8); #P < 0.05 vs the vehicle-treated control group; *P < 0.05,
***P < 0.001 vs DSS-induced group; significances between treated groups were determined using ANOVA and Dunnett’s post hoc test. B: Whole
proteins were prepared from mice for the Western blotting of iNOS using specific anti-iNOS monoclonal antibodies. β-Actin was used as internal
control. Representative data is shown. C: Representative colonic sections from control mice (saline or vehicle), DSS-induced mice (5% DSS, ad
libitum), and DSS-induced mice treated with arvelexin (90 mg/kg/day po) for 6 days were immunostained for iNOS as described in Materials and
Methods. Arrows indicate iNOS-positive cells in mucosa.
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nucleus and that arvelexin pretreatment significantly suppressed
this translocation. Furthermore, TNF-α-induced IκBα degra-
dation was prevented by arvelexin in HT-29 colonic epithelial
cells. Furthermore, we confirmed our observation using NF-κB
inhibitor pyrrolidine dithiocarbamate (PDTC) and RNA
interference technique to knockdown p65, which is an
important subunit of NF-κB. Results showed that the NF-κB
inhibition by inhibitor and p65 siRNA led to the inhibition of
TNF-α-induced ICAM-1, VCAM-1, IL-8, and IP-10 expres-
sions (Figure 5B). Taken together, these data showed that NF-
κB is a potential target of arvelexin for inhibition of TNF-α-
induced ICAM-1, VCAM-1, IL-8, and IP-10 expressions in HT-
29 cells.

■ DISCUSSION

A DSS-induced murine colitis model exhibits symptoms
comparable to those of human ulcerative colitis, that is, body
weight loss, diarrhea, bloody feces, mucosal ulceration, and
colonic shortening.40−42 Although the mechanisms of DSS in
experimental colitis remain poorly understand, there are several
possible mechanisms of DSS-induced colitis: direct cytotoxic
effects on epithelial cells43 and indirect damage due to changes
in resident bacteria,42 upregulation of lymphocyte adhesion
molecules on intestinal epithelial cells44 and activation of gut
macrophages and T cells.42,45,46 These facts suggest that the
initial insult in the DSS model is most likely at the epithelial cell
level; and similar to human IBD, DSS induced intestinal
inflammation in mice results in higher concentrations of
proinflammatory mediators and excessive infiltration of
immune cells within the colonic mucosa.47,48 Previously, we
found that arvelexin isolated from B. rapa inhibits proin-
flammatory mediators, and that these inhibitions resulted in the
inhibition of IKK-dependent NF-κB activation in macrophages.

More importantly, arvelexin was found to decrease the serum
levels of inflammatory mediators in vivo and to protect mice
from LPS-induced lethality.39 In the present study, we extended
our study to ameliorative effects of arvelexin on experimental
colitis. Our findings demonstrate for the first time that arvelexin
suppresses DSS-induced colitis in mice and TNF-α-induced
inflammatory responses in colon epithelial cells by blocking
NF-κB activation and, thus, reducing the expressions of
inflammatory mediators.
Our findings show that arvelexin suppresses DSS-induced

colitis in mice through increasing the body weight and stool
consistency, decreasing bloody feces, and reducing colon length
shortening. Furthermore, histopathologic findings confirmed
that arvelexin treatment protected DSS-treated mice from
intestinal epithelial damage, that is, from mucosal erosion, the
distortion and loss of crypts and villi, ulceration, and epithelial
layer erosion. Importantly, these events, in combination with
weakening of epithelial tight junctions, can allow increased
contact between antigens from the intestinal lumen and
inflammatory and immune cells,49 and as the present study
shows arvelexin reduced all of these inflammatory changes.
Especially, arvelexin effectively inhibited MPO activity, which is
used as a marker of neutrophil infiltration.50 This finding
suggests that the inhibitory effects of arvelexin observed in
DSS-induced colitis mice may, in part, be the results of reduced
cell infiltration. It has been well established that inflammatory
cell infiltration is responsible for extensive colon damage and
the release of toxic components and free radicals.40

In IBD, oxidative stress is believed to be a major factor of
tissue destruction,51 and several authors have suggested that
reactive oxygen and nitrogen metabolites are involved in the
initiation and progression of IBD, prompted by the knowledge
that nitrogen reacts with superoxide anions (O2

−), produced

Figure 3. Arvelexin inhibited the translocation of NF-κB and degradation of IκBα in DSS-induced colitis mice. A: Colons were obtained after 6 days
of DSS treatment (5% DSS, ad libitum) with or without arvelexin (30 or 90 mg/kg/day po) or 5-ASA (75 mg/kg/day, po), and colon tissues were
investigated with respect to the translocation of NF-κB p65 and IκBα expression. Nuclear or whole proteins were prepared for the Western blotting
of p65 and IκBα using specific anti-p65 and anti-IκBα monoclonal antibodies. PARP and β-actin were used as internal controls. Representative data
is shown. B: Representative colonic sections from control mice (saline or vehicle), DSS-induced mice (5% DSS, ad libitum), and DSS-induced mice
treated with arvelexin (90 mg/kg/day po) for 6 days were immunostained for IκBα as described in Materials and Methods. Arrows indicate IκBα-
positive cells in mucosa.
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during the course of inflammation, to form peroxynitrite
(ONOO−), a highly cytotoxic oxidant.52,53 In one study, the
severity of DSS-induced colitis was found to be significantly
attenuated by iNOS knockout and by treating mice with a
specific iNOS inhibitor.54 Recently, we suggested that arvelexin
potently reduces the LPS-induced NO production and iNOS
expression by inhibiting NF-κB and by activating the NF-E2-
related factor 2 (Nrf2)/HO-1 signaling,39 suggesting a possible
protective action of arvelexin on oxidative stress. Similarly, in
the present study, arvelexin reduced iNOS expression in the
colonic tissues of mice treated with DSS.

As mentioned above, colonic epithelial cells are one of the
important factors during the progress of IBD. In particular,
their hyperactivation of these cells facilitates the excessive
infiltration of immune cells to tissue lesions which initiate and
promote inflammation.49 Furthermore, elevated levels of

Figure 4. Arvelexin inhibited the TNF-α-induced expressions of
chemokines and adhesion molecules in HT-29 cells and inhibited
TNF-α-induced monocyte-epithelial cell adhesion. A: Total RNA was
prepared from cells pretreated with arvelexin (25, 50, 100, or 200 μM)
for 1 h and then stimulated with TNF-α (10 ng/mL) for 4 h (for IL-8,
IP-10, and ICAM-1) or 12 h (for VCAM-1). mRNA levels of IL-8, IP-
10, ICAM-1, and VCAM-1 were determined by RT-PCR, as described
in Materials and Methods. The experiment was repeated three times,
and similar results were obtained. B: HT-29 cells were pretreated with
arvelexin (25, 50, 100, or 200 μM) for 1 h and, then, stimulated with
TNF-α (10 ng/mL) for 8 h. HT-29 cells were then cocultured with
U937 cells previously labeled with 10 μg/mL BCECF-AM. Cell
adhesion was determined by measuring fluorescence intensities
(excitation 485 nm and emission 520 nm). The values shown are
means ± SDs of three independent experiments; #P < 0.05 vs control
group; **P < 0.01, ***P < 0.001 vs TNF-α-induced group.

Figure 5. Arvelexin inhibited the activation of NF-κB in TNF-α-
induced HT-29 cells. A: Cells were pretreated with arvelexin (25, 50,
100, or 200 μM) for 1 h and then stimulated with TNF-α (10 ng/mL)
for 10 min or 1 h. Nuclear and whole proteins were prepared for the
Western blotting of p65 and IκBα using specific anti-p65 and anti-
IκBα monoclonal antibodies. PARP and β-actin were used as internal
controls. B: Total RNA was prepared from cells pretreated with PDTC
(10, 20, or 40 μM) for 1 h and then stimulated with TNF-α (10 ng/
mL) for 4 h (for IL-8, IP-10, and ICAM-1) or 12 h (for VCAM-1). For
p65 knockdown, cells were transfected with indicated concentration of
p65 siRNA or control siRNA using Lipofectamine RNAi MAX reagent
for 24 h. mRNA levels of IL-8, IP-10, ICAM-1, and VCAM-1 were
determined by RT-PCR, as described in Materials and Methods. The
experiment was repeated three times, and similar results were
obtained.
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chemokines and adhesion molecules, which activate and recruit
leukocytes to an injured site and result in colonic tissue
damage, in intestinal epithelial cells have been implicated in the
pathogenesis of inflammatory diseases.9,55 It has also been
reported that expressions of IP-10, IL-8, and MCP-1 are
significantly enhanced in UC patients,8 and that ICAM-1 and
VCAM-1, which are normally present in intestinal epithelial
cells, are upregulated in the inflamed mucosa and serum of IBD
patients.56,57 Accordingly, these findings suggest that forced
reductions in the expressions of chemokines and adhesion
molecules offer an effective approach of preventing and treating
IBD.55,58 In the present study, it was observed that pretreat-
ment of TNF-α-induced HT-29 colonic epithelial cells with
arvelexin potently reduced the expressions of chemokines (IL-8
and IP-10) and adhesion molecules (ICAM-1 and VCAM-1),
and consequently inhibited TNF-α-induced monocyte-epithe-
lial cell adhesion. Furthermore, these results are in line with the
observed marked inhibition of MPO activity (a surrogate of
neutrophil infiltration) by arvelexin in DSS-induced colitis.
Since NF-κB regulates the expressions of proinflammatory

enzymes, cytokines, and chemokines, it has been described as “a
central mediator of immune response”, and thus, the NF-κB
signaling cascade is an attractive therapeutic target of
inflammatory and autoimmune disorders.59 NF-κB is activated
in the gut of IBD patients, and the levels of activated NF-κB are
correlated with the severity of intestinal inflammation.60,61

Therefore, NF-κB activation appears to be strongly associated
with IBD, which suggests that modulation of NF-κB signaling
might be a potential target for the treatment of IBD.62 Many of
the already established immunosuppressive drugs in IBD like
corticosteroids, sulfasalazine, methotrexate, and anti-TNF-α
antibodies are known to mediate their anti-inflammatory effects
at least partly via inhibition of NF-κB activity.32 In agreement
with these data, arvelexin induce an increased expression of
IκBa, which in turn retains NF-κB in the cytoplasm and interact
physically with p65, thereby preventing the transactivation of
NF-κB. These results suggest that arvelexin ameliorates DSS-
induced acute colitis by inhibiting NF-κB signaling. Further-
more, to concur with these fundamental data in vivo, we found
that the inhibitory effects of arvelexin on NF-κB activation
correlated with its ability to suppress the expressions of
chemokines and adhesion molecules in TNF-α-induced HT-29
cells.
In summary, our results demonstrate that arvelexin prevents

DSS-induced colitis development (based on DAI values and
observations of histological severity), and that it significantly
reduces MPO activity and iNOS expression by inhibiting the
NF-κB pathway in DSS-induced colitis mice. In addition,
arvelexin inhibits the expression of chemokines and adhesion
molecules and, thus, suppresses the adhesion of inflammatory
cells to colonic epithelial cells. Taken together, these results
suggest that arvelexin had a protective effect on intestinal
inflammation by inactivating NF-κB and downregulating the
NF-κB-regulated transcription activation of proinflammatory
mediator genes; and the modulation of pathophysiological
activity during colonic inflammation by arvelexin offers a
promising therapeutic means for treating colitis. However,
based on present study, further extended research on the
bioavailability of arvelexin is needed to properly assess their
usefulness for treatment of disease.
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