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Rebamipide suppresses TNF-o mediated inflammation
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Rebamipide is a routine drug for the treatment of gastritis in a clinical set-
ting. Recently, it has been shown to protect against various inflammatory
diseases, and has provided a potential therapy for these diseases. However,
whether rebamipide has a role in dermatitis remains to be elucidated. Here,
we found that rebamipide alleviated the inflammatory reaction induced by
tumor necrosis factor-oo in RAW264.7, a stable macrophage cell line. Fur-
thermore, rebamipide treatment repressed activation of nuclear factor-kap-
paB signaling, a well-established inflammatory signaling pathway.
Moreover, an oxazolone-induced dermatitis mouse model was established
to investigate the role of rebamipide in vivo. PBS control group exhibited
typical skin inflammation, whereas treatment with rebamipide remarkably
attenuated a dermatitis phenotype in this mouse model. The protective role
of rebamipide in dermatitis in vivo was probably due to its inhibition of
nuclear factor-kappaB signaling. Collectively, rebamipide may represent a
promising molecular target for the prevention and treatment of inflamma-
tory skin diseases.

Introduction

Contact dermatitis is an inflammatory skin disorder
commonly observed in the clinical setting, and is
characterized by pruritic skin lesions and immuno-
dysregulation, as well as disrupted epidermal barrier
function. Moreover, it is a well-accepted model system

Abbreviations

by which to assess potential therapies for psoriasis and
atopic dermatitis [1]. It is reported that tumor necrosis
factor (TNF) -a plays a harmful role in various inflam-
matory diseases [2]. To date, anti-TNF therapy has
been developed in clinic for autoimmune inflammatory

COX-2, cyclooxygenase-2; DLN, draining lymph node; Foxp3, forkhead box P3; IL, interleukin; iNOS, inducible nitric oxide synthase; NF-kB,
nuclear factor-kappaB; TNF-a, tumor necrosis factor a; Treg, regulatory T cell; VEH, vehicle; WT, wild-type.
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Role of rebamipide in dermatitis

diseases such as psoriasis, and has been proved to be
effective in these patients [3,4].

Rebamipide is a commonly accepted gastroprotec-
tive agent that has been used in clinic for years [5]. It
is known to be a multifunctional molecule, and play a
critical role in various physiological and disease pro-
cesses such as gastric ulcer [6], gastric cancer [7],
hypersensitivity [8] and primary Sjogren’s syndrome
[9]. To date, different groups have identified the anti-
inflammatory function of rebamipide [10-12]. Reb-
amipide is known to protect corneal epithelial cells
from the TNF-a-induced disruption of barrier function
[13]. Recently, it was reported that rebamipide sup-
presses bladder inflammation in a rat cystitis model
[11]. In addition, rebamipide is found to attenuate
collagen-induced arthritis, an inflammatory arthritis
mediated dominantly by TNF-a [12]. The nuclear
factor-kappaB (NF-kB) signaling pathway is a
well-established pathway for inflammation, including
dermatitis [14,15]. It has been shown that rebamipide
interferes with inflammatory signaling pathways
including the NF-kB pathway [7], but it is not known
whether rebamipide plays a role in inflammatory skin
diseases. Herein, we examined the antagonistic func-
tion of rebamipide in TNF-o-mediated inflammation
in vitro, and determined the potential therapeutic func-
tion of rebamipide in inflammatory skin diseases using
oxazolone-induced contact dermatitis models.

Results

Rebamipide suppressed TNF-a-mediated
inflammatory reaction in RAW264.7 cells

It is well established that macrophages play a critical
role in dermatitis [16]. To examine the therapeutic
function of rebamipide in the inflammatory reaction of
macrophages, a stable macrophage cell line,
RAW264.7, was cultured. The cells were then stimu-
lated with 10 ng-mL~' TNF-o — a dominant inflamma-
tory mediator that plays an indispensible role in
inflammation, including dermatitis — in the presence or
absence of 5 mm rebamipide for indicated time points.
As shown in Fig. 1(A-D), rebamipide significantly
abolished the levels of inflammatory biomarkers in the
presence of TNF-o. It is known that inducible nitric
oxide synthase (iNOS) is a critical inflammatory medi-
ator in dermatitis [17]. To examine the expression pro-
filing of TNF-o-induced iNOS in the presence or
absence of rebamipide, western blotting was performed
and Fig. 1(E) shows that rebamipide largely impaired
the expression of iNOS in the RAW264.7 macrophage
cell line. Moreover, the Greiss experiment was per-
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formed and the amount of nitrite promoted by TNF-a
was suppressed by rebamipide in a dose-dependent
manner (Fig. 1F). Furthermore, levels of interleukin
(IL) -1 and IL-6 in conditional medium of the indi-
cated groups were measured through ELISA. As
shown in Fig. 1(G,H), both inflammatory mediators
were greatly antagonized by the additional administra-
tion of rebamipide.

Rebamipide improved skin inflammation in a
mouse contact dermatitis model

Rebamipide is reported to be protective in mouse
arthritis models [12]. To evaluate whether rebamipide
also plays a therapeutic role in inflammatory skin dis-
eases, an oxazolone-induced dermatitis mouse model
was established and treated with PBS or rebamipide,
as described in the Materials and Methods. Ear tissue
was collected from various groups and histological
analysis was performed. Ear thickness from all the
groups was measured, and the rebamipide treatment
group showed much less promotion of ear thickness
than the PBS control group (Fig. 2A). It is known that
inflammatory cells are accumulated in the skin of der-
matitis [18]. Moreover, rebamipide has been reported
to antagonize macrophages and T lymphocytes in vari-
ous diseases [12,19]. To investigate whether rebamipide
prevents against infiltration by T lymphocytes and
macrophages, immunohistochemistry was performed
for CD4 and CD68. As shown in Fig. 2(A), rebamip-
ide dramatically antagonized the accumulation of
T lymphocytes and macrophages in this dermatitis
model. Histological assessment of ear samples showed
that thickening of the epithelium and infiltration of
inflammatory cells were also inhibited in the rebamip-
ide treatment group (Fig. 2B,C). Furthermore, RNA
was isolated and collected from ear tissues of the indi-
cated groups, then assayed by real-time PCR. The
results determined that levels of inflammatory parame-
ters, including IL-1pB, IL-6 and iNOS, were significantly
decreased in rebamipide treatment group (Fig. 3A—C).
Sera were collected from both the rebamipide and PBS
treatment groups, and circulating levels of IL-1f as
well as IL-6 were assayed through ELISA. As revealed
in (Fig. 3E,F), levels of both inflammatory cytokines
induced in the oxazolone-induced dermatitis model
were remarkably diminished through additional treat-
ment with rebamipide. Total protein was also collected
from ears in both the PBS and rebamipide treatment
groups (n = 3, respectively), and western blotting was
performed to assess the iNOS level. As shown in
(Fig. 3H), rebamipide treatment markedly reduced the
iNOS protein level in dermatitis.
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Fig. 1. Rebamipide attenuated skin inflammation in a TNF-a-induced inflammatory reaction in RAW264.7 cells. (A-D) Relative levels of IL-18,
IL-6, COX-2 and iNOS in RAW264.7 cells treated by mere rebamipide, or stimulated by TNF-o. with or without treatment of rebamipide,
assayed by real-time RT-PCR. (E) Expression of iNOS in PBS and rebamipide treatment group following TNF-o stimulation, assayed by
western blotting. Protein extracts were collected from RAW264.7 cells 24 h after TNF-a stimulation, in indicated treatment groups, and
western blotting was performed. (F) Levels of nitrite in the PBS and rebamipide treatment groups following TNF-o stimulation, assayed by
Greiss experiment. Conditional media were collected from indicated treatment groups of RAW264.7 cells, and the Greiss experiment was
performed. (G,H) Expression levels of IL-1B and IL-6 in TNF-o-stimulated RAW264.7 cells were significantly diminished by rebamipide, as
measured by ELISA. Conditional media were collected from both treatment groups of RAW264.7 cells, and ELISA was performed for IL-18
and IL-6. The values are the mean + SD. *P < 0.05, **P < 0.01 and ***P < 0.005 vs. PBS treatment groups.

Rebamipide-attenuated inflammatory reaction in
the draining lymph node of a mouse contact
dermatitis model

Draining lymph node (DLN) is known to be critical
for testing the severity of inflammation in various dis-
eases [20]. To further investigate the role of rebamip-
ide, cervical DLNs were isolated from rebamipide- and
PBS treated oxazolone-induced dermatitis models, as
described in Materials and Methods. As shown in
Fig. 4 (A), rebamipide treatment remarkably reduced
DLN size, which suggested attenuation of skin inflam-
mation. The DLN samples were also isolated and
assessed via real-time PCR, and the result revealed
that gene expression levels of inflammatory cytokines
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in DLN from the mouse dermatitis model, including
IL-1B, IL-6, cyclooxygenase-2 (COX-2) and iNOS,
were dramatically diminished by rebamipide treatment
(Fig. 4B-E). iNOS is known to mediate the inflamma-
tory reaction in oxazolone-induced dermatitis mouse
models. To determine the effect of rebamipide on the
induction of iNOS in DLN of skin inflammation, wes-
tern blotting assay for iNOS was then performed. Fig-
ure 4(F) indicates that iNOS expression was greatly
suppressed in DLN homogenates in the rebamipide
treatment group when compared with PBS controls.
Regulatory T cells are a well-established repressor of
inflammation. In the current study, DLNs were har-
vested from dermatitis models, followed by real-time
PCR (Fig. 4G), as well as flow cytometry (Fig. 4H) to
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Fig. 2. Rebamipide-attenuated skin inflammation in an oxazolone-induced dermatitis model. (A) Rebamipide treatment inhibited the increase
in ear thickness, and antagonized infiltration of macrophages as well as T lymphocytes in oxazolone-induced dermatitis, detected by H&E
staining and immunohistochemistry for CD68 as well as CD4. Scale bar = 50 um. (B) Ear thickness was measured every other day for
14 days and compared between PBS and rebamipide treatment groups (n= 7, respectively). (C) Rebamipide treatment attenuated
thickening of epithelium and infiltration of inflammatory cells in a dermatitis model, as measured by histology. Each experiment was
repeated in triplicate and the values are given as the mean + SD. *P < 0.05, **P < 0.01 and ***P < 0.005 vs. PBS treatment group. OXA,

oxazolone; PBS; VEH, vehicle.

compare CD4 + Foxp3 + regulatory T-cell (Treg)
development in both the PBS and rebamipide treat-
ment groups. The result revealed that the Treg/total T-
cell ratio was remarkably higher in the rebamipide
treatment group, suggesting that rebamipide may alle-
viate skin inflammation by enhancing Treg develop-
ment in DLNs.

Rebamipide inhibited the expression and activity
of NF-xB signaling both in vitro and in mouse
dermatitis models

It is known that rebamipide antagonizes NF-kB signal-
ing pathway activity in many inflammatory situations
[7]. Moreover, NF-kB signaling is reported to have a
detrimental role in various skin inflammatory diseases
[21]. In this study, we investigated whether rebamipide
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affected NF-kB signaling in macrophage and dermati-
tis mouse models. To demonstrate the potential effect
of rebamipide on TNF-a-mediated NF-xB signaling,
RAW264.7 cells were cultured and stimulated with
10 ngmL~' TNF-a, in the presence or absence of
5 mm rebamipide. At the indicated time points, protein
was collected and western blotting was performed for
the phosphorylation of IkB, a crucial parameter for
activation of NF-«B signaling. As shown in Fig. 5 (A),
rebamipide administration greatly diminished activa-
tion of the NF-kB signaling pathway. RNA extracts
were collected from cultured RAW264.7 cells, which
were treated with 10 ngmL™" TNF-a for 24 h, with
or without additional use of 5 mm rebamipide, and the
NF-xB2 level was measured using real-time PCR. As
revealed in Fig. 5(B), the TNF-a-induced NF-kB2
level was significantly inhibited by rebamipide. Fur-
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Fig. 3. Rebamipide suppressed elevation of inflammatory cytokine levels in skin and serum of oxazolone-induced dermatitis model. (A-C)
Expression levels of IL-1B, IL-6 and iNOS in the ear tissue of PBS and rebamipide-treated dermatitis models, assayed by real-time PCR. (D-
E) Serum levels of IL-1B and IL-6 in PBS and rebamipide-treated dermatitis models, as measured by ELISA. Sera were collected from mice
of each experimental dermatitis group and ELISA was performed for IL-1B as well as IL-6. (F) Expression of iNOS in ear extracts of PBS and
rebamipide-treated mice in dermatitis models, assayed by western blotting. Each experiment was repeated in triplicate, and the values are
the mean 4+ SD. *P < 0.05, **P < 0.01 and ***P < 0.005 vs. PBS treatment group.

thermore, a reporter gene assay was performed for
NF-xB signaling, and Fig. 5(C) indicates that rebamip-
ide inhibited TNF-ao induction of the NF-kB signaling
pathway in a dose-dependent manner. In addition,
RAW264.7 cells were cultured as mentioned above for
24 h, and cell immunostaining for NF-kB p65 was per-
formed. As shown in Fig. 5(D), rebamipide treatment
greatly impaired TNF-o-mediated nuclear transloca-
tion of NF-kB p65. Collectively, this set of experi-
ments implied that rebamipide might inhibit the
inflammatory reaction of macrophages through repres-
sion of the NF-«xB signaling pathway.

Discussion

Rebamipide is known to be therapeutic in a mouse
inflammatory arthritis model [12]. In addition, reb-
amipide was found to antagonize TNF function
[22,23]. Recently, it was reported that rebamipide plays
a protective role in inflammatory arthritis mouse mod-
els, which prompted us to investigate whether reb-
amipide plays a role in dermatitis.

It is well accepted that macrophages play a pivotal
role in skin inflammation, and serve as one of the pre-

FEBS Journal 282 (2015) 2317-2326 © 2015 FEBS

dominant targets for therapy in dermatitis. TNF-o is a
well-established inflammatory mediator and inducer.
Studies have reported that antagonization of TNF-a
function alleviated skin inflammation in various skin
inflammatory diseases [24,25]. Anti-TNF agents have
been used in therapy for psoriasis [26,27]. Further-
more, IL-1pB, IL-6, COX-2 and iNOS are critical bio-
markers for inflammation, which can be induced by
TNF-o. In this study, we used RAW264.7 cell, and
showed that the TNF-mediated inflammatory reaction
was dramatically abolished through administration of
rebamipide, as indicated by the diminished expression
of the above-mentioned inflammatory-associated mole-
cules.

The oxazolone-induced skin inflammation mouse
model is well accepted for studying dermatitis. In this
study, this model was established and rebamipide ther-
apy dramatically attenuated the severity of skin inflam-
mation. Infiltration of inflammatory cells is one
feature of dermatitis [18]. Here, we found that reb-
amipide repressed the accumulation of T lymphocytes
and macrophages in the oxazolone-induced dermatitis
model. DLN analysis is another parameter for local
inflammation, and expression levels of inflammation-
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Fig. 4. Rebamipide repressed the inflammatory reaction in the DLN of oxazolone-induced dermatitis. (A) Rebamipide treatment dramatically
reduced DLN size in an oxazolone-induced dermatitis mouse model. The DLN samples were collected and representative pictures are
shown. Scale bar = 2 mm. (B-E) Gene expression of inflammatory cytokines in DLN of dermatitis model, including IL-1B, IL-6, COX-2 and
iNOS, was significantly diminished by rebamipide treatment in comparison with PBS as assayed by real-time PCR. Total RNA extracts were
collected from each treatment group of dermatitis mouse models and real-time PCR was performed. (F) Expression of iNOS in DLN
samples of PBS and rebamipide-treated mice in dermatitis models, measured by western blotting. (G) The gene level of Foxp3 was
remarkably higher in the rebamipide treatment group than in the PBS group. DLNs were harvested from dermatitis models and real-time
PCR was performed for Foxp3. (H) Treg development in both rebamipide- and PBS-treated groups, as detected by flow cytometry. DLNs
were collected and cells were isolated for flow cytometry. Numbers in red in the upper right quadrant represent the Foxp3+ population as a
percentage of CD4+ cells. Each experiment was repeated in triplicate, and the values are the mean + SD. *P < 0.05, **P < 0.01 and
*xxP < (0.005 vs. PBS treatment group.

associated molecules are commonly tested. In this
study, levels of inflammation-associated molecules,
including IL-1B, TL-6, COX-2, as well as iNOS, were
remarkably diminished in DLNs from the rebamipide
treatment group compared with the PBS control
group. It is known that Treg differentiation implies
anti-inflammatory potential [22,28], and rebamipide
was reported to elevate Treg differentiation in mouse
arthritis models. Here, the administration of rebamip-
ide noticeably increased the ratio of Treg in DLN of
an oxazolone-induced dermatitis mouse model. Taken
together, this set of experiments suggested that reb-
amipide plays a protective role in skin inflammation.
NF-xB signaling is one of the critical pathways for
the TNF-o-induced inflammatory reaction and plays a
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pivotal role in skin inflammation [29-31]. It has been
reported that rebamipide inhibited TNF-o-mediated
activation of NF-kB signaling in several disease mod-
els in mice [23,32,33]. In this study, we found that
treatment of rebamipide effectively suppressed the
expression and activity of the NF-kB signaling path-
way, and affected the levels of its downstream mole-
cules in dermatitis models. This finding suggests that
the protective role of rebamipide in dermatitis may be
through inhibiting activation of NF-xB signaling path-
way.

Taken together, our results show that rebamipide
plays a critical role in the progression of dermatitis,
and might provide a potential treatment instrument in
inflammatory skin diseases in clinic.

FEBS Journal 282 (2015) 2317-2326 © 2015 FEBS
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Fig. 5. Rebamipide inhibited TNF-a-mediated augmentation of NF-xB signaling in RAW264.7 cells. (A) TNF-o-induced phosphorylation of kB
was remarkably diminished by additional treatment with rebamipide, as measured by western blotting. RAW cells were cultured for the
indicated time points with PBS or rebamipide treatment, protein was then collected and western blotting was performed for phosphorylated
[kB. (B) RNA extracts were collected from cultured RAW264.7 cells treated with 10 r\g~mL’1 TNF-a for 24 h, with or without additional use
of 5 mm rebamipide, and the NF-kB2 level was measured using real-time PCR. The TNF-a-induced NF-kB2 level was significantly inhibited
by rebamipide. (C) Rebamipide inhibited TNF-a induction of the NF-xB signaling pathway in a dose-dependent manner as shown by a
reporter gene assay. (D) Rebamipide treatment greatly impaired TNF-o-mediated nuclear translocation of NF-kB p65, as assayed by cell
immunostaining. Collectively, this set of experiments implied that rebamipide might inhibit the inflammatory reaction of macrophages
through repression of the NF-kB signaling pathway. **P < 0.01 and ***P < 0.005 vs. PBS treatment control group following stimulation of

TNF-o..

Materials and methods

Mice

All animal studies were performed in accordance with insti-
tutional guidelines and approval by the Institutional Ani-
mal Care and Use Committee of Shandong University.
Three-month old wild-type BL6/C57 male mice used for
these experiments were purchased from Jackson Laborato-
ries (Sacramento, CA, USA).

Chemical-induced dermatitis mouse models

An oxazolone-induced contact dermatitis model was estab-
lished, as previously described with minor modifications
[21]. Mice were first sensitized by a single application of
50 pL of 1.5% oxazolone (Sigma, St Louis, MO, USA) in
ethanol on the dorsal skin 1 week before challenge. The
experiments were then performed as follows.

To test the therapeutic function of rebamipide for con-
tact dermatitis, the inner and outer surfaces of the right
ears of mice from each experimental group were challenged
with 20 pL of 1% oxazolone in a mixture of acetone and
olive oil (4 : 1); the left ears were treated with acetone and
olive oil (4 : 1) only as the vehicle control (VEH) every
2 days for 14 days. PBS or rebamipide (6 mg-kg™' body
weight) was delivered through intraperitoneal injection
every 2 days and ear thickness was measured every other
day using a micrometer (Mitutoyo, Kanagawa, Japan).

FEBS Journal 282 (2015) 2317-2326 © 2015 FEBS

Afterwards, ear lobes were collected from both treatment
groups for further analysis. Seven mice were used for each
group of all this set of experiments.

Real-time RT-PCR

Ear tissue was collected from each indicated experimental
group, and total RNA was extracted by using an RNeasy
kit (Qiagen, Valencia, CA, USA). Reverse transcription
was performed by using a RT-for-PCR kit (Qiagen) follow-
ing the manufacturer’s protocol. Reactions were performed
in a 20 pL SYBR Green PCR volume in a 96-well optical
reaction plate formatted in the 7300 Sequence Detection
System (Applied Biosystems, Foster City, CA, USA).
Sequence-specific primers were synthesized as follows: 5'-C
CTTCCTACCCCAATTTCCAAT-3' and 5-GCCACTCCT
TCTGTGACTCCAG-3' for IL-6; 5-AATCTCACAGCA
GCACATCA-3 and 5-AAGGTGCTCATGTCCTCAT
C-3' for IL-1B; 5-AATGCTGACTATGGCTACAAAA-3
and 5-AAAACTGATGCGTGAAGTGCTG-3 for COX
-2; 5-TACAAGCTGGCTGGTGGGGA-3' and 5-GTCG
CGGGTCTCAGGACCTT-3 for NF-xB2; 5-ACAGGA
GGGGTTAAAGCTGC-3 and 5-TTGTCTCCAAGGGA
CCAGG-3 for iNOS; 5-AGAACATCATCCCTGCATCC
-3 and 5-AGTTGCTGTTGAAGTCGC-3 for GAPDH.
The presence of a single specific PCR product was verified
by melting curve analysis for each molecule, and the experi-
ments were repeated for three times.
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Western blotting

In this study, ear as well as lymph node extracts from each
indicated group were homogenized, and the proteins were
collected. Thereafter, proteins were resolved on one 10%
SDS/polyacrylamide gel and then electroblotted onto a
nitrocellulose membrane. Samples were blocked in 5% non-
fat dry milk in Tris buffer/saline/Tween 20 (10 mm Tris/
HCIl, pH 8.0; with 150 mm NaCl and 0.5% Tween 20).
Then the blots were incubated with polyclonal anti-(phos-
phorylated IkB-o) or anti-iINOS (diluted 1 : 1000) serum
for 1 h. The blots were then washed, horseradish peroxi-
dase-conjugated secondary antibody in 1:2000 dilution was
added, and bound antibody was detected by using an
enhanced chemiluminescence system.

Histology

Mouse ear specimens from each experimental group were
collected, fixed in 10% formalin, then dehydrated, followed
by clearance with dimethylbenzene. Thereafter, the speci-
mens were embedded in olefin. At least four consecutive
sections 6 um thick were cut from sagittal planes, then
stained with H&E for routine histological analysis. The epi-
dermal thickness was determined by OSTEOMEASURE software
(OsteoMetrics, Inc., Decatur, GA, USA).

Immunohistochemistry

Mouse ear tissue from the indicated experimental groups
was collected, prepared and incubated with polyclonal anti-
CD4 or anti-CD68 serum (1 : 100 dilution; Santa Cruz Bio-
technology) at 4 °C overnight, followed by incubation with
a horseradish peroxidase-conjugated secondary antibody for
60 min at room temperature. The signal was detected by
using the Vector Elite ABC Kit (Vectastain; Vector).

Flow cytometry

In this study, single-cell suspensions from the cervical DLN
of the indicated groups were collected through isolating
lymph node cells by crushing the nodes then filtering
through 70-um strainers (BD Biosciences). PerCP—Cy5-con-
jugated anti-CD4 Ig was utilized for surface staining. For
intracellular staining of Foxp3, cells were fixed and a com-
mercial Foxp3 staining kit (eBiosciences) was used for per-
meabilization. Thereafter, the cells were stained with Alexa
Fluor 647-conjugated anti-Foxp3 Ig (BD Biosciences).

Immunofluorescence staining of NF-xB p65

RAW264.7 cells were cultured on coverslips, stimulated
with 10 ngmL™" TNF-a in the presence or absence of
5 mm rebamipide for 1 h. Immunofluorescence staining of
NF-kB p65 was then performed on these cells, as described
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previously and examined using a confocal fluorescence
microscope system [14,15].

Reporter gene assay

To examine whether rebamipide inhibits TNF-mediated
transactivation of NF-kB-dependent reporter genes, a
reporter gene assay was performed, as described previously
with modifications. RAW264.7 cells grown to ~ 50% con-
fluence were transfected with 1 pg of the p6XNF-kB-Luc
reporter plasmid and 1 pg of the pSVGal plasmid (internal
control), using Lipofectamine 2000 reagent (Invitrogen).
Forty-eight hours following transfection, the cells were
starved overnight and then stimulated for 6 h with
10 ng-mL™" TNF-a in the presence or absence of various
doses of rebamipide. Luciferase activity was then measured
as reported previously [34].

Nitrite production assay

To examine whether rebamipide inhibits TNF-o-mediated
inflammatory reaction in RAW264.7 cells, a Greiss assay
was performed as reported previously [14,15]. In brief,
RAW264.7 cells were cultured in 96-well flat-bottom plates
(1 x 10° cells-well ™!y with 10 ng-mL~" TNF-o. (R&D sys-
tems) for 24 h in the absence or presence of various
amounts of rebamipide. Cell culture supernatants were har-
vested and tested for NO via the Griess reaction through
using a commercial kit.

Assays for IL-1p and IL-6 levels both in vitro and
in vivo

Supernatant from cultured RAW264.7 cells and serum
from the dermatitis mouse model were collected, and IL-1
as well as IL-6 were assayed using an ELISA, as reported
previously [15]. IL-1p and IL-6 were assayed by using a
commercial kit (eBioscience), according to the manufac-
turer’s instructions.

Statistical analysis

The data in this study were presented as mean = SD. The
spss v. 17.0 (SPSS Inc, Chicago, IL, USA) was used for
standard statistical analysis including one-way ANOVA as
well as Student’s z-test. A P-value < 0.05 was regarded as
significant.

Acknowledgements

This research was supported partially by the Natural
Science  Foundation  of  Shandong  Province
(ZR2011CM022 to Ruifeng Li and BS2014YY048 to
Yunpeng Zhao).

FEBS Journal 282 (2015) 2317-2326 © 2015 FEBS



W.

Li et al.

Author contributions

Study concept and design: Yunpeng Zhao and Ruifeng

Li.

Acquisition of data: Yunpeng Zhao, Weiwei Li,

Yan Wang and Ke Liang. Analysis and interpretation
of data: Weiwei Li, Weiyuan Ma, Peng Gao, Xian-
gling Xu, Yan Wang and Ke Liang. Statistical analy-
sis: Weiwei Li and Yunpeng Zhao. Drafting of the
manuscript: Weiwei Li, Yunpeng Zhao, Ruifeng Li,
Xiangling Xu and Peng Gao.

References

1

Rappersberger K, Komar M, Ebelin ME, Scott G,
Burtin P, Greig G, Kehren J, Chibout SD, Cordier A,
Holter W et al. (2002) Pimecrolimus identifies a
common genomic anti-inflammatory profile, is clinically
highly effective in psoriasis and is well tolerated.

J Invest Dermatol 119, 876-887.

Wu H & Siegel RM (2011) Medicine. Progranulin
resolves inflammation. Science 332, 427-428.
Bachmann F, Nast A, Sterry W & Philipp S (2010)
Safety and efficacy of the tumor necrosis factor
antagonists. Semin Cutan Med Surg 29, 35-47.
Guilloteau K, Paris I, Pedretti N, Boniface K, Juchaux
F, Huguier V, Guillet G, Bernard FX, Lecron JC &
Morel F (2010) Skin inflammation induced by the
synergistic action of IL-17A, IL-22, oncostatin M, 1L-1
{alpha}, and TNF-{alpha} recapitulates some features
of psoriasis. J Immunol, 184, 5263-5270.

Takayama M, Matsui S, Kawasaki M, Asakuma Y,
Sakurai T, Kashida H & Kudo M (2013) Efficacy of
treatment with rebamipide for endoscopic submucosal
dissection-induced ulcers. World J Gastroenterol 19,
5706-5712.

Takeuchi K, Kato S & Amagase K (2011) Gastric
ulcerogenic and healing impairment actions of
alendronate, a nitrogen-containing bisphosphonate -
prophylactic effects of rebamipide. Curr Pharm Des 17,
1602-1611.

Kang DW, Hwang WC, Park MH, Ko GH, Ha WS,
Kim KS, Lee YC, Choi KY & Min DS (2013)
Rebamipide abolishes Helicobacter pylori CagA-
induced phospholipase D1 expression via inhibition of
NFkappaB and suppresses invasion of gastric cancer
cells. Oncogene 32, 3531-3542.

Gohil P, Thakkar H, Gohil U & Deshpande S (2011)
Preliminary studies on the effect of rebamipide against
the trypsin and egg-albumin induced experimental
model of asthma. Acta Pharm 61, 427-433.

Kohashi M, Ishimaru N, Arakaki R & Hayashi Y
(2008) Effective treatment with oral administration of
rebamipide in a mouse model of Sjogren’s syndrome.
Arthritis Rheum 58, 389-400.

FEBS Journal 282 (2015) 2317-2326 © 2015 FEBS

11

13

16

20

21

Role of rebamipide in dermatitis

Byun JK, Moon SJ, Jhun JY, Kim EK, Park JS, Youn
J, Min JK, Park SH, Kim HY & Cho ML (2014)
Rebamipide attenuates autoimmune arthritis severity in
SKG mice via regulation of B cell and antibody
production. Clin Exp Immunol 178, 9-19.

Fukuda K, Ishida W, Tanaka H, Harada Y &
Fukushima A (2014) Inhibition by rebamipide of
cytokine-induced or lipopolysaccharide-induced
chemokine synthesis in human corneal fibroblasts.

Br J Ophthalmol, 98, 1751-1755.

Moon SJ, Park JS, Woo YJ, Lim MA, Kim SM, Lee
SY, Kim EK, Lee HJ, Lee WS, Park SH er al. (2014)
Rebamipide suppresses collagen-induced arthritis
through reciprocal regulation of th17/treg cell
differentiation and heme oxygenase 1 induction.
Arthritis Rheumatol 66, 874-885.

Tanaka H, Fukuda K, Ishida W, Harada Y, Sumi T &
Fukushima A (2013) Rebamipide increases barrier
function and attenuates TNFalpha-induced barrier
disruption and cytokine expression in human corneal
epithelial cells. Br J Ophthalmol 97, 912-916.

Ikeda F, Deribe YL, Skanland SS, Stieglitz B, Grabbe
C, Franz-Wachtel M, van Wijk SJ, Goswami P, Nagy
V, Terzic J et al. (2011) SHARPIN forms a linear
ubiquitin ligase complex regulating NF-kappaB activity
and apoptosis. Nature 471, 637-641.

Tang W, Lu Y, Tian QY, Zhang Y, Guo FJ, Liu GY,
Syed NM, Lai Y, Lin EA, Kong L et al. (2011) The
growth factor progranulin binds to TNF receptors and
is therapeutic against inflammatory arthritis in mice.
Science 332, 478—484.

Malissen B, Tamoutounour S & Henri S (2014) The
origins and functions of dendritic cells and
macrophages in the skin. Nat Rev Immunol 14, 417-428.
Orita K, Hiramoto K, Kobayashi H, Ishii M, Sekiyama
A & Inoue M (2011) Inducible nitric oxide synthase
(INOS) and alpha-melanocyte-stimulating hormones of
iNOS origin play important roles in the allergic
reactions of atopic dermatitis in mice. Exp Dermatol 20,
911-914.

Kim MS, Pyun HB & Hwang JK (2014) Panduratin A,
an activator of PPAR-alpha/delta, suppresses the
development of oxazolone-induced atopic dermatitis-
like symptoms in hairless mice. Life Sci 100, 45-54.
Aihara M, Imagawa K, Funakoshi Y, Ohmoto Y &
Kikuchi M (1998) Effects of rebamipide on production
of several cytokines by human peripheral blood
mononuclear cells. Dig Dis Sci 43, 160S—166S.

Tani Y, Isobe Y, Imoto Y, Segi-Nishida E, Sugimoto
Y, Arai H & Arita M (2014) Eosinophils control the
resolution of inflammation and draining lymph node
hypertrophy through the proresolving mediators and
CXCL13 pathway in mice. FASEB J, 28, 1132-1138.
Zhao YP, Tian QY & Liu CJ (2013) Progranulin
deficiency exaggerates, whereas progranulin-derived

2325



Role of rebamipide in dermatitis

22

23

24

25

26

27

28

Atsttrin attenuates, severity of dermatitis in mice. FEBS
Lett 587, 1805-1810.

Singer BD, Mock JR, Aggarwal NR, Garibaldi BT,
Sidhaye VK, Florez MA, Chau E, Gibbs KW, Mandke
P, Tripathi A et al. (2014) Regulatory t cell DNA
methyltransferase inhibition accelerates resolution of
lung inflammation. 4m J Respir Cell Mol Biol, 12, 327—
334.

Kimura K, Morita Y, Orita T, Haruta J, Takeji Y &
Sonoda KH (2013) Protection of human corneal
epithelial cells from TNF-alpha-induced disruption of
barrier function by rebamipide. Invest Ophthalmol Vis
Sci 54, 2572-2760.

Caldarola G, Carbone A, Arena V, Pennacchia I, de
Waure C, Vianale G, Scaldaferri F, D’Agostino M,
Valenzano F, Costantini E et al. (2014) Tumour
necrosis factor-related apoptosis-inducing ligand (trail):
a possible pathogenic role in chronic plaque psoriasis.
G Ital Dermatol Venereol, 8, 123-129.

Ha H, Lim HS, Lee MY, Shin IS, Jeon WY, Kim JH
& Shin HK (2015) Luffa cylindrica suppresses
development of Dermatophagoides farinae-induced
atopic dermatitis-like skin lesions in Nc¢/Nga mice.
Pharm Biol 53, 555-562.

Cuchacovich R, Perez-Alamino R, Zea AH & Espinoza
LR (2014) Distinct genetic profile in peripheral blood
mononuclear cells of psoriatic arthritis patients treated
with methotrexate and TNF-inhibitors. Clin Rheumatol
33, 1815-1821.

Hoffmann JH, Knoop C, Enk AH & Hadaschik EN
(2014) Baseline anti-dsDNA concentrations and
previous treatments predict response to Adalimumab
and Etanercept: a retrospective investigation of 146
psoriasis patients. J Dermatol Sci 76, 180—185.

Meyer zu Horste G, Cordes S, Mausberg AK,
Zozulya AL, Wessig C, Sparwasser T, Mathys C,
Wiendl H, Hartung HP & Kieseier BC (2014)

2326

29

30

31

32

33

34

W. Li et al.

FoxP3+ regulatory T cells determine disease severity
in rodent models of inflammatory neuropathies. PLoS
ONE 9, ¢108756.

De Simone V, Franze E, Ronchetti G, Colantoni A,
Fantini MC, Di Fusco D, Sica GS, Sileri P,
MacDonald TT, Pallone F et al. (2014) Th17-type
cytokines, IL-6 and TNF-alpha synergistically activate
STAT3 and NF-kB to promote colorectal cancer cell
growth. Oncogene, 10, 286-291.

Freise C & Querfeld U (2015) The lignan (+)-
episesamin interferes with TNF-alpha-induced
activation of VSMC via diminished activation of NF-
kB, ERK1/2 and AKT and decreased activity of
gelatinases. Acta Physiol (Oxf) 213, 642—652.

Keerthy HK, Mohan CD, Sivaraman Siveen K, Fuchs
JE, Rangappa S, Sundaram MS, Li F, Girish KS, Sethi
G, Basappa B et al. (2014) Novel synthetic
biscoumarins target tumor necrosis factor-alpha in
hepatocellular carcinoma in vitro and in vivo. J Biol
Chem 289, 31879-31890.

Choe JY, Park KY, Lee SJ, Park SH & Kim SK (2010)
Rebamipide inhibits tumor necrosis factor-alpha-
induced interleukin-8 expression by suppressing the
NF-kappaB signal pathway in human umbilical vein
endothelial cells. Inflamm Res 59, 1019-1026.

Hahm KB, Kim DH, Lee KM, Lee JS, Surh YJ, Kim
YB, Yoo BM, Kim JH, Joo HJ, Cho YK er al. (2003)
Effect of long-term administration of rebamipide on
Helicobacter pylori infection in mice. Aliment
Pharmacol Ther 18 (Suppl 1), 24-38.

Zhao YP, Liu B, Tian QY, Wei JL, Richbourgh B &
Liu CJ (2014) Progranulin protects against
osteoarthritis through interacting with TNF-alpha
and beta-Catenin signalling. Ann Rheum Dis, 22,
873-879.

FEBS Journal 282 (2015) 2317-2326 © 2015 FEBS



