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BACKGROUND AND PURPOSE
Products of Maillard reactions between aminoacids and reducing sugars are known to have anti-inflammatory properties. Here
we have assessed the anti-arthritis effects of (E)-2,4-bis(p-hydroxyphenyl)-2-butenal and its possible mechanisms of action.

EXPERIMENTAL APPROACH

We used cultures of LPS-activated macrophages (RAW264.7 cells) and human synoviocytes from patients with rheumatoid
arthritis for in vitro assays and the collagen-induced arthritis model in mice. NO generation, iNOS and COX2 expression, and
NF-xB/IKK and STAT3 activities were measured in vitro and in joint tissues of arthritic mice, along with clinical scores and
histopathological assessments. Binding of (E)-2,4-bis(p-hydroxyphenyl)-2-butenal to STAT3 was evaluated by a pull-down assay
and its binding site was predicted using molecular docking studies with Autodock VINA.

KEY RESULTS

(E)-2,4-bis(p-hydroxyphenyl)-2-butenal (2.5-10 pg-mL™") inhibited LPS-inducedNO generation, iNOS and COX2 expression,
and NF-xB/IKK and STAT3 activities in macrophage and human synoviocytes. This compound also suppressedcollagen-induced
arthritic responses in mice by inhibiting expression of iNOS and COX2, and NF-xB/IKK and STAT3 activities; it also reduced
bone destruction and fibrosis in joint tissues. A pull-down assay showed that (E)-2,4-bis(p-hydroxyphenyl)-2-butenal interfered
with binding of ATP to STAT3. Docking studies suggested that (E)-2,4-bis(p-hydroxyphenyl)-2-butenal bound to the
DNA-binding interface of STAT3 possibly inhibiting ATP binding to STAT3 in an allosteric manner.

CONCLUSIONS AND IMPLICATIONS

(E)-2,4-bis(p-hydroxyphenyl)-2-butenal exerted anti-inflammatory and anti-arthritic effects through inhibition of the
NF-xB/STAT3 pathway by direct binding to STAT3. This compound could be a useful agent for the treatment of arthritic
disease.

Abbreviations
CIA, collagen-induced arthritis; CFA, complete Freund’s adjuvant; FLS, fibroblast-like synoviocytes; IKKB, IxB kinase f
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Introduction

Reactive oxygen species (ROS) and NO play important physi-
ological roles as mediators of signalling processes. However,
the excessive production of endogenous and/or exogenous
ROS and NO is implicated in the pathogenesis of inflamma-
tory disease and cancer (Ma, 2010). It is well known that, in
rheumatoid arthritis, immune cells participate in the process
of the inflammatory or immune response by generating ROS,
NO and PGE, (Phillips et al., 2010). NF-xB, a redox-sensitive
transcription factor, is activated by oxidative stress and
inflammatory mediators, and plays a key role in the devel-
opment of arthritic disease (Okamoto et al., 2010; Morgan
and Liu, 2011). The activation of NF-kB is mediated by IxB
kinases (IKKs) through oxidative and inflammatory stress
(Morgan and Liu, 2011). Thus, NF-xkB and/or IKKs may be
suitable targets for anti-inflammatory drugs having antioxi-
dant properties. Many recent reports have demonstrated that
several antioxidants such as gravinol, phloroglucinol, pyc-
nogenol and curcumin provide anti-inflammatory effects
through the inactivation of IKKs and/or NF-kB (Peng et al.,
2000; Kowluru and Kanwar, 2007; Kim and Kim, 2010; Kim
et al., 2010).

STAT3 is another important transcription factor involved
in inflammation and immune responses and it interacts with
NF-xB (Grivennikov and Karin, 2010). Hagihara et al. (2005)
demonstrated that STAT3 forms a complex with the p6S
subunit of NF-xB, following stimulation of cells with
cytokines and inflammatory mediators. Yu etal. (2002)
reported a physical and functional interaction between
STAT3 and p65 which inhibits the transcriptional activation
of the iNOS gene. Activation of STATs is critical in the
development of rheumatoid arthritis, and several anti-
inflammatory compounds, such as melittin, and moxibus-
tion may inhibit development of rheumatoid arthritis by
preventing STAT3 activation (Lo et al., 2005; Yang et al., 2007;
Kim et al., 2011). Nowell et al. (2009) also reported that STAT3
was critical for IL-6-induced synovial infiltration in inflam-
matory arthritis. In addition, several reports suggested that
STAT3 is crucial for the direct regulation of the expression of
oxidant or inflammatory mediators such as NO, iNOS,
COX-2, IL-6 and IL-1 (Lo et al., 2005).

The Maillard reaction between aminoacids and reducing
sugars, yielding products such as glucose-tyrosine, has been
studied most extensively in foods, although it can occur in
animals in vivo during the formation of advanced glycation
endproducts. The Maillard reaction products are known to
have anti-oxidant (Valls-Bellés etal., 2004; Yilmaz and
Toledo, 2005), anti-mutagenic (Yen ef al., 1992) and anticar-
diogenic activities (Aeschbacher, 1990). The antioxidant
capacity of Maillard reaction products is comparable to those
of commonly used food antioxidants, such as butylated
hydroxyanisole, butylated hydroxytoluene and o-tocopherol
(Monti etal., 1999). The Maillard reaction may produce,
non-enzymically, coloured or colourless products, such
as glucose-tyrosine, glucose-lysine, fructose-lysine, ribose-
lysine, xylose-arginine, xylose-glycine and xylose-tryptophan
(Aeschbacher, 1990; Valls-Bellés et al., 2004). Recently, we
synthesized (E)-2,4-bis(p-hydroxyphenyl)-2-butenal using
tyrosine and fructose under typical Maillard reaction condi-
tions, including high temperature and pressure (Hwang et al.,
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2011), and described its antioxidant and anti-inflammatory
properties in brain macrophages (Nah et al., 2010; Kim et al.,
2013), as well as anti-cancer and anti-amyloidogenic effects
through inhibition of the NF-xB and STAT pathways via anti-
oxidant mechanisms (Ban et al., 2009; Jin et al., 2013; Kim
etal., 2013). In the present study, we have investigated
whether (E)-2,4-bis(p-hydroxyphenyl)-2-butenal can provide
antioxidant and anti-inflammatory activities, and thus anti-
arthritic activities through the inhibition of NF-xB/IKK and
STAT3 pathways in a macrophage cell line and in human
synoviocytes in vitro and in a model of collagen-induced
arthritis (CIA) in mice.

Methods
RAW 264.7 cell culture

RAW 264.7, a mouse macrophage-like cell line, was obtained
from the American Type Culture Collection (Cryosite, Lane
Cove, NSW, Australia). DMEM, penicillin, streptomycin and
FBS were purchased from Gibco Life Technologies (Rockville,
MD, USA). RAW 264.7 cells were grown in DMEM with 10%
FBS, 100 U-mL™ penicillin, and 100 pg-mL™" streptomycin at
37°C in 5% CO, humidified air.

Human synoviocyte culture

The Clinical Research Ethics Committee of College of Medi-
cine, Soonchunhyang University Medical Center, approved
the study protocol and the use of human tissues. Informed
consent was obtained from all patients. Patients with rheu-
matoid arthritis were diagnosed according to the 1987
Revised Criteria of the American College of Rheumatology.
Synovial tissue samples were obtained from patients with
long-standing rheumatoid arthritis [12 males, 3 females; age
65 +21.3 years (mean + SD); mean disease duration 210 years]
at the time of total knee joint replacement. Human
fibroblast-like synoviocytes (FLSs) were cultured as previously
described (Nah et al., 2010). In brief, FLSs were propagated in
culture dishes (Nalge Nunc International, Rochester, NY,
USA) in DMEM medium (Gibco Life Technologies) supple-
mented with 20% heat-inactivated FBS (Gibco Life Technolo-
gies) and 50 U-mL™" penicillin/streptomycin. All cultures and
incubations were carried out in a CO, incubator at 37°C in an
atmosphere of 5% CO,. Medium was changed every 3 days.
Cells were used between the fifth and the tenth passages. The
same cultures were used for each experiment. For experi-
ments, FLSs were detached using trypsin and transferred to
6-well plates (Iwaki, Funabasi, Chiba, Japan).

Cell viability assay

To determine the cell number, cells were plated onto 24-well
plates (5 x 10* cells per well). The cells were then trypsinized,
pelleted by centrifugation for 5 min at 250x ¢ and resus-
pended in 10 mL of PBS. Next, 0.1 mL of 0.2% Trypan blue
was added to the cell suspension in each of the solutions
(0.9 mL each). Subsequently, a drop of suspension was placed
into a Neubauer chamber (Blaubrand, Wertheim, Germany),
and the living, unstained, cells were counted. Each assay was
carried out in triplicate.
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Nitrite assay

RAW 264.7 cells were plated at 1 x 10* cells per well in 96-well
plates and subsequently incubated with or without LPS (1
pg-mL™) in the absence or presence of various concentrations
of (E)-2,4-bis(p-hydroxyphenyl)-2-butenal for 24 h. The
nitrite in the supernatant was assessed using a NO detection
kit purchased from iNtRON Biotechnology (Seongnam,
Korea), according to the manufacturer’s instructions.

ROS analysis
The level of ROS was measured as described previously (Kim
etal., 2013).

PGE; analysis

Samples of cell media were analysed for PGE, with kits pur-
chased from R&D Systems (Minneapolis, MN, USA) according
to the manufacturer’s instructions.

EMSA

EMSA was performed as described previously (Kim et al.,
2013). The relative density of the protein bands was scanned
for densitometry using Mylmage and quantified by Labworks
4.0 software (UVD, Inc., Upland, CA, USA).

Transfection and luciferase assay
Transfection and luciferase assays were performed as
described previously (Kim et al., 2013).

Western blot analysis

Western blot analysis was performed as described previously
(Kim et al., 2013). The membrane was incubated with the
following antibodies: mouse polyclonal antibodies against
pS0, p-IxB, histone H1 and f-actin (1:500 dilution, Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA), rabbit poly-
clonal antibodies against p65 and IxB (1:500 dilution, Santa
Cruz Biotechnology Inc.), and iNOS and COX-2 (1:1000 dilu-
tion, Cayman Chemical, Ann Arbor, MI, USA). The relative
density of the protein bands was scanned for densitometry
using Mylmage and quantified by Labworks 4.0 software
(UVP, Inc.).

Immunoprecipitation and Kinase assays

Whole cell lysates and tissue homogenates were prepared
with immunoprecipitation lysis buffer [20 mM HEPES,
pH 7.4, 150 mM NacCl, 1.5 mM EDTA, 1% phosphatase and
1% protease inhibitor cocktail (Sigma-Aldrich Corp, St Louis,
MO, USA)] and kept on ice for 20 min before centrifugation
(16,000% g; 12 min, 4°C). The IKK complex was immunopre-
cipitated by incubation for 12 h at 4°C with the polyclonal
IKKo or IKKB antibody bound to protein A/G PLUS agarose
(Santa Cruz Biotechnology Inc.). The immunoprecipitates
were washed twice with kinase buffer (20 mM HEPES, pH 7.4,
10mM MgCl,, 2mM DTT, 5mM B-glycerophosphate,
0.1 mM sodium orthovanadate). The kinase assays were ini-
tiated by the addition of 2 ug GST-IxkBa fusion protein as the
substrate and 0.5 uCi [y-**P]ATP. The reactions were incubated
for 30 min at 30°C and stopped by the addition of 5 x SDS-
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PAGE sample buffer. Phosphorylation of the IkBo proteins
was measured by SDS-PAGE followed by autoradiography and
densitometry.

Quantitative real-time PCR

Real-time PCR was performed as described previously (Kim
etal., 2013).

Induction and assessment of CIA

All animal care and experimental procedures complied with
the Korea Food and Drug Administration guidelines as well
as the regulations for the care and use of laboratory animals
of the Animal Ethics Committee of Chungbuk National
University (CBNUA-023-0902-01) who also approved this
project. All studies involving animals are reported in accord-
ance with the ARRIVE guidelines for reporting experiments
involving animals (Kilkenny etfal.,, 2010; McGrath et al.,
2010). A total of 40 animals were used in the experiments
described here. Six-week-old male DBA/J1 mice were pur-
chased from Japan SLC, Inc. (Shizuoka, Japan). Bovine colla-
gen type II (Chondrex, Inc., Redmond, WA, USA) was mixed
with complete Freund’s adjuvant (CFA) (Chondrex, Inc.) and
injected intradermally on day O at the base of the tail of 8- to
11-week-old mice (100 pg collagen type II and 100 pg CFA in
a total volume of 100 uL emulsion). On day 20, the mice
received an i.p. booster injection with 100 ug of collagen type
IT in PBS. After the boosting, the mice were given (E)-2,4-
bis(p-hydroxyphenyl)-2-butenal (5 mg-kg™”, p.o.), dissolved
in 100 puL PBS containing 0.5 uL. DMSO, vehicle (negative
control) or indomethacin (5 mg-kg™, p.o.), dissolved in 100
uL PBS, once daily for 30 days. The mice were weighed twice
per week. The changes in body weights between the control
and the (E)-2,4-bis(p-hydroxyphenyl)-2-butenal-treated mice
(n =10 for each group) were not significantly different (data
not shown). The severity of the arthritis was assessed using a
semi-quantitative scoring system (0-4): 0, normal; 1, redness
and/or swelling in one joint; 2, redness and/or swelling in
more than one joint; 3, redness and/or swelling in the entire
paw; 4, deformity and/or ankylosis (Jin et al., 2013). The total
score is 16 for each mouse by adding up the scores from all
four paws.

Immunohistochemistry (IHC)
IHC was performed as described previously (Kim et al., 2013).

Complete blood count test

The total white blood cell (WBC) and lymphocyte (LYM)
counts were measured by an HIE cell counter (Technicon
Instruments, Miles Laboratories, Tarrytown, NY, USA) using
heparinized blood drawn at day 30.

Splenocyte NO assay

Immediately after killing, spleens were removed, minced into
small pieces, and passed through a tissue sieve (200 mesh per
2.5 cm) to prepare single cell suspensions in PBS. The suspen-
sion was centrifuged at 250x g. for 4 min and the supernatant
was discarded. The precipitate was washed with PBS three
times and suspended in 2 mL RPMI 1640 complete media.
Viable cells were detected by Trypan blue dye exclusion. The



cell density was counted and adjusted to 3 x 10° cells mL™.
Samples of 3 x 10° cells were suspended in RPMI 1640 with
ConA (5 ug'mL™) and incubated at 37°C with 5% CO,. After
48 h, the cells were suspended in RPMI 1640 with methyl-o-
D-pyranoside (10 mg-mL™) for 30 min. The cells were col-
lected and washed with PBS three times. 1 x 10° cells were
suspended in 1 mL RPMI 1640 with IL-2 (10 pg-mL™) and
incubated at 37°C with 5% CO, for 24 h. Nitrite was assayed
as described above.

Molecular modelling

Docking studies were performed between STAT3 and 2,4-
bis(p-hydroxyphenyl)butenal (Trott and Olson, 2010). The
model of STAT3 was obtained from the X-ray crystal structure
of dimeric unphosphorylated STAT3 core fragment (PDB ID:
3CWG) (Ren et al., 2008). Only one monomer of the homodi-
meric STAT3 crystal structure was used in the docking experi-
ments and conditioned using AutodockTools by adding all
polar hydrogen atoms. Three dimensional structure of 2,4-
bis(p-hydroxyphenyl)butenal was built using ChemBio3D
and Discovery Studio 3.5 Client, which was further prepared
using AutodockTools to rotate during the molecular simula-
tion through all eight rotatable single bonds. The grid box
was centred on the STAT3 monomer and the size of the grid
box was adjusted to include the whole monomer. Docking
experiments were performed at various exhaustiveness values
of the default: 16, 24, 32, 40 and 60. Molecular graphics for
the best binding model was generated using Discovery Studio
Visualizer 2.0.

Data analysis

Data were expressed as mean + SD. Data were analysed using
the Shapiro-Wilk normality test and one-way ANOvA was
used for comparison between groups, followed by post hoc
Tukey test (SPSS version 18.0; SPSS Inc., Chicago, IL, USA).
P < 0.05 showed statistical significance.

Materials

The characterization of (E)-2,4-bis(p-hydroxyphenyl)-2-
butenal has been described previously (Hwang et al., 2011)
and its chemical structure is shown in Figure 7A. (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal was dissolved in 0.05% DMSO
and the cultured cells were treated with concentrations of 2.5,
5 and 10 pg-mL™. LPS, TNF-o. and indomethacin were pur-
chased from Sigma-Aldrich Co.

Results

Inhibitory effect of (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal on LPS-induced
ROS, NO and PGE, generation, and the
expression of iNOS and COX-2 in RAW
264.7 cells

After co-treatment of RAW 264.7 cells with LPS (1 pug-mL™)
and (E)-2,4-bis(p-hydroxyphenyl)-2-butenal (0-10 pg-mL™),
the production of the LPS-induced ROS, NO and PGE,
was decreased in a concentration-dependent manner
(Figure 1A-C). In addition, we assessed the effects of (E)-2,4-
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bis(p-hydroxyphenyl)-2-butenal on expression of the corre-
sponding genes controlling NO and PGE, production. It
inhibited both LPS-induced iNOS-luciferase activity and
expression of iNOS and COX-2 in a concentration-dependent
manner (Figure 1D, E). However, the cell viability of LPS-
induced RAW 264.7 cells was not affected up to a concentra-
tion of 10 ug-mL™" (Figure 1F), suggesting that the compound
was not cytotoxic at the levels used here.

Inhibitory effect of (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal on NF-kB, IKK and
STAT3 activities and the expression level of
pro-inflammatory cytokines

First, we studied whether (E)-2,4-bis(p-hydroxyphenyl)-2-
butenal inhibits NF-xB activity leading to the inhibition of
iNOS and COX-2 expression in RAW 264.7 cells. LPS induced
a strong NF-xB DNA-binding activity, transcriptional activity,
the nuclear translocation of NF-xB subunits p65 and p50,
and degradation of IkB (increased phosphorylation), all
of which were attenuated in a concentration-dependent
manner by co-treatment of the cells with (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal (Figure 2A-C). The NF-xB DNA-
binding activity was confirmed with competition and
supershift assays (data not shown). Because IkB is phospho-
rylated by activated IKKs in the classical pathway, we
examined whether (E)-2,4-bis(p-hydroxyphenyl)-2-butenal
inhibited IKK activity, by monitoring the phosphoryla-
tion of IKK as well as its kinase activity. (E)-2,4-bis
(p-hydroxyphenyl)-2-butenal inhibited LPS-induced phos-
phorylation of both IKKo and IKKB (Figure 2D, upper panel).
However, it reduced the kinase activity of the LPS-induced
IKKp (Figure 2D, lower panel).

STAT3 is another important redox transcription factor
involved in the inflammation and immune responses, and
it interacts with NF-xB (Hagihara etal., 2005; Kim et al.,
2011). In RAW 264.7 cells, (E)-2,4-bis(p-hydroxyphenyl)-2-
butenal inhibited LPS-induced STAT3 DNA-binding activity
and phosphorylation (Figure 3A, B). Consequently, it inhib-
ited the LPS-induced increase in IL-6, IL-1B and TNF-o
mRNA expression in a concentration-dependent manner
(Figure 3C).

To further study this inhibition of STAT3-mediated NF-xB
activity and inflammatory responses, we examined the effect
of STAT3 inhibition using a STAT3 inhibitor (Stattic; Sigma-
Aldrich) or an STAT3 siRNA. Treatment with Stattic at a con-
centration of 1 uM or 200 pmol STAT3 siRNA abolished the
inhibitory effect of (E)-2,4-bis(p-hydroxyphenyl)-2-butenal
on NF-kB (Figure 3D). Co-treatment of STAT3 inhibitor Stattic
or STAT3 siRNA with LPS and (E)-2,4-bis(p-hydroxyphenyl)-
2-butenal also attenuated the inhibitory effect of the
compound on NO generation as well as cytokine mRNA
levels (Figure 3E, F). These data demonstrate possible interac-
tions between STAT3 and NF-xB in terms of their anti-
inflammatory effects.

In addition, we studied whether (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal could inhibit LPS or TNF-o-
induced NO production, and STAT3 and IKKB/NF-xB
activities in human synoviocytes. After co-treatment of
LPS (1 ug-mL™") or TNF-a (10 ng/mL) with (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal (10 pg-mL™) for 24 h, both LPS
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and TNF-o-induced NO production were inhibited (Fig-
ure 4A, upper panel). However, (E)-2,4-bis(p-hydroxyphenyl)-
2-butenal (10 ug-mL™") did not affect cell viability in LPS
or TNF-o-induced synoviocytes (Figure 4A, lower panel),
showing that the inhibition of NO production was not due
to cytotoxicity. Consistent with its inhibitory effect in
RAW264.7 cells, (E)-2,4-bis(p-hydroxyphenyl)-2-butenal also
inhibited STAT3 DNA-binding activity as well as phosphor-
ylation of STAT3 in human synoviocytes (Figure 4B, C). (E)-
2,4-bis(p-hydroxyphenyl)-2-butenal also inhibited NF-xB
DNA-binding activity (Figure 4D) as well as IKKB phosphor-
ylation (Figure 4E, upper panel) and activity (Figure 4E, lower
panel), and phosphorylation of Akt (Figure 4C).
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Inhibitory effects of (E)-2,4-bis(p-
hydroxyphenyl)-2- butenal on collagen-induced
inflammation and arthritis, and the
expression of related znﬂammatory genes

We then determined the anti-arthritic effect of this
compound in the mouse model of CIA. (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal (5 mg-kg™, p.o.), vehicle (negative
control) or indomethacin (5 mg-kg™', p.o.) was given daily to
6-week-old male DBA/J1 mice for 30 days (Figure SA). In all
groups, the symptoms were not observed prior to the second
injection of type II collagen. Mice have signs of disease
approximately 6 days after the second collagen (100 pg)
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indicate fold difference (average) from untreated control group.

injection in the arthritis-induced group, but we observed a
delay in the onset of CIA symptoms upon treatment with
(E)-2,4-bis(p-hydroxyphenyl)-2-butenal. On the final treat-
ment day (day 30), the clinical score (about 6) was approxi-
mately 51% lower in the group that was treated with (E)-2,4-
bis(p-hydroxyphenyl)-2-butenal (5 mg-kg™?) than in the CIA
group (score about 12), and 49% in the indomethacin-treated
(5 mg-kg™") group. (Figure 5SB). A radiographic examination of
the hind paws revealed tissue swelling and bone destruction
in the paws of collagen-injected mice. However, these effects
were markedly reduced by (E)-2,4-bis(p-hydroxyphenyl)-2-
butenal and its inhibitory effect was comparable with that of
indomethacin (Figure 5B). Histopathological evaluation of
the ankle joint sections of mice with CIA revealed partial
bone destruction (pannus) and fibrosis. In contrast, the
extent of bone destruction and fibrosis was significantly
reduced in CIA mice treated with (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal (Figure 5C). Immunohistochemi-
cal analysis of ankle joint tissue obtained from CIA mice
exhibited markedly positive staining for iNOS and TNF-a,

which were localized primarily in fibrous tissue structures
surrounding the joints. Treatment with (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal markedly decreased these posi-
tively stained areas (Figure 5C).

As rheumatoid arthritis alters blood cell counts, we meas-
ured circulating leukocytes in mice with CIA. Both total leu-
kocytes (WBC) and lymphocytes were higher in CIA mice
than in normal mice (Figure 5D) Treatment with either
(E)-2,4-bis(p-hydroxyphenyl)-2-butenal or indomethacin
resulted in a fourfold decrease in the number of total WBC
and lymphocytes, compared with those in untreated CIA
mice (Figure 5D). In addition, NO generation in splenic
T-cells from CIA mice was higher than that from control
normal mice and either (E)-2,4-bis(p-hydroxyphenyl)-2-
butenal or indomethacin decreased this CIA-induced NO pro-
duction (Figure SE). (E)-2,4-bis(p-hydroxyphenyl)-2-butenal
did not affect the progression of body weight or induce
any behavioural modifications (data not shown), suggesting
that there was no gross in vivo toxicity at the dose given.
These inhibitory effects were accompanied with the
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Inhibitory effect of (E)-2,4-bis(p-hydroxyphenyl)-2-butenal on LPS or TNF-o-induced NO generation, IKK/NF-xB activation in human synoviocytes.
(A) NO generation (upper graph) and cell viability (lower graph), (B) DNA-binding activity of STAT3 and (C) phosphorylation of STAT3 and Akt,
(D) DNA-binding activity of NF-xB and (E, upper panel) expression of IKKB and their phosphorylated forms, as well as (E, lower panel) IKKB

activities were determined.

dose-dependent inhibition of the expression of iNOS and
COX-2 (Figure SF). In addition, in ankle joint tissues from
CIA mice, (E)-2,4-bis(p-hydroxyphenyl)-2-butenal inhibited
the activation of NF-kB DNA-binding activity (Figure 6A), the
nuclear translocation of pS0 and p65, and phosphorylation
of IxB (Figure 6B) and of IKKP (Figure 6C), as well as IKKf
kinase activity (Figure 6D). Moreover, it inhibited the
collagen-induced STAT3 DNA-binding activity (Figure 6F)
and phosphorylation of STAT3 (Figure 6F) as well as Akt
(Figure 6F).

Direct binding of (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal with STAT3

There are several compounds that inhibit the STAT3 signal
pathway through direct binding to STAT3 (Berman etal.,
2000; Yu et al., 2002; Yang et al., 2007; Lee et al., 2011). We
performed a computational docking experiment between (E)-
2,4-bis(p-hydroxyphenyl)-2-butenal (Figure 7A) and STAT3
using Autodock VINA. (E)-2,4-bis(p-hydroxyphenyl)-2-
butenal bound to the DNA-binding domain of STAT3 with
—6.4 kca mol™! affinity. Two hydrogen bonds were observed
between the compound and the DNA-binding site of STAT3,
more specifically with Asn®**” and Arg** (Figure 7B, C). These
amino acid residues are essential for recognition of the DNA-
binding element. Therefore, (E)-2,4-bis(p-hydroxyphenyl)-2-

butenal may inhibit the kinase activity of STAT3 by blocking
the binding of DNA to STAT3.

Discussion

In this study, we found that (E)-2,4-bis(p-hydroxyphenyl)-2-
butenal inhibited LPS-induced ROS, NO and PGE, generation
accompanied by a reduction in iNOS and COX-2 expression as
well as IL-1B, TNF-o. and IL-6 mRNA expression with decreased
LPS-induced IKKB/NF-kB and STAT3 activities in RAW 264.7
cells and in cultured human synoviocytes. In vivo animal
studies revealed that (E)-2,4-bis(p-hydroxyphenyl)-2-butenal
inhibited tissue swelling, fibrosis, and bone destruction in
addition to iNOS and COX-2 expression, and NO release from
spleen T-cells as well as inhibition of the IKKB/NF-xB and
STAT3 activities in a mouse model of arthritis. A docking
model prediction showed that (E)-2,4-bis(p-hydroxyphenyl)-
2-butenal may directly bind to STAT3, thereby blocking the
activity of STAT3 as well as IKKB/NF-kB activities. These data
suggest that (E)-2,4-bis(p-hydroxyphenyl)-2-butenal could be
a useful agent for the treatment of inflammatory diseases,
such as rheumatoid arthritis.

Oxidative stress induced by ROS and NO contributes to
the development of inflammatory diseases through the
induction of IKK and NF-kB activity (Morgan and Liu, 2011).
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Inhibitory effect of (E)-2,4-bis(p-hydroxyphenyl)-2-butenal on the development of CIA in DBA1/] mice, compared with that of indomethacin
(indo). (A) Experimental protocols. (B) A radiographic examination of hind paws revealed oedema in the paw after 30 days. Data shown are clinical
scores from 10 mice. *P < 0.05, significantly different from the collagen-treated group. (C) Haematoxylin & eosin (H&E) staining was used to
evaluate (E)-2,4-bis(p-hydroxyphenyl)-2-butenal-mediated pathological changes in collagen-induced mice hind paw sections. Immunohisto-
chemical assessment of expression levels of INOS and TNF-a in mouse paw sections. (D) WBC and lymphocyte counts from the blood of CIA mice
were measured by an HIE cell counter. (E) NO generation in spleen T-cells from CIA mice was measured by nitrate assay. (F) The expression of
iNOS and COX-2 in mouse paw was detected by Western blotting. All values represent the means + SD of 10 mice. *P < 0.05, significantly different
from normal control group. *P < 0.05 significantly different from the collagen-treated group.

Thus, antioxidants are expected to improve these disorders by
anti-inflammatory responses. Several diets containing Mail-
lard reaction products exhibit higher antioxidant activity
(Valls-Bellés et al., 2004; Yilmaz and Toledo, 2005; Yang et al.,
2011; Dhanik et al., 2012). Similar to these products, (E)-2,4-
bis(p-hydroxyphenyl)-2-butenal decreased LPS-induced NO
and ROS in RAW 264.7 cells. Our studies also revealed the
antioxidant effects of this compound in other in vitro systems
such as astrocytes and microglia cells (Lee et al., 2011). Many
naturally occurring antioxidants such as those in turmeric,
green tea and grapeseed have anti-inflammatory effects
(Menon and Sudheer, 2007; Rosenbaum et al., 2010). Consid-
ering these reports, the results from this study indicate that
the antioxidant properties of (E)-2,4-bis(p-hydroxyphenyl)-2-
butenal could be related to its anti-inflammatory activities.
IKK/NF-xB regulates host inflammatory and immune

2908 British Journal of Pharmacology (2014) 171 2900-2912

response properties by increasing expression of specific cellu-
lar genes such as IL-1, IL-1B, IL-2, IL-6, IL-8 and TNF-o. and
pro-inflammatory genes encoding COX-2 and iNOS (Haefner,
2002). (E)-2,4-bis(p-hydroxyphenyl)-2-butenal inhibited LPS-
induced IL-1B, TNF-o. and IL-6 mRNA as well as iNOS and
COX-2 expression through inhibition of NF-xB as well as
IKKP activity in both RAW 264.7 cells and human synovio-
cytes. Our present data is on agreement with our earlier
finding that (E)-2,4-bis(p-hydroxyphenyl)-2-butenal showed
anti-amyloidogenic effect and ameliorated memory dysfunc-
tion in Alzheimer’s disease transgenic mice model through
inhibition of oxidative and neuroinflammatory responses via
inactivation of NF-kB pathway (Jin et al., 2013). Thus, inhi-
bition of the IKKB/NF-xB signal pathway by reduction of
oxidants may be involved in the anti-inflammatory effects of
(E)-2,4-bis(p-hydroxyphenyl)-2-butenal.
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(F) STAT3 and Akt were determined (D). The quantification of band intensities from three mice indicated by the values under each band indicates

the fold difference (average) from the untreated control group.

STAT3 is another important redox transcription factor
that is involved in inflammation and immune responses in
arthritis. It is also crucial for regulation of the expression of
inflammatory mediators, such as iNOS, COX-2, IL-6 and
IL-1B (Lo etal., 2005; Nowell et al., 2009). Several antioxi-
dants such as moxibustion compounds may have anti-
inflammatory and anti-arthritis effects by preventing STAT3
activation (Yang et al., 2007). Nowell et al. (2009) reported
that STATS3 is critical for IL-6-induced synovial infiltration in
inflammatory arthritis. Compatible with these findings, the
anti-inflammatory and anti-arthritis effects of (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal were correlated with the inhibi-
tion of STAT3 activity in vitro and in vivo. Several reports have
suggested that STAT3 could interact with NF-xB (Yu etal.,
2002; Hagihara et al., 2005; Kim et al., 2011). In the study of
the connection between NF-xB and STAT3 pathway, our find-
ings also showed that depletion of STAT3 using an inhibitor
or siRNA reversed the inhibitory effect of (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal on NO generation and NF-xB
activity and decreased the mRNA levels of pro-inflammatory
cytokines. Taken together, the antioxidant and anti-

inflammatory effects of (E)-2,4-bis(p-hydroxyphenyl)-2-
butenal could be related to the cooperative down-regulation
of IKK/NF-kB and STAT3 and Akt pathways. They also
show the importance of the STAT3 pathway in the anti-
inflammatory effect of this compound.

As demonstrated by its anti-inflammatory effects in vitro,
the present study showed that (E)-2,4-bis(p-hydroxyphenyl)-
2-butenal treatment decreased iNOS and COX-2 expression as
well as NF-xB DNA binding, IKKf and STAT3 activities in the
ankle joints of CIA mice. We also found that this compound
inhibited the production of NO in spleen cytotoxic T-cells
(may be CD8" cells). In the synovium of patients with active
rheumatoid arthritis, activation of the NF-xB and STAT3
pathway induces a variety of genes that contribute to the
inflammatory response, such as those for iNOS and IL-6,
which recruit immune cells to the inflamed pannus (Tomita
et al., 2000; de Hooge et al., 2004). In this study, (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal-treated mice showed decreased
fibrosis and bone erosion in arthritic joints, compared with
that from untreated CIA mice. (E)-2,4-bis(p-hydroxyphenyl)-
2-butenal also suppressed the numbers of circulating WBC,
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Modelling study of the binding of (E)-2,4-bis(p-hydroxyphenyl)-2-butenal binding to IKKB protein. (A) Chemical structure of (E)-2,4-bis(p-
hydroxyphenyl)-2-butenal. (B) Three-dimensional modelling of (E)-2,4-bis(p-hydroxyphenyl)-2-butenal binding within the DNA-binding domain
of STAT3. The amino acids of STAT3 involved in the hydrogen bonding interactions (in box) with (E)-2,4-bis(p-hydroxyphenyl)-2-butenal
represented by sticks, and the additional portions of the protein are shown as ribbons. (C) The two-dimensional ligand interaction diagram of
(E)-2,4-bis(p-hydroxyphenyl)-2-butenal and STAT3. Amino acid residues of STAT3 involved in the hydrogen bonding interactions are shown.

an indicator of inflammation or infection in collagen-
induced mice (Awolfson, 2009). The effective dose of (E)-2,4-
bis(p-hydroxyphenyl)-2-butenal (5 mg-kg™') used in the CIA
study was comparable to that of indomethacin (5 mg-kg™), a
classic anti-inflammatory drug.

Although the anti-inflammatory and anti-arthritis effects
could be associated with the inhibition of the NF-xB/IKKf
and STAT3/Akt pathways, the critical targets are not clear. It is
well known that the activity of NF-xB is primarily regulated
by STAT3 (Yu et al., 2002; Yang et al., 2007; Kim et al., 2011)
and the inhibition of STAT3 is now widely recognized as a
valid strategy for combating inflammatory diseases. Many
research groups have reported that target proteins, STAT3,
often form hydrogen bonds with a hydroxyl group of low
MW compounds, resulting in the inhibition of its activity
(Berman et al., 2000; Lee et al., 2011). Our docking model
shows that (E)-2,4-bis(p-hydroxyphenyl)-2-butenal may
bind to the hydroxyl group of the DNA-binding site of

2910 British Journal of Pharmacology (2014) 171 2900-2912

STAT3. Therefore, (E)-2,4-bis(p-hydroxyphenyl)-2-butenal
could interfere with STAT3, thereby resulting in blocking of
NF-kB-mediated signals. Very similar to our findings, Zhu and
Jing (2007) have demonstrated that T40214 binds competi-
tively to the DNA-binding site of STAT3, thereby impairing
the activation of STAT3. Taken together, the antioxidant and
anti-inflammatory compound (E)-2,4-bis(p-hydroxyphenyl)-
2-butenal, interfered with STAT3-mediated NF-xB/Akt signals,
thus inducing an anti-arthritic effect in vivo. These data
indicate that (E)-2,4-bis(p-hydroxyphenyl)-2-butenal may be
potentially beneficial in preventing inflammatory diseases
such as rheumatoid arthritis.
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