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Abstract

Chalcone, (2E)-1,3-Diphenylprop-2-en-1-one, and its synthetic derivatives are known to possess anti-oxidative and anti-in-
flammatory properties. In the present study, we prepared a novel synthetic chalcone compound, (E)-1-(4-hydroxyphenyl)-3-(2-
(trifluoromethoxy)phenyl)prop-2-en-1-one name (YJI-7), and investigated its inhibitory effects on endotoxin-stimulated production
of reactive oxygen species (ROS) and expression of inflammatory mediators in macrophages. We demonstrated that treatment
of RAW 264.7 macrophages with YJI-7 significantly suppressed lipopolysaccharide (LPS)-stimulated ROS production. We also
found that YJI-7 substantially decreased NADPH oxidase activity stimulated by LPS, indicating that YJI-7 regulates ROS pro-
duction via modulation of NADPH oxidase in macrophages. Furthermore, YJI-7 strongly inhibited the expression of a number of
inflammatory mediators in a gene-selective manner, suggesting that YJI-7 possesses potent anti-inflammatory properties, as well
as anti-oxidative activity. In continuing experiments to investigate the mechanisms that could underlie such biological effects, we
revealed that YJI-7 suppressed phosphorylation of p38MAPK and JNK stimulated by LPS, whereas no significant effect on ERK
was observed. Furthermore, LPS-stimulated production of ROS, activation of NADPH oxidase and expression of inflammatory
mediators were markedly suppressed by treatment with selective inhibitor of pP38MAPK (SB203580) and JNK (SP600125). Taken
together, these results demonstrated that YJI-7, a novel synthetic chalcone derivative, suppressed LPS-stimulated ROS produc-
tion via modulation of NADPH oxidase and diminished expression of inflammatory mediators, at least in part, via down-regulation
of p38MAPK and JNK signaling in macrophages.

Key Words: Chalcone, NADPH oxidase, Reactive oxygen species, p38MAPK, JNK

INTRODUCTION Whereas low and physiological levels of ROS function as sig-
naling molecule and are implicated in a number of beneficial
Reactive oxygen species (ROS) are unstable oxygen- biological responses, upon exposure to the stressful environ-
containing molecules that are highly reactive towards various ments, intracellular ROS levels get significantly elevated and
intracellular constituents, such as proteins, lipids and DNA excessive ROS production causes critical damages in the
(Rojkind et al., 2002). ROS are constantly generated in cells cells, by inducing conditions collectively referred to as oxida-
and removed via multiple mechanisms. ROS production is tive stress. ROS is implicated in a wide range of pathological
regulated by various organelles, including mitochondria, per- conditions, including aging, cancer and cell death (Hermes-
oxisome and endoplasmic reticulum (Tse et al., 2016). In addi- Lima et al., 2015). Therefore, modulation of excessive ROS
tion, a number of enzyme systems, such as NADPH oxidase, production would be a promising strategy for dealing with vari-
cytochrome P450 and xanthine oxidase, are involved in ROS ous diseases.
production (Holmstrom and Finkel, 2014). The major source Inflammation is a complicated biological response to the
of ROS depends on the cell types and cellular environments. various deleterious stimuli that generally commences as part
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of the innate immune response to remove harmful stimuli and
start the healing process (Serhan and Savill, 2005). However,
chronic and/or excess inflammation causes various patho-
physiological conditions, including cancer, neurodegenera-
tive diseases and auto-immune diseases (Eikelenboom et al.,
1994; Coussens and Werb, 2002). The inflammatory process
is tightly regulated via a coordinated action between pro- and
anti-inflammatory signals. An imbalance between the signals,
in particular, excessive activation of pro-inflammatory signals
results in hyper inflammation and damage to the tissues. In-
flammatory response is intensified and propagated by the
release of inflammatory mediators, such as prostaglandins,
nitric oxide, interleukins and tumor necrosis factor-a. (Ben-
Baruch et al., 1995). The signaling mechanisms underlying
the production of inflammatory mediators have been exten-
sively studied and the mechanisms are now well established.
However, efficient tools for the management of inflammatory
diseases and the regulation of inflammatory mediators in clinic
remain limited.

ROS production is regulated by coordinated actions of oxi-
dant and anti-oxidant machinery, which depends on cellular
environments. Macrophages, which act as a first line of the
defense system, are responsible for ROS production in the
beginning of the exposure to the inflammatory stimulus (Gor-
don, 1998). Although moderate level of ROS is required for the
removal of pathogens and maintenance of cellular homeosta-
sis, excessive ROS generation is a key signaling event lead-
ing to the production of various inflammatory mediators and
progression of inflammatory tissue injury (Mittal et al., 2014).
Thus, modulation of excessive ROS production and oxidative
stress would be a promising strategy for the treatment of in-
flammatory disorders.

Chalcone participates in the biosynthesis of flavonoids and
is considered as metabolic precursors of flavonoes. Synthetic
and natural derivatives of chalcone have a diverse spectrum
of pharmacological actions, including anti-tumor, anti-bacteri-
al/fungal, anti-oxidant and anti-inflammatory effects (Matos et
al., 2015). Chalcones have originally received much attention
as promising anti-cancer agents. Their anti-tumor activity is
mediated through various mechanisms, including apoptosis
induction, cell cycle arrest and topoisomerase inhibition (Ma-
hapatra et al., 2015). In addition to its anti-cancerous activity,
there is a growing appreciation that chalcones possess potent
anti-inflammatory properties. Chalcones suppress the tran-
scriptional activities of AP-1, NF-kB and STAT3, and inhibit
the expression of various pro-inflammatory mediators, includ-
ing TNF-a, interleukins, cell adhesion molecules and cyclo-
oxygenase-2 (Kontogiorgis et al., 2008; Yadav et al., 2011;
Zhang et al., 2014). Furthermore, chalcones activate anti-
inflammatory mechanisms, e.g., heme oxygenase-1 induction
(Kim et al., 2014; Kaufmann et al., 2016). Based on previous
reports, there is a growing appreciation that chalcone and its
synthetic derivatives are promising for the treatment of the
various diseases associated with inflammation. However, no
chalcone derivative has been successfully applied to the clin-
ic yet. In the present study, in an attempt to develop optimal
therapeutic agents, we prepared, ((E)-1-(4-hydroxyphenyl)-3-
(2-(trifluoromethoxy)phenyl)prop-2-en-1-one) (YJI-7), a fluo-
rine containing phenyl propenone intermediate, and evaluated
its effects on the ROS production and inflammatory mediators
expression in macrophages. Herein, we found that YJI-7, a
novel synthetic chalcone derivative, potently suppressed LPS-
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(E)-1-(4-hydroxyphenyl)-3-(2-
(trifluoromethoxy)phenyl)prop-2-en-1-one

Fig. 1. Chemical structures of YJI-7.

stimulated production of ROS and expression of inflammatory
mediators. In addition, we demonstrated that these effects are
mediated, at least in part, via modulation of NADPH oxidase
and MAPK signaling.

MATERIALS AND METHODS

Materials

All the reagents used for cell culture were purchased from
Hyclone Laboratories (South Logan, UT, USA) unless indi-
cated otherwise. Luciferase assay and MTS assay kits were
obtained from Promega (Madison, WI, USA). 5-Chlorometh-
yl-2,7-dichlorodihydrofluorescein diacetate (CM-H,DCFDA)
was obtained from Molecular Probes (Eugene, OR, USA).
Lucigenin, NADPH and diphenyleneiodonium chloride (DPI)
were procured from Enzo Life Sciences (Farmingdale, NY,
USA). Antibodies against p38MAPK (phosphor-specific and
total), ERK (phosphor-specific and total) and JNK (phos-
phor-specific and total) were purchased from Cell Signaling
Technology Inc (Beverly, MA, USA). Horse radish peroxidase
(HRP)-conjugated anti-mouse and anti-rabbit antibodies were
purchased from Pierce (Rockford, IL, USA).

Cell culture

RAW 264.7 macrophage cell line was purchased from the
Korean cell line bank (KCLB, Seoul, Korea) and cultured in
Dulbecco’s Modified Eagle Medium supplemented with 10%
(v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-strepto-
mycin. Cells were routinely maintained at 37°C in a humidified
incubator.

Synthetic procedure of YJI-7

The structure of YJI-7 ((E)-1-(4-hydroxyphenyl)-3-(2-
(trifluoromethoxy)phenyl)prop-2-en-1-one) is shown in Fig. 1.
Synthetic procedure for YJI-7 was as follows. To a stirred solu-
tion of 4-hydroxyphenyl methyl ketone (0.14 g, 1.0 mmol, 1.0
equiv) and 2-(trifluoromethoxy)benzaldehyde (0.17 mL, 1.2
mmol, 1.2 equiv) in ethanol (3 mL), 50% aqueous KOH solu-
tion (9.0 eq., 1.0 mL) was added drop wise at room tempera-
ture, and the mixture was stirred for 1 h. Ice was added to the
reaction mixture and neutralized by 6M aqueous HCI solution
(pH adjusted to 2) to give precipitation. The precipitate was
filtered off and washed with excess water to obtain a solid resi-
due. The solid residue was further purified by recrystallization
using ethyl acetate and n-hexane to afford compound YJI-7
to yield 219.90 mg (71.3%, 0.71 mmol) as a light yellow solid.

R (ethylacetate/n-hexane=1:3v/v):0.22,mp:153.5-154.5°C,



Table 1. Sequences of the primers used for quantitative RT-PCR

Target
gene

Primer Sequence

IL-13  Forward 5-GCCTCGTGCTGTCGGACCCATAT-3’

Reverse  5-TCCTTTGAGGCCCAAGGCCACA-3
iINOS Forward 5-GCTCGCTTTGCCACGGACGA-3’
Reverse  5-AAGGCAGCGGGCACATGCAA-3
IL-18 Forward  5- GACTCTTGCGTCAACTTCAAGG -3’
Reverse  5- CAGGCTGTCTTTTGTCAACGA -3’
IFN-B  Forward  5-AACTCCACCAGCAGACAGTG-3’
Reverse  5-TGAGGACATCTCCCACGTCA-3
TNF-a. Forward 5-CCCTCACACTCAGATCATCTTCT-3
Reverse 5-GCTACGACGTGGGCTACAG-3
IL-6 Forward 5-ACAACCACGGCCTTCCCTAC-3’
Reverse  5-CACGATTTCCCAGAGAACAT-3’
COX-2 Forward 5-GGGCTCAGCCAGGCAGCAAAT-3’
Reverse  5-GCACTGTGTTTGGGGTGGGCT-3
IL-8 Forward 5-TTGCCTTGACCCTGAAGCCCCC-3’
Reverse  5-GGCACATCAGGTACGATCCAGGC-3

HPLC: Retention time: 5.12 min, purity: 99.67%, ESI LC/MS:
m/z calcd for C4sH11F303 [MH]* 309.08; found 309.2.

'"H NMR (250 MHz, DMSO-ds) & 8.21 (dd, J=7.73, 1.48 Hz,
1H, 3-phenyl H-6), 8.05 (d, J=8.72 Hz, 2H, 1-phenyl H-2, H-6),
7.97 (d, J=15.65 Hz, 1H, -CO-C=CH-), 7.80 (d, J=15.65 Hz,
1H, -CO-CH=C-), 7.59-7.42 (m, 3H, 3-phenyl H-3, H-4, H-5),
6.90 (d, J=8.68 Hz, 2H, 1-phenyl H-3, H-5).

BC NMR (62.5 MHz, DMSO-ds) 6 187.09, 162.70, 147.07,
134.21,132.18, 131.52 (2C), 128.90, 128.70, 128.21, 128.15,
125.23, 121.93, 120.30 (d, J=255.56 Hz), 115.70 (2C).

Measurement of cell viability (MTS assay)

Effect of YJI-7 on cell viability was examined using a CellTiter
96 Aqueous One kit (Promega) essentially as described previ-
ously (Nepal et al., 2015). Briefly, RAW 264.7 macrophages
were seeded at a density of 5x10* cells/well in 96-well plates.
After overnight incubation, cells were treated with indicated
concentration of YJI-7 for 24 h and further incubated with 20 pl
of  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfopheny)-2H-tetrazolium (MTS) solution for additional
2 h. Cell viability was determined by the reduction of MTS tet-
razolium to a formazan product and monitored using a SPEC-
TROstar Nano microplate reader (BMG Labtech Inc., Orten-
berg, Germany) by measuring the absorbance at 490 nm.

Measurement of reactive oxygen species (ROS) production

For the measurement of intracellular ROS production, RAW
264.7 macrophages were initially seeded at a density of 5x10*
cells/well in 96-well black plates. Cells were pretreated with
YJI-7 for 1 h, further stimulated with LPS for additional 24 h
and incubated with 10 uM 5-chloromethyl-2,7-dichlorodihydro-
fluorescein diacetate (CM-H,DCFDA) in the dark for 30 min.
Cells were then washed with HBSS to remove the excess dye.
Intracellular ROS production was assessed using a FLUOstar
OPTIMA fluoremeter (BMG Labtech Inc.) and analyzed by
FLUOstar OPTIMA software from BMG. The excitation and
emission wavelengths were set to 485 nm and 520 nm, re-
spectively.

Ohetal. YJI-7 Inhibits NADPH Oxidase and ROS Production

Quantitative polymerase chain reaction (qPCR)

After treatment with LPS and/or YJI-7, total cellular RNA
was extracted using Qiagen lysis solution (Qiagen, Hilden,
Germany). Two hundred to three hundred nanograms of total
RNAs were reverse transcribed into cDNA using the GoScript
reverse transcription system (Promega) as previously de-
scribed (Nepal and Park, 2013). Quantitative real-time PCR
was then performed with LightCycler 1.5 (Roche Diagnostics,
Mannheim, Germany) by using a gqPCR SYBR Green Capil-
lary Mix. The conditions for PCR ampilification were as follows;
95°C for 15 min, followed by 40 cycles of 95°C for 15 s, 60°C
for 30 s and 72°C for 30 s. The amount of target mMRNA was
determined via comparative threshold (Ct) method. Then, the
value was normalized to the value of glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) mRNA. The sequences of the
primers used are listed in Table 1.

Transient transfection and luciferase assay

Transcriptional activity of AP-1 and NF-kB was determined
by the luciferase reporter assay. RAW 264.7 macrophages
were initially seeded in 24-well plates at a density of 5x10°
cells/well. After overnight culture, cells were co-transfected
with a control vector (pRL-TK, 0.01 pg/well) expressing wild
type Renilla luciferase under the control of the thymidine ki-
nase promoter, as a control for transfection efficiency, and
AP-1-dependent (or NF-kB-dependent) luciferase expressing
vectors (pGL4/NF-xB or pTL/AP-1, 0.05 ug/well) using Fu-
gene HD (Promega) according to the manufacturer’s instruc-
tion. After 4 h of incubation, the cells were then treated with
YJI-7 for 2 h followed by further incubation with LPS for ad-
ditional 6 h. Cellular extracts were prepared using a passive
lysis buffer (PLB, 100 pl/well) by incubation for 15 min. Levels
of Firefly and Renilla luciferase activity was measured by the
Dual Luciferase Reporter Assay System (Promega). Relative
luciferase activity was normalized to the value of Renilla lu-
ciferase.

Preparation of cellular extracts and Western blot analysis

RAW 264.7 macrophages (1x108 cells) were initially seed-
ed in 35 mm dishes. After overnight incubation, the cells were
treated with YJI-7 and LPS (100 ng/mL), total cellular protein
was extracted using RIPA lysis buffer containing Halt Prote-
ase and Phosphatase Inhibitor Single-Use Cocktail (Thermo
Scientific, Rockford, IL, USA). For immunoblot analysis, 20-30
ug of protein was loaded in SDS-PAGE (10% or 12%) and
transferred to PVDF membranes. After blocking with a 5%
skim milk in PBS/Tween for 1 h, the membrane was incubated
with the designated primary antibody in 3% BSA/PBST so-
lution overnight at 4°C and further incubated with secondary
antibody conjugated with horse radish peroxidase (HRP) for 1
h at room temperature. Finally, the chemiluminescent images
of the blots were captured using a Fuijifilm LAS-4000 mini im-
ager (Fujifilm, Tokyo, Japan). The membranes were sripped
and reprobed with B-actin as the loading control.

Enzyme-linked immunosorbent assay (ELISA) for IL-18
detection

RAW 264.7 macrophages were seeded into the 96-well
plates at a density of 10° cells per well. After overnight culture,
cells were pretreated with YJI-7 for 2 h followed by the stimu-
lation with LPS for additional 8 h. The cell culture media were
collected and used for the measurement of IL-1p using ELISA
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Fig. 2. Effects of YJI-7 on LPS-stimulated ROS production and NADPH oxidase activation in RAW 264.7 macrophages. (A) Cells were pre-
treated with YJI-7 for 1 h followed by stimulation with LPS for additional 24 h. After washing with Hank’s balanced salt solution (HBSS), cells
were incubated with 5-chloromethyl-2,7-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) for 30 min. ROS production was measured
by the amount of CM-H,DCFDA converted into fluorescent DCF. Data are expressed as fold change in the amount of DCF relative to that
observed in cells stimulated with LPS and are expressed as the mean + SEM (n=3). Statistical significance is indicated as follows: *p<0.05
for comparison with values observed in control cells; *p<0.05 for comparisons with values observed in cells treated with LPS. (B) Effect of
YJI-7 on cell viability was assessed by MTS assay. After treatment with indicated concentrations of YJI-7 for 24 h, the cells were incubated
with MTS for 2 h and cell viability was determined as described in Materials and Methods. Values represent the fold change in the amount
of formazan product relative to that of control cells. Data are presented as the mean + SEM (n=3). (C) Cells were treated with YJI-7 for 24
h in the absence or presence of DPI, a pharmacological inhibitor of NADPH oxidase, and ROS production was determined as indicated
previously. Data are expressed as fold change in the amount of fluorescent DCF compared to that of control cells and are expressed as
the mean + SEM (n=3). *p<0.05 for comparison with values observed in control cells; *p<0.05 for comparison with values observed in cells
treated with LPS only. (D) RAW 264.7 macrophages were treated with YJI-7 for 2 h followed by the incubation with LPS for 6 h. Cellular
lysates were prepared and incubated with lucigenin (100 uM) and NADPH for 30 min. NADPH oxidase activity was then assessed as de-
scribed in Materials and Methods. Values represent fold change in comparison to the cells treated with LPS and are expressed as the mean

+ SEM (n=3). *p<0.05 compared with the control cells; *p<0.05 compared with cells treated with LPS only.

kit (BD Biosciences, San Diego, CA, USA) according to the
manufacturer’s instructions.

Statistical analysis

Values are presented as the mean + SEM. Data were as-
sessed by one-way analysis of variance (ANOVA) and Tukey’s
multiple comparison tests using GraphPad prism software
(GraphPad Software Inc. San Diego, CA, USA). Differences
between groups were considered to be statistically significant
at p<0.05.

RESULTS

YJI-7 suppresses LPS-stimulated ROS production via
modulation of NADPH oxidase in RAW 264.7 macrophages

To investigate the anti-oxidant and anti-inflammatory ac-
tions of YJI-7, we first examined the effect of YJI-7 on ROS
production in RAW 264.7 macrophages stimulated with LPS.
As shown in Fig. 2A, pretreatment with YJI-7 caused a signifi-
cant decrease in LPS-stimulated ROS production in a dose-
dependent manner with an ICs value of 1.34 uM. To verify that
the suppression of ROS production was not due to cytotoxic-
ity, we next examined the effect of YJI-7 on cell viability. As
illustrated in Fig. 2B, cell viability was not affected by YJI-7
up to 10 uM determined by MTS assay, indicating that YJI-7
potently suppressed ROS production in macrophages without
affecting cell viability.

ROS are produced from different cellular sources and this
production is regulated by multiple mechanisms. To further
elucidate the molecular mechanisms underlying modulation of
ROS production by YJI-7, we investigated the effect of YJI-
7 on NADPH oxidase. Treatment with diphenyleneiodonium
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(DPI), a pharmacological inhibitor of NADPH oxidase, almost
completely blocked LPS-stimulated ROS production (Fig.
2C) consistent with previous reports, implying a critical role
of NADPH oxidase in LPS-stimulated ROS production in our
experimental condition. Furthermore, as indicated in Fig. 2D,
pretreatment with YJI-7 markedly inhibited LPS-stimulated
NADPH oxidase activation. Taken together, these results in-
dicate that YJI-7 regulates ROS production via modulation of
NADPH oxidase in macrophages.

YJI-7 inhibits ROS production and NADPH oxidase through
suppression of the p38MAPK and JNK signaling pathways
To further elucidate upstream signaling mechanisms that
mediated inhibition of ROS production and NADPH oxidase
activity by YJI-7, we examined whether these effects involve
signaling cascades impinging on mitogen-activated protein ki-
nases (MAPKs), since MAPKs cascades have been shown to
regulate NADPH oxidase-dependent oxidative stress (Torres
and Forman, 2003). For this, we first examined the effects of
YJI-7 on the activation of MAPKs by LPS. As shown in Fig. 3,
LPS treatment induced increase in phosphorylation of ERK,
JNK and p38 MAPK in RAW 264.7 macrophages, which was
consistent with previous reports. Pretreatment with YJI-7 sub-
stantially inhibited activation of p38MAPK and JNK, whereas
no significant effect on ERK phosphorylation was observed.
Next, we further verified the functional role of p38 MAPK and
JNK signaling in LPS-stimulated ROS production and NADPH
oxidase activation. Pretreatment of macrophages with the
selective inhibitor of p38MAPK (SB203580) significantly sup-
pressed LPS-induced NADPH oxidase activation (Fig. 4A). In
addition, LPS-stimulated ROS production was also inhibited
by pretreatment with the p38MAPK inhibitor (Fig. 4B), indicat-
ing a critical role of the p38MAPK cascade in NADPH oxidase



activation and ROS production stimulated by LPS. Essentially
similar effects on NADPH oxidase and ROS production were
observed by following the treatment of macrophages with the
inhibitor of JNK (SP600125) (Fig. 4C, 4D), suggesting the
JNK signaling was also implicated in LPS-stimulated ROS
production and NADPH oxidase activation in our experimental
condition. All these results collectively indicate that YJI-7 sup-
presses NADPH oxidase activation and ROS production via
regulation of p38MAPK and JNK signaling.

p-p38MAPK — —

Total p3BMAPK — | e s s
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—> — e
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Fig. 3. Effects of YJI-7 on LPS-stimulated activation of MAPKs
in RAW 264.7 macrophages. Cells were pretreated with YJI-7 for
2 h and further stimulated with LPS for 30 min. The amounts of
phosphor-and total forms of ERK, p38MAPK and JNK were mea-
sured by Western blot analysis. Images are representative of three
independent experiments that showed similar results.
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YJI-7 suppresses LPS-stimulated production of
inflammatory mediators in RAW 264.7 macrophages

Having observed potent anti-oxidative effects of YJI-7, we
further explore its potential anti-inflammatory properties. To
this end, we examined the effects of YJI-7 on the expression
of various inflammatory mediators stimulated by LPS treat-
ment. As shown in Fig. 5A, pretreatment with YJI-7 dose-
dependently suppressed LPS-induced mRNA expression of
IL-1B (Left panel). Secretion of IL-1p was also decreased by
treatment with YJI-7 (Right panel). In addition, treatment with
YJI-7 substantially prevented LPS-stimulated expression of
iNOS both mRNA and protein levels (Fig. 5B). YJI-7 treatment
also suppressed LPS-induced IL-18 and IFN- mRNA expres-
sion (Fig. 5C, 5D), indicating that YJI-7 diminishes expression
of various inflammatory mediators in macrophages. However,
YJI-7 treatment did not significantly affect LPS-induced mRNA
expression of TNF-qa, IL-6, IL-8 and COX-2 expression (Fig.
5E-5H), indicating that YJI-7 modulates production of inflam-
matory mediators in a gene selective manner.

Suppression of inflammatory mediators production is
mediated by modulation of p38MAPK and JNK signaling
Excessive ROS production acts as a signaling that induces
inflammatory response. It has been shown that p38MAPK and
JNK signaling cascades are molecular targets of YJI-7 that po-
tentially mediates its effect on LPS-stimulated ROS production
(Fig. 3, 4). We next elucidate whether p38MAPK and JNK sig-
naling cascades are involved in the modulation of inflamma-
tory mediators production. Pretreatment with the p38MAPK in-
hibitor (SB203580) almost completely blocked LPS-stimulated
IFN-B expression (Fig. 6A). LPS-stimulated IL-18 expression
was also substantially decreased by inhibition of p38MAPK
(Fig .6B), while LPS-stimulated iINOS expression was not af-
fected by the incubation with SB203580 (Fig. 6C), implying
that LPS induces IFN-$ and IL-18 expression via p38MAPK-
dependent manner, whereas iINOS induction by LPS would
be mediated via p38MAPK-independent mechanism in our
experimental conditions. Based on these data and the results
from the previous study, we concluded that YJI-7 regulated
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Fig. 4. Role of p38MAPK and JNK signaling in the regulation of NADPH oxidase activity and ROS production stimulated by LPS in RAW
264.7 macrophages. (A, B) Cells were pretreated with SB203580, a pharmacological inhibitor of p38MAPK, followed by the incubation with
LPS for 24 h. NADPH oxidase activity (A) and ROS production (B) were assessed as described previously. Values are presented as the fold
change in respective parameters compared to the levels determined in cells stimulated with LPS and are expressed as the mean + SEM
(n=3). (C, D) Cells were treated with LPS for 30 min in the absence or presence of different concentration of SP600125, a selective inhibitor
of JNK. NADPH oxidase activity (C) and ROS production (D) were determined as described previously. Data are presented as fold change
compared to the LPS-treated cells and are expressed as mean + SEM (n=3). *p<0.05 compared with control cells; *p<0.05 compared with
cells treated with LPS only.
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Fig. 5. Effects of YJI-7 on the expression of inflammatory mediators in RAW 264.7 macrophages. (A, B) RAW 264.7 macrophages were
pretreated with indicated concentration of YJI-7 for 2 h prior to stimulation with LPS. (A) IL-13 mRNA expression was measured by qRT-
PCR and normalized to that of GAPDH as described in Materials and Methods. (B) Secreted IL-13 was measured by ELISA. Values are
presented as fold change compared to LPS-stimulated cells and are expressed as the mean + SEM (n=3). *p<0.05 compared with control
group, *p<0.05 compared with cells treated with LPS only. (C, D) Cells were pretreated with YJI-7 for 2 h followed by the incubation with
LPS. (C) INOS mRNA expression level was determined by qRT-PCR and normalized to that of GAPDH. Values are represented as fold
change compared to LPS-stimulated cells and are expressed as mean + SEM (n=3). *p<0.05 compared with control group, *p<0.05 com-
pared with cells treated with LPS only. (D) Protein expression of iINOS was measured by Western blot analysis. (E-J) Cells were treated
with YJI-7 for 2 h followed by the stimulation with LPS. Expression levels of IL-18 (E), IFN-B (F), TNF-a (G), IL-6 (H), IL-8 (I) and COX-2 (J)
mRNA were determined by qRT-PCR. Values are presented as fold change compared to LPS-stimulated cells and are expressed as mean
+ SEM (n=3). *p<0.05 compared with control group, *p<0.05 compared with cells treated with LPS only.

expression of IL-18 and IFN-B through probably targeting Effects of YJI-7 on the transcriptional activity of AP-1 and

p38MAPK. We also examined the involvement of JNK signal- NF-xB in RAW 264.7 macrophages stimulated with LPS

ing in the modulation of the production inflammatory media- Activator protein (AP-1) and nuclear factor-xB (NF-xB) are
tors by YJI-7. Pretreatment with the JNK inhibitor (SP600125) well known for their critical roles in the transcriptional regula-
significantly decreased LPS-stimulated mRNA expression of tion of various inflammatory mediators (Roebuck, 1999). IL-
IL-18 and IFN-B (Fig. 6D, 6E), while it did not significantly af- 18, IFN-B and iNOS have been also shown to contain binding
fect INOS expression (Fig. 6F), which are essentially similar to sites for AP-1 and NF-kB. To identify the transcription factor(s)
the observations following treatment with the p38MAPK inhibi- that could mediate the suppression of inflammatory media-
tor. These results collectively indicate that p38MAPK and JNK tors production and could be potentially targeted by YJI-7,
signaling cascades are implicated in the regulation of IL-18 we investigated the effects of YJI-7 on transcriptional activity
and IFN-B by YJI-7, whereas iNOS expression is likely to be of AP-1 and NF-«B using the luciferase reporter assay. Cells
regulated via different signaling mechanisms. were transfected with the pAP-1-Luc plasmid containing re-

peated AP-1 recognition sequences or with the pNF-kB-Luc
plasmid containing repeated NF-«B recognition sequences
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Fig. 6. Role of p38MAPK and JNK signaling in the modulation of the expression of inflammatory mediators by YJI-7 in RAW 264.7 macro-
phages. (A, B) Cells were pretreated with SB203580, a pharmacological inhibitor of p38MAPK, followed by the incubation with LPS for 6 h.
Expression levels of IFN-B (A) and IL-18 (B) mMRNA were measured by qRT-PCR as described previously. Values represent the fold change
in the mRNA expression level in relation to that detected in cells treated with LPS and are expressed as the mean + SEM (n=4). Statisti-
cal significance is indicated as follows: *p<0.05 for comparisons with values observed in control cells, *p<0.05 for comparisons with values
observed in cells treated with LPS alone. (C, D) Cells were treated with LPS for 6 h in the absence or presence of SB203580. Messenger
RNA (C) and protein expression (D) levels of iINOS were determined by qRT-PCR and Western blot analyses, respectively. (E-G) RAW
264.7 macrophages were pretreated with SP600125, a selective inhibitor of JNK, for 1 h followed by the stimulation with LPS for additional
6 h. IL-18 (E), IFN-B (F) and iINOS (G) mRNA expression levels were determined by qRT-PCR as indicated previously. Values represent fold
change compared to LPS-stimulated cells and are expressed as mean + SEM (n=4). *p<0.05 compared with control cells, p<0.05 com-
pared with cells treated with LPS alone.

and stimulated with LPS in the absence or presence of YJI- accepted that ROS generation acts as a key signaling event
7. As demonstrated in Fig. 7, pretreatment with YJI-7 led to in the progression of inflammatory disorders. Enhanced ROS
a significant decrease in transcriptional activity of AP-1 (Fig. production causes the expression of inflammatory mediators
7A). In contrast, LPS-induced NF-«xB activation was not sup- and contributes to the development and/or progression of in-
pressed by pretreatment with YJI-7, rather slightly increased flammatory diseases (Nomura et al., 2013; Fischer and Maier,
(Fig. 7B). These results suggested that YJI-7-suppression of 2015). Therefore, modulation of ROS production can be a
the production of inflammatory mediators would be mediated promising strategy for the prevention and treatment of dis-
via the inhibition of AP-1, rather than NF-kB. eases associated with inflammation. In the present study, we

synthesized a chalcone derivative (YJI-7) and demonstrated
that it significantly inhibited ROS production in macrophages

DISCUSSION stimulated with LPS. YJI-7 was also highly effective at sup-
pressing the production of various anti-inflammatory media-
Reactive oxygen species produced as byproducts of oxy- tors. In addition, YJI-7 did not generate any cytotoxic effects
gen metabolism act as signaling molecules triggering various even at high concentration (up to 10 uM), indicating that its
biological responses. Although ROS play important roles in propensity to modulates ROS production could be potentially
the maintenance of cellular homeostasis and is required for used for the treatment of inflammation-associated diseases.
the proper regulation of physiological processes, undue ex- Chalcones are well known for their pharmacological appli-
cessive production of ROS results in critical tissue damages cations in various diseases. They were originally reported as to
collectively called oxidative stress (Hermes-Lima et al., 2015). possess anti-tumor activity and have been extensively studied
Inflammation, a complicated biological process in response as promising scaffold molecules for anti-cancer agents (Ma-
to the harmful stimuli, is initiated as a protective immune hapatra et al., 2015). Natural and synthetic chalcones gener-
response. However, in addition to the clearance of harmful ate cytotoxicity and induce apoptosis in various cancer cells.
pathogens, chronic and excessive inflammation results in tis- It has been reported that, in addition to their potent anti-tumor
sue injury and is closely associated with pathogenesis of vari- activity, chalcones and their various synthetic derivatives pos-
ous diseases (Coussens and Werb, 2002), which is similar to sess potent anti-inflammatory and anti-oxidant properties.
the consequences of excessive ROS production. It is widely Chalcones have been shown to suppress the expression of
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Fig. 7. Effects of YJI-7 on the transcriptional activity of AP-1 and
NF-kB in RAW 264.7 macrophages. RAW 264.7 macrophages
were transiently co-transfected with the pAP1-Luc plasmid (A) or
pGL4/NF-xB plasmid (B), and Renilla reporter gene. After 24 h of
incubation, cells were pretreated with an indicated concentration of
YJI-7 for 2 h followed by the stimulation with LPS (100 ng/ml) for
additional 6 h. AP-1 or NF-kB-dependent reporter gene expression
was determined as indicated in the Materials and Methods. Values
represent the fold change in the corresponding reporter expression
level in relation to that detected in cells treated with LPS and are
expressed as the mean + SEM (n=3-4). Statistical significance is
indicated as follows: *p<0.05 for comparisons with values observed
in control cells; *p<0.05 for comparisons with values observed in
cells treated with LPS alone.

various inflammatory mediators, such as TNF-a, nitric oxide
and interleukins (Kontogiorgis et al., 2008; Yadav et al., 2011;
Zhang et al., 2014). In addition, they also potently regulate
ROS generation in various experimental conditions. Since the
initial observations of anti-inflammatory and anti-oxidant ac-
tivity of chalcones, synthetic modifications of chalcones have
been extensively studied in the attempts to develop promis-
ing therapeutic agents with enhanced biological activity and
less profound side effects. We have previously shown that
the synthetic chalcone derivative 3-(4-Hydroxyphenyl)-1-
(thiophen-2-yl)prop-2-en-1-one inhibits ROS production and
Akt signaling (Kim et al., 2015) and phenyl/hydroxyphenyl-
3-thienylpropenones prevents nitric oxide production through
HO-1 induction in macrophages (Kim et al., 2014). In this
study, as part of our ongoing efforts to develop optimal anti-
oxidant and anti-inflammatory agents, we prepared a series of
chalcone derivatives incorporating hydroxyl and trifluormethyl
groups in phenyl-3-thienylpropenones at different positions
and evaluated their anti-oxidative properties. In a structure ac-
tivity relationship (SAR) study of these chalcone derivatives,
we found that a hydroxyl group at the meta or para position
along with a trifluormethyl group at the ortho position is re-
quired for efficient suppression of ROS production (manu-
script in preparation). Among the prepared synthetic chalcone
derivatives, YJI-7 most potently suppressed ROS production.
In the subsequent experiments, we therefore focused on YJI-7
to elucidate the molecular mechanisms underlying suppres-
sion of ROS production. While it is not sufficient for thorough
understanding of the structure activity relationship (SAR) of
the chalcones to demonstrate the anti-inflammatory and anti-
oxidative properties at this stage, further studies seeking to
SAR of the chalcone derivatives on suppressing ROS and in-
flammatory mediators production are worth considering.
Although ROS play vital roles in a number of physiological
functions, their excessive production may result in damage
various biological molecules ultimately leading to the tissue
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injuries. It is well established that ROS act as signaling mol-
ecules and activate many signaling cascades regulating the
expression of inflammatory mediators. For example, ROS sig-
naling is well known to activate the MAPK signaling cascade,
which subsequently induces the expression of various inflam-
matory mediators (Millar et al., 2007; Reddy and Reddanna,
2009). In the present study, we demonstrated that YJI-7 treat-
ment decreased LPS-stimulated ROS production and further
prevented p38MAPK and JNK activation without a significant
effect on ERK phosphorylation (Fig. 3). In addition to MAPK
signaling, AP-1 and NF-«xB are also activated in response to
a variety of inflammatory signals. These transcription factors
are responsible for the expression of genes encoding inflam-
matory mediators. In our experiments, we found that YJI-7
treatment inhibited LPS-stimulated transcriptional activation
of AP-1, whereas no significant effect on NF-«xB transcriptional
activity was observed. These results collectively indicate that
YJI-7 regulates LPS-stimulated production of inflammatory
mediators via suppression of p38MAPK and JNK/AP-1 signal-
ing pathways.

Due to the damaging effects of excessively produced ROS,
intracellular ROS levels should be tightly regulated within a
narrow range. ROS generation is mediated by a variety of
cellular systems. Among the various mechanisms, NADPH
oxidase has been considered as a major source for ROS gen-
eration in macrophages (Lam et al., 2010). NADPH oxidase is
composed of multi-subunit components, including membrane-
bound proteins (Nox2 and p22°r") and cytosolic components
(p40rhox p47rhox p67PoX) that translocate to the membrane
upon stimulation. Herein, we demonstrated that YJI-7 signifi-
cantly suppressed LPS-stimulated NADPH oxidase activity.
To the best of our knowledge, this is the first report demon-
strating the direct modulatory effect of chalcone derivative
on NADPH oxidase in macrophages. To further elucidate the
underlying molecular mechanisms, we examined the effects
of LPS and YJI-7 on the expression of NADPH oxidase sub-
units and found that LPS treatment significantly enhanced the
MRNA expression of p67°"* and Nox2 without significant ef-
fect on the expression of other subunits in our experimental
condition (data not shown). However, YJI-7 treatment did not
significantly affect LPS-induced Nox2 and p67°P"* expression
(data not shown), suggesting that the suppression of NADPH
oxidase activity would not be mediated via regulating expres-
sion of NADPH oxidase subunits, but probably through differ-
ent mechanisms.

Accumulating evidence suggests that chalcones regulate
inflammatory responses via induction of anti-inflammatory
genes. For example, synthetic chalcone derivatives sup-
pressed LPS-stimulated nitric oxide production and down-
regulated various inflammatory cytokines through heme
oxygenase-1 (HO-1) induction (Kaufmann et al., 2016), indi-
cating that HO-1 could partly underlie anti-inflammatory and
anti-oxidant properties of chalcones. In the present study, to
further elucidate the molecular mechanisms underlying the
anti-inflammatory activity of YJI-7, we investigated its effect
on HO-1 induction. As expected, YJI-7 treatment induced a
significant increase in HO-1 expression. However, the block-
ade of HO-1 activity by tin-protoporphyrin IX (SnPP) did not
restore suppression of ROS production by YJI-7. Moreover,
SnPP did not restore diminished levels of IFN-p and IL-18 ex-
pression (data not shown), implying that HO-1 induction would
not play a critical role in the modulation of inflammatory gene



expression by YJI-7. In addition, proteins of the Forkhead Box
O (FoxO) transcription factor family have been shown to play a
role in the expression of the genes implicated in anti-oxidative
stress (Salih and Brunet, 2008). In particular, FoxO3A is well
known for its role in the transcriptional activation of diverse
anti-oxidative genes, such as superoxide dismutase (Kops et
al., 2002), catalase (Salih and Brunet, 2008) and thioredoxin
(Li et al., 2009). Therefore, we also examined the involve-
ment of FoxO3A in the regulation of ROS production by YJI-7.
However, YJI-7 did not affect FOxO3A expression in our ex-
perimental condition (data not shown). At this stage, we could
not identify the precise molecular mechanisms underlying the
suppression of ROS production and expression of inflamma-
tory genes by YJI-7. Further studies will provide the further in-
sights into the molecular mechanisms that mediate underlying
anti-inflammatory and anti-oxidant properties of YJI-7.

In conclusion, we demonstrated that YJI-7, a newly synthe-
sized chalcone derivative, effectively suppressed LPS-stimu-
lated expression of inflammatory genes and ROS production
in murine macrophages. Anti-inflammatory and anti-oxidant
effects by YJI-7 would be, at least partly, mediated by the sup-
pression of p38MAPK and JNK signaling, and blockade of
AP-1 activation.

Regardless of the strong biological activities of chalcone
derivatives, previous studies have demonstrated that high
concentrations of chalcones would generate cytotoxic effects
in normal liver cells, as well as tumorous cells, demonstrating
non-selectivity between normal and cancer cells. For example,
chalcone derivatives cause excessive cell death in normal he-
patocytes via potent suppression of mitochondrial membrane
potential (Sabzevari et al., 2004) and induces apoptosis in he-
patic stellate cells via enhancing Fas ligand expression (Lee
et al., 2011). In addition, chalcones also exhibited cytotoxicity
in liver epithelial cells (Forejtnikova et al., 2005), collectively
implying that chalcone derivatives need to be carefully moni-
tored before clinical application. In the present study, we found
that YJI-7 generated potent anti-inflammatory and anti-oxida-
tive responses without any significant cytotoxic effects even at
relatively higher concentrations (up to 10 uM). Based on these
results, YJI-7 may have a therapeutic potential for the treat-
ment of diseases associated with inflammation.
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