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Abstract

The anti-inflammatory pharmacological effect of eight 2-phenylnaphthalenes (PNAP-1-PNAP-
8) on lipopolysaccharide (LPS)-induced RAW 264.7 (a mouse cell line) was investigated.
Among them, 6,7-dihydroxy-2-(4’-hydroxyphenyl)naphthalene (PNAP-6) and 2-(4’-aminophe-
nyl)-6,7-dimethoxynaphthalene (PNAP-8) exhibited the best anti-inflammatory activity in this
study. PNAP-6 and PNAP-8 not only significantly decreased the expression of inducible nitric
oxide synthase and cyclooxygenase-Il, but also inhibited the production of nitric oxide, interleu-
kin-6, and tumor necrosis factor-a in LPS stimulated cells. Moreover, PNAP-6 and PNAP-8
inhibited nuclear factor (NF)-kB activation by decreasing the degradation of IkB and nuclear
translocation of NF-kB subunit (p65). In addition, PNAP-6 and PNAP-8 also attenuated the
phosphorylation of ERK, p38, and JNK. These results suggest that PNAP-6 and PNAP-8 exert
anti-inflammatory activities by down regulating NF-kB activation and the mitogen-activated pro-
tein kinase signaling pathway in LPS-stimulated Raw 264.7 cells. This is the first study demon-
strating that PNAPs can inhibit LPS-induced pro-inflammatory mediators in macrophages
cells.

Introduction

Inflammation is a defense mechanism induced in the host in response to injury or infection
[1]. The inflammatory response is characterized by redness, swelling, heat, and pain [2]. These
symptoms present significant issues for managing many diseases such as arthritis, cancer, and
diabetes [3]. Thus, inhibition and prevention of inflammatory processes are important
research goals.

Macrophages play a crucial role in the innate and adaptive immune response to pathogens
and are import mediators of the inflammatory process [4]. Moreover, the RAW 264.7, a mouse
leukaemic monocyte macrophage cell line, has been widely used to evaluate the inflammatory
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effects of compounds [5]. Macrophages produce and release pro-inflammatory mediators such
as nitric oxide (NO), prostaglandin E, (PGE,), interleukin-6 (IL-6), and tumor necrosis factor-
o (TNF-a) in response to lipopolysaccharide (LPS) treatment [6]. NO is synthesized from L-
arginine by inducible NO synthase (iNOS). PGE, is produced from the catalysis of arachidonic
acid metabolites by cyclooxygenase-II (COX-II). These inflammatory cytokines or enzymes are
frequently overexpressed in many inflammatory diseases such as rheumatoid arthritis, myocar-
ditis, and colitis [7,8]. Therefore, anti-inflammatory compounds hold tremendous potential for
advancing the treatment of inflammatory disorders.

The mitogen-activated protein kinase (MAPK) signaling pathway is involved in the LPS-
induced pro-inflammatory response [9]. Three major subfamilies of MAPKs have been identi-
fied, including: extracellular signal-related kinase (ERK), p38, and c-Jun N-terminal kinase
(JNK). It is well-known that the activation of ERK is associated with LPS-induced TNF-a. pro-
duction in macrophages [10,11]. In addition, p38 activation is involved the production of
inflammatory mediators to initiate leucocyte recruitment and activation and p38 positively
regulates the expression of numerous inflammation-related genes such as those coding for
TNE-a, IL-6, and COX-II [12,13]. JNK can be induced by bacterial endotoxin, inflammatory
cytokines, hypoxia, and UV radiation [14]. In addition, JNK regulates activator protein (AP)-1
transcription factor activity and stimulates the expression of pro-inflammatory mediators such
as TNF-a and COX-II [15]. Therefore, inhibition of the MAPK pathway may contribute to
anti-inflammatory activities.

NF-«xB is a transcription factor that plays an important role in inflammation [16], and
p65 is an NF-«B family member and its subunit. In unstimulated cells, NF-«xB remains in
the cytosol as an IkB-NF-kB complex. After stimulation with LPS, cytosolic IkB is phos-
phorylated by IKB kinase (IKK). This phosphorylation causes it to dissociate from the
IxB-NF-xB complex, allowing NF-kB to translocate to the nucleus. NF-xB then combines
with target DNA elements to activate transcription of proinflammatory genes such as iNOS,
COX-II, TNF-a, and IL-6 [17]. Therefore, an inhibitor of NF-kB may be effective as an
anti-inflammatory agent.

It is well known that naphthalene derivatives (e.g., 2-(3-(3,4-dimethylphenyl)-5-(naphthalen-
2-y1)-4,5-dihydro-1H-pyrazol-1-yl)thiazol-4(5H)-one, etc.) display anti-tumor, anti-arrhythmia,
and antioxidant activities [18]. Many anti-inflammatory clinical drugs such as propranolol,
naphazoline, and nabumetone possess the bicyclic naphthalene skeleton [19]. Recently, we
reported that PNAP-6 exhibits potent anti-cancer activity [20]. However, it was unclear whether
the MAPK and NF-kB pathways were activated in PNAP-mediated anti-inflammation. In this
study, we assessed the anti-inflammatory effects of a series of PNAPs in RAW 264.7 cells, and
elucidated the underlying mechanism of PNAP-induced anti-inflammation.

Materials and Methods
Chemicals and cell culture

2-Phenylnaphthalene (PNAP-1), 6-hydroxy-2-phenylnaphthalene (PNAP-2), 6,7-dihydroxy-
2-phenylnaphthalene (PNAP-3), 2-(4'-hydroxyphenyl)naphthalene (PNAP-4), 6-hydroxy-2-
(4'-hydroxyphenyl)naphthalene (PNAP-5), 6,7-dihydroxy-2-(4'-hydroxyphenyl)naphthalene
(PNAP-6), 6,7-dihydroxy-2-(3’,4’-dihydroxyphenyl)naphthalene (PNAP-7), and 2-(4’-amino-
phenyl)-6,7-dimethoxynaphthalene (PNAP-8) were provided by Dr. Ta-Hsien Chuang (School
of Pharmacy, China Medical University, Taiwan). Their molecular structures are shown in Fig
1. Griess reagent (sulfanilamide, phosphoric acid, and N-(1-naphthyl)ethylenediamine dihy-
drochloride), and primary antibody against proliferating cell nuclear antigen (PCNA) were pur-
chased from Sigma-Aldrich (St. Louis, MO). These primary antibodies against iNOS, COX-II,
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Fig 1. Chemical Structures of 2-Phenylnaphthalene Derivatives PNAP-1-PNAP-8.
doi:10.1371/journal.pone.0168945.9001

phospho-ERK, phospho-p38, phospho-JNK, ERK, p38, JNK, IxBa, NF-«B subunit (p65), and
an HRP-linked goat anti-rabbit IgG secondary antibody were purchased from Cell Signaling
Technology (Beverly, MA). B-actin was purchased from Biovision (Mountain View, CA). JNK
inhibitor (SP600125, 10 mM 2H-dibenzo|cd,g]indazol-6-one in dimethyl sulfoxide (DMSO),
ERK inhibitor (PD98059, 10 mM 2-(2-amino-3-methoxyphenyl)chromen-4-one in DMSO),
and p38 inhibitor (SB203580, 4-[4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)- 1 H-imidazol-
5-yl]pyridine) were purchased from Selleckchem Inc. (Houston, TX, USA). RAW 264.7 cell
lines were obtained from the laboratory of Dr. Yi-Ying Wu (Department of Medical Laboratory
Science and Biotechnology, China Medical University, Taiwan). RAW 264.7 cells were main-
tained in DMEM/F12 supplemented with 10% heat-inactivated fetal bovine serum and 1% peni-
cillin-streptomycin at 37°C in a humidified 5% CO, incubator.

Cell viability assay

RAW 264.7 cells were plated at a density of 1 x 10* cells per well in 96-well plates, incubated
overnight, and then treated with different concentrations (0, 0.25, 0.5, 1, 2.5, 5, 10, 25, and
50 uM) of PNAP-1-PNAP-8. After incubation, 10 uL of MTT solution (5 mg/mL in PBS)
was added to each well, and the cells were incubated for an additional 1 h at 37°C. Subse-
quently, the medium was completely removed, and 50 L of DMSO was added to solubilize
the MTT formazan crystals. Finally, the absorbance was measured with an Epoch Micro-
plate Reader (BioTek Instruments, VT, USA) at a wavelength of 550 nm. Cell viability
(100%) = [OD of test samples (MTT plus PNAP plus medium with cells) —OD blank (MTT
plus PNAP plus medium without cell)]/[OD of control samples (MTT plus medium with
cell)] x 100%.
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Determination of INOS, COX-Il, MAPK expression

Cells were seeded at 8 x 10°/mL per well in a 6-well plate overnight. Cells were divided into four
groups: 1) media-only; 2) PNAPs-treated with different concentrations; 3) LPS-only; and 4)
PNAPs -pre-treated with different concentrations for 1 h and then stimulated with 0.1 pg/mL
LPS for 15 min (for expression of phospho-p38, phospho-ERK, phospho-JNK, p38, ERK, JNK,
NF-«B subunit (p65), and PCNA) or 24 h (for expression of iINOS and COX-II). Cells were col-
lected and washed twice in PBS and then lysed in RIPA buffer for 30 min on ice. Lysates were cen-
trifuged at 14,000 rpm for 30 min at 4°C. The protein concentration was measured using a Bio-
Rad assay and an Epoch Microplate Reader (BioTek Instruments, VT, USA). Cell lysates were
separated by 10% SDS-PAGE and electrophoretically transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, Bedford, MA). After several washes, membranes were blocked
with 5% skim milk in TBST for 1 h at room temperature and incubated with different primary
antibodies (specific for iNOS, COX-IL, phospho-ERK, phospho-p38, and phospho-JNK) at 4°C
overnight. Membranes were then washed three times with TBST and probed with horseradish
peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature. After washing
three times in TBST, bound antibody was visualized using ECL Western Blotting Reagent (Perki-
nElmer, Boston), and the chemiluminescence was detected using Fuji Medical X-ray film (Tokyo,

Japan).

Determination of nitric oxide (NO) production

Cells were seeded at 1.5 x 10°/mL per well in a 24-well plate overnight. Cells were divided into
four groups: 1) media-only; 2) PNAP-1-PNAP-8-treated with different concentrations; 3)
LPS-only; and 4) PNAP-1-PNAP-8-pre-treated with different concentrations for 1 h and then
stimulated with 0.1 ug/mL LPS for 24 h. The culture medium was then collected and centri-
fuged for 5 min at 1000 X g. After centrifugation, 100 uL of supernatant was transferred to a
new 96-well plate, and an equivalent amount of Griess reagent was added. The optical density
(OD) of the mixture was measured using an Epoch Microplate Reader (BioTek Instruments,
VT, USA) at 540 nm.

Detection of cytokine production

Cells were seeded at 1.5 x 10°/mL per well in a 24-well plate overnight. Cells were divided into
four groups: 1) media-only; 2) PNAP-1-PNAP-8-treated with different concentrations; 3)
LPS-only; and 4) PNAP-1-PNAP-8-pre-treated with different concentrations for 1 h and then
stimulated with 0.1 ug/mL LPS for 24 h. Following stimulation, the culture medium was col-
lected and centrifuged at 1000 x g for 5 min to obtain cell-free supernatant. Supernatants were
stored at -80°C before being assessed for various cytokines. The concentrations of IL-6 and
TNF-o in the supernatants were measured by commercial DuoSet ELISA kits (R&D Systems
Europe, Abingdon, Oxon, UK) according to the manufacturer s instructions. Both TNF-o and
IL-6 were measured in triplicate, and the ELISA plates were read using an Epoch Microplate
Reader (BioTek Instruments, VT, USA) at 450 nm.

Determination of IkBa and NF-«kB subunit (p65) expression

Cells were seeded at 2 x 10°/mL per well in a 6 cm dish overnight. Cells were divided into four
groups: 1) media-only; 2) PNAPs-treated with different concentrations; 3) LPS-only; and 4)
PNAPs -pre-treated with different concentrations for 1 h and then stimulated with 0.1 ug/mL
LPS for 15 min. Cells were detached by gentle scraping and re-suspended in ice-cold PBS.
Nuclear and cytoplasmic extracts were isolated using the NE-PER Nuclear and Cytoplasmic
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Extraction Reagents Kit (Pierce, Rockford, IL, USA) according to the manufacturer s instruc-
tions. The extracts were stored at -80°C until further western blot analyses. The cytoplasmic
extracts were probed with IxBo and NF-«xB subunit (p65) antibodies. Nuclear extracts were
probed with only the NF-«B subunit (p65) antibody.

Statistical analysis

The results are presented as the mean + SEM of three independent experiments performed in
triplicate. Data were normalized to the level of the control in each sample. Differences between
the control group and experimental groups were compared by analysis of variance (ANOVA)
and the post hoc Tukey Honestly Significant Difference (HSD) test using SPSS 12.0 software
for Windows (USA). P values < 0.05 were considered statistically significant.

Results
Effect of PNAPs on RAW 264.7 cell viability

To determine the maximally effective concentration of PNAP-1-PNAP-8 with minimal cyto-
toxicity and a viability percentage of more than 85%, RAW 264.7 cells were treated with the
indicated concentrations of PNAP-1-PNAP-8 for 24 h. RAW 264.7 cell viability, as deter-
mined by MTT assays, is shown in Fig 2. Concentrations of PNAP-1 < 50 uM, PNAP-2 and
PNAP-4 <25 uM, PNAP-3, PNAP-6, PNAP-7, and PNAP-8 < 10 uM, and PNAP-5 <

2.5 uM treatment did not significantly influence cell viability. Thus, these concentrations were
used in subsequent experiments.

Effects of PNAPs on iNOS and COX-Il expression in LPS-stimulated
RAW 264.7 cells

A previous study also revealed that significant increases in the expression of iNOS and COX-II
protein were observed in LPS-stimulated RAW264.7 cells [6]. Here, we pre-treated cells with
different concentrations of PNAPs for 1 h, and then stimulated them with (or without) 0.1 pg/
mL LPS for 24 h; the expression of iNOS and COX-II were measured by western blotting.
Expression of INOS and COX-II was detected only in LPS-stimulated cells and not in cells that
were not exposed to LPS (Fig 3). LPS induced expression of iNOS and COX-II, which was
inhibited by PNAP-2, -3, -6, -7, and -8 pre-treatment. Among them, the pro-inflammatory
mediators iNOS and COX-2 expression ratios of PNAP-6, -7, or -8 plus LPS-treatment / only
LPS-treatment were 40—50%.

Effects of PNAPs on NO production in LPS-stimulated RAW 264.7 cells

The free NO radical, produced by iNOS, is involved in the regulation of inflammatory
responses [6]. We investigated whether PNAP-1-PNAP-8 modulated NO formation in
LPS-stimulated RAW 264.7 cells by NO production, which was quantified using the Griess
assay (see Materials and Methods: Determination of NO production). As shown in Fig 4, a
low level of NO production was observed in the cells after treatment with PNAP-1-PNAP-
8 without LPS. A dramatic increase in NO production was observed in cells following LPS
stimulation for 24 h. However, this increase was significantly suppressed by pre-treatment
with various concentrations of PNAP-2-PNAP-8. Among them, the pro-inflammatory
mediator NO expression ratios of PNAP-6, -7, or -8 plus LPS-treatment / only LPS-treat-
ment were approximately 40%.
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Fig 2. Effect of PNAPs on the viability of RAW 264.7 cells. Cells were incubated with PNAPs (0-50 pM) for 24 h. Cell viability was examined
by MTT assays. (A) PNAP-1, (B) PNAP-2, (C) PNAP-3, (D) PNAP-4, (E) PNAP-5, (F) PNAP-6, (G) PNAP-7, and (H) PNAP-8. Data represent
the mean + SEM from three independent experiments. *P < 0.05 and **P < 0.01 compared to the control.

doi:10.1371/journal.pone.0168945.g002

Effects of PNAPs on IL-6 and TNF-a production in LPS-stimulated RAW
264.7 cells

Because LPS could induce pro-inflammatory cytokine production, we evaluated the anti-
inflammatory effects of PNAPs on cytokine (IL-6 and TNF-a) production in LPS-stimulated
macrophages using ELISA assays. As shown in Fig 5A and 5B, IL-6 and TNF-a expression was
negligible or undetectable in cells exposed to different concentrations of PNAP-1-PNAP-8
without LPS stimulation. PNAP-1 pre-treatment in RAW 264.7 cells slightly decreased LPS-
induced IL-6 production, but it was not statistically significant. However, PNAP-2-PNAP-8
pre-treatment significantly decreased LPS-induced IL-6 production in RAW 264.7 cells (Fig
5A). Among them, the pro-inflammatory mediator IL-6 production ratios of PNAP-6 or
PNAP-8 plus LPS-treatment / only LPS-treatment were approximately 50%. In addition, LPS-
induced TNF-o production was downregulated by PNAP-8 in a dose-dependent manner (Fig
5B).
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Fig 3. Effects of PNAPs on iNOS and COX-Il expression in LPS-stimulated RAW 264.7 cells. Cells were pre-treated with PNAPs at

different concentrations for 1 h and then stimulated with or without 0.1 pg/mL LPS for 24 h. iNOS and COX-Il protein expression were detected
by western blotting. Results were normalized to 3-actin expression. The protein levels of INOS and COX-I| after LPS treatment is expressed as
the control, which was arbitrarily assigned a value of 1.0.

doi:10.1371/journal.pone.0168945.9003

Effects of PNAPs on MAPK and NF-kB activation in LPS stimulated
RAW 264.7 cells

On the basis of the effects of PNAPs on iNOS and COX-II expression (Fig 3), NO production
(Fig 4), as well as IL-6 and TNF-o production (Fig 5), PNAP-6 and PNAP-8 were further eval-
uated to determine the underlying mechanism. LPS triggers a series of signal transduction
events that lead to activation of MAPK signaling pathways [21]. To understand the molecular
mechanism of PNAPs in the protection against LPS-induced activation in RAW 264.7 cells,
the expression of phospho-ERK, phospho-p38, phospho-JNK, ERK, p38, and JNK was mea-
sured. First, western blot analysis showed that upon LPS stimulation, phospho-ERK, phospho-
p38, and phospho-JNK levels were markedly elevated, but the levels of unphosphorylated
(inactive) ERK, p38, and JNK proteins did not change. Upon treatment of cells with LPS and
PNAP-6 (or PNAP-8), the expression of phospho-ERK, phospho-p38, and phospho-JNK
decreased in a dose-dependent manner, while the levels of the unphosphorylated ERK, p38,
and JNK proteins did not change (Fig 6A and 6B). To further determine if inhibition of
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Fig 4. Effect of PNAPs on NO expression in LPS-stimulated RAW 264.7 cells. Cells were pre-treated with PNAPs in different concentrations
and exposed to 0.1 ug/mL LPS for 24 h. NO production in the supernatant was measured using the Griess reaction. The + symbols on the x-axis
indicate pre-treatment with PNAPs. Data represent the mean + SEM from three independent experiments. *p < 0.05, **p < 0.01, indicate
significant differences compared to the LPS-treated group.

doi:10.1371/journal.pone.0168945.9004

MAPK contributes to the inhibitory action of PNAP-6 (or PNAP-8), cells were treated with
LPS with or without a ERK inhibitor (PD98059), a p38 inhibitor (SB203580), or a JNK
inhibitor (SP600125). The results showed that JNK inhibitor (SP600125) inhibited LPS-
induced phospho-JNK expression (Fig 7C). In addition, LPS-induced increases in iNOS,
COX-II, IL-6, and TNF-o were also inhibited by JNK inhibitor (SP600125) (Fig 7C-7E).
However, LPS-induced increases in pro-inflammatory mediators, as well as phospho-ERK
and phospho-p38 levels, did not inhibit p38 or ERK by the ERK inhibitor (PD98059) and
p38 inhibitor (SB203580) in our experiments (Fig 7A and 7B). Next, we wanted to under-
stand whether PNAP-6 and PNAP-8 could inhibit LPS-induced NF-«B activation. The
results showed that pre-treatment with PNAP-6 and PNAP-8 significant reduced LPS-
induced NF-xB subunit (p65) nuclear accumulation, compared to that with LPS treatment
alone (Fig 6A and 6B). Similarly, increased cytosolic distribution of IkBo and NF-kB sub-
unit (p65) were observed with PNAP-6 and PNAP-8 pre-treatment. We also investigated
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Fig 5. Effects of PNAPs on IL-6 and TNF-a expression in LPS-stimulated RAW 264.7 cells. After pre-treatment with PNAPs at different
concentrations for 1 h, cells were stimulated with or without LPS (0.1 pg/mL) for 24 h. The concentration of (A) IL-6 or (B) TNF-a in medium was
measured by ELISA. The + symbols on the x-axis indicate pre-treatment with PNAPs. Data are expressed as the means + SEM from three
independent experiments. *p < 0.05 or **p < 0.01 compared to the LPS group. Note: in panel A and B, for cells treated with PNAP only, IL-6 and
TNF-a concentrations were low or undetectable using the IL-6 and TNF-a ELISA kit.

doi:10.1371/journal.pone.0168945.9005

whether PNAP-6 and PNAP-8 could mediate NF-«B activation through the regulation of
phospho-JNK. We pre-treated RAW 264.7 cells with JNK inhibitor (SP600125), and ana-
lyzed the NF-xB subunit (p65) protein levels in both the cytoplasm and the nucleus and the
cytosolic levels of IkBo by western blotting. As shown in Fig 7F, JNK inhibitor (SP600125)
reduced the LPS-induced increase of nuclear NF-kB subunit (p65) in RAW 264.7 cells. Con-
sistent with the above results, the cytosolic levels of the NF-«B subunit (p65) and IkBa in
LPS-stimulated cells pre-treated with JNK inhibitor (SP600125) were higher than in LPS-
stimulated cells. The results suggest that JNK signaling mediates PNAP-6- and PNAP-8-
induced NF-«B activation.

Discussion

A tri-hydroxy-2-phenylnaphthalene (PNAP-6) was previously shown to exhibit significant
anticancer activity in MCF-7 cells [20]. Inflammation is closely linked to cancer [22].
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Fig 6. Effects of PNAPs on MAPK and NF-kB activation in LPS-stimulated RAW 264.7 cells. Cells were pre-treated with (A) PNAP-6 or
(B) PNAP-8 (2.5, 5, and 10 uM) and exposed to 0.1 ug/mL LPS for 15 min. phospho-ERK, phospho-p38, phospho-JNK, ERK, p38, JNK, IkBa,
and NF-kB subunit (p65), were then analyzed by western blotting. The + symbols on the x-axis indicate pre-treatment with PNAPs. The data are
expressed as the means + SEM from three independent experiments. *P < 0.05 and **P < 0.01 are significantly different from the control.

doi:10.1371/journal.pone.0168945.9006

Therefore, in this study, we evaluated the effects of PNAP-1-PNAP-8 on the pro-inflamma-
tory mediator using mouse RAW 264.7 cells. The RAW 264.7 cell line is a good model for
studying inflammatory responses because LPS can activate RAW?264.7 cells and trigger the
production of inflammatory mediators such as TNF-o, IL-6, iNOS, and COX-II [23]. The
RAW264.7 cell line was also found to be uniquely efficient for measuring infection-related
pro-inflammatory mediators [24,25].

First, MTT assays were performed to measure RAW 264.7 cell viability of PNAP-1-PNAP-
8 to ensure that any anti-inflammatory effects were not attributed to decreasing RAW 264.7
cell viability (Fig 2). Based on these results, we chose the concentrations of PNAP-1-PNAP-8
showing minimal cytotoxicity with a viability percentage of more than 85% for subsequent
experiments. In addition, pro-inflammatory mediators (such as the expression of iNOS and
COX-II, production of NO, and release of IL-6 and TNF-a) were identified in RAW 264.7
cells following LPS-only stimulation.

In response to LPS, macrophages were activated and released pro-inflammatory mediators
such as NO, iNOS, and COX-II as well as several cytokines (e.g., TNF-o and IL-6) [26].
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are significantly different from the control.

doi:10.1371/journal.pone.0168945.9007

Overexpression of either pro-inflammatory mediators or cytokines has been implicated in
many inflammatory diseases such as rheumatoid arthritis, asthma, and myocarditis [3]. A pre-
vious study revealed that capillarisin, a flavonoid, inhibits iNOS and COX-II expression in
LPS-induced RAW 264.7 macrophages [27]. Similarly, our results demonstrated that PNAPs
pre-treatment significantly inhibited the overexpression of iNOS and COX-II and downregu-
lated NO production in the supernatant of LPS-induced RAW 264.7 cells (Figs 3 and 4). The
process of inflammation involves IL-6 and TNF-o. [28]. During inflammatory processes, IL-6
stimulates the expression of monocyte chemoattractant protein-1, which in turn increases
monocyte recruitment [29]. Furthermore, TNF-o enhances the recruitment of leukocytes to
the site of inflammation [30]. Some studies have also shown that flavonoids (e.g., capillarisin,
apigenin, and genistein) suppress pro-inflammatory cytokines such as TNF-o and IL-6 in
LPS-stimulated RAW 264.7 cells [27,31,32]. Again, our results showed that PNAPs suppress
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the LPS-induced production of TNF-o and IL-6 in RAW 264.7 cells. Therefore, our findings
suggest that PNAPs can inhibit inflammatory mediators by decreasing the expression of iNOS
and COX-II and production of NO, IL-6, and TNF-o..

Transcription factors of the NF-«B family play critical roles in inflammation, immunity,
and survival. Upon LPS stimulation, IKK phosphorylates IkBa, leading to nuclear transloca-
tion of NF-kB [6]. The suppression of NF-xB activation by capillarisin and genistein inhibits
the increase in pro-inflammatory mediators such as iNOS, COX-II, TNF-q, and IL-6 in LPS-
stimulated RAW?264.7 cells [27,32]. In the present study, we showed that PNAP-6 and PNAP-
8 pre-treatment in LPS-stimulated cells resulted in higher cytosolic levels of IkBo and NF-xB
subunit (p65), thus blocking translocation of the NF-«B subunit (p65) to the nucleus (Fig 6A
and 6B). This result indicates that PNAP-6 and PNAP-8 inhibited pro-inflammatory media-
tors by inhibiting NF-xB activation. In addition to NF-kxB, MAPKs can be activated by many
extracellular molecules to induce downstream phosphorylation of key signaling molecules
related to inflammation [33]. The MAPK family plays important roles in LPS-induced pro-
inflammatory cytokine production in many cell types [34]. In cells stimulated by LPS, the
phosphorylation of MAPK is involved in the activation of transcription factors including AP-
1, NF-xB, and subsequently produced cytokines [35,36]. Some reports revealed that pro-
inflammatory mediators are regulated by the down-regulation of MAPK and NF-xB in LPS
treated RAW 264.7 cells [37,38]. Consistently, our study showed that pre-treatment of RAW
264.7 cells with PNAP-6 and PNAP-8 decreased the LPS-induced activation of ERK, p38
MAPK, and JNK. However, the levels of MAPK proteins did not change, indicating that
PNAP-6 and PNAP-8 blocked the activation of MAPKs, but not their biosynthesis (Fig 6A
and 6B). In addition, the JNK inhibitor (SP600125) significantly reduced LPS-induced expres-
sion of phospho-JNK, IL-6, TNF-a, iNOS, COX-II, and NF-xB (Fig 7C-7E). PNAPs may
inhibit pro-inflammatory mediators by down regulating the LPS-induced MAPK and NF-xB
signaling pathways.

In this study, some PNAPs inhibited pro-inflammation mediators in the MAPK/NF-kB
regulated pathway in LPS-induced RAW264.7 cells. Previous studies suggested that inhibitors
of MAPK or NF-kB had a clinical benefit in asthma and rheumatoid arthritis [39,40]. How-
ever, further studies are needed to provide insight into the inhibitory effects of PNAPs and
their clinical use, as this study was limited to macrophage response analysis.

Conclusion

In summary, a series of hydrophilic PNAPs were evaluated for their anti-inflammatory effect
in LPS-induced RAW 264.7 cells. PNAP-6, a 6,7-dihydroxy-2-phenylnaphthalene with a
4-hydroxyphenyl group, and PNAP-8, a 6,7-dimethoxy-2-phenylnaphthalene with one para-
amino group on the phenyl ring, exhibited the strongest anti-inflammatory activity in our
tests. In addition, PNAPs also inhibited LPS-induced activation of the MAPK pathway, NF-kB
translocation, and IxkBa degradation. Thus, PNAP-6 and PNAP-8 have inflammatory preven-
tive properties and might be useful anti-inflammatory agents.

Acknowledgments

We would like to acknowledge Dr. Ta-Hsien Chuang for providing these compounds (PNAP-
1-PNAP-8). We also thank Dr. Yi-Ying Wu for kindly providing RAW 264.7 cell lines.

Author Contributions

Conceptualization: CFC.

PLOS ONE | DOI:10.1371/journal.pone.0168945 January 6, 2017 12/15



@° PLOS | ONE

PNAPs Inhibit LPS-Induced Pro-Inflammatory Mediators in RAW264.7 Cells

Formal analysis: CFC CHC.

Funding acquisition: CFC.

Investigation: CFC KCL.

Methodology: CFC.

Project administration: CFC.

Resources: CFC CHC.

Supervision: CFC.

Validation: CFC KCL.

Visualization: CFC.

Writing - original draft: CFC.

Writing - review & editing: CFC.

References

1.

10.

11.

12.

Moldoveanu B, Otmishi P, Jani P, Walker J, Sarmiento X, Guardiola J, et al. Inflammatory mechanisms
in the lung. J Inflamm Res. 2009; 2: 1—11. PMID: 22096348

Ricciotti E, FitzGerald GA. Prostaglandins and inflammation. Arterioscler Thromb Vasc Biol. 2011; 31:
986—1000. doi: 10.1161/ATVBAHA.110.207449 PMID: 21508345

Pan MH, Chiou YS, Tsai ML, Ho CT. Anti-inflammatory activity of traditional Chinese medicinal herbs. J
Tradit Complement Med. 2011; 1: 8-24. PMID: 24716101

Cho YC, Ju A, Kim BR, Cho S. Anti-inflammatory effects of Crataeva nurvala Buch. Ham. are mediated
via inactivation of ERK but not NF-kappaB. J Ethnopharmacol. 2015; 162: 140—147. doi: 10.1016/}.jep.
2014.12.056 PMID: 25571844

Hsu CL, Fang SC, Yen GC. Anti-inflammatory effects of phenolic compounds isolated from the flowers
of Nymphaea mexicana Zucc. Food Funct. 2013; 4: 1216-1222. doi: 10.1039/c3fo60041f PMID:
23727892

Chang CF, Chau YP, Kung HN, Lu KS. The lipopolysaccharide-induced pro-inflammatory response in
RAW264.7 cells is attenuated by an unsaturated fatty acid-bovine serum albumin complex and
enhanced by a saturated fatty acid-bovine serum albumin complex. Inflamm Res. 2012; 61: 151-160.
doi: 10.1007/s00011-011-0399-1 PMID: 22094887

Hsu CC, Lien JC, Chang CW, Chang CH, Kuo SC, Huang TF. Yuwen02f1 suppresses LPS-induced
endotoxemia and adjuvant-induced arthritis primarily through blockade of ROS formation, NFkB and
MAPK activation. Biochem Pharmacol. 2013; 85: 385-395. doi: 10.1016/j.bcp.2012.11.002 PMID:
23142712

Cho EY, Choi SC, Lee SH, Ahn JY, Im LR, Kim JH, et al. Nafamostat mesilate attenuates colonic inflam-
mation and mast cell infiltration in the experimental colitis. Int Inmunopharmacol. 2011; 11:412-417.
doi: 10.1016/}.intimp.2010.12.008 PMID: 21187179

Jeong YH, Oh YC, Cho WK, Shin H, Lee KY, Ma JY. Anti-inflammatory effects of Viola yedoensis and
the application of cell extraction methods for investigating bioactive constituents in macrophages. BMC
Complement Altern Med. 2016; 16:180. doi: 10.1186/s12906-016-1142-9 PMID: 27301877

van der Bruggen T, Nijenhuis S, van Raaij E, Verhoef J, van Asbeck BS. Lipopolysaccharide-induced
tumor necrosis factor alpha production by human monocytes involves the raf-1/MEK1-MEK2/ERK1-
ERK2 pathway. Infect Immun. 1999; 67: 3824-3829. PMID: 10417144

Dumitru CD, Ceci JD, Tsatsanis C, Kontoyiannis D, Stamatakis K, Lin JH, et al. TNF-alpha induction by
LPS is regulated posttranscriptionally via a Tpl2/ERK-dependent pathway. Cell. 2000; 103: 1071—
1083. PMID: 11163183

Ho FM, Lai CC, Huang LJ, Kuo TC, Chao CM, Lin WW. The anti-inflammatory carbazole, LCY-2-CHO,
inhibits lipopolysaccharide-induced inflammatory mediator expression through inhibition of the p38
mitogen-activated protein kinase signaling pathway in macrophages. Br J Pharmacol. 2004; 141:
1037-1047. doi: 10.1038/sj.bjp.0705700 PMID: 14980980

PLOS ONE | DOI:10.1371/journal.pone.0168945 January 6, 2017 13/15


http://www.ncbi.nlm.nih.gov/pubmed/22096348
http://dx.doi.org/10.1161/ATVBAHA.110.207449
http://www.ncbi.nlm.nih.gov/pubmed/21508345
http://www.ncbi.nlm.nih.gov/pubmed/24716101
http://dx.doi.org/10.1016/j.jep.2014.12.056
http://dx.doi.org/10.1016/j.jep.2014.12.056
http://www.ncbi.nlm.nih.gov/pubmed/25571844
http://dx.doi.org/10.1039/c3fo60041f
http://www.ncbi.nlm.nih.gov/pubmed/23727892
http://dx.doi.org/10.1007/s00011-011-0399-1
http://www.ncbi.nlm.nih.gov/pubmed/22094887
http://dx.doi.org/10.1016/j.bcp.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/23142712
http://dx.doi.org/10.1016/j.intimp.2010.12.008
http://www.ncbi.nlm.nih.gov/pubmed/21187179
http://dx.doi.org/10.1186/s12906-016-1142-9
http://www.ncbi.nlm.nih.gov/pubmed/27301877
http://www.ncbi.nlm.nih.gov/pubmed/10417144
http://www.ncbi.nlm.nih.gov/pubmed/11163183
http://dx.doi.org/10.1038/sj.bjp.0705700
http://www.ncbi.nlm.nih.gov/pubmed/14980980

@° PLOS | ONE

PNAPs Inhibit LPS-Induced Pro-Inflammatory Mediators in RAW264.7 Cells

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Klintman D, Li X, Santen S, Schramm R, Jeppsson B, Thorlacius H. p38 mitogen-activated protein
kinase-dependent chemokine production, leukocyte recruitment, and hepatocellular apoptosis in endo-
toxemic liver injury. Ann Surg. 2005; 242: 830—838. doi: 10.1097/01.sla.0000189132.86878.f7 PMID:
16327493

Bennett BL, Sasaki DT, Murray BW, O’Leary EC, Sakata ST, Xu W, et al. SP600125, an anthrapyrazo-
lone inhibitor of Jun N-terminal kinase. Proc Natl Acad Sci U S A. 2001; 98: 13681-13686. doi: 10.
1073/pnas.251194298 PMID: 11717429

Newton K, Dixit VM. Signaling in innate immunity and inflammation. Cold Spring Harb Perspect Biol.
2012; 4:1-19.

DiDonato JA, Mercurio F, Karin M. Phosphorylation of | kappa B alpha precedes but is not sufficient for
its dissociation from NF-kappa B. Mol Cell Biol. 1995; 15: 1302—1311. PMID: 7862124

Tak PP, Firestein GS. NF-kappaB: a key role in inflammatory diseases. J Clin Invest. 2001; 107: 7—11.
doi: 10.1172/JCI11830 PMID: 11134171

Yuan JW, Wang SF, Luo ZL, Qiu HY, Wang PF, Zhang X, et al. Synthesis and biological evaluation of
compounds which contain pyrazole, thiazole and naphthalene ring as antitumor agents. Bioorg Med
Chem Lett. 2014; 24:2324-2328. doi: 10.1016/j.bmcl.2014.03.072 PMID: 24731281

Lee KH, Huang BR. Synthesis and cytotoxic evaluation of alpha-methylene-gamma-butyrolactone
bearing naphthalene and naphtho[2,1-b]furan derivatives. Eur J Med Chem. 2002; 37: 333—-338. PMID:
11960668

Chang CF, Ke CY, Wu YC, Chuang TH. Structure-Activity Relationship of Synthetic 2-Phenylnaphtha-
lenes with Hydroxyl Groups that Inhibit Proliferation and Induce Apoptosis of MCF-7 Cancer Cells.
PLoS One. 2015; 10: e0141184. doi: 10.1371/journal.pone.0141184 PMID: 26492346

Yuan F, Chen J, Sun PP, Guan S, Xu J. Wedelolactone inhibits LPS-induced pro-inflammation via NF-
kappaB pathway in RAW 264.7 cells. J Biomed Sci. 2013; 20: 84. doi: 10.1186/1423-0127-20-84
PMID: 24176090

Coussens LM, Werb Z. Inflammation and cancer. Nature. 2002; 420: 860-867. doi: 10.1038/
nature01322 PMID: 12490959

Fan GW, Zhang Y, Jiang X, Zhu Y, Wang B, Su L, et al. Anti-inflammatory activity of baicalein in LPS-
stimulated RAW264.7 macrophages via estrogen receptor and NF-kappaB-dependent pathways.
Inflammation. 2013; 36: 1584—1591. doi: 10.1007/s10753-013-9703-2 PMID: 23892998

Dyer KD, Schellens IM, Bonville CA, Martin BV, Domachowske JB, Rosenberg HF. Efficient replication
of pneumonia virus of mice (PVM) in a mouse macrophage cell line. Virol J. 2007; 4: 48. doi: 10.1186/
1743-422X-4-48 PMID: 17547763

Hartley JW, Evans LH, Green KY, Naghashfar Z, Macias AR, Zerfas PM, et al. Expression of infectious
murine leukemia viruses by RAW264.7 cells, a potential complication for studies with a widely used
mouse macrophage cell line. Retrovirology. 2008; 5: 1. doi: 10.1186/1742-4690-5-1 PMID: 18177500

Peng XX, Zhang SH, Wang XL, Ye TJ, Li H, Yan XF, et al. Panax Notoginseng flower saponins (PNFS)
inhibit LPS-stimulated NO overproduction and iNOS gene overexpression via the suppression of TLR4-
mediated MAPK/NF-kappa B signaling pathways in RAW264.7 macrophages. Chin Med. 2015; 10: 15.
doi: 10.1186/s13020-015-0045-x PMID: 26155304

Han S, Lee JH, Kim C, Nam D, Chung WS, Lee SG, et al. Capillarisin inhibits iNOS, COX-2 expression,
and proinflammatory cytokines in LPS-induced RAW 264.7 macrophages via the suppression of ERK,
JNK, and NF-kappaB activation. Immunopharmacol Immunotoxicol. 2013; 35: 34—42. doi: 10.3109/
08923973.2012.736522 PMID: 23131135

Honda KL, Lamon-Fava S, Matthan NR, Wu D, Lichtenstein AH. Docosahexaenoic acid differentially
affects TNFalpha and IL-6 expression in LPS-stimulated RAW 264.7 murine macrophages. Prostaglan-
dins Leukot Essent Fatty Acids. 2015; 97: 27-34. doi: 10.1016/j.plefa.2015.03.002 PMID: 25921297

Arendt BK, Velazquez-Dones A, Tschumper RC, Howell KG, Ansell SM, Witzig TE, et al. Interleukin 6
induces monocyte chemoattractant protein-1 expression in myeloma cells. Leukemia. 2002; 16: 2142—
2147.doi: 10.1038/sj.leu.2402714 PMID: 12357369

Ala A, Dhillon AP, Hodgson HJ. Role of cell adhesion molecules in leukocyte recruitment in the liver and
gut. Int J Exp Pathol. 2003; 84: 1—16. doi: 10.1046/j.1365-2613.2003.00235.x PMID: 12694483

Zhang X, Wang G, Gurley EC, Zhou H. Flavonoid apigenin inhibits lipopolysaccharide-induced inflam-
matory response through multiple mechanisms in macrophages. PLoS One. 2014; 9: e107072. doi: 10.
1371/journal.pone.0107072 PMID: 25192391

JiG, Zhang Y, Yang Q, Cheng S, Hao J, Zhao X, et al. Genistein suppresses LPS-induced inflammatory
response through inhibiting NF-kappaB following AMP kinase activation in RAW 264.7 macrophages.
PLoS One. 2012; 7: €53101. doi: 10.1371/journal.pone.0053101 PMID: 23300870

PLOS ONE | DOI:10.1371/journal.pone.0168945 January 6, 2017 14/15


http://dx.doi.org/10.1097/01.sla.0000189132.86878.f7
http://www.ncbi.nlm.nih.gov/pubmed/16327493
http://dx.doi.org/10.1073/pnas.251194298
http://dx.doi.org/10.1073/pnas.251194298
http://www.ncbi.nlm.nih.gov/pubmed/11717429
http://www.ncbi.nlm.nih.gov/pubmed/7862124
http://dx.doi.org/10.1172/JCI11830
http://www.ncbi.nlm.nih.gov/pubmed/11134171
http://dx.doi.org/10.1016/j.bmcl.2014.03.072
http://www.ncbi.nlm.nih.gov/pubmed/24731281
http://www.ncbi.nlm.nih.gov/pubmed/11960668
http://dx.doi.org/10.1371/journal.pone.0141184
http://www.ncbi.nlm.nih.gov/pubmed/26492346
http://dx.doi.org/10.1186/1423-0127-20-84
http://www.ncbi.nlm.nih.gov/pubmed/24176090
http://dx.doi.org/10.1038/nature01322
http://dx.doi.org/10.1038/nature01322
http://www.ncbi.nlm.nih.gov/pubmed/12490959
http://dx.doi.org/10.1007/s10753-013-9703-2
http://www.ncbi.nlm.nih.gov/pubmed/23892998
http://dx.doi.org/10.1186/1743-422X-4-48
http://dx.doi.org/10.1186/1743-422X-4-48
http://www.ncbi.nlm.nih.gov/pubmed/17547763
http://dx.doi.org/10.1186/1742-4690-5-1
http://www.ncbi.nlm.nih.gov/pubmed/18177500
http://dx.doi.org/10.1186/s13020-015-0045-x
http://www.ncbi.nlm.nih.gov/pubmed/26155304
http://dx.doi.org/10.3109/08923973.2012.736522
http://dx.doi.org/10.3109/08923973.2012.736522
http://www.ncbi.nlm.nih.gov/pubmed/23131135
http://dx.doi.org/10.1016/j.plefa.2015.03.002
http://www.ncbi.nlm.nih.gov/pubmed/25921297
http://dx.doi.org/10.1038/sj.leu.2402714
http://www.ncbi.nlm.nih.gov/pubmed/12357369
http://dx.doi.org/10.1046/j.1365-2613.2003.00235.x
http://www.ncbi.nlm.nih.gov/pubmed/12694483
http://dx.doi.org/10.1371/journal.pone.0107072
http://dx.doi.org/10.1371/journal.pone.0107072
http://www.ncbi.nlm.nih.gov/pubmed/25192391
http://dx.doi.org/10.1371/journal.pone.0053101
http://www.ncbi.nlm.nih.gov/pubmed/23300870

@° PLOS | ONE

PNAPs Inhibit LPS-Induced Pro-Inflammatory Mediators in RAW264.7 Cells

33.

34.

35.

36.

37.

38.

39.

40.

Kaminska B. MAPK signalling pathways as molecular targets for anti-inflammatory therapy—from
molecular mechanisms to therapeutic benefits. Biochim Biophys Acta. 2005; 1754: 253—-262. doi: 10.
1016/j.bbapap.2005.08.017 PMID: 16198162

ZongY, SunL, Liu B, Deng YS, Zhan D, Chen YL, et al. Resveratrol inhibits LPS-induced MAPKs acti-
vation via activation of the phosphatidylinositol 3-kinase pathway in murine RAW 264.7 macrophage
cells. PLoS One. 2012; 7: e44107. doi: 10.1371/journal.pone.0044107 PMID: 22952890

Wang Z, Jiang W, Zhang Z, Qian M, Du B. Nitidine chloride inhibits LPS-induced inflammatory cytokines
production via MAPK and NF-kappaB pathway in RAW 264.7 cells. J Ethnopharmacol. 2012; 144:
145-150. doi: 10.1016/j.jep.2012.08.041 PMID: 22971898

Choi WS, Shin PG, Lee JH, Kim GD. The regulatory effect of veratric acid on NO production in LPS-
stimulated RAW264.7 macrophage cells. Cell Immunol. 2012; 280: 164—170. doi: 10.1016/j.cellimm.
2012.12.007 PMID: 23399843

Intayoung P, Limtrakul P, Yodkeeree S. Antiinflammatory Activities of Crebanine by Inhibition of NF-
kappaB and AP-1 Activation through Suppressing MAPKs and Akt Signaling in LPS-Induced
RAW264.7 Macrophages. Biol Pharm Bull. 2016; 39: 54—61. doi: 10.1248/bpb.b15-00479 PMID:
26499331

Jin SE, Kim OS, Yoo SR, Seo CS, Kim Y, Shin HK, et al. Anti-inflammatory effect and action mecha-
nisms of traditional herbal formula Gamisoyo-san in RAW 264.7 macrophages. BMC Complement
Altern Med. 2016; 16: 219. doi: 10.1186/s12906-016-1197-7 PMID: 27422559

Chopra P, Kanoje V, Semwal A, Ray A. Therapeutic potential of inhaled p38 mitogen-activated protein
kinase inhibitors for inflammatory pulmonary diseases. Expert Opin Investig Drugs. 2008; 17: 1411—
1425. doi: 10.1517/13543784.17.10.1411 PMID: 18808304

Tak PP, Firestein GS. NF-kappaB: a key role in inflammatory diseases. J Clin Invest. 2001; 107: 7-11.
doi: 10.1172/JCI11830 PMID: 11134171

PLOS ONE | DOI:10.1371/journal.pone.0168945 January 6, 2017 15/15


http://dx.doi.org/10.1016/j.bbapap.2005.08.017
http://dx.doi.org/10.1016/j.bbapap.2005.08.017
http://www.ncbi.nlm.nih.gov/pubmed/16198162
http://dx.doi.org/10.1371/journal.pone.0044107
http://www.ncbi.nlm.nih.gov/pubmed/22952890
http://dx.doi.org/10.1016/j.jep.2012.08.041
http://www.ncbi.nlm.nih.gov/pubmed/22971898
http://dx.doi.org/10.1016/j.cellimm.2012.12.007
http://dx.doi.org/10.1016/j.cellimm.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23399843
http://dx.doi.org/10.1248/bpb.b15-00479
http://www.ncbi.nlm.nih.gov/pubmed/26499331
http://dx.doi.org/10.1186/s12906-016-1197-7
http://www.ncbi.nlm.nih.gov/pubmed/27422559
http://dx.doi.org/10.1517/13543784.17.10.1411
http://www.ncbi.nlm.nih.gov/pubmed/18808304
http://dx.doi.org/10.1172/JCI11830
http://www.ncbi.nlm.nih.gov/pubmed/11134171

