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Abstract

Neuroinflammation is an important pathological feature in neurodegenerative diseases. Accumulating evidence has suggested
that neuroinflammation is mainly aggravated by activated microglia, which are macrophage like cells in the central nerv-
ous system. Therefore, the inhibition of microglial activation may be considered for treating neuroinflammatory diseases.
p38 mitogen-activated protein kinase (MAPK) has been identified as a crucial enzyme with inflammatory roles in several
immune cells, and its activation also relates to neuroinflammation. Considering the proinflammatory roles of p38 MAPK,
its inhibitors can be potential therapeutic agents for neurodegenerative diseases relating to neuroinflammation initiated by
microglia activation. This study was designed to evaluate whether NJK14047, a recently identified novel and selective p38
MAPK inhibitor, could modulate microglia-mediated neuroinflammation by utilizing lipopolysaccharide (LPS)-stimulated
BV2 cells and an LPS-injected mice model. Our results showed that NJK14047 markedly reduced the production of nitric
oxide and prostaglandin E, by downregulating the expression of various proinflammatory mediators such as nitric oxide
synthase, cyclooxygenase-2, tumor necrosis factor-o and interleukin-1f in LPS-induced BV2 microglia. Moreover, NJK14047
significantly reduced microglial activation in the brains of LPS-injected mice. Overall, these results suggest that NJK14047
significantly reduces neuroinflammation in cellular/vivo model and would be a therapeutic candidate for various neuroin-
flammatory diseases.
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Introduction

Microglia are the primary resident immune cells of the brain
and play a central role in the innate immune responses and
Min Sung Gee and Sang-Won Kim contributed equally to this tissue repair in the central nervous system (CNS) [1]. Under
work. normal conditions, microglia maintain resting phenotypes in
which they perform diverse physical functions including the
release of neurotrophic factors, support of neurogenesis, and
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regulation of brain development [2—4]. When the brain is
exposed to injury, microglia are activated to produce various
proinflammatory mediators, such as prostaglandin E, (PGE,)
and nitric oxide (NO), as well as proinflammatory cytokines,
such as interleukin (IL)-1p, IL-6, and tumor necrosis factor
(TNF)-a [5, 6]. Although these microglia-derived inflam-
matory products have been released to resolve the injury
conditions, the inflammation do not subside and continue
in neuroinflammatory disease. And, in this condition, these
products are considered responsible for exacerbation of vari-
ous CNS disorders such as multiple sclerosis, Parkinson’s
disease (PD), Alzheimer’s disease (AD), and Huntington’s
disease [7-10]. Therefore, reduction in microglial activation
might be a promising approach for treating inflammatory-
mediated neurodegenerative diseases.

Lipopolysaccharide (LPS), which is a major pathogenic
component of gram-negative bacteria, is one of the most
potent activators of CNS microglia [11, 12]. Once primed
by LPS, microglia transform from a resting state to an
activated state and secrete several proinflammatory and
neurotoxic molecules including TNF-a, IL-1p, IL-6, NO,
eicosanoids, proteinases, and reactive oxygen species [13,
14]. Thus, LPS-stimulated microglia have been widely used
as a research tool to study the characteristics of microglia-
mediated inflammatory responses, both in vitro and in vivo
[15, 16].

Mitogen-activated protein kinases (MAPKSs) are serine/
threonine protein kinases that regulate cellular properties in
response to several extracellular stimuli such as growth fac-
tors, inflammatory cytokines, and G protein-coupled recep-
tors [17]. Of interest is p38 MAPK, which is comprised of
a, B, v, and d isoforms; it has been found to play an essential
role in the immune response via the regulation of proin-
flammatory signaling networks and cytokine biosynthesis
[18, 19]. The inhibition of p38 MAPK has been shown to
effectively alleviate symptoms of inflammatory diseases
such as rheumatoid arthritis, cardiovascular disease, and
inflammatory pain [20, 21]. In particular, the suppression
of p38 MAPK signaling has been reported to markedly alle-
viate symptoms of neuroinflammatory diseases such as AD
[22]. Thus, p38 MAPK has been considered as an attractive
therapeutic target, and a considerable amount of research has
been aimed at attempting to develop novel p38 inhibitors.
Recently, we developed a class of novel biphenyl amide p38
MAPK inhibitors and found that certain inhibitors have very
potent inhibitory activity [23, 24]. Most notably, NJK14047
(N-cyclopropyl-4'-(4-(2,3-dihydroxypropoxy)benzoyl)-2-
methyl-[1,1"-biphenyl]-4-carboxamide) exerted potent p38a
MAPK inhibitory activity (IC5,=27 nM) with high kinase
selectivity [23, 24].

In the present study, we examined the anti-inflamma-
tory effects of NJK14047 on LPS-induced inflammatory
responses in microglia to address the hypothesis that specific

p38 MAPK inhibition would be an effective strategy to ame-
liorate neuroinflammation and lead to the development of
potential therapeutic agents for neuroinflammatory diseases.

Materials and Methods
Chemicals and Reagents

NJK14047 (Fig. la and Supplementary Fig. 1) was syn-
thesized by a previously reported procedure [23, 24].
NJK 14047 had more than 97% purity which was confirmed
by 'H-NMR and Waters 1525 HPLC system (Supplemen-
tary Fig. 1). Dulbecco’s modified Eagle’s medium (DMEM),
10% Fetal Bovine Serum (FBS), 100 units/ml of penicillin
and 100 pg/ml of streptomycin were purchased from GE
Healthcare HyClone™. Cell culture plates were purchased
from SPL (#20100, #30006, #30096) and were used with-
out additional coating. LPS from Escherichia coli serotype
055:B5 (L6529, > 500,000 EU/mg) and SB203580 (S8307)
were purchased from Sigma-Aldrich. LPS was dissolved in
PBS at 10 mg/ml and NJK 14047 and SB203580 were dis-
solved in DMSO at 10 mg/ml. The aliquots of them were
stored at —20 °C. Anti-p38 MAPK rabbit polyclonal anti-
body (#9212s, RRID: AB_330713), anti-phospho-p38
MAPK (Thr180/Tyr182) (3D7) rabbit monoclonal antibody
(#9215s, RRID: AB_331762), anti-iNOS (mouse specific)
rabbit polyclonal antibody (#2982s, RRID: AB_1078202),
and anti-COX-2 rabbit polyclonal antibody (#4842s, RRID:
AB_10694771) were purchased from Cell Signaling Tech-
nology. Anti-actin (C-11) goat polyclonal antibody (sc-
1615, RRID: AB_630835) was purchased from SantaCruz
Biotechnology. Anti-ionized calcium-binding adapter mol-
ecule 1 (Iba-1) rabbit polyclonal antibody (#019-19741,
RRID: AB_839504) was purchased from Wako. Goat anti-
mouse IgG-HRP conjugate antibody (#1706516, RRID:
AB_11125547) and goat anti-rabbit IgG-HRP conjugate
antibody (#1706515, RRID: AB_11125142) were pur-
chased from Bio-rad and goat anti-rabbit IgG-Alexa Fluor®
488 conjugate antibody (A-11008, RRID: AB_143165)
was purchased from Invitrogen. TNF-a (558534) and IL-6
(555240) ELISA kits were purchased from BD biosciences.
NO (KA1342), PGE, (ADI-900-001) and mouse IL-1f
(ab100704) assay kits were obtained from Abnova, Enzo
Life Sciences and Abcam, respectively. WST-1 (#05-015-
944-001) was obtained from Roche. LDH assay kit (DG-
LDH500) was purchased from Dogen.

Cell Culture and Treatment
The murine microglia cell line, BV2 (RRID: CVCL_0182)

was kindly provided by Dr. Myung sook Oh [25]. We used
BV2 cell line passage number #38~#43 confirmed with an
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Fig. 1 NJK14047 inhibits p38 MAPK activation in LPS-stimulated
microglia. a Chemical structure of NJK14047. b Effect of NJK14047
on the cell viability in control and LPS-stimulated microglia. BV2
cells were pretreated with different concentrations (0-20 uM) of
NJK14047 for 2 h, then cells were treated with LPS (500 ng/ml) for
22 h. Cell viability was measured by WST-1 assay (n=10-12 per
group) and LDH assay (n=12 per group). ¢, d Inhibition of LPS-
mediated p38 MAPK activation by NJK14047. BV2 cells were pre-

absence of mycoplasma contamination using MycoAlert
PLUS Mycoplasma detection kit (Lonza, LT07). Cells were
cultured in DMEM with 10% FBS, 100 U/ml penicillin, and
100 pg/ml streptomycin at 37 °C in humidified atmosphere of
5% CO,. BV2 cells were treated with 020 uM of NJK14047
for 2 h and incubated with or without 500 ng/ml of lipopoly-
saccharides (LPS) for further 22 h.
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treated with different concentrations (0-20 uM) of NJK14047 and
SB203580 for 2 h, then cells were treated with LPS (500 ng/ml) for
22 h. The levels of p38 MAPK activation were measured by immu-
noblotting. ¢ Representative immunoblotting of phospho-p38 levels
in whole cell lysates. d Quantification of phospho-p38 MAPK level
(n=6 per group). All experiments were repeated in three times inde-
pendently. (**P <0.001 vs. control; **P<0.01 and ***P <0.001 vs.
LPS; TP <0.05 and TP <0.001 vs. SB. All error bars indicate SEM)

Assessment of Cell Viability and Cytotoxicity
of NJK14047

Cell viability was measured using 4-[3-(4-Iodophenyl)-2-
(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate
(WST-1) assay. BV2 cells were seeded in 96-well plates at
a density of 1X 10* cells/well. After 12 h, the cells were
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treated with NJK14047 and LPS as described above. The cell
culture media were replaced with fresh serum free medium
with 10% WST-1 solution. After 4 h, the absorbance of the
media was measured by using a microplate reader at 440 nm.
Cytotoxicity was assessed by lactate dehydrogenase (LDH)
assay kit. Cells were plated in 96-well plates and incubated
with the same protocol of WST-1 assay above. After 24 h of
NJK 14047 treatment, the conditioned media were collected
and the concentration of LDH in the conditioned media was
measured according to the manufacturer’s instructions.

Measurement of NO and PGE,

Cells were seeded at a density of 5x 10° cells/well in 6-well
plates. After 12 h, cells were treated with 0-20 uM of
NJK14047 for 2 h and 500 ng/ml of LPS was added for
further 22 h. The concentration of NO and PGE, in culture
supernatants were assessed according to the manufacturer’s
instructions.

RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR)

mRNA levels of cytokines were analyzed by qRT-PCR.
Total RNA was extracted from BV2 cells using the RNe-
asy Plus Mini kit (Qiagen, Korea, Ltd) according to the
manufacturer’s instructions. Concentrations and purities
of the RNA samples were assessed by NanoDrop™-2000c
(Thermo Scientific™) and cDNA synthesis was conducted
using RNA to cDNA EcoDry™ Premix kit (Takara). cDNA
samples were subjected to qRT-PCR using SYBR Green
Mix (TOYOBO, Osaka, Japan) and the CFX Connect real-
time PCR system (Bio-Rad Laboratories, USA). qRT-PCR
protocol was as follows; first holding stage at 95 °C for
3 min, followed by cycling stage at 95 °C for 10 s, 55 °C for
10 s, 72 °C for 30 s, 30 cycles, after that last holding stage
at 95 °C for 10 s. Primers used for the study are as follows;
TNF-a: Forward, 5'-GATTATGGCTCAGGGTCCAA-3',
Reverse, 5'-GCTCCAGTGAATTCGGAAAG-3'; IL-1f:
Forward, 5'-CCCAAGCAATACCCAAAGAA-3', Reverse,
5'-GCTTGTGCTCTGCTTGTGAG-3'; IL-6: Forward,
5'-CCGGAGAGGAGACTTCACAG-3', Reverse, 5'-TTG
CCATTGCACAACTCTTT-3"; GAPDH: Forward, 5-TGA
ATACGGCTACAGCAACA-3', Reverse, 5'-"AGGCCCCTC
CTGTTATTATG-3'. The optimum melting temperature of
the primers is 58 +2 °C.

Western Blotting

Western blot analysis was performed as previously described
[26]. Cells were collected and washed in ice-cold PBS and
then lysed in RIPA buffer (Cell Signaling Technology).
Lysates were sonicated, centrifuged at 4 °C and supernatants

were collected. The cortical tissues were weighed and
homogenized in 10 X volume of RIPA buffer. Lysates were
centrifuged at 13,000 rpm, 4 °C, 15 min and the supernatants
were collected. Protein concentration was determined using
Bradford technique (Bio-Rad, Hercules, CA, USA). Equal
amounts of proteins were fractionated by SDS-PAGE, trans-
ferred to PVDF membranes. Immunoblotting was carried out
with antibodies against phospho-p38 (1:1000), p38 (1:1000),
iNOS (1:1000), COX-2 (1:1000), and p-actin (1:500). The
membranes were incubated with corresponding second-
ary antibodies. Western blots were developed by enhanced
chemiluminescence detection system (ECL; Amersham
Biosciences).

Enzyme-Linked Inmunosorbent Assay
(ELISA)

BV2 cell conditioned media and mouse cortical protein sam-
ples were used for cytokine ELISA. Cell conditioned media
were prepared with centrifugation at 3000 rpm, 3 min for
removal of any cells. Mouse cortical protein samples were
prepared with the same protocol in western blotting with-
out Bradford assay. TNF-a, IL-1p and IL-6 ELSIAs were
performed in duplicate according to the manufacturer’s
instructions.

Animals and Treatments

Male C57BL/6 mice (8 weeks) were purchased from Daehan
Biolink Co., Ltd (Eumseong, Korea). The mice lived in an
individual ventilated cage, 12 h light/dark cycle and 22 °C
condition. After a week for acclimation, they were divided
into three groups, control, LPS, and LPS + NJK. Mice in
LPS 4+ NIJK group were administered 5 mg/kg NJK14047 in
100 pl of 10% DMSO p.o. once daily for 4 consecutive days
and other groups were administered the vehicle. 2 h after
final administration of NJK14047, 5 mg/kg LPS in 100 pl
saline was injected intraperitoneally to LPS and LPS + NJK
groups and the vehicle was injected to control group. At 6
or 24 h after LPS injection, the mice were anesthetized by
0.1 ml/10 g body weight intraperitoneal injection of 2.5%
Avertin (2,2,2-Tribromoethanol) and analysis was done.
Mouse studies were approved by the Kyung Hee University
Institutional Animal Care and Use Committee (IACUC).

Immunofluorescence
The mice were anesthetized with 2.5% Avertin and imme-
diately cardiac perfused with PBS followed by 4% para-

formaldehyde in PBS. After perfusion, brains were excised,
post-fixed in 4% paraformaldehyde overnight at 4 °C, and
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incubated in 30% sucrose at 4 °C until equilibrated. For
cryosection, the brains were set into O.C.T. compound
block and incubated at —70 °C. Sequential 30 um coronal
section was taken on a cryostat (CM30 50S; Leica) and
every tenth section (300 um apart) of the brain (Bregma
—1.30~-2.70 mm) were stored until used. Brain sections
were rinsed in PBS and then incubated with rabbit anti-Iba-1
antibody (1:1000) for 24 h at 4 °C. For visualization, the
primary antibody was developed by incubating with Alexa
Fluor 488-conjugated secondary antibodies for 1 h at RT.
Four cortex areas per section and four sections per mouse
were used for quantification. The images were analyzed
using Olympus BX51 microscope and the threshold distin-
guishing Iba-1 from background was determined by Image
J software (NIH, Bethesda, MD, USA). Data analysis were
proceeded in double-blinded and unaware of group alloca-
tion throughout the experiments.

Statistical Analysis

All data were expressed as the mean + standard error of the
mean (SEM) using Graph Pad Prism 5.0 software (Graph
Pad software Inc., San Diego, CA, USA). The results were
analyzed statistically by one-way analysis of variance fol-
lowed by Tukey’s post-hoc test. p value less than 0.05 was
considered statistically significant.

Results

NJK14047 Inhibits p38 MAPK Activation
in LPS-Stimulated Microglia

We first investigated the cytotoxic effect of NJK14047 on
microglia. To test this, various concentrations of NJK14047
were added with or without LPS (500 ng/ml) to BV2 micro-
glia for 24 h. Cell viability was determined by the WST-1
assay and LDH assay. As shown Fig. 1b, either treatment
with NJK14047 alone or NJK14047 with LPS had no cyto-
toxic effect on BV2 cells within the range of concentrations
used in both different principle-based cytotoxicity assays. In
our previous studies, NJK14047 showed a dose-dependent
inhibitory effect on p38 MAPK in macrophage and hepato-
cyte cell cultures [23, 27]. To confirm p38 MAPK inhibition
in microglia, BV2 cells were treated with LPS for 24 h in
the presence or absence of NJK14047 and were analyzed by
immunoblotting. As expected, LPS induced p38 MAPK acti-
vation, but treatment with NJK14017 significantly decreased
p38 MAPK phosphorylation, without affecting total protein
levels of p38 MAPK (Fig. 1c, d). The inhibitory effect of
NJK 14047 on p38 MAPK phosphorylation was significantly
more potent than SB203580, one of well-known p38 MAPK
inhibitors. These results suggest that NJK14047 can reduce
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p38 MAPK activation without causing cytotoxic effects on
LPS-stimulated microglia.

NJK14047 Attenuates NO and PGE, Production
by Regulating iNOS and COX-2 Expression
in LPS-Stimulated BV2 Microglia

Next, we examined whether NJK14047 inhibits the LPS-
induced production of the inflammatory mediators such as
NO and PGE, in BV2 microglia. Cells were treated with
LPS in the presence or absence of NJK14047 and SB203580
for 24 h. Compared with the control group, the production
of NO was significantly increased in LPS-treated cells
(Fig. 2a). However, NJK14047 dramatically suppressed this
production in a concentration-dependent manner (Fig. 2a).
These effects were stronger in NJK14047-treated group
than SB203580 treated group. In the case of PGE, inhibi-
tion assay, NJK14047 and SB203580 similarly decreased
the production of PGE, in LPS-treated BV2 cells (Fig. 2b).

The production of NO and PGE, in microglia are pri-
marily regulated by the iNOS and COX-2 enzymes. To
determine whether the suppression of NO and PGE, by
NJK14047 is associated with the modulation of iNOS and
COX-2, we analyzed their expression levels by performing
Western blotting of LPS-stimulated BV2 cells. Compared
with control cells, the exposure of BV2 cells to LPS for 24 h
led to the induction of iNOS and COX-2 expression (Fig. 2c,
d). NJK14047 pretreatment significantly suppressed LPS-
induced iNOS and COX-2 expression in BV2 cells (Fig. 2c,
d). These results indicate that the NJK14047-mediated
downregulation of NO and PGE, in LPS-treated BV2 cells
is due to the reduction in the expression levels of iNOS and
COX-2 enzymes.

NJK14047 Reduces the Expression
of Proinflammatory Cytokines in LPS-Stimulated
Microglia

Activated microglia are known to be a major source of
inflammatory cytokines, such as TNF-a, IL-1p and IL-6,
which can be upregulated and detected in various acute and
chronic inflammatory diseases [5]. Therefore, we exam-
ined the effect of NJK14047 on the expression levels of
proinflammatory cytokines in LPS-stimulated microglia.
The treatment of BV2 cells with LPS led to a remarkable
increase in TNF-a, IL-1p and IL-6 expression (Fig. 3a—c)
However, NJK14047 pretreatment reduced the expression
levels of TNF-a, IL-1f and IL-6 in LPS-induced BV2 micro-
glia in a dose-dependent manner (Fig. 3a—c). In a parallel
experiment, we analyzed the effects of NJK14047 on TNF-a,
IL-1pB and IL-6 production following LPS treatment. Cells
were pretreated with NJK14047 for 2 h and exposed to LPS
for an additional 22 h. TNF-a, IL-1p and IL-6 proteins
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Fig.2 NJK14047 attenuates NO and PGE, production in LPS-stimu-
lated BV2 microglia. a, b Effects of NJK14047 on the NO and PGE,
production in control and LPS-stimulated microglia. BV2 cells were
pretreated with different concentrations (0-20 pM) of NJK14047
and SB203580 for 2 h, then cells were treated with LPS (500 ng/
ml) for 22 h. Culture supernatants were collected and productions of
NO (a) and PGE, (b) were measured (n=4-6 per group). ¢, d Inhi-
bition of LPS-mediated iNOS and COX-2 expression by NJK14047.
BV2 cells were pretreated with different concentrations (0-20 uM)

significantly increased in the culture medium of LPS-stim-
ulated BV2 cells. However, pretreatment with NJK14047
resulted in a significant decrease in a concentration-depend-
ent manner (Fig. 3d—f). Collectively, these results suggest
that NJK14047 clearly suppresses LPS-triggered inflamma-
tory cascades. Given that sequential inflammatory cascades
are mainly involved with p38 MAPK activation, these results
are likely due to direct p38 MAPK inhibition by the novel
and selective p38 MAPK inhibitor [16].

NJK14047 Ameliorates LPS-Induced
Neuroinflammation in the Brain of Mice

To confirm whether NJK14047 could ameliorate neuroinflam-
mation in vivo, we used LPS-injected mice, a well-known neu-
roinflammation model showing microglial activation [28-30].
We orally administrated NJK14047 four days prior to the i.p.
injection of LPS (Fig. 4a). To examine microglial activation
induced by LPS, we first performed immunofluorescence anal-
ysis using Iba-1 antibody on sections taken 24 h after LPS

of NJK14047 for 2 h, then cells were treated with LPS (500 ng/ml)
for 22 h. The levels of iNOS and COX-2 were measured by immu-
noblotting. ¢ Representative immunoblotting of iNOS and COX-2 in
whole cell lysates. d Quantification of iNOS (n=3 per group) and
COX-2 levels (n=3-6 per group). All experiments were repeated in
three times independently. (P <0.01 and *¥ P <0.001 vs. control;
#P<0.05, **P<0.01 and ***P<0.001 vs. LPS; "P<0.05, P <0.01
and TP <0.001 vs. SB. All error bars indicate SEM)

injection. As expected, compared with control mice, % area
of Iba-1 positive cells was markedly increased in LPS-treated
mice. Compared with LPS injection, NJK14047 adminis-
tration dramatically reduced % area of Iba-1 positive cells
(Fig. 4b, c). In addition, immunoblotting analysis showed that
LPS injection markedly elevated iNOS and COX-2 expres-
sion levels in the cortex of mice. However, NJK14047 effec-
tively lowered these expression levels (Fig. 4d, e). In accord-
ance with these results, ELISA analysis also revealed that
NJK 14047 could attenuate TNF-a, IL-p and IL-6 cytokines in
the brain of LPS-injected mice model (Fig. 4f). Taken together,
these results suggest that treatment with NJK14047 suppress
microglial activation in the brains of mice, thereby reducing
neuroinflammation.
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Fig.3 NJK14047 reduces expression of pro-inflammatory cytokines
in LPS-stimulated microglia. Inhibitory effects of NJK14047 on
LPS-stimulated microglia. BV2 cells were pretreated with differ-
ent concentrations (0-20 pM) of NJK14047 for 2 h, then cells were
treated with LPS (500 ng/ml) for 22 h. Total mRNA was harvested
and mRNA levels of TNF-a (a), IL-1p (b) and IL-6 (c) were meas-

Discussion

In the present study, we showed for the first time that
NJK14047, a novel and selective p38 inhibitor, suppressed
microglial cell activation and reduced the secretion of pro-
inflammatory cytokines such as TNF-a, IL-1f and IL-6
through the inhibition of p38 MAPK activation in BV2
microglia. In addition, we confirmed the anti-inflammatory
effect of NJK14047 in an LPS-induced neuroinflammation
mouse model.

Although many researchers have attempted to develop
p38 MAPK inhibitors, their development for clinical use
remains challenging, partly due to kinase selectivity issues.
In an effort to develop novel and selective p38 MAPK inhib-
itors, we recently reported several novel biphenyl amides
and showed that some could significantly inhibit p38 MAPK
activities in an enzyme assay [23]. Among them, NJK14047
displayed potent and selective p38 MAPK inhibitory effects
on macrophages [16]. In the present study, we demonstrated
that NJK14047 has anti-inflammatory effects on LPS-stim-
ulated microglia and in an LPS-induced neuroinflammation
mouse model, which were the result of the downregulation
of p38 MAPK phosphorylation.
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ured by gqRT-PCR (n=4-6 per group). GAPDH was used as an inter-
nal control. Protein levels of TNF-a (d), IL-1f (e) and IL-6 (f) were
determined in the medium (n=5-6 per group). All experiments were
repeated in three times independently. (*P <0.01 and #*P <0.001 vs.
control; *P<0.05, **P<0.01 and ***P<0.001 vs. LPS; All error
bars indicate SEM)

NO and PGE, are key inflammatory and neurotoxic medi-
ators released from activated microglia [31, 32]. The over-
production of these mediators may contribute to the patho-
genesis of neurodegenerative diseases. In vivo and in vitro
studies have shown that the enhanced production of NO and
PGE, due to increased iNOS and COX-2 expression, respec-
tively, contribute to CNS diseases [31, 33]. We showed that
NJK14047 could inhibit the production of NO and PGE, in
LPS-stimulated microglia. Moreover, NJK14047 had more
potency in NO inhibition than SB203580, one of representa-
tive p38 MAPK inhibitors. We confirmed in vitro and in vivo
that these inhibitory effects of NJK14047 were due to the
suppression of iNOS and COX-2 expression. Thus, these
results indicate the anti-inflammatory effects of NJK14047
and suggest that NJK14047 can be utilized for reducing neu-
roinflammation in various CNS diseases.

Neuroinflammation is further mediated by the secretion
of proinflammatory cytokines such as TNF-a, IL-1f and
IL-6 derived from microglia. These cytokines are associ-
ated with worse final outcomes from brain injury [34]. In
the present study, we demonstrated the ability of NJK14047
to reduce the expression of TNF-a, IL-1p and IL-6 in LPS-
treated microglia. The anti-neuroinflammatory effects of
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Fig.4 NJK14047 reduces LPS-induced neuroinflammation in the
brain of mice. a Experiment protocol. Mice were pretreated with
NJK14047 at 5 mg/kg once daily for 4 consecutive days. LPS was
injected at 5 mg/kg on the fourth day. Analysis was done at 24 h
after LPS injection. Representative image (b) and quantification (c)
of Iba-1 in the cortex of LPS-induced neuroinflammation mice model
(four cortex areas per section and four sections per mouse; n=3—4
per each group; Scale bar =50 pm). d, e Inhibition of LPS-medi-

NJK14047 we confirmed in the mouse experiments might
suggest that the compound can penetrate the blood—brain
barrier (BBB). Because NJK 14047 is a small molecule with
a low molecular weight (MW =445.515) and has appropriate
physicochemical properties including lipophilicity (cLogP:
3.12), it might be expected to cross the BBB and penetrate
the CNS even though it has a slightly polar diol moiety.
Similarly, fingolimod (Gilenya®, Novartis), a sphingosine-
1-phosphate receptor modulator possessing a propane diol
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ated iNOS and COX-2 expression by NJK14047 in the mice brains.
d Representative immunoblotting of iNOS and COX-2 in samples
derived from mice brains. e Quantification of iNOS and COX-2 levels
(n=3-4 per group). f Cytokine levels of TNF-a, IL-1p and IL-6 were
assessed by ELISA. Brains were excised 6 h after LPS injection and
proteins from the cortexes were used for ELISA. (n=3—4 per group)
(*P<0.05 and #*P <0.001 vs. control; *P<0.05 and **P <0.01 vs.
LPS; All error bars indicate SEM)

moiety, has been shown to cross the BBB and attenuate mul-
tiple sclerosis, which suggests that other diol compounds
might do so as well. Taken together, our results showing
the NJK14047-mediated inhibition of proinflammatory
cytokines further support the possible use of NJK14047 as
an anti-inflammatory agent.

In conclusion, our observations demonstrate the anti-
inflammatory effects of NJK14047 in LPS-induced neu-
roinflammation. NJK14047 mitigated LPS-induced
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inflammatory mediators in activated microglia, which was
associated with a downregulation of the p38 MAPK path-
way. Moreover, the increased proinflammatory cytokine pro-
ductions from LPS-stimulated microglia were diminished by
NJK14047. One of the limitations of this study is that tech-
nically we showed a protective effect of NJK14047 against
LPS-induced neuroinflammation. Because NJK14047
treatment was followed by LPS-stimulus. Another limita-
tion is that there were differences in inflammatory condi-
tions between our experimental models and human patients.
Therefore, the anti-inflammatory effect of NJK14047 against
existing neuroinflammation and the question whether similar
effects by NJK14047 occur in human remains to be explored.
From a translational perspective, our results suggest that
NJK 14047 is an anti-inflammatory agent that can be used to
ameliorate microglia-mediated neuroinflammatory disease.
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