@'PLOS ‘ ONE

OPEN 8 ACCESS Freely available online

Anti-Inflammatory Effects of a-Galactosylceramide
Analogs in Activated Microglia: Involvement of the p38
MAPK Signaling Pathway

Yeon-Hui Jeong'®, Yongju Kim?®°, Heebum Song®®, Young Sun Chung?, Seung Bum Park***, Hee-
Sun Kim'*

1 Department of Molecular Medicine and Global Top5 Research Program, Tissue Injury Defense Research Center, Ewha Womans University Medical School, Seoul, Republic
of Korea, 2 Department of Chemistry, Seoul National University, Seoul, Republic of Korea, 3 Department of Counseling Psychology, Korea Soongsil Cyber University, Seoul,
Republic of Korea, 4 Department of Biophysics and Chemical Biology/Bio-MAX Institute, Seoul National University, Seoul, Republic of Korea

Abstract

Microglial activation plays a pivotal role in the development and progression of neurodegenerative diseases. Thus, anti-
inflammatory agents that control microglial activation can serve as potential therapeutic agents for neurodegenerative
diseases. Here, we designed and synthesized a-galactosylceramide (a-GalCer) analogs to exert anti-inflammatory effects in
activated microglia. We performed biological evaluations of 25 a-GalCer analogs and observed an interesting preliminary
structure-activity relationship in their inhibitory influence on NO release and TNF-a production in LPS-stimulated BV2
microglial cells. After identification of 4d and 4e as hit compounds, we further investigated the underlying mechanism of
their anti-inflammatory effects using RT-PCR analysis. We confirmed that 4d and 4e regulate the expression of iNOS, COX-2,
IL-1B, and IL-6 at the mRNA level and the expression of TNF-a at the post-transcriptional level. In addition, both 4d and 4e
inhibited LPS-induced DNA binding activities of NF-kB and AP-1 and phosphorylation of p38 MAPK without affecting other
MAP kinases. When we examined the anti-inflammatory effect of a p38 MAPK-specific inhibitor, SB203580, on microglial
activation, we observed an identical inhibitory pattern as that of 4d and 4e, not only on NO and TNF-a production but also
on the DNA binding activities of NF-kB and AP-1. Taken together, these results suggest that p38 MAPK plays an important
role in the anti-inflammatory effects of 4d and 4e via the modulation of NF-kB and AP-1 activities.
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a-Galactosylceramide (0-GalCer), a bioactive glycolipid derived
from a marine sponge, has therapeutic potential for autoimmune
diseases, cancer, and microbial infections [10,11]. a-GalCer binds
to CD1d on antigen-presenting cells (APCs), and the resulting o-
GalCer-CD1d complex stimulates the semi-invariant T-cell
receptor (TCR) of invariant natural killer T iINKT) cells, leading
to the production of signaling molecules called cytokines that
mitiate cellular communication. These cytokines subsequently
activate other immune cells such as neutrophils, dendritic cells,
and macrophages, thereby further modulating immune responses
[12-14]. The ability of a-GalCer to control autoimmunity has
been demonstrated in experimental models of type I diabetes,
experimental allergic encephalomyelitis, arthritis, and systemic
lupus erythematosus [15-18]. Polarization of immune response

Introduction

As resident immune cells in the central nervous system,
microglia move constantly across brain parenchyma and constitute
an immune surveillance system. In the healthy brain, microglia
mnteract and exchange molecular signals with surrounding
neuronal and non-neuronal cells [1]. In addition, microglia are
involved in the clearance of damaged neurons by phagocytosis and
induce neuronal recovery. However, over-activation or persistent
activation of microglia leads to neuronal death, which is associated
with neurodegenerative diseases such as Parkinson’s disease,
Alzheimer’s disease, and multiple sclerosis [2—4]. Recent studies
report that systemic inflaimmation also plays a role in the
progression of neurodegenerative diseases by inducing microglial

activation [5-7]. Thus, the development of novel small molecules toward T helper 2 (Ty32) cytokines has been suggested to play a

that can specifically modulate microglial activation has been
proposed as one potential strategy for treating or preventing
neurodegenerative diseases [8,9].
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crucial role in the protection and treatment of autoimmune disease

[10,16,18].
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Despite the immunomodulatory activities of a-GalCer in some
pathological conditions, the role of a-GalCer in brain inflamma-
tion has not been examined. In the present study, we designed and
synthesized 25 o-GalCer analogs in a systematic fashion and
examined their effects in activated microglia. Based on a series of
biological evaluations, we identified 4d and 4e as novel a-GalCer
analogs that significantly inhibited the release of nitric oxide (NO)
and the cellular production of tumor necrosis factor (ITNF)-o in
lipopolysaccharide (LPS)-stimulated microglial cells. An investiga-
tion of molecular mechanisms showed that the anti-inflammatory
effects of these a-GalCer analogs might be caused by the specific
modulation of p38 MAPK-NF-kB/AP-1 signaling pathways.
Interestingly, we observed no inhibitory activity in microglia upon
treatment with KRN7000, a representative a-GalCer, probably
due to its simultaneous stimulation of both pro- and ant-
inflammatory cytokines [19,20]. We further confirmed that 4d
and 4e inhibited LPS-induced the DNA binding activities of NF-
kB and AP-1 and the phosphorylation of p38 MAPK without
affecting other MAP kinases. Therefore, the specific inhibition of
microglial activation by a-GalCer analogs such as 4d and 4e may
potentially serve as a therapy for neurodegenerative diseases.

Materials and Methods

1. Synthesis and characterization of a-GalCer analogs
All reactions for the synthesis of o-GalCer analogs were
performed either in oven-dried glassware or a microwave vessel
under dry argon atmosphere. Microwave reactions were per-
formed using CEM Discovery Benchmate. Each product was
purified by flash column chromatography on silica gel (230400
mesh). '"H and '?C NMR spectra of all new compounds were
obtained using a 500 MHz or 300 MHz NMR spectrophotom-
eter. Mass analyses were performed using a LC/MS system with
electron spray ionization (ESI) or atmospheric pressure chemical
ionization (APCI). High resolution mass analyses were conducted
using a mass spectrometer with fast atomic bombardment (FAB)
ionization via direct injection at the Mass Spectrometry Labora-
tory of Seoul National University (see Supporting Information S1).

2. Reagents

Toluene and tetrahydrofuran (THF) were dried by distillation
from sodium-benzophenone immediately prior to use. Dicholor-
methane (DCM) was dried by distillation from CaH,. Other
solvents and organic reagents were purchased from commercial
venders and used without further purification unless otherwise
mentioned. All reagents used for cell culture were purchased from
Gibco BRL (Grand Island, NY, USA). LPS was obtained from
Sigma-Aldrich (St. Louis, MO, USA). All reagents and enzymes
for RT-PCR were purchased from Promega (Madison, WI, USA).
Antibodies against phospho-/total forms of MAP kinases were
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purchased from Cell Signaling Technology (Beverley, MA, USA).
Synthesized a-GalCer analogs were dissolved in dimethyl sulfoxide
(DMSO) and added to cells at less than 0.3% (v/v) final

concentration to avoid effects on cell viability.

3. Microglial cell culture and cell viability test
Immortalized murine BV2 microglial cells [21] were grown and
maintained in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum (FBS),
streptomycin (10 pg/ml), and penicillin (10 U/ml) at 37°C. In
general, BV2 cells were stimulated with LPS (100 ng/ml) under
DMEM containing 10% FBS and antibiotics, and o-GalCer
analogs were added 1 h prior to LPS treatment. Cell viability was
determined by M'TT reduction assay as previously described [22].

4. Measurement of nitric oxide (NO), TNF-a, and
intracellular reactive oxygen species (ROS) levels

Microglial cells (1x10° cells per well in a 24-well plate) were
pre-treated with a-GalCer analogs for 1 h and stimulated with
LPS (100 ng/ml) for 16 h. The supernatants of the cultured
microglia were then collected, and accumulated nitrite was
measured using Griess reagent (Promega). The concentration of
TNF-o in the supernatants was measured by ELISA using
procedures recommended by the supplier (BD Biosciences, San
Jose, CA, USA). Intracellular accumulation of ROS was measured
with HoDCF-DA (Sigma-Aldrich) by modifying previously report-
ed methods [23]. In brief, microglial cells were stimulated with
LPS for 16 h and stained with 20 pM H,DCF-DA in HBSS buffer
for 1 h at 37°C. DCF fluorescence intensity was measured at 485-
nm excitation and 535-nm emission using a fluorescence plate
reader (Molecular Devices, CA).

5. Real-time PCR analysis

BV2 cells (7.5x10° cells in a 6-well plate) were treated with LPS
for 6 h in the presence or absence of 4d or 4e, and total RNA was
extracted with TRI reagent (Invitrogen Corporation, Carlsbad,
CA, USA). Total RNA (1 pg) was reverse-transcribed in a reaction
mixture containing 1 U RNase inhibitor, 500 ng random primers,
3 mM MgCly, 0.5 mM dNTP, and 10 U reverse transcriptase
(Promega). Aliquots of diluted cDNA (1:10) were amplified with
SYBR® Green PCR Master Mix (Applied Biosystems, Foster City,
CA, USA) in a final volume of 20 pl. PCR was performed in an
ABI Prism 7000 sequence detector (Applied Biosystems). PCR
cycles consisted of initial denaturation at 95°C for 5 min, followed
by 40 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 45 s.
Clycling threshold (Ct) values of genes were normalized to the Ct
values of GAPDH, and the relative expression level was calculated
with the 9(Ct test gene = GUGAPDH) "primers used for real-time PCR

reactions are specified in Table 1.

Table 1. DNA sequences of primers used in real-time PCR reactions, and expected product sizes.

Forward Primer (5'—3’) Reverse Primer (5'—3’) Size
iNOS CAGCTGGGCTGTACAAACCTT CATTGGAAGTGAAGCGTTTCG 95 bp
TNF-o CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC 175 bp
COX-2 CCTGCTGCCCGACACCTTCA AGCAACCCGGCCAGCAATCT 139 bp
IL-1B CAACCAACAAGTGATATTCTCCATG GATCCACACTCTCCAGCTGCA 152 bp
IL-6 ACAACCACGGCCTTCCCTACTT CACGATTTCCCAGAGAACATGTG 129 bp
GAPDH TTCACCACCATGGAGAAGGC GGCATGGACTGTGGTCATGA 236 bp

doi:10.1371/journal.pone.0087030.t001
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Figure 1. Chemical structures of bioactive a-GalCer derivatives and newly designed a-GalCer analogs.

doi:10.1371/journal.pone.0087030.g001

6. Electrophoretic mobility shift assay (EMSA)

Nuclear extracts from treated microglia were prepared as
previously described [24]. DNA oligomers containing consensus
sequences of NIF-kB or AP-1 were end-labeled using T4
polynucleotide kinase (New England Biolabs, Beverly, MA,
USA) in the presence of [y-"*P] ATP. Nuclear proteins (5 ug)
were incubated with *?P-labled probes on ice for 30 min, resolved
on a 5% polyacrylamide gel, and visualized by autoradiography.

7. Western blot analysis

Cells were appropriately treated, and total cell lysates were
prepared as previously described [24]. Proteins (20-100 pg) were
heated with 4x SDS sample buffer, separated by SDS-PAGE gel
electrophoresis, and transferred to nitrocellulose membranes. After
blocking, membranes were incubated with primary antibodies
(1:1000) followed by horseradish peroxidase-conjugated secondary
antibodies (1:2000 dilution in TBST; Amersham, Piscataway, NJ,
USA). The resulting blots were developed using an enhanced
chemiluminescence detection kit (Amersham).
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Figure 2. Chemical structures of newly designed a-GalCer analogs.

doi:10.1371/journal.pone.0087030.g002
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Figure 3. Synthetic scheme of key intermediates with late-stage diversification of the sphingosine backbone.

doi:10.1371/journal.pone.0087030.g003

8. Statistical analysis

Unless otherwise stated, all experiments were performed with
triplicate samples and repeated at least three times. Data are
presented as mean = S.E.M., and statistical comparisons between
groups were performed using Mann-Whitney U tests. A P
value<<0.05 was considered statistically significant.

Results

1. Synthesis of a-galactosylceramide analogs

Although KRN7000, a representative glycolipid of the o-
GalCer family, is an excellent immunostimulatory compound, it
has limited i vivo efficacy due to dual agonist effects on Tyl and
Ty2 cytokines. Therefore, we studied the systematic structural
modification of a-GalCer to selectively polarize either the Tyl or
T2 immune response. For example, we recently described a
series of o-GalCer analogs containing heterocyclic and phenyl
moieties in the sphingosine backbone and found that treatment
with a Ty2-biased a-GalCer analog selectively stimulates the
secretion of anti-inflammatory cytokines in iNKT cells (Figure 1)
[25,26]. With this selective Ty2-biased a-GalCer analog in hand,
we envisioned the development of new o-GalCer-based anti-
inflammatory agents that control microglial activation as a
potential therapy for neurodegenerative diseases. Therefore, we
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designed a new series of anti-inflammatory o-GalCer analogs with
systematic changes in acyl chain and sphingosine backbone
regions.

As shown in Figure 2, modifications in the acyl chain of a-
GalCer contained four different carboxylic acids, including
Cy;H5,COoH (1, from KRN7000), Co3Hu;CO.H (2, from
OCH, a known selective T2 stimulator), octanoic acid (3, from
Ty2 selective glycolipid) [27], and 6-phenylhexanoic acid (4, from
fatty acyl chain analogs with terminal phenyl group) [28]. Analogs
containing 1,2,3-triazole, an isostere of amide bonds, had an
identical acyl chain length as KRN7000 (5). In consideration of
the biological activities of KRN7000, a representative immuno-
modulatory compound, we maintained the length of the sphingo-
sine backbone of newly designed o-GalCer analogs as a 14-
carbon-equivalent chain (a, c—e), similar to that of KRN7000. We
also designed a different type of analog containing a 5-carbon-
equivalent chain (b), which is similar to the sphigosine backbone of
OCH.

)[?-}section_four]>

Unlike our previous report [25], we aimed to introduce various
alkyl moieties in the sphingosine backbone at the late stage of
synthesis via simple N-alkylation of pyrazole. The key intermediate
13 can be prepared from commercially available D-galactal in
eight steps with a 12% overall yield (Figure 3). Diversification of
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Figure 4. Synthetic scheme of final modifications of the acyl chain resulting in 25 unique a-GalCer analogs.

doi:10.1371/journal.pone.0087030.9g004

the sphingosine backbone of key intermediate 13 was done
through a substitution reaction of pyrazole nitrogen with five
different kinds of alkyl halides in the presence of CsCOsj. For
example, N-alkylation of pyrazole on 13 with 1-bromoundecane
or l-bromoethane yielded compounds 14a or 14b, whose
structure was designed to keep backbone length similar to
KRN7000 or OCH, respectively. N-alkylation of 13 with 4-n-
hexylbenzylbromide led to compound 14c¢ containing a phenyl
group as well as pyrazole in its sphingosine backbone, originated
from our Ty2-biased a-GalCer analog [25]. The subsequent
migration of the phenyl group in the sphingosine backbone yielded
compounds 14d and 14e.

After systematic introduction of five unique sphingosine
backbones in 14a—e, we further diversified their acyl chains via
a coupling reaction with various carboxylic acids after Staudinger

reduction of the azide group or 1,3-dipolar cycloaddition of an
azide group with a terminal alkyne (Figure 4). The EDCI-
mediated amide coupling with either cerotic acid or lignoceric acid
followed by global deprotection of six benzyl groups via catalytic
hydrogenation in the presence of Pd(OH),/C allowed the
preparation of la—e or 2a—e as a-GalCer analogs with acyl
chains of KRN7000 or OCH, respectively. Compounds 3a-—e
were prepared by amide coupling with octanoic acid as a-GalCer
analogs containing a short eight-carbon acyl chain. For com-
pounds 4a—e, the acyl chain region contains a 10-carbon-
equivalent acyl chain with a terminal phenyl moiety for additional
non-covalent interactions. As an isostere of amide bonds, triazole
moiety was introduced via copper-mediated click reaction of the
azide group in 14a—e with hexacos-1-yne at the acyl chain
position to yield compounds 3a—e. Compound 1e is our reported
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2Values are % inhibition (mean +S.E.M.) of NO/ROS/TNF-a production compared to LPS-activated BV2 microglial cells at 5 uM each analog, obtained from three independent experiments.

Color code for hit compounds identified once among the top five highest inhibitors of the production of NO, ROS, or TNF-0.
- Color code for hit compounds identified at least twice among the top five highest inhibitors of the production of NO, ROS, or TNF-0l

Figure 5. Inhibitory effect of a-GalCer analogs on NO/ROS/TNF-a production in LPS-stimulated microglial cells.?
doi:10.1371/journal.pone.0087030.g005
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microglial cells. Cells were incubated for 16 h with LPS in the absence
or presence of o-GalCer analogs 4d and 4e (5-10 uM), and the
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production. Bars indicate the mean = S.E.M. of three independent
experiments. *P<<0.05; significantly different from LPS-treated microglial
cells.

doi:10.1371/journal.pone.0087030.9g006

Ty2-selective a-GalCer analog [25], and the systematic diversi-
fication of this compound provided a collection of 25 a-GalCer
analogs (la—5e) as a focused library to identify novel anti-
inflammatory agents for the treatment of neurodegenerative
diseases.

2. Effect of a-GalCer analogs on NO, ROS, and TNF-a
production in LPS-stimulated microglia

To investigate the anti-inflammatory effects of systematically
designed a-GalCer analogs in microglial activation, BV2 cells were
treated with compounds 1 h prior to stimulation with LPS, and
the inhibitory effects of each a-GalCer analog on LPS-induced
production of NO, ROS, and TNF-a were examined. As shown in
Figure 5, we measured the percent inhibition of NO, ROS, and
TNF-o production upon treatment with 25 a-GalCer analogs at
5 uM concentration. It is worth mentioning that known o-GalCer
that are known to be bioactive in iINKT cells showed no or
marginal inhibitory effects on LPS-stimulated microglia. For
example, KRN7000, a representative o-GalCer, showed an
inhibitory effect only on ROS production (24.4% inhibition) but
no effect on the production of NO (3.9% inhibition) or TNF-a
(1.5% inhibition). In the case of OCH, a known immunomodu-
latory a-GalCer in iNKT cells, we observed increased production
of NO (15.1%) and only slight inhibitory effects on the production
of ROS (12.5% inhibition) and TNF-o (13.6% inhibition). When
we tested our Ty2-selective a-GalCer analog 1c [25], there were
marginal inhibitory activities in LPS-induced microglial cells.

PLOS ONE | www.plosone.org

Anti-Inflammatory Effect of Ceramides in Microglia

c iNOS c TNF-a
s §"
=1 N =
%] (2]
210 * 210
£ £
T 5 B 5r
(=} o
' 0 ('S 0
5 cep 6
5 S *
2 g :
£ T4t
5 £
2 3
w9

Fold induction

B 120

-

o

o
1

o]
o
1

D
o
Ll

—e— LPS
- —&— LPS+4d
LPS+4e
1 1 1 1
0 15 30 60

Act D treatment (min)

TNF-a/GAPDH mRNA
(% of t=0)
S 3
I

o

Figure 7. Effects of 4d and 4e on mRNA expressions of
proinflammatory molecules in LPS-stimulated BV2 microglial
cells. (A) Effect of 4d and 4e on mRNA expression of iNOS, COX-2 and
pro-inflammatory cytokines in LPS-stimulated BV2 cells. Cell were pre-
treated with 4d or 4e (5 uM) for 1 h prior to LPS stimulation. Total RNA
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a, IL-1B, IL-6 and COX-2 were measured by quantitative real-time PCR.
The gene expression was normalized by GAPDH expression. Data are
represented as mean * S.E.M. of three independent experiments.
*P<0.05; significantly different from LPS-treated cells. (B) BV2 cells were
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0 min, 15 min, 30 min, and 1 h, cells were harvested and TNF-oo mRNA
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doi:10.1371/journal.pone.0087030.9g007

To identify the best candidate for further i witro study, we
analyzed individual inhibition activities via sorting the most
effective inhibitors in three independent assays. Anti-inflammatory
compounds identified more than twice among the top five
inhibitors of NO, ROS, or TNF-a production are highlighted in
Figure 5 as dark orange, and compounds identified once among
the top five inhibitors are highlighted in pale orange. This color
code-based analysis revealed somewhat interesting patterns in
structure-activity relationships of a-GalCer analogs in their
inhibitory activity on NO, ROS, and TNF-a production. For
instance, JN-modifications of the pyrazole moiety with phenyl-
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Figure 8. Inhibitory effects of 4d and 4e on NO and TNF-o production in LTA- or Poly I:C-stimulated BV2 microglial cells. Cells were
incubated for 16 h with LTA (10 ug/mL) (A) or Poly I:C (10 ug/mL) (B) in the absence or presence of a-GalCer analogs 4d and 4e (5 uM), and the
amounts of released NO and TNF-o. were measured in supernatants. Treatment with o-GalCer analogs alone did not affect NO or TNF-o production.

Bars indicate the mean = S.E.M. of three independent experiments. *P<<0.05; significantly different from stimulated microglial cells.

doi:10.1371/journal.pone.0087030.g008

containing alkyl chains in the sphingosine backbone (c, d, and e)
showed general anti-inflammatory activity. In addition, a-GalCer
analogs containing relatively short acyl chains (3 and 4) showed
significant inhibitory activity on NO, ROS, and TNF-a release in
LPS-induced BV2 microglial cells. In the case of a-GalCer analogs
(5) containing triazole—an isostere of amide bonds—in acyl
chains, we observed slight inhibitory activity on cellular produc-
tion of NO, ROS, and TNF-a. Among the 25 a-GalCer analogs,
4d and 4e, which have relatively short acyl chains containing
terminal phenyl rings and sphingosine backbones containing
pyrazole and phenyl rings, showed the best efficacy in terms of
percent inhibition of NO, ROS, and TNF-a production in
LPS-induced microglia. We also confirmed the dose-dependent
mnhibition of 4d and 4e on NO and TNF-a production (Figure 6)
and determined ICj5q values; in the case of 4d, IC5gs for NO and
TNF-a release were 13.8 and 9.1 uM, respectively, and in case of
4e, 1C50s for NO and TNF-a release were 10.2 and 6.3 uM. To
exclude the possibility that the decrease in NO and cytokine levels
was simply due to cell death, we assessed cell viability at various
concentrations of 4d and 4e. MT'T assay showed that 4d and 4e
were not cytotoxic at concentrations up to 10 uM (data not
shown). Furthermore, DMSO (up to 0.3%) did not affect NO,
TNF-o, ROS production in LPS-stimulated BV2 cells, which
confirmed that the cellular inhibitory activity is caused by the
treatment of 4d and 4e, not due to DMSO (data not shown).
Therefore, we further investigated the anti-inflammatory mecha-
nism of 4d and 4e in activated microglia.

3. Compounds 4d and 4e suppressed mRNA expression
of iNOS, COX-2, and pro-inflammatory cytokines in LPS-
stimulated BV2 microglia

We examined the inhibitory effects of 4d and 4e on the mRNA
expression of pro-inflammatory molecules such as iNOS, COX-2,
and cytokines. Real-time PCR analysis showed that both 4d and
4e (5 uM) significantly inhibited the mRNA expression of iNOS,
COX-2, IL-1B, and IL-6 in LPS-stimulated BV2 microglial cells

PLOS ONE | www.plosone.org

(Figure 7A). On the other hand, mRNA level of TNF-o was not
altered by treatment with either 4d or 4e. These results suggest
that 4d and 4e regulate the expression of pro-inflammatory
cytokines such as iNOS, COX-2, IL-1B, and IL-6 at the mRNA
level, whereas they do not affect mRNA expression of TNI-o.
Therefore, we hypothesized that 4d and 4e influence TINF-o at
the post-transcriptional level. To address this possibility, we
measured the disappearance of TNF-oo mRNA after blocking new
transcription with actinomycin D. Real-time PCR analysis showed
that 4d/4e induced more rapid degradation of TNF-o0 mRNA
compared with vehicle-treated groups, which supports our
hypothesis that 4d and 4e regulate TNF-oo at the post-
transcriptional level (Figure 7B).

To demonstrate that anti-inflammatory effects of 4d and 4e are
not confined to LPS stimulation, we examined the inhibitory effect
of 4d and 4e in other agonist-stimulated conditions. As shown in
Figure 8A and 8B, NO release and TNF-a production in
lipoteichoic acid (LTA, TLR2 agonist)- [29,30] or Polyl:C
(TLR3 agonist)-stimulated BV2 cells [31,32] were also inhibited
upon treatment with 4d and 4e, confirming that 4d and 4e exert
anti-inflammatory effects in microglia under various inflammatory
conditions.

4. Inhibitory effects of 4d and 4e on MAP kinases and NF-
kB/AP-1, which are upstream signaling molecules in
microglial activation

To analyze the molecular mechanism underlying the anti-
inflammatory effects of 4d and 4e, we further examined their
inhibitory effect on phosphorylation of MAP kinases, which are
upstream signaling molecules in inflammatory responses. Western
blot analysis revealed that 4d and 4e markedly inhibited LPS-
induced p38 MAPK phosphorylation. However, 4d and 4e did
not affect phosphorylation of ERK or JNK (Figure 9A). In
addition, 4d and 4e inhibited the DNA binding activities of NT-
kB and AP-1, which are key transcription factors for inflammatory
gene expression in microglial cells (Figure 9B). To confirm an
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Figure 9. Effects of 4d and 4e on three types of MAP kinases and NF-kB/AP-1. (A) Cell extracts were prepared from BV2 microglial cells
treated with LPS for 30 min in the absence or presence of 4d or 4e (5 uM) and then subjected to immunoblot analysis using antibodies against
phospho- or total forms of three MAP kinases. Quantification of western blot data (right panel). Levels of the active forms of MAPKs were normalized
to total forms and are expressed as fold changes versus untreated control samples, which were arbitrarily set to 1.0. Bars indicate mean = S.E.M. of
three independent experiments. *P<<0.05; significantly different from LPS-treated cells. (B) EMSA was performed using nuclear extracts isolated from
BV2 microglial cells treated with 4d or 4e in the presence of LPS for 3 h. Images are representative of at least three independent experiments. ‘F’
indicates free probe.

doi:10.1371/journal.pone.0087030.g009

involvement of the p38 pathway in the anti-inflammatory effects of Discussion
4d and 4e, we examined the effect of a p38 MAPK-specific
mhibitor, SB203580, on microglial activation. As shown in £ ] ! |
Figure 10A, SB203580, like 4d and 4e, significantly inhibited effect of systematically designed o-GalCer analogs in activated
NO and TNF-o production in LPS-stimulated microglia. microglia. The anti-inflammatory activities of a-GalCer in brain
Furthermore, identical to 4d and 4e, SB203580 inhibited the ~ inflammation have not been previously explored. After the
DNA binding activities of NF-kB and AP-1 (Figure 10B). Thus, construction of a-GalCer analogs via systematic diversification of
these data collectively suggest that p38 MAPK plays a key role in acy_l Fl}ains a'nd sphingosine backbones, we tested their inhibit(?ry
the anti-inflammatory effects of 4d and 4e via the modulation of ~ actvities agamnst the production of NO, ROS, and TNF-0, which
NF-kB and AP-1 activities. are key neurotoxic and pro-inflammatory molecules produced in

activated microglia. Surprisingly, o-GalCer analogs KRN7000

In the present study, we demonstrated the anti-inflammatory

PLOS ONE | www.plosone.org 8 February 2014 | Volume 9 | Issue 2 | 87030



>
w

Anti-Inflammatory Effect of Ceramides in Microglia

100 +LPS +LPS
— —
s SB () () 10 20 (M) SB () () 10 20 (uM)
=2
2
- <€ NF-kB e - e | € AP
- -
2500
E 2000
2 1500
E 1000
e o @i oo
Z 500 “F «F
0
SB () () 10 20 (uMm)
I
+LPS

Figure 10. The p38 MAPK-specific inhibitor SB203580 inhibited
activities. (A) BV2 cells were treated with LPS for 16 h in the absence or

NO and TNF-a production by suppressing NF-kB and AP-1
presence of SB203580, and released NO and TNF-o. were measured as

previously described. Bars indicate the mean = S.E.M. of three independent experiments. *P<<0.05; significantly different from LPS-treated cells. SB

indicates SB203580. (B) Effect of SB203580 on LPS-induced NF-kB and AP-1
doi:10.1371/journal.pone.0087030.g010

and OCH, which are known to be bioactive in iNKT cells, showed
no or marginal effects on LPS-stimulated microglia. Among five
different sphingosine backbone structures of our a-GalCer analogs,
an additional phenyl moiety resulted in the largest enhancement of
inhibitory activity toward NO, ROS, and TNF-a production.
Relatively short acyl chains also enhanced anti-inflammatory
activity. In particular, 4d and 4e, with a terminal phenyl group
in their acyl chains, prominently suppressed the production of pro-
inflammatory molecules in a dose-dependent manner.

On the basis of molecular mechanistic analysis, we demonstrat-
ed that the p38 MAPK signaling pathway is largely involved in
4d/4e-mediated anti-inflammatory effects in LPS-stimulated
microglia. p38, one of the members of the MAPK family, plays
an important role in a variety of biological systems [33]. In
particular, p38 MAPK regulates inflammatory conditions in the
central nervous system via modulating the activities of various
transcription factors [34,35], and inhibition of p38 blocks the
vitro and i viwo production of IL-4, IL-10, TNF-o, and other
cytokines [36,37]. In the present study, we found that 4d and 4e
modulate TNF-o at the post-transcriptional level, which may be
related to p38 MAPK inhibition by 4d/4e because p38 MAPK is
known to be involved in post-transcriptional regulation of TNF-o
[38]. The TNF-o0 mRNA contains AU-rich regions in the 3'UTR
that are normally occupied by AU-binding proteins. Under
normal conditions, this leads to a blockade of translation and
rapid turnover of transcripts. Following activation of p38 MAPK,
these AU-binding proteins are phosphorylated, resulting in their
release from AU-rich regions and allowing translation and
secretion of TNF-a [39,40]. Thus, inhibitors of p38 MAPK may
target these events and inhibit translation of TINF-o.. Therefore,
4d/4e-mediated post-transcriptional control of TNF-oo may be
closely related with their inhibitory effect on p38. Collectively, our
results suggest that the specific inhibition of p38 activity by 4d and
4e may have therapeutic benefits for neuroinflammatory disorders
such as trauma, stroke, and multiple sclerosis [37,41].
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DNA binding activities.

We recently demonstrated that cell-permeable short chain C2
ceramide exerts anti-inflammatory effects partly by interfering
with the interaction of LPS and TLR-4 on cell surfaces [42]. LPS,
a constituent of gram negative bacteria, binds to TLR4 and evokes
intracellular inflammatory signaling cascades, including IL-1
receptor-associated kinase, IKK/NF-kB, and MAPK activation
[43]. Based on the fact that the lipid A chain, the biologically
active core of LPS, is structurally similar to ceramide, the agonistic
or antagonistic influence of ceramide on TLR4 has been suggested
[44,45]. We have also described a series of o-GalCer analogs
containing heterocyclic and phenyl moieties in the sphingosine
backbone and demonstrated that treatment with a Ty2-biased o-
GalCer analog selectively stimulates the secretion of anti-
inflammatory cytokines in iINK'T cells [25,26]. Therefore, it is
possible that a-GalCer 4d and 4e may exert anti-inflammatory
effects in stimulated microglia in part by interfering with the
binding of LPS to TLR4 or by affecting other membranous or
intracellular components after intercalating into membrane or
cells. Further studies are necessary to investigate the detailed
mechanism underlying the effect of a-GalCer analogs 4d and 4e.
To address whether the anti-inflammatory effects of a-GalCer
analogs are confined to microglia, we tested the effect of 4d and
4e in the Raw264.7 murine macrophage cell line. We observed
that 4d and 4e suppressed NO production in LPS-stimulated
Raw264.7 cells (unpublished data). However, they did not affect
TNF-a release. The data suggest that the effects of 4d/4e are
somewhat different between cell types.

In conclusion, we report, for the first time, the anti-inflamma-
tory effects of a novel series of a-GalCer analogs in activated
microglia under various inflammatory conditions. Our study of
molecular mechanisms revealed that a-GalCer analogs 4d and 4e
inhibited the phosphorylation of p38 MAPK and the DNA
binding activities of NIF-xB and AP-1. Because microglial
activation plays an important role in neurodegenerative diseases,
the selective suppression of microglial activation by o-GalCer
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analogs 4d and 4e may have therapeutic potential for neuroin-
flammatory disorders.

Supporting Information

Supporting Information S1 Synthetic procedure and
spectroscopic data of all new compounds.
(PDE)

References

1.

Tremblay ME, Stevens B, Sierra A, Wake H, Bessis A, et al. (2011) The role of
microglia in the healthy brain. J Neurosci 31: 16064-16069.

. Glass CK, Saijo K, Winner B, Marchetto MC, Gage FH (2010) Mechanisms

underlying inflammation in neurodegeneration. Cell 140: 918-934.

. Block ML, Zecca L, Hong JS (2007) Microglia-mediated neurotoxicity:

uncovering the molecular mechanisms. Nat Rev Neurosci 8: 57-69.
Graeber MB, Streit W] (2010) Microglia: biology and pathology. Acta
Neuropathol 119: 89-105.

. Cunningham C (2013) Microglia and Neurodegeneration: The role of systemic

inflammation. Glia 61: 71-90.

. Cunningham C, Campion S, Lunnon K, Murray CL, Woods JF, et al. (2009)

Systemic inflammation induces acute behavioral and cognitive changes and
accelerates neurodegenerative disease. Biol Phychiatry 65: 304-312.

. Lull ME, Block ML (2010) Microglial activation and chronic neurodegeneration.

Neurotherapeutics 7: 354-365.

. Watkins LR, Maier SF (2003) Glia: a novel drug discovery target for clinical

pain. Nat Rev Drug Discov 2: 973-985.

. Tsuda M, Inoue K, Salter MW (2005) Neuropathic pain and spinal microglia: a

big problem from molecules in “small” glia. Trends Neurosci 28: 101-107.

. Van Kaer L (2005) alpha-Galactosylceramide therapy for autoimmune diseases:

prospects and obstacles. Nat Rev Immunol 5: 31-42.

. Hayakawa Y, Rovero S, Forni G, Smyth M]J (2003) Alpha-galactosylceramide

(KRN7000) suppression of chemical- and oncogene-dependent carcinogenesis.
Proc Natl Acad Sci U S A 100: 9464-9469.

. Diao H, Kon S, Iwabuchi K, Kimura C, Morimoto J, et al. (2004) Osteopontin

as a mediator of NKT cell function in T cell-mediated liver diseases. Immunity
21: 539-550.

. Kitamura H, Iwakabe K, Yahata T, Nishimura S-I, Ohta A, et al. (1999) The

natural killer T (NKT) cell ligand a-galactosylceramide demonstrates its
immunopotentiating effect by inducing interleukin (IL)-12 production by
dendritic cells and IL-12 receptor expression on NKT cells. ] Med Exp 189:
1121-1127.

. NaKagawa R, Serizawa I, Motoki K, Sato M, Ueno H, et al. (2000) Antitumor

activity of alpha-galactosylceramide, KRN7000, in mice with the melanoma B16
hepatic metastasis and immunohistological study of tumor infiltrating cells.
Oncol Res 12: 51-58.

. Delovitch TL, Singh B (1997) The nonobese diabetic mouse as a model of

autoimmune diabetes: immune dysregulation gets the NOD. Immunity 7: 727—
738.

. Jahng AW, Maricic I, Pedersen B, Burdin N, Naidenko O, et al. (2001)

Activation of natural diller T cells potentiates or prevents experimental
autoimmune encephalomyelitis. ] Med Exp 194: 1789-1799.

Singh AK, Wilson MT, Hong S, Olivares-Villagomez D, Du C, et al. (2001)
Natural killer T cell activation protects mice against experimental autoimmune
encephalomyelitis. ] Med Exp 194: 1801-1811.

. Chiba A, Oki S, Miyamoto K, Hashimoto H, Yamamura T, et al. (2004)

Suppression of collagen-induced arthritis by natural killer T' cell activation with
OCH, a sphingosine-truncated analog of alpha-galactosylceramide. Arthritis
Rheum 50: 305-313.

. Kawano T (1997) CD1d-restricted and TCR-mediated activation of V14 NKT

cells by glycosylceramides. Science 278: 1626-1629.

. Yu KOA, Porcelli SA (2005) The diverse functions of CDI1d-restricted NKT

cells and their potential for immunotherapy. Immunol Lett 100: 42-55.

. Bocchni V, Mazzolla R, Barluzzi R, Blasi E, Sick P, et al. (1992) An

immortalized cell line expresses properties of activated microglial cells. J Neurosci

Res 6: 16-21.

. Park JS, Park EM, Kim DH, Jung K, Jung JS, et al. (2009) Anti-inflammatory

mechanism of ginseng saponins in activated microglia. J Neuroimmunol 209:
40-49.

. Lee KM, Kang HS, Yun CH, Kwak SH (2012) Potential in vitro protective

effect of quercetin, catechin, caffeic acid and phytic acid against ethanol-induced
oxidative stress in SK-Hepl cells. Biomol Ther 20: 492-498.

PLOS ONE | www.plosone.org

10

Anti-Inflammatory Effect of Ceramides in Microglia

Author Contributions

Conceived and designed the experiments: SBP HSK. Performed the
experiments: YH] YK HS YSC. Analyzed the data: YH] YK HS.
Contributed reagents/materials/analysis tools: YK HS. Wrote the paper:
SBP HSK.

24.

27.

28.

29.

31.

32.

33.

34.

40.

41.

42.

43.

44.

Woo M-S, Jang P-G, Park J-S, Kim W-K, Joh TH, et al. (2003) Selective
modulation of lipopolysaccharide-stimulated cytokine expression and mitogen-
activated protein kinase pathways by dibutyryl-cAMP in BV2 microglial cells.
Mol Brain Res 113: 86-96.

5. Kim Y, Kim J, Oh K, Lee D-S, Park SB (2012) Heteroaromatic moieties in the

sphingosine backbone of a-galactosylceramides for noncovalent interactions with

CDI1d. ACS Med Chem Lett 3: 151-154.

5. Kim Y, Oh K, Song H, Lee D-S, Park SB (2013) Synthesis and biological

evaluation of o-galactosylceramide analogues with heteroaromatic rings and
varying positions of a phenyl group in the sphingosine backbone. ] Med Chem
56: 7100-7109.

Goff RD, Gao Y, Mattner J, Zhou D, Yin N, et al. (2004) Effects of lipid chain
lengths in o-galactosylceramides on cytokine release by natural killer T cells.
J Am Chem Soc 126: 13602-13603.

Fujio M, Wu D, Garcia-Navarro R, Ho DD, Tsuji M, et al. (2006) Structure-
based discovery of glycolipids for CD1d-mediated NKT cell activation: tuning
the adjuvant versus immunosuppression activity. J Am Chem Soc 128: 9022—
9023.

Opitz B, Schroder NW, Spreitzer I, Michelsen KS, Kirschning CJ, et al. (2001)
Toll-like receptor-2 mediates treponema glycolipid and lipoteichoic acid-induced

NF-kappaB translocation. J Biol Chem 276: 22041-22047.

. Knapp S, Aulock SV, Leendertse M, Haslinger I, Draing C, et al. (2008)

Lipoteichoic acid-induced lung inflammation depends on TLR2 and the
concerted action of TLR4 and the platelet-activating factor receptor. J Immunol
180: 3478-3484.

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA (2001) Recognition of
double-stranded RNA and activation of NF-kB by Toll-like receptor 3. Nature
413: 732-738.

Olson JK, Miller SD (2004) Microglia initiate central nervous system innate and
adaptive immune responses through multiple TLRs. J Immunol 173: 3916—
3924.

Zarubin T, Han J (2005) Activation and signaling of the p38 MAP kinase
pathway. Cell Res 15: 11-18.

Kumar S, Bochm J, Lee JC (2003) p38 MAP kinases: key signalling molecules as
therapeutic targets for inflammatory diseases. Nat Rev Drug Discov 2: 717-726.
Saklatvala J (2004) The p38 MAP kinase pathway as a therapeutic target in
inflammatory disease. Curr Opin Pharmacol 4: 372-377.

. Adams JL, Badger AM, Kumar S, Lee JC (2001) p38 MAP kinases: molecular

target for the inhibition of proinflammatory cytokines. Prog Med Chem 38: 1—
60.

. Bachstetter AD, Eldik LJV (2010) The p38 MAP kinase family as regulators of

proinflammatory cytokine production in degenerative diseases of the CNS.

Aging Dis 1: 199-211.

. Anderson P (2008) Post-transcriptional control of cytokine production. Nat

Immunol 4: 353-359.

. Espel E (2005) The role of the AU-rich elements of mRNAs in controlling

translation. Semin Cell Dev Biol 16: 59-67.

Kumar S, Boechm J, Lee JC (2003) p38 MAP kinases: key signaling molecules as
therapeutic targets for inflammatory diseases. Nat Rev Drug Discov 2: 717-725.
Cuny GD (2009) Kinase inhibitors as potential therapeutics for scute and
vhronic neurodegenerative conditions. Curr Pharm Des 15: 3919.

Jung JS, Shin KO, Lee YM, Shin JA, Park EM, et al. (2013) Anti-inflammatory
mechanism of exogenous C2 ceramide in lipopolysaccharide-stimulated
microglia. Biochim Biophys Acta 1831: 1016-1026.

Lu YC, Yeh WC, Ohashi PS (2008) LPS/TLR#4 signal transduction pathway.
Cytokine 42: 145-151.

Joseph CK, Wright SD, Bornmann WG, Randolph JT, Kurnar ER, et al. (1994)
Bacterial lipopolysaccharide has structural similarityt to ceramide and stimulates
ceramide-activated protein kinase in myeloid cells. J Biol Chem 269: 17606
17610.

. Hung LC, Lin CC, Hung SK, Wu BC, Jan MD, et al. (2007) A synthetic analog

of alpha-galactosylceramide induces macrophage activation via the TLR4-
signaling pathways. Biochem Pharmacol 73: 1957-1970.

February 2014 | Volume 9 | Issue 2 | 87030



