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Dysifragilone A inhibits LPS-induced RAW264.7 macrophage
activation by blocking the p38 MAPK signaling pathway
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Abstract. Dysifragilone A, a sesquiterpene aminoquinone
based on a rearranged avarone skeleton, has been previously
isolated and identified from the South China Sea sponge
Dysidea fragilis. In the present study, anti-inflammatory
activity and the underlying molecular mechanism of dysifra-
gilone A were studied using the classical inflammation model
of lipopolysaccharide (LPS)-activated RAW264.7 macrophage
cells and an MTT assay, Griess method, ELISA and western
blotting were used. The results revealed that dysifragilone A
significantly reduced the release of inflammatory mediators
and inflammatory cytokines in activated RAW264.7 cells,
including nitric oxide (NO), prostaglandin E,,(PGE,) and
interleukin-6 (IL-6). The protein expression levels of inducible
nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and
the enzymatic activity of iNOS and COX-2 were also inhib-
ited by dysifragilone A in a dose dependent manner. Further
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mechanistic investigations suggested that the anti-inflamma-
tory activity of dysifragilone A results from the suppression
of p38 mitogen-activated protein kinase (MAPK) activation
in LPS-activated macrophages; however, this was not asso-
ciated with inhibition of the extracellular signal-regulated
kinase (ERK) or c-Jun N-terminal kinase (JNK) signaling
pathways. Therefore, dysifragilone A and similar compounds
may be anti-inflammatories that have potential to be used in
the clinic.

Introduction

Marine sponge (Porifera) is the oldest animal phylum in
existence, and is also the simplest of animals with the most
primitive multicellular structures and partially differentiated
tissues. Sponge is a remarkable component of the marine
benthos throughout the tropical and polar habitats, and lives in
areas with strong currents or wave action (1). Sponges account
for one fifteenth of all marine species on the Earth, and the
species found in China accounts for approximately half of these.

The marine sponge surface forms a number of streamline
textures and may avoid destruction by waves and currents
and are able to defend against environmental factors such as
hunting, overgrowth by fouling the shells of abalone and oyster
or conquering spaces (2). Due to the splinter-like spicules
and toxic chemicals produced by the sponge, the majority of
carnivorous animals elude them (3). The disparate structural
framework makes the marine sponge source rich and display
a battery of cogent biological activities that are of potential
interest to humans (4).

Novel constituents have been identified from
Dysidea fragilis, such as azacyclopropene derivatives (5),
diketopiperazines (6,7), polyhydroxylated sterols (8), sesqui-
terpenoid (9) and brominated diphenyl ethers (10). The
diversity of the chemical structures implies the potential of
various bioactivities, such as antibacterial, anti-inflammatory,
antiviral and anti-cardiovascular activity. Previous studies
on marine sponges of Dysidea genus from the Xisha Islands
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in the South China Sea identified seven novel sesquiterpene
quinones (dysidavarones A-D and dysideanones A-C) (11,12)
from Dysidea avara, and 13 novel sesquiterpene amino-
quinones (dysidaminones A-M) (13) and three other novel
sesquiterpene aminoquinones based on a rearranged avarone
skeleton (dysifragilones A-C) (14) from Dysidea fragilis. These
newly isolated agents have been assessed for their inhibitory
activities on lipopolysaccharide (LPS)-stimulated production
of nitric oxide (NO) in RAW264.7 cells, and the results have
demonstrated that dysifragilone A exhibits potent inhibitory
activity. In the present research, the anti-inflammatory activi-
ties in vitro and the regulatory effect on the inflammatory
signal transduction pathway of dysifragilone A were further
investigated.

Materials and methods

Animal material. Samples of Dysidea fragilis were collected
along the coast of Yongxing Island in the South China Sea on
11th April 2011, and the extraction, isolation and identifica-
tion of dysifragilone A (15.9 mg; Fig. 1A) were performed
by Shanghai Jiao Tong University (Shanghai, China) (14).
Subsequently, the purity was determined by standardization
of the peak area by high performance liquid chromatography,
which was found to be 98.7% (via a UV detector). The data
of 'H-nuclear magnetic resonance (NMR) and *C-NMR of
dysifragilone A are displayed in Table I.

Chemicals and reagents. E. coli LPS and MTT were purchased
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
RPMI-1640 medium and fetal bovine serum (FBS) were
obtained from Invitrogen (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Hydrocortisone succinate (catalog
no. 080-05581; lot CTE6574) was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). The NO concentra-
tion determination kit, mouse tumor necrosis factor-o. (TNF-a)
ELISA kit (catalog no. SEM024), mouse interleukin-6 (IL-6)
ELISA kit (catalog no. SEMO0O08) and the bicinchoninic acid
protein assay kit were obtained from Yantai Science and
Biotechnology Co., Ltd. (Shandong, China). The mouse pros-
taglandin E, (PGE,) ELISA kit (catalog no. KGE004B) was
obtained from R&D Systems, Inc. (USA). The NO synthase
assay kit (fluorimetric method) was purchased from Beyotime
Biotechnology (Haimen, China). The cyclooxygenase (COX)
colorimetric inhibitor screening assay kit (catalog no. 701050)
was purchased from Cayman Chemical Company (Ann Arbor,
MI, USA). The mouse anti-rabbit inducible nitric oxide synthase
(INOS) polyclonal antibody (catalog no. 160862) and mouse
anti-rabbit COX-2 polyclonal antibody (catalog no. 160106)
were purchased from Cayman Chemical Company. Goat
anti-rabbit phosphorylated (p)-extracellular signal-regulated
kinase (ERK) 1/2 polyclonal antibody (catalog no. AF1015),
goat anti-rabbit p-c-Jun N-terminal kinase (JNK) poly-
clonal antibody (catalog no. AF3318), goat anti-rabbit p-p38
polyclonal antibody (catalog no. AF3455), and horse radish
peroxidase (HRP)-conjugated goat anti-rabbit IgG (H+L;
catalog no. S0001) were products of Affinity Biosciences
(Cincinnati, OH, USA). Goat anti-rabbit $-actin polyclonal
antibody (catalog no. sc-1616) were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). Dysifragilone A was
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dissolved in cell culture grade dimethyl sulfoxide (DMSO)
(purity >99.9%) at 50 mM and stored at -20°C, and then diluted
to the concentration required.

Cell culture of RAW264.7 cells. RAW264.7 mouse mono-
cyte-macrophage cells (TIB-71; American Type Culture
Collection, Manassas, VA, USA), were cultured in RPMI-1640
medium containing 10% heat-inactivated FBS at 37°C in a
cell incubator with 5% CO,. The media was routinely replaced
every 2 days. RAW264.7 cells were passaged until they
achieved 80% of the petri dish area.

MTT assay for cytotoxicity. MTT assay was used to detect cell
viability and cytotoxicity. Succinate dehydrogenase of mito-
chondria in living cells reduced the exogenous MTT reagent
to formazan, which is deposited in the cells, and the number
of living cells is proportional to the formazan crystals (15).
RAW264.7 cells were seeded in a 96-well plate at a density of
1x10° cells/ml. After 1 h incubation, the cells were treated with
dysifragilone A at final concentrations of 12.5, 25, 50, 100 M
and the control group received an equal amount of 0.2% DMSO
in the culture medium. After 24 h incubation, MTT solution
(5 mg/ml) was then added to the 96-well plate, and the cells were
incubated for another 4 h at 37°C in cell incubator. After removal
of the cell supernatant, 150 ul DMSO was added to dissolve the
formazan. The absorbance was measured at 570 nm (reference,
630 nm) by using a microplate reader. The untreated cells were
regarded as having 100% viability. Results are expressed as a
percentage of viable cells compared with the control group.

Determination of nitrite concentration. RAW264.7 cells were
seeded in a 96-well plate at the density of 1x10° cells/ml. After
1 h incubation, the cells were treated with LPS (1 yg/ml), various
concentrations (12.5, 25,50 and 100 M) of dysifragilone A with
LPS (1 ug/ml), hydrocortisone succinate (100 uM) with LPS
(1 ug/ml) for 24 h. A total of 100 pl cell culture supernatant was
removed to detect the NO concentration. The cell culture super-
natant was added to 100 ul Griess reagent (an equal mixture
of reagent A and reagent B) and then incubated for 10 min at
room temperature. The absorbance at 540 nm was measured
by using a microplate reader (16), and the nitrite concentrations
were calculated by interpolation of a standard curve.

Determination of PGE, concentration. PGE,, a
pro-inflammatory mediator, is produced by COX-2.
RAW264.7 cells were seeded in a 96-well plate at a density
of 5x10° cells/ml. After 1 h incubation, the cells were treated
with LPS (1 pg/ml), treated with various concentrations (12.5,
25, 50 and 100 uM) of dysifragilone A with LPS (1 ug/ml)
and treated with hydrocortisone succinate (100 M) with
LPS (1 ug/ml) for 24 h at 37°C in a humidified atmosphere
containing 5% CO,. A total of 100 ul of the cell culture
supernatant was removed to detect the levels of PGE, by using
a commercial mouse PGE, ELISA kit in accordance with
the manufacturer's protocol. The ELISA data represent the
mean + standard deviation. Samples were tested in duplicate
in more than three independent experiments (17).

Determination of TNF-o. and IL-6. RAW264.7 cells were
seeded in a 96-well plate at a density of 5x10° cells/ml. After



@ﬁ SPANDIDOS
,3,‘ PUBLICATIONS

1 h incubation, the cells were treated with LPS (1 pg/ml),
treated with various concentrations (12.5, 25, 50 and 100 xM)
of dysifragilone A with LPS (1 yg/ml) and treated with hydro-
cortisone succinate (100 yM) with LPS (1 pg/ml) for 6 h at
37°C in a humidified atmosphere containing 5% CO,. A total
of 100 ul of the cell culture supernatant was taken out to detect
the levels of TNF-a or IL-6 by using the respective ELISA
kit in accordance with the manufacturer's protocol (18). The
ELISA data represent the mean + standard deviation. Samples
were tested in duplicate in more than three independent
experiments.

iNOS enzymatic activity determination. The determination
of iNOS enzymatic activity has been previously reported (19).
Briefly, RAW264.7 cells at a density of 5x10° cells/ml were
treated with LPS (1 ug/ml), treated with various concentra-
tion (12.5, 25, 50 and 100 pM) of dysifragilone A with LPS
(1 pg/ml) and treated with hydrocortisone succinate (100 M)
with LPS (1 ug/ml) for 24 h at 37°C in a humidified atmosphere
containing 5% CO,, and the cell supernatant was removed from
the 96-well plate. After adding 100 ul iNOS assay buffer (2X
NOS assay buffer was mixed with an equal volume of Milli-Q
water), 100 pl of NOS assay reaction solution (50% NOS assay
buffer, 39.8% Milli-Q water, 5% L-arginine solution, 5%
0.1 mM nicotinamide adenine dinucleotide phosphate, 0.2%
4'-amino-5-methylamino-2',7'-difluorofluorescein diacetate)
was added and incubated for 2 h at 37°C in an incubator. The
fluorescence was measured at excitation wavelength of 495 nm
and emission wavelength of 515 nm by using a fluorescence
microplate reader.

COX-2 enzymatic activity determination. The enzymatic
activity of COX-2 was assayed by using a COX colorimetric
inhibitor screening assay kit in a cell-free system in accor-
dance with the manufacturer's protocol (19). Briefly, 160 ul
assay buffer, 10 ul heme and 10 ul DMSO were added to
three background wells. 150 ul assay buffer, 10 x1 heme, 10 pl
COX-2 enzyme and 10 1 DMSO were added to three 100%
initial activity wells. 150 pl assay buffer, 10 ul heme, 10 ul
COX-2 enzyme and 10 ul dysifragilone A (final concentration
1 mM) were added to three inhibitor wells. After carefully
shaking the plate for a few sec, the plate was incubated for
5 min at 25°C. After adding 20 ul colorimetric substrate solu-
tion to all wells, 20 ul arachidonic acid was quickly added to
all wells. The plate was carefully shaken for a few sec and
incubated for 2 min at 25°C. The absorbance was measured at
590 nm using a microplate reader, and the suppression ratio of
COX-2 enzymatic activity was calculated in accordance with
the manufacturer's protocol.

Western blot analysis. RAW264.7 cells were treated with
various concentration (12.5, 25, 50 and 100 yM) of dysifra-
gilone A with or without LPS (1 xg/ml), and then washed with
cold PBS (1X) and lysed in ultrasonic cell disruptor with cold
PBS buffer after 24 h at 37°C in a humidified atmosphere
containing 5% CO,. The cell debris was removed from the
samples by centrifugation (1,1749 x g, 4°C, 6 min). After
determination of the protein concentration for each sample
by the bicinchoninic acid method, 60 1 sample was boiled in
SDS-PAGE loading buffer (15 ul) for 5 min. A total of 30 ug
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Figure 1. (A) Chemical structure of dysifragilone A. (B) Dysifragilone A
induced no cytotoxicity on the RAW264.7 cells. RAW264.7 cells were
exposed to dysifragilone A (12.5, 25, 50 and 100 xM) for 24 h. Cell viability
was measured via an MTT assay.

protein was added to gels (8% gels for proteins of iNOS and
COX-2, 10% gels for proteins of p-ERK, p-JINK and p-p38),
which were subjected to electrophoresis prior to transfer onto
nitrocellulose membranes. Membranes were then incubated
with blocking buffer [5% nonfat-dried milk in Tris-buffered
saline-Tween (TBS-T)] for 2 h at room temperature. After
being washed three times in TBS-T, the membranes were
incubated with anti-rabbit polyclonal primary antibodies
diluted at 1:1,000 (anti-iNOS, anti-COX-2, anti-phospho-ERK
1/2, anti-phospho-JNK and anti-phospho-p38) overnight at
4°C and anti-B-actin antibody. The membranes were washed
three times in TBS-T and incubated with HRP-conjugated
goat anti-rabbit IgG (H+L) (1:1,000) for 1 h at room tempera-
ture. The membranes were then washed three times in TBS-T
prior to visualization of proteins by using an Enhanced
Chemiluminescence reagent (BeyoECL plus A and the
same volume of BeyoECL plus B; Beyotime Biotechnology)
and exposed to photographic films (Kodak, Rochester, NY,
USA). Images of iNOS, COX-2, p-ERK 1/2, p-JNK, p-p38,
and P-actin proteins were collected and quantified by densi-
tometric analysis using the DigDocl00 program (Alpha Ease
FC 2008 software; Alpha Innotech Corporation, San Leandro,
CA, USA). Expression of iNOS, COX-2, p-ERK 1/2, p-JNK,
and p-p38 were normalized to the expression levels of $-actin.

Statistical analysis. All experimental results are presented as
mean + standard deviation. Statistical significance of differ-
ences between groups was determined by a one-way analysis
of variance followed by the Least Significant Difference test
using SPSS software (SPSS, Inc., Chicago, IL, USA). P<0.05
was considered to indicate a statistically significant differ-
ence.

Results

Dysifragilone A is not cytotoxic to RAW264.7 cells.
RAW?264.7 cells were treated with the indicated concentration
of dysifragilone A for 24 h, and then the cell viability was
determined by MTT assay. Dysifragilone A (up to 100 xM)
did not cause cytotoxicity against RAW264.7 cells (Fig. 1B).
The highest dose for treatment of cells in future experiments
was 100 M dysifragilone A, and was used to determine the
effect of dysifragilone A on anti-inflammatory activities and
the production of pro-inflammatory factors, inflammatory
mediators or protein expression levels. As Dysifragilone A
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Table 1. '"H-NMR and *C-NMR spectroscopic data of dysifragilone A (CDCl;, d).

Position Oy d¢ Position Oy O¢
1 1.55 (m) 21.1 11 1.52 (s, br) 17.9
1 1.56 (m) 12 1.01 (s) 18.9
2 1.92 (m) 272 13 1.04 (s) 234
2 2.05 (m) 14 1.03 (s) 16.3
3 5.15 (s, br) 1209 15 2.82(d,J=18.6 Hz) 422
4 143.5 15 2.25(d,J=18.6 Hz)

5 37.6 16 153.7
6 0.96 (td, J=13.8 3.0 Hz) 337 17 184.9
6 1.64 (dt,J=12.6 3.0 Hz) 18 5.29 (s) 96.9
7 1.50 (m) 26.6 19 149.0
7 2.56 (dt,J=15.0 2.4 Hz) 20 181.8
8 52.6 21 147.0
9 47.5 22 2.83 (d,J=5.4Hz) 29.3
10 1.28 (m) 46.2 NH 5.68 (s, br)

"H-NMR and "*C-NMR were obtained at 600 and 150 MHz, respectively. NMR, nuclear magnetic resonance; s, single peak; m, multiple peaks;

br, broad peaks.

did not cause any significant cytotoxicity, this implied that the
observed inhibition activities were not a result of cell death.

Effect of dysifragilone A on NO and PGE, production.
RAW264.7 cells were exposed to LPS (1 ug/ml), various
concentrations (12.5, 25, 50 and 100 yM) of dysifragilone A
with LPS (1 #g/ml) and hydrocortisone succinate (100 M) with
LPS (1 pg/ml) for 24 h. The concentration of nitrite (NO,") was
detected by Griess assay as an indicator of NO production, and
the levels of PGE, were determined by ELISA. Hydrocortisone
succinate was used as a positive control. As shown in Fig. 2A,
dysifragilone A caused a significant reduction in the produc-
tion of NO stimulated by LPS, which was nearly equivalent
to treatment with hydrocortisone succinate when 100 pM
dysifragilone A was used. The production of PGE, was also
strongly suppressed by dysifragilone A in a dose-dependent
manner, compared with LPS treatment (Fig. 2B).

Effect of dysifragilone A on TNF-a and IL-6 release.
RAW264.7 cells were exposed to LPS (1 ug/ml), various
concentrations (12.5, 25, 50 and 100 yM) of dysifragilone A
with LPS (1 #g/ml) and hydrocortisone succinate (100 M) with
LPS (1 ug/ml) for 6 h. The levels of pro-inflammatory cyto-
kines TNF-a and IL-6 were measured by using corresponding
ELISA kits. As shown in Fig. 2C, hydrocortisone succinate
significantly inhibited the release of TNF-a stimulated by
LPS. However, dysifragilone A did not cause inhibition of the
release of TNF-a induced by LPS. As displayed in Fig. 2D,
hydrocortisone succinate significantly inhibited the release of
IL-6 stimulated by LPS, while dysifragilone A only showed
slight inhibitory activity on the release of IL-6 at concentra-
tions >12.5 uM.

Effect of dysifragilone A on the expression levels of iNOS
and COX-2 proteins. NO and PGE, are synthesized by iNOS

and COX-2 in the inflammatory reaction. High NO and PGE,
levels are associated with high expression levels of iNOS and
COX-2 proteins (20). The present study determined protein
expression levels of iNOS and COX-2 by western blotting. As
shown in Fig. 3A, RAW264.7 cells were stimulated by LPS
for 24 h and the protein expression levels of iNOS and COX-2
were enhanced compared with untreated cells. Dysifragilone
A downregulated the expression of iNOS protein in a
dose-dependent manner, which may account for the reduced
production of NO caused by dysifragilone A (Fig. 2). In addi-
tion, dysifragilone A also significantly inhibited the expression
of the COX-2 protein in a dose-dependent manner. The density
of the iNOS and COX-2 proteins were normalized to (3-actin
and the data are presented in Fig. 3B and C, respectively.

Effect of dysifragilone A on the iNOS and COX-2 enzymatic
activity. RAW?264.7 cells were exposed to LPS (1 pg/ml),
various concentrations (12.5, 25, 50 and 100 uM) of dysifra-
gilone A with LPS (1 ug/ml) and hydrocortisone succinate
(100 puM) with LPS (1 pg/ml) for 24 h. The fluorimetric
method was used to detect the iNOS enzymatic activity. As
shown in Fig. 4A, a 6-fold increase in iNOS enzymatic activity
was observed by LPS treatment within 120 min compared
with untreated cells. Dysifragilone A significantly suppressed
iNOS enzymatic activity in RAW264.7 cells at concentrations
of 50 and 100 uM. The cell-free colorimetric method was used
to detect the inhibitory effect of COX-2 enzymatic activity
induced by dysifragilone A. As demonstrated in Fig. 4B,
dysifragilone A also inhibited the COX-2 enzymatic activity
at concentrations of 50 and 100 M.

Effect of dysifragilone A on the activation of the
mitogen-activated protein kinase (MAPK) signaling pathway.
MAPKSs are involved in regulating the inflammatory reac-
tion stimulated by LPS (15 min for JNK, 1 h for ERK and
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Figure 2. Effect of dysifragilone A on the production of NO, PGE,, TNF-a and IL-6 induced by LPS. (A) RAW264.7 cells were treated with LPS (1 pg/ml),
treated with various concentrations (12.5, 25, 50 and 100 M) of dysifragilone A with LPS (1 pg/ml) and hydrocortisone succinate (100 xM) with LPS
(1 ug/ml) for 24 h. The concentration of nitrite in the cells culture supernatant was measured in triplicate, and the data represent the mean + standard deviation
from three independent experiments. (B) The levels of PGE, in the cells culture supernatant was measured in triplicate, and the data represent the mean =+ stan-
dard deviation from three independent experiments. RAW264.7 cells were treated with LPS (1 yg/ml), treated with various concentrations (12.5, 25, 50 and
100 #M) of dysifragilone A with LPS (1 pg/ml) and hydrocortisone succinate (100 xM) with LPS (1 pg/ml) for 6 h. A total of 100 pl cell culture supernatant
was removed to detect the levels of TNF-a or IL-6 by using respective ELISA kits. The experiment was performed in triplicate, and the results represent the
mean = standard deviation of (C) TNF-a or (D) IL-6 levels. 7P<0.01 vs. untreated group; “P<0.01 vs. LPS treatment group. NO, nitric oxide; TNF-a, tumor
necrosis factor-a; IL-6, interleukin-6; LPS, lipopolysaccharide; Hydro-100, 100 #M hydrocortisone succinate; PGE,, prostaglandin E,.

10 min for p38), and may also be treatment targets for inflam-
mation (21,22). In addition, the MAPK signaling pathway,
including ERK 1/2, JNK and p38 MAPK, was activated by
LPS (23). Therefore, in order to research whether ERK 1/2,
JNK and p38 MAPKSs have inhibitory activities on the inflam-
matory reaction by dysifragilone A, western blot analysis was
used to detect these three MAPKSs. As shown in Fig. 5SA, LPS
treatment significantly induced high levels of the p-ERK 1/2,
p-JNK and p-p38 proteins compared with untreated cells.
Dysifragilone A blocked LPS-induced p-p38 protein in a
dose-dependent manner, whereas p-JNK and p-ERK 1/2 were
not inhibited by dysifragilone A. The results suggested that
dysifragilone A may exhibit an anti-inflammatory potential
via suppression of the p38/MAPK signaling pathway following
treatment with dysifragilone A for 24 h and treated with LPS
for 10 min. However, total p38 was not detected, and this was
a potential limitation of the present study. Densitometric data
of p-ERK 1/2, p-JNK and p-p38 proteins are displayed in
Fig. 5B-D, respectively.

Discussion
Inflammation is a stress reaction of the body to resist environ-

mental stimuli including pathogens, damage or other foreign
invasion (24). At inflammatory sites, a clinical symptom is

painful heat. Excessive and continuous inflammatory responses
may result in diseases associated with inflammation, such as
rheumatoid arthritis (25), cancer (26,27), atherosclerosis (28),
coronary artery disease (29), chronic bronchitis (30), pneu-
monia (31), and many other diseases (32). There are two types
of medicines used in the clinic to treat inflammation, including
non-steroidal anti-inflammatory drug (NSAID) and steroidal
agents. Long-term use of NSAID may produce a gastrointes-
tinal reaction, liver damage, other secondary effects on the
nervous system, and effects on the urinary, blood and cardio-
vascular systems (33). The disadvantages of the steroidal agents
are retention of water and sodium, risk of infection, rarefaction
of bone and obesity. It is therefore essential to identify an effec-
tive anti-inflammatory drug with low toxicity.

Macrophages are acquired from monocytes of bone
marrow precursors, and regulate inflammation by generation
of pro-inflammatory cytokines (including TNF-a, IL-6 and
IL-1B), chemokines (monocyte chemoattractant protein-1) and
inflammatory mediators (iNOS, COX-2 and PGE,) at the site
of inflammation (34). In the present study, RAW264.7 cells
were chosen to investigate the anti-inflammatory activity of
dysifragilone A. LPS, the primary component of the outer
membranes of gram-negative bacteria, is the primary start
factor of the inflammatory response and is recognized by
toll-like receptor 4 on the surface of host cells (35).
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Figure 3. Effect of dysifragilone A on the expression levels of iNOS and
COX-2 proteins induced by LPS. RAW264.7 cells were treated with LPS
(1 pg/ml), treated with various concentrations (12.5, 25, 50 and 100 zM) of
dysifragilone A with LPS (1 pg/ml) and hydrocortisone succinate (100 M)
with LPS (1 pg/ml) for 24 h, and the expression of (A) iNOS and COX-2
proteins determined by western blot analysis. $-actin was internal reference
to confirm the equal loading of proteins. The mean of three independent
experiments used to represent the densitometric analysis of proteins of
(B) iNOS and (C) COX-2. "P<0.01 vs. untreated group; “P<0.01 vs. LPS
treatment group. iNOS, inducible nitric oxide synthase; COX-2, cyclooxy-
genase-2; LPS, lipopolysaccharide.

The bioactivities of sponges and marine bacteria associated
with sponges have been extensively studied, such as antibacte-
rial (36), antitumor (37), antifungal (38), antiviral (39), as well
as cardiovascular disease (39) resistance activity. However,
limited research regarding the anti-inflammatory molecular
mechanism of dysifragilone A from Dysidea fragilis or
related derivatives, has been available until now. In the current
study, the anti-inflammatory activities of dysifragilone A in
LPS-stimulated RAW?264.7 cells were investigated, perhaps
for the first time, and the underlying molecular mechanism
was explored.

Previous experiments have verified that NO participates in
the inflammatory reaction through recruiting leucocytes to the
effected tissue (40). PGE, is one of the prostaglandins with the
highest bio-distribution and mediates a variety of physiological
and pathological processes, such as the symptoms of redness,
swelling, heat and pain in inflammation (41). In addition,
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a study confirmed the pathological action of PGE, in most
inflammatory diseases (42). Therefore, inhibiting the synthesis
and release of NO and PGE, may be important for anti-inflam-
mation. The results of this study revealed that dysifragilone A
suppressed the overproduction of NO. The pro-inflammatory
mediator PGE, also exhibited similar inhibitory activities to
hydrocortisone succinate. Based on above analysis, further
research of anti-inflammatory activity is essential.

NO and PGE, are overproduced by the enzymes iNOS and
COX-2, respectively (43). Thus, inhibiting the expression of
enzymes of iNOS and COX-2 may reduce the synthesis and
release of NO and PGE,. Consistent with the above analysis,
dysifragilone A also downregulated the enzymatic activity of
iNOS and COX-2 in a dose-dependent fashion.

During inflammation, activated RAW264.7 cells produce
a large number of pro-inflammatory factors, which expand
inflammatory responses (44). TNF-a and IL-6 are the primary
cytokines that mediate inflammation. TNF-a. is produced by
activated mononuclear macrophages and activated by nuclear
factor-xB (NF-kB) and MAPK pathways, which exert regula-
tory effects. IL-6 is produced by multiple cells, promotes liver
synthetic plasma protein and serves a crucial role in acute
responses and chronic inflammation. Thus, cytokines and
chemokines may be measured to evaluate anti-inflammatory
activities. The results demonstrated that dysifragilone A exhib-
ited weakly inhibitory activities on cytokine IL-6 induced by
LPS. However, dysifragilone A did not reduce the release of
TNF-a stimulated by LPS.

Western blotting was used to determine the possible
underlying molecular mechanism of anti-inflammation.
Nuclear transcription factor NF-kB serves an important role
in the mediating the expression levels of iNOS, COX-2 and
pro-inflammatory cytokines (45). NF-«B is a dimer formed
by the polypeptide chain p50 and p65 subunits, whereas in
the quiescent condition, NF-«B is located in the cytoplasm
combined with an inhibitory protein IxB-a. Stimulated by
LPS, phosphorylation of IkB-a dissociates from NF-xB and
releases p65 with p50, resulting in translocation of activated
NF-«B into the nucleus, which then regulates the transcrip-
tion of target genes, including iNOS, COX-2 and other
pro-inflammatory cytokines (46). Further western blotting
studies revealed that high concentrations of dysifragilone
A downregulated the expression levels of iNOS and COX-2
proteins.

MAPK signaling pathways are known to influence
the modulation of the inflammatory response and cellular
processes (47). Three MAPK family members have been
identified in mammalian cells, including ERK1/2, JINK
and p38/MAPK (48). Signal transduction pathways of JNK,
ERK1/2 and p38/MAPK and other pathways in cells are regu-
lated by each other, and determine the final biological effect of
cells by external stimuli. An indicator of activation of the three
pathways is an increase in the expression of phosphorylated
protein involved in the pathways. These three parallel MAPK
signaling pathways promote the production and release of
pro-inflammatory cytokines (49), iNOS and COX-2 expression
and development of inflammation stimulated by LPS (50).
Therefore, MAPK signaling pathways have a profound
involvement in inflammation, and are considered as targets
for screening compounds that have anti-inflammatory activity
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COX-2 enzymatic activity was plotted as relative units compared with the pure enzyme group. The experiment was repeated twice. “P<0.01 vs. pure enzyme
group. iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2; LPS, lipopolysaccharide; Hydro-100, 100 M hydrocortisone succinate.

A - + + + + +  LPS (1 pg/ml) B 500 4 #
= - 12.5 25 50 100 Dysifragilone A (uM)
- - =
~—— 2
S 200 4
i |
T 100

100

125 25 50
Dysifragilone A (uM)

Untreated LPS

600 -

O
3
w)

300 1
— 500 4
— 250 41
g g
£ c
g 400 1 £ 200
< 3
Z 300 B 150 4
iy o
2 )
a 200 4 & 100 4
]
£ 2
100 o 50 4
0 - L 04 2
Untreated LPS 12.5 25 50 100 Untreated LPS ! 25

Dysifragilone A (uM) Dysifragilone A (uM)

Figure 5. Effect of dysifragilone A on p-ERK 1/2, p-JNK and p-p38 proteins induced by LPS. RAW264.7 cells were treated with LPS (1 pg/ml), treated
with various concentrations (12.5, 25, 50 and 100 M) of dysifragilone A with LPS (1 zg/ml) and hydrocortisone succinate (100 zM) with LPS (1 pg/ml) for
different times (15 min for INK, 1 h for ERK and 10 min for p38), and the expression of (A) p-ERK 1/2, p-JNK and p-p38 proteins determined by western blot
analysis. 3-actin was internal reference to confirm the equal loading of proteins. Densitometric analysis represents the mean of three independent experiments
of (B) p-ERK 1/2 protein, (C) p-JNK protein and (D) p-p38 protein. “P<0.01 vs. untreated group; “P<0.01 vs. LPS treatment group. LPS, lipopolysaccharide;
p-ERK 1/2, phosphorylated-extracellular signal-regulated kinase 1/2; p-JNK, phosphorylated-c-Jun N-terminal kinase; p-p38, phosphorylated-p38.

at the molecular level. In the present study, dysifragilone A
prevented the activation of p38/MAPK signaling pathway in
LPS-induced RAW?264.7 cells. However, dysifragilone A did
not exhibit inhibitory activities on p-ERK 1/2 and p-JNK.
Based on the above experimental results, it was speculated
that dysifragilone A is likely to selective in the p38/MAPK
signaling pathway.

In conclusion, the results of the present study demon-
strated that dysifragilone A may inhibit the enzymatic activity
of iNOS and COX-2 and the release of NO, PGE, and IL-6

in LPS-stimulated RAW264.7 cells. Further investigations
demonstrated that dysifragilone A may also downregulate
the expression levels of iNOS and COX-2 proteins and block
the p38/MAPK signal pathway in RAW264.7 cells induced
by LPS. These observations suggested that dysifragilone
A was a valuable candidate compound to treat inflamma-
tory diseases. However, animal experiments are essential
in revealing the potential of anti-inflammatories in a more
comprehensive way, and a limitation of the present study was
a lack of experiments in vivo. To support the findings of the
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present study, samples of dysifragilone A are required for
animal experiments.
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