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Abstract

Gracilaria verrucosa Papenfuss, common marine red algae in Korea, has been widely
used for agar production together with Gelidium. Because, the life history, reproduction, and
phenology of G. verrucosa has been studied. However, only a few studies have reported the
biological effects of this algae. In this study, we investigated the modulatory effects of G.
verrucosa on the production of pro-inflammatory markers. We isolated fourteen compounds
from G. verrucosa; four compounds (GV-c-1~4) were prostaglandins, one (GV-c-5) was
ceramide, and the others (GV-c-6~14) were fatty acids. 2-Formamido-1,3-
dihydroxyoctadecane (GV-c-5) and 11-oxohexadec-9-enoic acid (GV-c-6) have not yet been
reported from this alga. We investigated the anti-inflammatory effects of these compounds
from G. verrucosa on the production of inflammatory markers in LPS-stimulated RAW
264.7 cells. GV-c-6, GV-c-9 and GV-c-10 dose-dependently inhibited the production and
mRNA expression of the pro-inflammatory cytokines, tumor necrosis factor-o. (TNF-a)) and
interleukin-6 (IL-6). At 70 uM, these three compounds also inhibited the production of
nitric oxide (NO) and inducible NO synthase (iNOS) by up to 70-90%. To investigate their
mechanism of action, we examined the effects of GV-c-9 and GV-c-10 on LPS-induced
activation of NF-kB and MAPKs such as ERK1/2, p38 and JNK. Luciferase assays revealed
that GV-c-9 and GV-c-10 suppressed the transcriptional activity of NF-kB. These two
compounds also inhibited phosphorylation of ERK1/2. These results suggest that the anti-
inflammatory activity of G. verrucosa may be due to modulation of pro-inflammatory

cytokines (TNF-a and IL-6) and NO production via suppression of NF-xB activation and



ERK 1/2 phosphorylation.
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1. Introduction

Inflammation plays a role as the first line of defense against infection of pathogenic
microbes. Macrophages play a central role in the inflammatory response and serve as an
essential interface between innate and adaptive immunity (Maruotti et al., 2007; An et al.,
2002). Bacterial endotoxin (lipopolysaccharide, LPS) is a major component of the outer
membrane of Gram-negative bacteria and one of the most potent microbial initiators of
inflammation (Cohen, 2002; Fujihara et al., 2003; Guha and Mackman, 2001). LPS activates
monocytes and macrophages to produce proinflammatory cytokines such as tumor necrosis
factor-a (TNF-a), interleukin-6 (IL-6) and IL-1. Although cytokine production is important
for the efficient control of growth and dissemination of invading pathogens, overproduction
of cytokines have been implicated in many human diseases such as rheumatoid arthritis,
septic shock and other chronic inflammatory diseases (Dobrovolskaia and Vogel, 2002; Ishii
et al., 2003; Lee et al., 2004). TNF-o and IL-1 are associated with osteoclast differentiation
and activation, resulting in bone loss. In patients with rheumatoid arthritis, treatment with
TNF and IL-1 blockers significantly reduced erosions and joint space narrowing (Strand and
Kavanaugh, 2004). Also, IL-1 and TNF are produced by microglia during CNS inflammation.
Pathogens or pathogen components such as LPS can immediately induce IL-1 and TNF-a in
both cultured microglia and LPS-injected rats (Appel et al., 1995; Buttini and Boddeke,
1995).

Nitric oxide (NO) is also an important mediator and effector molecule with various
biological functions (Cross and Wilson, 2003; Stepien et al., 2005; Bove and Vliet, 2000).
NO produced by activated macrophages has been shown to mediate host defense functions
such as antimicrobial and antitumor activities, but excess production causes tissue damage

associated with acute and chronic inflammation (Macmicking et al., 1997). LPS-induced NO



production is mediated by a series of signalling pathways, such as nuclear factor (NF)-xB
and mitogen-activated protein (MAP) kinases (Islam et al., 2004; Lee and Schorey, 2005).
NF-kB is a major transcription factor involved in the release of proteins that mediate
cardiovascular growth, stress response, and inflammation by controlled gene expression. The
degradation or phosphorylation of IkB-o are necessary to release NF-xB from the
cytoplasmic NF-xB/ IkB-a complex and allow its subsequent translocation to the nucleus of
the cell (Kim et al., 2006; Murakami et al., 2003; Inoue et al., 2007). Many compounds
isolated from natural plant exhibit anti-inflammatory activity associated with their potent
NF-kB inhibition. For example, a green tea polypenol (epigallocatechin-3-gallate) and
rosemary phytopolyphenol (Carnosol) were found to directly block the activity of I-xB
kinase (Yang et al., 2001; Lo et al., 2002). Various upstream activators are involved in LPS
signalling may mediate activation of the MAPK pathway, including extracellular signal-
regulated kinase 1/2 (ERK 1/2), p38 and stress-activated protein kinase/c-Jun NH2-terminal
kinase (SAPK/INK) in monocytes and macrophages. ERK 1/2 belongs to a group of
serine/threonine-specific mitogen-activated protein kinases (MAPKSs). ERK 1/2 is activated
by various extracellular stimuli, including LPS, and connects the extracellular signal to
intracellular transcription factors and other regulatory proteins, thus participating in
regulation of gene expression. LPS-induced inflammatory gene expression inhibited by
PD98059, a specific inhibitor of MEK that is an upstream activator of ERK 1/2 (Lahti et al.,
2000; Su and Karin, 1996). The p38 kinase is an important mediator of stress-induced gene
expression (Raingeaud ef al., 1995). In particular, the p38 kinase plays a key role in the LPS-
induced signal transduction pathway (Rafi et al., 2007; Lee and Young, 1996). Also,
stimulation of RAW 264.7 cells rapidly activates the JNK pathway (Hambleton et al., 1996).
This pathway contains the c-Jun N-terminal kinase (JNK), which is also known as stress-

activated protein kinase (SAPK1). Two isoforms of JNK (54 and 46 kDa) phosphorylate the



N-terminus of c-Jun (Swantek et al., 1997). Treatment of either SB203580 (inhibitor of p38
MAPK) or SP600125 (inhibitor of JNK) suppressed NO, TNF-o0, and IL-1p production
(Kwak et al., 2005).

There are various species of marine algae in Jeju Island, and useful secondary metabolites
are obtained from marine algae. So, study of the marine algae is very valuable. Therefore, we
investigated anti-inflammatory effects of fifty species of marine algae in Jeju Island. Among
them, Gracilaria verrucosa showed potentially inhibitory effects on the production of TNF-a
and IL-6 in LPS-stimulated RAW 264.7 cells.

Gracilaria verrucosa Papenfuss is a common marine red algae that grows on pebbles or
rocks in the shallow littoral, and has been widely used for agar production together with
Gelidium (Armisen, 1995). This algae is rich in arachidonic acid (AA) and eicosapentaenoic
acid, polyunsaturated fatty acids (PUFA) with 20 carbon atoms that are the precursors of
prostaglandins (PGs). Several glycolipid compounds have been isolated from G. verrucosa
(Son et al., 1994) and are reportedly cytotoxic against mouse leukemia and carcinoma cells
(Roh et al., 1995). Recently, G. verrucosa solvent extracts have been shown to have
antioxidant activity (Heo et al., 2006). However, the cellular and molecular mechanism of
this activity has not been sufficiently explained.

In this study, therefore, we isolated several compounds from G. verrucosa and
investigated their inhibitory effects on the production of inflammatory markers (TNF-a, IL-6,
and NO) in LPS-stimulated murine macrophage RAW 264.7 cells. Also, we investigated the
action mechanism of active compounds on the activation of NF-kB and phosphorylation of
MAPKs (ERK1/2, JNK and p38). And, to study on the functional group from active
compounds, we examined inhibitory effects of prostaglandins (PGE and PGA) on the

production of inflammatory markers.



2. Material and Methods

2-1. Reagents

Lipopolysaccharide (LPS, E. coli 0111:B4) was purchased from Sigma Chemical Co. (St.
Louis, MO). Fetal bovine serum (FBS) and DMEM were obtained from GIBCO (Grand
Island, NY, USA). The enzyme-linked immunosorbent assay (ELISA) kit for TNF-a and IL-
6 were obtained from R&D Systems (Minneapolis, MN, USA) and the Ilactate
dehydrogenase (LDH) Cytotoxicity Detection kit from promega (Medison, WI, USA). Dual-
Luciferase Reported Assay Kit from Promega (Madison, WI, USA). Antibodies against to
IkB-0, p38, ERK1/2, phospho—ERK 1/2, JNK and phospho—JNK obtained from Cell
Signaling Technology (Beverly, MA, USA) and antibody to phospho-p38 from BD

Biosciences (San Diego, USA). All other chemicals were of Sigma grade.

2-2. Isolation of compounds from Gracilaria verrucosa

The G. verrucosa were collected in May at Jeju Island, Korea. The collected material was
dried under dark place at room temperature and stored in freezer at 20 C. G. verrucosa (50
g) were pulverized using milling machine and extracted with methanol (MeOH) for 24 h
three times at room temperature. The extract was filtered, and the filtrate was concentrated in
vacuum and lyophilized. The lyophilized MeOH extract (F1, 15.0 g) was suspended in
distilled water and extracted with methylene chloride (CH,CL,). A part of CH,Cl, fraction
(F3, 7.50 g) extracted with aqueous MeOH (F4, 3.8 g) and n-hexane (F5, 3.6 g).

Aqueous MeOH fraction was purified through reversed-phase flash column
chromatography (YMC Gel ODS-A, 60 A, 220 mesh) using gradient elution of aqueous
methanol (50% to 100%) to give twenty fractions (GV1 — 20). The fraction 5 (GVS, 136 mg)

was purified through prep-HPLC (C18-5E Shodex packed) using 60% acetonitrile (ACN) to



give compound 1 (GV-c-1, 1.5 mg), 3 (GV-c-3, 0.4 mg), 4 (GV-c-4, 5 mg). The fraction 7
(GV7, 74 mg) was purified through prep-HPLC (C18-5E Shodex packed) using 81% MeOH
to give compound 2 (GV-c-2, 0.8 mg), 6 (GV-c-6, 0.4 mg), 7 (GV-c-7, 0.4 mg), 8 (GV-c-8,
0.3 mg). The fraction 9 (GV9, 74 mg) was purified through prep-HPLC (C18-5E Shodex
packed) using 81% MeOH to give compound 9 (GV-c-9, 1.3 mg), 10 (GV-c-10, 1.2 mg), 11
(GV-c-11,4.0 mg), 12 (GV-c-12, 0.6 mg), 13 (GV-c-13, 1.1 mg), 14 (GV-c-14, 1.2 mg). And,
the fraction 11 (GV11, 125 mg) was purified through prep-HPLC (YMC ODS-H80) using

88% ACN to give compounds 5 (GV-c¢-5, 1.2 mg) (Scheme 1).

2-3. Cell culture

The mouse macrophage RAW 264.7 was purchased from ATCC (Rockville, MD) and
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v)
heat-activated fetal bovine serum, streptomycin (100 pg/ml) and penicillin (100 U/mf) at

37C atmosphere and 5% CO,.

2-4. Cytotoxicity assay

Lactate dehydrogenase leakage is a means of measuring membrane integrity as a function
of the amount of cytoplasmic LDH released from the cytosol into the medium. LDH activity
was determined following the production of NADH during the conversion of lactate to
pyruvate (Fernandez et al., 2006). The release of LDH from RAW 264.7 cell was used to
detect cytotoxicity and was measured at the end of each proliferation experiment. Briefly,

culture medium was centrifuged at 12,000 rpm for 3 min at room temperature to ensure



Dried Gracilaria verrucosa papenfuss powder (50 g)

1) extraction with MeOH 3 times and Aceton 1 time
2) stirring for 24hr at room temperature
3) vacuum filtration

MeOH Ext. (F1)
(15g)
Partition with CH,Cl, and H,0
! {
H,0 fr. (F2) CH,CI, fr. (F3)
689 90% MeOH/Hex 59
v v
MeOH fr. (F4) Hex fr. (F5)
38¢g) (3.6 g)
RP Flash Column (50~100% MeOH)
| GV1 | | GV5 (136 mg) | | GV7 (74 mg) | GV9(238 mg) | GV11(125 mg) | | GV12-20 |
HPLC HPLC HPLC HPLC
c-1 c-3 c-4 c-5
(1.5 mg) (0.4 mg) (5.0 mg) (1.2 mg)
c-2 c-6 c-7 c-8 c9 c-10 c-11 c-12 c-13 c-14
(0.8 mg) (0.4 mg) 0.4 mg) | | (0.3 mg) (1.3 mg) (1.2 mg) (4.0 mg) (0.6 mg) (1.1 mg) (1.2 mg)

Scheme 1. Isolation procedure of compounds from Gracilaria verrucosa papenfuss




accumulation of cells. The cell-free culture medium (50 wf) was collected and then
incubated with 50 xf of the reaction mixture cytotoxicity detection kit for 30 min at room
temperature in the dark. 1IN HCI (50 wf) was added into each well to stop the enzymatic
reaction. The optical density of the solution was then measured by using an ELISA plate

reader with a 490 nm. Percent cytotoxicity was determined relative to the control group.

2-5. Measurement of pro-inflammatory cytokines (TNF-a and IL-6) production

The inhibitory effects of G. verrucosa on TNF-a and IL-6 production were determined by
the method previously described (Cho et al., 2000). The isolated compounds solubilized with
EtOH diluted with DMEM. The final concentration of chemical solvents should not exceed
0.1% 1in the culture medium. In these conditions, none of the solubilized solvents altered
TNF-o and IL-6 production in RAW 264.7 cells. Before stimulation with LPS (1 xg/ml) and
test materials, RAW 264.7 cells (8.0x10° cells/m{) were incubated for 18 h in 24-well plates
with the same conditions. Lipopolysaccharide (LPS) and the test materials were then added
to the cultured cells for 6 h incubation. The medium was used for TNF-a and IL-6 assay
using mouse ELISA kit (R & D Systems Inc, MN, USA). The inhibitory effects of testing

fractions on TNF-a and IL-6 production were determined as previously described.

2-6. Measurement of NO production

After pre-incubation of RAW 264.7 cells (1.5x10° cells/m¢) for 18 h, the various
concentrations of compounds with LPS (1 xg/ml) were incubated for 24 h. Nitrite in culture
supernatants were measured by adding 100 gl of Griess reagent (1% sulfanilamide and
0.1% N-[1-naphthyl]-ethylenediamine dihydrochloride in 5% phosphoric acid) to 100 x¢
samples of medium. All measurements were performed in triplicate. The concentration of

NO, was calculated by comparison with a standard curve prepared using NaNO,.



2-7. Western blot analysis

Murine macrophage cell line RAW 264.7 were pre-incubated for 18 h, and then stimulated
with LPS (1 xg/ml) in the presence of testing materials for the indicated time. After
incubation, the cells were collected and washed twice with cold-PBS. The cells were lysed in
a lysis buffer [S0 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 2 mM EDTA, 1
mM EGTA, 1 mM NaVO;, 10 mM NaF, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, 25 pg/ml aprotinin, 25 pg/ml leupeptin] and kept on ice for 30 min. The cell
lysates were centrifuged at 15,000 rpm at 4 C for 15 min and then until use, the supernatants
were stored at —70C. Protein concentration was measured using the Bradford method
(Bradford, 1976). Aliquots of the lysates (30-50 xg of protein) were separated on a 12%
SDS-polyacrylamide gel and transferred onto a polyvinylidene fluoride (PVDF) membrane
(BIO-RAD, HC, USA) with a glycine transfer buffer [192 mM glycine, 25 mM Tris-HCI
(pH 8.8), 20% MeOH (v/v)]. After blocking the nonspecific site with 1% bovine serum
albumin (BSA), the membrane was then incubated with specific primary antibody at 4C for
overnight. The membrane was further incubated for 60 min with a peroxidase-conjugated
secondary antibody (1:5000, Vector Laboratories, Burlingame, USA) at room temperature.
The immunoactive proteins were detected using an enhanced chemiluminescence (ECL)

Western blotting detection kit (Amersharm-Pharmacia Biotech, NY, USA).

2-8. RNA preparation and RT-PCR

Total RNA was extracted from cells by the Tri-Reagent (MRC, Cincinnati, OH, USA)
method following the manufacturer's instructions. The RNA extraction was carried out in an
RNase-free environment. The reverse transcription of 1 ;g RNA was carried out using M-
MuLV reverse transcriptase (Promega, WI, USA), oligo (dT)s primer, dNTP (0.5 uM) and 1

U RNase inhibitor. After incubation at 70 C for 5 min, 37 C for 5 min, 37 C for 60 min, and



M-MuLV reverse transcriptase was inactivated by heating at 70C for 15 min. The
polymerase chain reaction (PCR) was performed in a reaction buffer [cDNA, 1.25 U Taq
DNA polymerase (Promega, WI, USA), 3' and 5' primer 50 pM each and 200 mM dNTP in
200 mM Tris-HCI buffer, pH 8.4, containing 500 mM KCl and 1-4 mM MgCl,]. The PCR
was performed with a DNA gene cycler (BIO-RAD, HC, USA), and the amplification was
followed by 30 cycles of 94C for 45 sec (denaturing), 50-58 C for 45 sec (annealing) and

72°C for 1 min (extension). The PCR products were electrophoresed on a 1.2% agarose gel.

2-9. Transient transfection and luciferase assay

Cells were cotransfected with 50 ng of NF-kB promoted luciferase reporter gene plasmid
(pNF-kB-Luc, Panomics, Redwood City, CA, USA) and 10 ng of Renilla luciferase reporter
plasmid (pRL-null, Promega corp. Madison, WI, USA), which served as the internal
standard, using TransFast' " transfection reagent (Promega. Madison, WI, USA). After 24 h,
cells were incubated with LPS (1 wg/ml) in the presence of compounds. After 20 h
incubation, luciferase activity in the cell lysate was determined using Dual-Luciferase
Reported Assay Kit (Promega corp. Madison, WI, USA). The luciferase activity was
normalized to the transfection efficiency as monitored by the Renilla luciferase expression
vector. The level of luciferase activity was determined as a ratio in comparison to cells with

no stimulation.

2-10. Statistical analyses

The student’s t-test and one-way ANOVA were used to determine the statistical
significance of differences between values for a variety of experimental and control groups.
Data are expressed as means + standard deviation (SD) of at least three independent

experiments performed in triplicate. P-values of 0.05 or less were considered statistically






3. Results

3-1. Compounds isolated from red alga Gracilaria verrucosa.

The G. verrucosa were collected in May at Jeju Island, Korea. We isolated fourteen
compounds from G. verrucosa (Fig. 1). Compounds 1 -14 were obtained from crude extract
(MeOH ext.) in 0.027-0.033% yield. Compound 1, 2, 3 and 4 were obtained as colorless oil,
and the 'H and C NMR data showed Table 1 and 2. The structure of compound 1 and 3
showed 11-deoxyprostaglandin E, and E,, respectively. Compound 5 was obtained as a white
amorphous solid, and the structure showed ceramide series. Compound 6 was obtained as
colorless oil, and the structure showed unsaturated-fatty acid. Compound 7, 8, 9, 10, 11, 12,
13, and 14 were obtained as colorless oil, and the structure of these compounds showed fatty
acid (NMR data showed Table 3 and 4). Among the isolated compounds, compound 5 and 6
have not yet reported from G.verrucosa. Chemical structure of compound 6, 9, and 10 are
the acyclic enone analogs containing a o, 3-unsaturated carbonyl ring, which is characteristic

of cyclopentenone prostaglandins.

11-deoxyprostaglandin E2 (1): Yield 0.01%; colorless oil; [a]**p —33.0° (¢ 0.09, MeOH);
'H and *C NMR data, see Table 1 and 2; HRFABMS m/z 359.2187 [M + Na]" (calcd for

Cy0H3,04Na, 359.2198).

Methyl-(5Z,13E)-(15S)-15-hydroxy-9-oxoprosta-5,13-dienoate  (2): Yield 0.0027%;
colorless oil; [0]*p —35.0° (¢ 0.05, MeOH); 'H and >C NMR data, see Table 1 and 2;

HRFABMS m/z 373.2347 [M + Na]" (calcd for C,;H340,Na, 373.2355).

(E)-(155)-15-Hydroxy-9-oxoprost-13-enoic acid (11-deoxyprostaglandin E;) (3): Yield

11



0.053%; colorless oil; [oc]27D -23.0° (¢ 0.04, MeOH); '"H NMR data, see Table I;

HRFABMS m/z 361.2358 [M + Na]" (calcd for C,0H340,4Na, 361.2356).

(2)-9,15-Dioxoprost-5-enoic acid (4): Yield 0.0333%; colorless oil; [a]**p —53.0° (¢ 0.1,
MeOH); 'H and >C NMR data, see Table 1 and 2; HRFABMS m/z 359.2183 [M + Na]”

(caled for CyH3,04Na, 359.2198).

(2R,35)-2-Formamido-1,3-dihydroxyoctadecane (5): Yield 0.0080%; white amorphous
solid; [a]*" p —2.7° (¢ 0.1, MeOH); 'H NMR (400 MHz, CD;0D) & 0.90 (3H, ¢, J = 6.4 Hz,
H-18), 1.29 (26H, m, H-5 - H-17), 1.54( 2H, H-4), 3.62 (1H, m, H-3), 3.70 2H, d, J=5.2
Hz, H-1), 3.90 (1H, ¢, J = 6.4 Hz, H-2), 8.11 (1H, s, CHO); °C NMR (100 MHz, CD;0D)
0 14.4,23.7, 26.8, 30.5, 30.8, 33.1, 34.8, 55.6, 62.0, 72.2, 163.8; HRFABMS m/z 352.2834

[M + Na]" (caled for CoH30NO;Na, 352.2828).

(E)-11-Oxohexadec-9-enoic acid (6): Yield 0.0027%; colorless oil; 'H NMR (500 MHz,
CD;0D) 5 0.94 (3H, ¢, J = 7.0 Hz, H-16), 1.31-1.36 (10H, m), 1.51 (2H, quint, J = 7.0 Hz,
H-7), 1.60 (4H, m, H-3 and H-13), 2.26 (4H, m, H-2 and H-8), 2.60 (2H, ¢, J = 7.5 Hz, H-
12), 6.13 (1H, dt, J = 14.0, 1.5 Hz, H-10), 6.94 (1H, dt, J = 14.0, 7.0 Hz, H-9); FABMS
m/z 313 [M — H + 2Na]+; HRFABMS m/z 291.1943 [M + Na]+ (calcd for Ci;sHpsNOs,
291.1936); CID of m/z (rel int) 313 [M — H + 2Na]" (100) m/z 283 (5), 269 (29), 173 (52),

159 (31), 145 (12), 131 (7), 117 (33), 104 (33), 90 (29).

10-Oxohexadecanoic acid (7): Yield 0.0027%; colorless oil; '"H NMR data, see Table 3;
negative-ion FABMS m/z 269 [M - HJ; positive-ion FABMS m/z 293 [M + Na]’, 315 [M —

H + 2Na]"; CID of m/z (rel int) 315 [M — H + 2Na]" (100) m/z 299 (9), 285 (14), 271 (23),
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257 (75), 187 (77), 173 (30), 159 (34), 145 (18), 131 (14), 117 (61), 104 (69), 90 (69).

(E)-(5)-9-Hydroxyhexadec-8-enoic acid (8): Yield 0.002%; colorless oil; [a]*p +2.8° (¢
0.04, MeOH); 'H NMR data, see Table 3; negative-ion FABMS m/z 269 [M - H]’; positive-
ion FABMS m/z 293 [M + Na]’, 315 [M — H + 2Na]"; CID of m/z (rel int) 315 [M — H +
2Na]" (100) m/z 271 (12), 257 (10), 243 (14), 229 (20), 159 (24), 145 (12), 131 (10), 117

(78), 104 (90), 90 (71).

(E)-10-Oxooctadec-8-enoic acid (9): Yield 0.0086%; colorless oil; '"H NMR data, see Table
3; FABMS m/z 319 [M + NaJ', 341 [M — H + 2Na]"; CID of m/z (rel int) 341 [M — H +
2Na]" (100) m/z 297 (14), 283 (17), 269 (14), 255 (86), 159 (57), 145 (19), 131 (12), 117

(88), 104 (89), 90 (81).

(E)-11-Oxooctadec-9-enoic acid (10): Yield 0.0080%; 'H NMR data, see Table 3; colorless
oil; FABMS m/z 319 [M + NaJ’, 341 [M — H + 2Na]"; CID of m/z (rel int) 341 [M — H +
2Na]" (100) m/z 297 (15), 283 (20), 269 (78), 173 (53), 159 (19), 145 (20), 131 (15), 117

(75), 104 (90), 90 (58).

(E)-(R)-10-Hydroxyoctadec-8-enoic acid (11): Yield 0.0266%; colorless oil; 'H NMR data,
see Table 4; [0]*'p -3.8° (¢ 0.07, MeOH); negative-ion FABMS m/z 297 [M - H]; positive-
ion FABMS m/z 321 [M + Na]’, 343 [M — H + 2Na]"; CID of m/z (rel int) 343 [M — H +
2Na]" (100) m/z 299 (14), 271 (18), 257 (11), 243 (18), 229 (32), 159 (26), 145 (19), 131

(18), 117 (86), 104 (93), 90 (68).

10-Oxooctadecanoic acid (12): Yield 0.0040%; colorless oil; '"H NMR data, see Table 4;

13



negative-ion FABMS m/z 297 [M - HJ; positive-ion FABMS m/z 321 [M + Na]’, 343 [M —
H + 2Na]"; CID of m/z (rel int) 343 [M — H + 2Na]" (100) m/z 327 (13), 313 (19), 299 (22),
285 (13), 271 (25), 257 (66), 187 (66), 173 (25), 159 (31), 145 (19), 131 (16), 117 (66),

104 (66), 90 (78).

11-Oxooctadecanoic acid (13): Yield 0.0073%; colorless oil; '"H NMR data, see Table 4;
negative-ion FABMS m/z 297 [M - HJ; positive-ion FABMS m/z 321 [M + Na]’, 343 [M —
H + 2Na]’; CID of m/z (rel int) 343 [M — H + 2Na] (100) m/z 313 (14), 299 (14), 285 (36),
271 (71), 201 (75), 187 (25), 173 (32), 159 (29), 145 (21), 131 (14), 117 (71), 104 (89), 90

(64).

12-Oxooctadecanoic acid (14): Yield 0.0080%; colorless oil; '"H NMR data, see Table 4;
FABMS m/z 321 [M + Na]’, 343 [M — H + 2Na]’; CID of m/z (rel int) 343 [M —H + 2Na]"
(100) m/z 299 (16), 285 (42), 215 (42), 201 (29), 187 (24), 173 (21), 159 (26), 145 (21),

131 (13), 117 (63), 104 (63), 90 (55).
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Table 1. '"H NMR Data of Compounds 1-4 (CD;0D)

Position 1 2° 3° 4"
2 2.26(t, 6.8) 2.30(t,7.2) 2.19(t, 7.5) 2.28(t, 7.6)
3 1.65 (m) 1.65 (m) 1.61 (m) 1.64 (quint, 7.2)
4 2.10 (m) 2.10 (m) 1.28 — 1.43 (m) 2.11(q, 7.2)
5 5.40 (m) 5.38 (m) 1.28 — 1.43 (m) 5.42 (m)
6 5.33 (m) 5.32 (m) 1.28 — 1.43 (m) 5.33 (m)
7 2.33 (m) 2.32 (m) 1.28 — 1.43 (m) 2.35 (m)
8 2.00 (m) 2.00 (m) 1.88 (m) 1.86 (m)
10 1.65 (m, H-a), 2.33 (m, H-b)  1.65 (m, H-a), 2.32 (m, H-b)  1.61 (m, H-a), 2.31 (m, H-b) 2.50 (ddd, 15.6, 9.2, 6.0, H-a), 2.59 (ddd, 16.0, 9.6, 5.6, H-b)
11 2.10 (m) 2.10 (m) 2.10 (m) 2.02 (m)
12 2.51 (m) 2.51 (m) 2.48 (m) 1.86 (m)
13 5.61(dd, 15.2, 7.6) 5.61(dd, 15.5, 7.6) 5.61(dd, 15.5,7.5) 1.45 (m)
14 5.53(dd, 15.2, 6.8) 5.51(dd, 15.5, 6.5) 5.51(dd, 15.5, 6.5) 2.28(t, 7.6)
15 4.00 (q, 6.0) 4.00 (q, 6.0) 4.00 (q, 7.0)
16 1.54 (m) 1.53 (m) 1.52 (m) 2.46 (t, 7.6)
17-19 1.28 — 1.48 (m) 1.28 — 1.46 (m) 1.28 — 1.43 (m) 1.55 (quint, 7.2)
20 0.90(t, 7.2) 0.90 (t, 7.0) 0.90 (t, 6.5) 0.90 (t, 7.2)
COOCH; 3.67(s)

Multipicities and coupling constants are in parentheses.

“Measured at 400 MHz. “Measured at 500 MHz.
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Table 2. *C NMR Data of Com pounds 1-4 (100 MHz, CD;0D)

Position 1 2 4
1 178.5 176.0 177.6
2 35.2 34.2 34.5
3 26.3 25.9 26.1
4 27.9 27.7 27.6
5 131.7 131.4 131.8
6 128.0 128.2 128.3
7 25.8 25.8 26.3
8 55.9 55.9 56.0
9 221.7 221.0 222.5
10 38.7 38.7 41.0
11 28.9 28.9 27.7
12 46.1 46.1 42.0
13 135.6 135.6 29.4
14 134.4 134.4 38.7
15 73.6 73.6 213.6
16 38.5 38.5 43.5
17 26.4 26.4 24.6
18 33.0 33.0 32.6
19 23.8 23.7 23.5
20 14.4 14.4 14.3

COOCH; 5119
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Table 3. "H NMR Data of Compounds 7-10 (500 MHz, CD;0D)"

Position 7 8 9 10
2 2.23(t,7.5) 2.29(t,7.5) 2.27 (m) 2.25 (m)
3 1.59 (m) 1.62 (m) 1.62 (m) 1.58 (m)
4 1.29 - 1.31 (m) 1.32-1.42 (m) 1.33 - 1.40 (m) 1.28 - 1.33 (m)
5 1.29 - 1.31 (m) 1.32-1.42 (m) 1.33 - 1.40 (m) 1.28 - 1.33 (m)
6 1.29 - 1.31 (m) 1.32-1.42 (m) 1.51 (m) 1.28 - 1.33 (m)
7 1.29 - 1.31 (m) 2.06 (m) 2.27 (m) 1.49 (m)
8 1.53 (m) 5.61 (dt, 14.0, 7.0) 6.94 (dt, 16.0, 6.5) 2.25 (m)
9 2.43(t,7.5) 5.42 (ddt, 15.0, 6.5, 1.5) 6.13 (dt, 16.0, 1.5) 6.91 (dt, 14.0, 7.0)
10 3.97(q, 7.0) 6.10 (dt, 14.0, 1.5)
11 2.43(t,7.5) 1.55 (m) 2.58(t,7.5)
12 1.53 (m) 1.32 - 1.42 (m) 1.62 (m) 2.58(t,7.5)
13 1.29 - 1.31 (m) 1.32 - 1.42 (m) 1.33 - 1.40 (m) 1.58 (m)
14 1.29 - 1.31 (m) 1.32-1.42 (m) 1.33 - 1.40 (m) 1.28 - 1.33 (m)
15 1.29 - 1.31 (m) 1.32-1.42 (m) 1.33 - 1.40 (m) 1.28 - 1.33 (m)
16 0.89(t, 7.5) 0.91(t,7.5) 1.33 - 1.40 (m) 1.28 - 1.33 (m)
17 1.33 - 1.40 (m) 1.28 - 1.33 (m)
18 0.92 (t, 6.5) 0.90 (t, 7.0)

“Multipicities and coupling constants are in parentheses.
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Table 4. '"H NMR Data of Compounds 11-14 (500 MHz, CD;0D)"

Position 11 12 13 14
2 2.26(t,7.5) 2.26(t,7.5) 2.26(t,7.5) 2.25(t,7.0)
3 1.59 (m) 1.61 (m) 1.59 (m) 1.59 (m)
4 1.28 - 1.48 (m) 1.30 - 1.34(m) 1.29 - 1.31(m) 1.28 - 1.31(m)
5 1.28 - 1.48 (m) 1.30 - 1.34(m) 1.29 - 1.31(m) 1.28 - 1.31(m)
6 1.28 - 1.48 (m) 1.30 - 1.34(m) 1.29 - 1.31(m) 1.28 - 1.31(m)
7 2.03 (m) 1.30 - 1.34(m) 1.29 - 1.31(m) 1.28 - 1.31(m)
8 5.61(dt, 15.0, 7.5) 1.55 (m) 1.29 - 1.31(m) 1.28 - 1.31(m)
9 5.40 (ddt, 15.0, 6.5, 1.5) 2.46 (t,7.5) 1.54 (m) 1.28 - 1.31(m)
10 3.94(q, 6.5) 2.43 (t,7.0) 1.54 (m)
11 1.50 (m) 2.46 (t,7.5) 2.37(t, 7.0)
12 1.28 - 1.48 (m) 1.55 (m) 243 (t,7.0)
13 1.28 - 1.48 (m) 1.30 - 1.34 (m) 1.54 (m) 2.37(t, 7.0)
14 1.28 - 1.48 (m) 1.30 - 1.34 (m) 1.29 - 1.31(m) 1.54 (m)
15 1.28 - 1.48 (m) 1.30 - 1.34 (m) 1.29 - 1.31(m) 1.28 - 1.31(m)
16 1.28 - 1.48 (m) 1.30 - 1.34 (m) 1.29 - 1.31(m) 1.28 - 1.31(m)
17 1.28 - 1.48 (m) 1.30 - 1.34 (m) 1.29 - 1.31(m) 1.28 - 1.31(m)
18 0.89 (t, 7.0) 0.91(t,7.5) 0.89 (t, 6.5) 0.89 (t, 6.5)

“Multipicities and coupling constants are in parentheses.
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3-2. In vitro cytotoxicity of solvent fractions and isolated compounds from G. verrucosa

The isolated compounds from G. verrucosa did not show the cytotoxicity at the
concentration of 20 wg/mé according to lactate dehydrogenase release assay. However, GV-

¢-10 showed 30.5% cytotoxicity in RAW 264.7 cells at 40 ug/ml (Fig. 10).

3-3. Effect of G. verrucosa on LPS-stimulated pro-inflammatory cytokine production

3-3-1. Inhibitory effects of solvent fractions and MeOH sub-fractions from G. verrucosa
on the LPS-stimulated pro-inflammatory cytokine (TNF-a, IL-6 and IL-1B)
expression

Cytokines are soluble mediators of inter- and intra-cellular communications. These
proteins are secreted from cells and act on other cells to coordinate and appropriate immune
responses (Eigler et al., 1997). Therefore, using RT-PCR, we examined whether solvent
extracts and sub-fractions of G. verruocsa inhibit pro-inflammatory cytokine production in

RAW 264.7 macrophages. There was no effect of G. verrucosa itself on the pro-

inflammatory cytokine mRNA expression in normal RAW 264.7 macrophages (data not

shown). However, in RAW 264.7 cells incubated with 100 pzg/ml of solvent extracts of G.

verrucosa in the presence of LPS, the aqueous MeOH fraction (F4) inhibited mRNA

expression of IL-6 and IL-1B by 35.1% and 50.1%, respectively (Fig. 2). In addition, 50

ug/mé of various aqueous MeOH sub-fractions (GV-3, GV-5, GV-7, GV-9 and GV-11)

inhibited the mRNA expression of pro-inflammatory cytokines by up to 80-90% (Fig. 3).
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Fig. 2. Effects of solvent extracts purified from G. verrucosa on the mRNA expression of
pro-inflammatory cytokines in LPS-stimulated RAW 264.7 cells. RAW 264.7 cells
(1.5%10° cells/m{) were stimulated with LPS (1 xg/ml) in the presence of compounds (100
ug/ml) for 6 h. The RNA extraction was carried out in RNase-free environment and the

mRNA expression of TNF-a, IL-6 and IL-1p were determined by RT-PCR.
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Fig. 3. Effects of MeOH sub-fractions purified from G. verrucosa on the mRNA
expression of pro-inflammatory cytokines in LPS-stimulated RAW 264.7 cells. RAW
264.7 cells (1.5x10° cells/m¢) were stimulated with LPS (I xg/ml) in the presence of
compounds (50 pg/ml) for 6 h. The RNA extraction was carried out in RNase-free

environment and the mRNA expression of IL-6 and IL-1p were determined by RT-PCR.
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3-3-2. Inhibitory effects of compounds isolated from G. verrucosa on the LPS-

stimulated pro-inflammatory cytokine production

We isolated fourteen compounds from G. verrucosa and investigated their inhibitory
effect on the production of pro-inflammatory cytokines (TNF-a and IL-6) in LPS-stimulated
RAW 264.7 cells. Among them, GV-c-6 [(E)-11-oxohexadec-9-enoic acid], GV-c-9 (10-
oxooctadec-8-enoic acid) and GV-c-10 (11-oxooctadec-9-enoic acid) inhibited the
production of TNF-a and IL-6 up to 60-90% at 20 ug/ml (Table 5). Also, these two
compounds dose-dependently inhibited the production of pro-inflammatory cytokines (Table
6).

We next investigated the effect of G. verrucosa on the mRNA expression of pro-
inflammatory cytokines. As shown in Fig. 4 and 5, GV-c-9 and GV-c-10 dose-dependently

suppressed the mRNA expression of TNF-o and [L-6 in LPS-stimulated RAW 264.7 cells.
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Table 5. Effects of compounds isolated from G. verrucosa on the production of TNF-a

and IL-6 in LPS- stimulated RAW 264.7 cells.

Compounds Inhibition (%)
(20 pg/mé) TNF-a IL-6

c-1 54.8 + 4.0 44.3 £2.2
c-2 572167 416 £ 14
c-3 538+ 65" 37.0+ 0.3
c-4 20.7 £ 12.5 41.4+1.8
c-5 N.D. N.D.
c-6 475 5.7 75.7 £ 1.9"
c-7 17.3 £ 6.3 384+ 2.1
c-8 40.7 £ 3.5 448 + 1.1
c-9 701 £3.1 " 96.1 £ 25"
c-10 68.0 7.2 91.8 + 1.6
c-11 17.8 £ 104 N.D.
c-12 331178 N.D.
c-13 375+ 6.3 28.1 0.7
c-14 18.0 £ 6.9 19.2 £0.9

N.D., not detected.

Data represent mean = SD of independent observations performed in triplicate. “p<0.05,

“p<0.01 compared with the LPS alone.
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Table 6. Effects of GV-c-6, GV-c-9 and GV-c-10 isolated from G. verrucosa on the

production of TNF-a and IL-6 in LPS-stimulated RAW 264.7 cells.

Inhibition (%)
sample
10 ug/mé 20 ug/me 40 (g/me
prednisolone 19.31+0.3 27.3+2.1 51.1+1.0°
c-6 26.0+1.5 42.9+3.9" 59.3+£0.2"
TNF-.

c-9 34,7122 69.7+1.1™" 80.0+£1.0"
c-10 38.410.5 53.7£1.0" 92.6+1.5"

prednisolone 33.9+1.3 50.3+£0.4" 56.5+£4.0 "

5 67.3+0.3" 89.540.6" 96.120.5™

IL-6

c-9 44.8+1.6" 87.8+£2.4™ 99.4+£0.2 ™
c-10 72.41£0.2" 96.11£0.5™ 99.0+0.1*

Data represent mean = SD of independent observations performed in triplicate. “p<0.05,

“p<0.01 compared with the LPS alone.
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Fig. 4. Effects of compounds isolated from G. verrucosa on the mRNA expression of
TNF-a and IL-6 in LPS-stimulated RAW 264.7 cells. RAW 264.7 cells (1.5x10° cells/m)
were stimulated with LPS (1 xg/mf) in the presence of compounds (20 ug/ml) for 6 h. The
RNA extraction was carried out in RNase-free environment and the mRNA expression of

TNF-a and IL-6 were determined by RT-PCR.
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Fig. 5. Effects of GV-c-9 and GV-c-10 isolated from G. verrucosa on the mRNA

Density ratio (% of control)

expression of pro-inflammatory cytokines in LPS-stimulated RAW 264.7 cells. RAW
264.7 cells (1.5x10° cells/m¢) were stimulated with LPS (I xg/ml) in the presence of
compounds at the indicated concentrations for 6 h. The RNA extraction was carried out in

RNase-free environment and the mRNA expression of TNF-a and IL-6 were determined by

RT-PCR.
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3-4. Inhibitory effects of compounds isolated from G. verrucosa on the LPS-stimulated
NO production

NO produced by activated macrophages is involved in various harmful responses
including tissue injury, septic shock, and apoptosis (James, 1995). Stimulation of RAW
264.7 macrophage with LPS for 24 h increased the NO production in the medium compared
to cells treated with vehicle alone (Fig. 6). We first examined the suppressive effects of
fourteen compounds isolated from G. verrucosa on LPS-induced NO production and iNOS
mRNA expression at 20 pg/ml. Among them, GV-c-6, GV-c-8, GV-c-9 and GV-c-10
significantly inhibited NO production by 60.2%, 74.8%, 86.5% and 84.5%, respectively (Fig.
6). To examine whether the suppression of NO production by G. verrucosa was due to
reduced iNOS mRNA expression, RT-PCR analysis from LPS-stimulated cells were
conducted. The results showed that these four compounds significantly inhibited iNOS
mRNA expression by 70-90% (Fig. 7). Also, GV-c-6, GV-c-9 and GV-c-10 inhibited LPS-
stimulated NO production and iNOS mRNA expression in a dose-dependent manner (Fig. 8,
9 and 10). However, GV-c-10 increased LDH release at the concentration of 40 yg/ml.
These results were indicated that compounds isolated from G. verrucosa controlled NO

production via iNOS mRNA expression.
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Fig. 6. Effects of compounds isolated from G. verrucosa on the production of nitric
oxide in LPS-stimulated RAW 264.7 cells. RAW 264.7 cells (1.5%10° cells/m{) were
stimulated with LPS (1 ug/ml) in the presence of compounds (20 pg/ml) for 24 h. Cell
cytotoxicity was determined using LDH release method. The data represent the mean + SD

of triplicate experiments. ‘p<0.05, " p<0.01 compared with the LPS alone.
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Fig. 7. Effects of compounds isolated from G. verrucosa on the mRNA expression of

iNOS in LPS-stimulated RAW 264.7 cells. RAW 264.7 cells (8.0x10° cells/m{) were
stimulated with LPS (1 xg/ml) in the presence of compounds (20 pg/ml) for 18 h. The

mRNA expression of iNOS was determined by RT-PCR.
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Fig. 8. Effects of GV-c-6 isolated from G. verrucosa on the production of nitric oxide
and the mRNA expression of INOS in LPS-stimulated RAW 264.7 cells. RAW 264.7
cells (1.5x10° cells/ml) were stimulated with LPS (1 xg/ml) in the presence of GV-c-6 at the
indicated concentrations for 24 h. Cell cytotoxicity was determined using LDH release
method. The data represent the mean = SD of triplicate experiments. P<0.05, ~P<0.01
compared with the LPS alone (Left panel). RAW 264.7 cells (8.0x10° cells/ml) were
stimulated with LPS (1 xg/ml) in the presence or absence of compounds at the indicated

concentrations. The mRNA expression of iNOS was determined by RT-PCR (Right panel).
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Fig. 9. Effects of GV-c-9 isolated from G. verrucosa on the production of nitric oxide
and the mRNA expression of INOS in LPS-stimulated RAW 264.7 cells. RAW 264.7
cells (1.5x10° cells/m{) were stimulated with LPS (1 xg/ml) in the presence of GV-c-9 at the
indicated concentrations for 24 h. Cell cytotoxicity was determined using LDH release
method. The data represent the mean + SD of triplicate experiments. "P<0.05, ~P<0.01
compared with the LPS alone (Left panel). RAW 264.7 cells (8.0x10° cells/ml) were
stimulated with LPS (1 xg/ml) in the presence or absence of compounds at the indicated

concentrations. The mRNA expression of iNOS was determined by RT-PCR (Right panel).
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Fig. 10. Effects of GV-c-10 isolated from G. verrucosa on the production of nitric oxide
and the mRNA expression of INOS in LPS-stimulated RAW 264.7 cells. RAW 264.7
cells (1.5x10° cells/m{) were stimulated with LPS (1 xg/ml) in the presence of GV-c-10 at
the indicated concentrations for 24 h. Cell cytotoxicity was determined using LDH release
method. The data represent the mean + SD of triplicate experiments. "P<0.05, ~P<0.01
compared with the LPS alone (Left panel). RAW 264.7 cells (8.0x10° cells/m{) were
stimulated with LPS (1 wg/ml) in the presence or absence of compounds at the indicated

concentrations. The mRNA expression of iNOS was determined by RT-PCR (Right panel).
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3-5. Inhibitory effects of GV-c-9 and GV-c-10 on the LPS-stimulated NF-xB activation
NF-kB can be activated in cells stimulated with LPS or other inflammatory insults, and is
involved in the transcriptional activation of responsive genes (Mukaida, 1996). Therefore,
reporter gene analysis was carried out using luciferase reporter plasmids containing the
minimal NF-kB binding sequences to determine if the suppressive effect of G. verrucosa
occurred through inhibition of NF-«B reporter activation. In cells stimulated with LPS (1
rg/ml) for 20 hr, NF-xB reporter activity increased 5-fold (Fig. 11), and treatment with GV-
c-9 and GV-c-10 significantly inhibited the LPS-induced NF-kB reporter activity. A control
drug, pyrrolidine dithiocarbamate (PDTC, an inhibitor of NF-kB activation) also inhibited

the NF-kB reporter activity by 80% at 10 zg/ml.

3-6. Inhibitory effects of GV-c-9 and GV-c-10 on the LPS-stimulated IxB-a
degradation

NF-kB exists in latent form in the cytoplasm of unstimulated cells and is bound to the
inhibitory protein, IkB. Phosphorylation of kB leads to its degradation and the subsequent
translocation of NF-kB to the nucleus where it activates the transcription of target genes
(Ghosh and Karin, 2002). We analyzed the degradation of IxkB-o in RAW 264.7 cells
stimulated with LPS in the presence or absence of compounds isolated from G. verrucosa.
Stimulation of cells with LPS (1 xg/ml) for 10 min decreased the IxkB-o band intensity and
recovered to basal level at 30-60 min after LPS-induced IxkB-a degradation. We investigated
the degradation of IkB-a in the presence of GV-c-9 and GV-c-10, these compounds did not

inhibit LPS-induced IxB-a degradation (Fig. 12).
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Fig. 11. Effects of GV-c-9 and GV-c-10 on the activation of NF-kB in LPS-stimulated
RAW 264.7 cells. RAW 264.7 cells (2.0x10° cells/m{) were transiently cotransfected with
NF-«kB promoted luciferase reporter plasmid (pNF-kB-Luc) and Renilla luciferase reporter
plasmid (pRL-null) as internal control for 24 hr, and then treated with LPS (1 xg/ml) in the
presence of GV-c-9 and GV-c-10 for 20 hr. The luciferase activity was measured and data
were normalized by Renilla luciferase expression vector. The data represent the mean = SD

of triplicate experiments. 'P<(0.05, ~'P<0.0I compared with the LPS alone.
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Fig. 12. Effects of GV-c-9 and GV-c-10 on the degradation of IkB-a in LPS-stimulated
RAW 264.7 cells. RAW 264.7 cells (1.5x10° cells/m{) were stimulated with LPS (1 xg/m{)
in the presence or absence of GV-c-9 and GV-c-10 (20 xg/ml) for indicated times. Whole-

cell lysates were prepared and the protein level was determined by western blotting.
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3-7. Inhibitory effects of GV-c-9 and GV-c-10 on the LPS-stimulated MAPK activation
Several early signalling pathways have been identified in response to LPS stimulation of
macrophages, including mitogen-activated protein kinase (MAPK), c-Jun N-terminal kinase,
and p38/stress-activated protein kinase. We assayed the effect of GV-c-9 and GV-c-10 on
MAPK activation by examining the phosphorylation of ERK 1/2, JNK, and p38 MAPKs
through western blot analysis. Stimulation of cells with LPS increased the phosphorylation
of ERK 1/2 at 20 min (Fig. 13), and treatment with GV-c-9 and GV-c-10 decreased the
phosphorylation of ERK 1/2 (Fig. 13 and 14). However, GV-c-9 and GV-c-10 did not affect
LPS-induced phosphorylation of JNK and p38 (Fig 13 and 14). These results indicated that
the anti-inflammatory effect of G. verrucosa occurs through inhibiting the activation of ERK

1/2 pathway, but not inhibition of the JNK and p38 pathways.
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Fig. 13. Effect of GV-c-9 on the activation of ERK1/2, JNK1/2 and p38 MAPK in LPS-
stimulated RAW 264.7 cells. RAW 264.7 cells (1.5x10° cells/m¢) were stimulated with LPS
(1 pg/ml) in the presence or absence of GV-c-9 (20 pg/ml) for indicated times. Whole-cell

lysates were prepared and the protein level was determined by western blotting
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Fig. 14. Effect of GV-c-10 on the activation of ERK1/2, JNK1/2 and p38 MAPK in LPS-
stimulated RAW 264.7 cells. RAW 264.7 cells (1.5x10° cells/m¢) were stimulated with LPS
(1 pg/ml) in the presence or absence of GV-c-10 (20 pg/ml) for indicated times. Whole-cell

lysates were prepared and the protein level was determined by western blotting.
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3-8. Inhibitory effects of cyclopentenone PGs on the LPS-stimulated production of pro-
inflammatory mediators (NO, TNF-a and 1L-6)

G. verrucosa is rich in polyunsaturated fatty acids (PUFA), which are precursors of
prostaglandins (PGs), and known to contain the metabolites, prostaglandin A, and E, (Imbs
et al., 2001). Based on their chemical structure and the molecular and cellular mechanisms
responsible for their actions, PGs are divided into two groups: cyclopentane (E, F, D) and
cyclopentenone (A, B, C) PGs. Within this family, prostaglandins of the A and J series
contain a cyclopentenone ring structure, which are characterized by the presence of a
chemically reactive o,B-unsaturated carbonyl ring (Hubich and Sholukh, 2006). The
cyclopentenone prostaglandins PGA; and PGA, are formed by dehydration within the
cyclopentane ring of PGE; and PGE,, respectively (Fig. 15A). Various compounds in the
cyclopentenone prostaglandin family possess potent anti-inflammatory, anti-neoplastic, and
anti-viral activity (Straus and Glass, 2001, Straus et al., 2000). Therefore, we examined the
effect of PGA and PGE on the pro-inflammatory mediators (TNF-a, IL-6 and NO) in LPS-
stimulated RAW 264.7 cells. The results showed that PGA, and PGA, inhibited the LPS-
induced gene expression of pro-inflammatory cytokines. However, PGE, and PGE, did not
affect the LPS-induced TNF-a and IL-6 mRNA expressions (Fig. 15B and C).

PGA, and PGA, also dose-dependently suppressed the production of NO and the mRNA
expression of iNOS (Fig. 16A and B). PGE, did not inhibit the production of NO or iNOS
mRNA expression, but PGE, inhibited production of NO at 20 pg/ml (Fig. 16A and C).
This result was due to metabolic dehydration of PGE, to PGA,, during 24 h exposure to cells

(Ohno et al., 1986).
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Fig. 15. Effects of PGs on the mRNA expression of pro-inflammatory cytokines in
RAW 264.7 cells. (A) Formation of PGA; and PGA, via dehydration in the cyclopentane
ring of PGE, and PGE, (B) RAW 264.7 cells (1.5x10° cells/m) were stimulated with LPS (1
ug/ml) in the presence or absence of PGE; and PGA; (2.5, 5, 10 and 20 pg/m{) for 6 h. The
mRNA expression of TNF-o and IL-6 were determined by RT-PCR. (C) RAW 264.7 cells
(1.5x10° cells/ml) were stimulated with LPS (1 xg/ml) in the presence or absence of PGE,
and PGA, (2.5, 5, 10 and 20 pg/ml) for 6 h. The mRNA expression of TNF-a and IL-6 were

determined by RT-PCR.
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Fig. 16. Effects of PGs on the production of nitric oxide and mRNA expression of INOS
in RAW 264.7 cells. (A) RAW 264.7 cells (1.5x10° cells/m{) were stimulated with LPS (1
ug/ml) in the presence or absence of PGA;, PGA,, PGE,, and PGE, (2.5, 5, 10 and 20 pg/ml)
for 24 h. Cell cytotoxicity was determined using LDH release method. The data represent the
mean = SD of triplicate experiments. "P<0.05, ~P<0.0I compared with the LPS alone. (B)
RAW 264.7 cells (8.0x10° cells/m{) were stimulated with LPS (1 xg/m{) in the presence or
absence of PGA, and PGE, (2.5, 5, 10 and 20 pg/ml) for 18 h. The mRNA expression of
iNOS was determined by RT-PCR. (C) RAW 264.7 cells (8.0x10° cells/m{) were stimulated
with LPS (1 pg/ml) in the presence or absence of PGA, and PGE, (2.5, 5, 10 and 20 ug/m{)

for 18 h. The mRNA expression of iNOS was determined by RT-PCR
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4. Discussion

In this study, we investigated the modulatory effects of G. verrucosa on the production of
pro-inflammatory markers. We isolated fourteen compounds from G. verrucosa, among
them, Gv-c-9 and GV-c-10 inhibited on the production of TNF-a, IL-6, and NO via
suppression of NF-kB activation and ERK phosphorylation. And, to study on the functional
group from active compounds, we investigated inhibitory effects of prostaglandins on the
production of inflammatory markers. PGA inhibited the production of TNF-a, IL-6, and NO.

There are various species of marine algae in Jeju Island, and useful secondary metabolites
are obtained from marine algae. We investigated the anti-inflammatory effects of fifty
species of marine algae (data not shown). Among them, Gracilaria verrucosa showed
potentially inhibitory effects on the production of TNF-o and IL-6 in LPS-stimulated RAW
264.7 cells. G. verrucosa is a common marine red alga in Korea, and has been widely used
for agar production together with Gelidium. However, only a few studies have reported the
biological effects of this algae.

Lipopolysaccharide (LPS) stimulates macrophages such as RAW 264.7 to produce an
array of pro-inflammatory mediators, including the potent vasodilator NO and the cytokines,
TNF-a, IL-1, and IL-6 (Lapa et al., 2000). Increased production of pro-inflammatory
cytokines (TNF-a, IL-6 and IL-1p) and NO plays a critical role in the process of macrophage
activation and is associated with acute and chronic inflammation (Mehra et al., 2005; Kofler
et al., 2005). Our results showed that GV-c-10 from G. verrucosa inhibited TNF-a and IL-6,
with ICsy values of 51.2 pyM and 33.1 uM, respectively. Compared with control drug,
prednisolone (a steroid compound) inhibited the production of TNF-a. and IL-6, with 1Cs,
values of 110.9 uM and 40.7 uM, respectively. Also, GV-c-9 and GV-c-10 inhibited the

production of NO, with ICs, values of less than 30 pM. These results indicate that the anti-
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inflammatory effects of G. verrucosa may be due to the modulation of macrophage-mediated
inflammatory events such as pro-inflammatory cytokines and NO.

The expression of iNOS, COX-2 and the inflammatory cytokines, TNF-a and IL-6, in
murine macrophages has been shown to be dependent on NF-kB activity (Shakov et al.,
1990; Libermann and Baltimore, 1990; Collart et al., 1990). Studies of unstimulated cells
have revealed that NF-xB is bound to I-kB in the cytoplasm, which prevents it from entering
the nucleus (Sanchez-Perez et al., 2002). In most mammalian cells, IkB-a is rapidly
degraded (<10 min) following phosphorylation but is quickly resynthesized (50-60 min) in
an NF-kB-dependent manner (DiDonato et al., 1996; Sun et al., 1993). The release of NF-
kB from IkB results in the passage of NF-xB into the nucleus, where it binds to specific
sequences in the promoter regions of target genes. We investigated effects of GV-c-9 and
GV-c-10 on the NF-xB activation in LPS stimulated RAW 264.7 cells. Luciferase assays
revealed that GV-c-9 and GV-c-10 inhibited NF-xB activation. But, immunoblot analysis
showed that the compounds isolated from G. verrucosa did not affect IkB-a degradation.
These results suggest that the inhibitory effect of G. verrucosa on the pro-inflammatory
mediators may involve transcriptional regulation through suppression of NF-xB activation
without interfering nuclear translocation of NF-kB in LPS-stimulated RAW264.7 cells (Shin
et al., 2004).

Numerous studies have suggested that LPS regulates iNOS and TNF-a expression through
the mitogen-activated kinase (MAPK) signaling pathway (Suh ef al., 2006; Raingeaud et al.,
1995). Also, the activation of NF-kB is regulated by several kinases such as mitogen-
activated protein kinase (Carter ef al., 1998). However, signaling from MAPK to
transcription factors that mediate iNOS and pro-inflammatory cytokine expression is not
fully understood. LPS stimulation of monocytes/macrophages activates several intracellular

signaling pathways, including three MAPK kinase pathways: ERK (p42/44), c-Jun N-
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terminal kinase (JNK) and p38 (Guha et al., 2001). In the present study, compounds isolated
from G. verrucosa inhibited phosphorylation of ERK1/2 but not JNK1/2 (Fig. 13 and 14).
Several independent groups have reported that LPS-induced NF-kB activation is related to
activation of protein kinase C, ERK1/2, but not JNK1/2 in mouse macrophages (Chen and
Lin, 2001; Castrillo et al., 2001). These results suggest that, in addition to NF-kB inhibition,
G. verrucosa may inhibit pro-inflammatory genes expression via inactivation of ERK 1/2
pathways in LPS-activated RAW 264.7 cells.

GV-c-6, GV-c-9 and GV-c-10 share a common chemical moiety, the acyclic enone
analogs, which have the o,p-unsaturated carbonyl group. Previously, potential anti-
inflammatory activities have been reported for compounds containing the cyclic enone group
such as cyclopentenone PG (cyPG) and cyclopentenone derivatives in activated-macrophage
(Hortelano et al., 2000; Musiek et al., 2005). However, there is no report showing anti-
inflammatory activity of acyclic enone compounds such as GV-c-6, GV-c-9 and GV-c-10.
The present study found for the first time that acyclic enone compounds isolated from G.
verrucosa have remarkably high suppressive activities toward pro-inflammatory gene
expression compared to cyclic enone compounds such as PGA. There is ample evidence that
the a,B-unsaturated carbonyl group in cyPG inhibits NF-kB activation via direct blockade of
IkB kinase (Rossi ef al., 2000), which phosphorylates IkB protein for its degradation. Some
reports have indicated that cyPG directly targets ERK 1/2 (Eligini et al., 2002) and p38
(Murakami et al., 2005). Our results showed that GV-c-9 and GV-c-10 blocked
phosphorylation of ERK and p38 in LPS-stimulated RAW264.7 macrophage cells (Fig. 13
and 14). Another known target of a,-unsaturated carbonyl group is peroxisome proliferator-
activated receptor y (PPARY) (Na and Surh, 2003; Drew et al., 2005). PPARy is a member of
the superfamily of nuclear receptors for steroid, thyroid, and retinoid hormones that require

ligand binding for regulation of cell cycle control, carcinogenesis, and inflammation
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(Zingarelli and Cook, 2005). Thus, we are currently investigating the effect of G. verrucosa
on PPARY ligand activity.

PG can be converted non-enzymatically to other compounds, including cyclopentenone
PGs (cyPG) such as PGA;, PGA,, PGJ,, and 15d-PGJ, (Straus and Glass, 2001). The
biological activities of cyPGs have been shown different from those of primary PGs. The
cyPGs are actively incorporated into cells independent of PG receptors and are transferred to
the nucleus where they exhibit various biological effects including modulation of stress
reaction, inhibition of the cell cycle, and suppression of viral replication (Li et al., 2001;
Hsiang and Straus, 2002; Santoro, 1997). In this study, PGA; and PGA,, two of the
metabolites of G. verrucosa, suppressed the production of NO and pro-inflammatory
cytokines (Fig. 15). Similarly, compounds isolated from G. verrucosa had an inhibitory
effect on the production of pro-inflammatory mediators. These results suggest that the anti-
inflammatory effects of G. verrucosa in LPS-stimulated macrophage activation may be due
to compounds with an o,3-unsaturated carbonyl structure similar to PGA.

In summary, we have demonstrated that the anti-inflammatory mechanism of G. verrucosa
may modulate macrophage-mediated inflammatory functions such as the over-production of
pro-inflammatory cytokines and NO via suppression of NF-kB activation and ERK1/2
phosphorylation. Moreover, the active compounds isolated from G. verrucosa have the o,p-
unsaturated carbonyl group in their chemical structures. These results provide new insight

into the mechanisms of the anti-inflammatory and pharmacological activities of G. verrucosa.
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6. Abstract in Korean

WA A7) (Gracilaria verrucosa Papenfuss)i= 3Shar <Akl X 25l FE2FEA,
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