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bstract

Murdannia bracteata has been used as a Taiwanese folk medicine for its anti-inflammatory properties. However, neither its active ingredients
or its anti-inflammatory actions are well defined. Nitric oxide (NO), overproduced by activated macrophages via inducible NO synthase (iNOS),
s suggested to be a significant pathogenic factor in various inflammatory tissue injuries. In order to elucidate the anti-inflammatory actions of M.
racteata, the present study was designed to isolate its active constituents and examine its effects on iNOS in lipopolysaccharide (LPS)-activated
acrophages. Two new hydroxybutenolides, bracteanolide A (1) and B (2), together with (+)-(R)-p-hydroxyphenyllactic acid (3) and isovitexin

4), were isolated and identified from M. bracteata by the NO production assay. All of the compounds inhibited NO production except 3. Their rank
rder of potency was 1 > 2 > 4. Among these, 1 significantly inhibited NO production, which is associated with its suppression on iNOS induction

n a concentration-dependent manner, with an IC50 of 33.27 ± 0.86 �M. Nevertheless, isometric tension recordings in isolated endothelium-intact
at aorta revealed that 1–4 did not affect acetylcholine-induced endothelial NO-dependent relaxation, an index of endothelial NOS (eNOS) activity.
he selective inhibition on iNOS provides a possible explanation for the anti-inflammatory use of M. bracteata.
2007 Elsevier Ireland Ltd. All rights reserved.

lide B

c
o
l
l
1
e
a
u
N
b

eywords: Murdannia bracteata; Commelinaceae; Bracteanolide A; Bracteano

. Introduction

Murdannia bracteata, a perennial herb, is widely distributed
hroughout the Indo-China Peninsula (Hong, 1997). It has long
een used in folk medicine to treat hepatitis, stomatitis, pneu-
onia, nephritis and many other inflammatory diseases (Chiu

nd Chang, 1995). However, the pharmacological data is defi-
ient in clearly establishing the scientific rationale for the
nti-inflammatory medicinal use of this plant; the search for
ts active constituents is also limited.
Nitric oxide (NO) is one of the critical mediators released
rom a variety of cells, such as vascular endothelial cells and
acrophages, that alters cardiovascular homeostasis, leading to

Abbreviations: NO, nitric oxide; NOS, nitric oxide synthase; iNOS,
nducible nitric oxide synthase
∗ Corresponding author. Tel.: +886 2 2736 1661x6156.
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hanges in the physiological condition, even when large amounts
f NO are released upon external stimulation (Wolf, 1997). Cel-
ular NO, accompanied with l-citrulline, is synthesized from
-arginine by a family of NO synthase (NOS) (Hibbs et al.,
987). Among three identified isoforms of NOS, the constitutive
ndothelial NOS (eNOS) plays an important role in protection
gainst the onset and progression of cardiovascular disorders
nder physiological conditions. The expression of inducible
OS (iNOS) is induced by pro-inflammatory stimuli such as
acterial lipopolysaccharide (LPS) or cytokines (Chartrain et
l., 1994). NO, if produced in large quantities by activated
acrophages overexpressing iNOS, has been implicated in the

athogenesis of a variety of inflammatory-mediated disorders
ncluding septic shock, stroke, DNA damage, and carcinogene-

is caused by mutagenesis (Chen et al., 1998). Since cells cannot
equester and regulate the local concentration of NO, inhibition
f NO synthesis is, therefore, a potential therapeutic approach
or the treatment of these inflammatory diseases. Therefore, the

mailto:thlee@tmu.edu.tw
dx.doi.org/10.1016/j.jep.2007.02.025
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creening of bioactive compounds from natural resources, which
odulates the activity and/or expression of iNOS, will prove

nvaluable.
NO production induced by LPS through iNOS expression in

AW 264.7 cells, a mouse macrophage cell line, may reflect the
egree of inflammation and may provide a measure for assess-
ng the effects of test drugs on the inflammatory process (Jiang
t al., 2006). Through bioassay-guided fractionation, the ethyl
cetate layer of the whole plant extracts of M. bracteata has
he ability to inhibit NO production in cultured RAW 264.7
ells stimulated with bacterial LPS. M. bracteata may contain
ome bioactive components worthy of being investigated. In this
tudy, a series of extraction, separation, purification, and struc-
ural elucidation was investigated, which has led to the isolation
nd identification of two new hydroxybutenolides as well as
wo known phenolics. In an attempt to evaluate their poten-
ial as anti-inflammatory agents, the isolated pure compounds
ere tested for their activities on iNOS in unstimulated- and
PS-stimulated RAW 264.7 cells. Their cytotoxicity was also
ssessed. The results indicated that constituents of M. bracteata
ignificantly inhibited NO production in LPS-stimulated murine
acrophages. Of all the compounds tested, the new extract

racteanolide A (1) is the most potent and selective for iNOS,
hich may have potential in the prevention and treatment of
iseases caused by an increased expression of iNOS, although
urther study is still warranted. These results also serve as an
dditional rationale for the use of M. bracteata in inflammatory
isorders.

. Materials and methods

.1. General experimental procedures

Optical rotations were measured using a JASCO P-1020 dig-
tal spectropolarimeter. IR spectra were recorded on a Thermo
R 300 spectrometer. UV spectra were measured in MeOH
n a Shimazu UV 1601 spectrophotometer. The NMR spec-
ra were recorded in CD3OD at room temperature on a Bruker
MX-500 SB spectrometer, and the solvent resonances of the

esidual undeuterated solvent were used as internal shift ref-
rences. The 2D NMR spectra were recorded using standard
ulse sequences. Positive ion FAB-MS and HR-FAB-MS data
ere obtained on a JOEL SX-102A mass spectrometer using
-nitrobenzyl alcohol (NBA) as the matrix. Sephadex LH-20

Pharmacia Biotech) was used for gel permeation chromatog-
aphy. HPLC was performed using a semi-preparative column
BDS Hypersil C18, 10 mm i.d. × 250 mm, Thermo Hypersil-
eystone, Runcorn, UK; detector, refractive index). TLC was
erformed using silica gel 60 F254 plates (200 �m, Merck,
ermany).

.2. Plant material
The whole plant of Murdannia bracteata (C. B. Clarke) J.
. Morton ex D. Y. Hong (Commelinaceae) were collected in

he suburbs of Taipei, Taiwan on Oct. 11, 2005, and were iden-
ified by Dr. Ching-I Peng, a research fellow in the Research

R
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(
p
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enter for Biodiversity, Academia Sinica, Taipei, Taiwan. The
oucher specimens (no. 10112005) were deposited in the Grad-
ate Institute of Pharmacognosy, Taipei Medical University,
aipei, Taiwan for future reference.

.3. Extraction and isolation of 1–4

The whole plant of M. bracteata (6 kg) was successively
xtracted three times with 12 l of MeOH at room temperature for
weeks. The methanolic extract (530 g) was adjusted to 85% in

queous solution for an n-hexane partition, which generated two
ractions soluble in aqueous methanol and n-hexane (12.5 g).
ubsequently, the aqueous methanol-soluble fraction was then
vaporated to dryness (103 g) and further partitioned between
thyl acetate (400 ml × 2) and water (400 ml). The remaining
ater solution was extracted two times with n-butanol (400 ml).
hen, the subsequent separation was guided by bioassays used

n this study. The ethyl acetate layer (15.5 g), with significant
ioactivity, was evaporated to a brown residue and re-dissolved
n methanol for chromatographic purification. The first separa-
ion step was carried out using gel permeation chromatography
n a Sephadex LH-20 column (3 cm i.d. × 65 cm) and eluted by
ethanol with a flow rate of 2.5 ml/min. Each fraction (15 ml)

ollected from the ethyl acetate layer was checked for its compo-
itions by TLC using ethyl acetate/acetic acid/H2O (85:10:10)
or development, and observation under UV 254 nm. Dipping in
anillin-sulfuric acid were used in the detection of compounds
ith similar chromophores. Subsequently, fractions contain-

ng similar compounds and exhibiting stronger bioactivity (#fr.
8–21, 0.65 g) were combined to give one major portion. HPLC
f this portion on a reversed-phase column with acetonitrile/H2O
1:4) as eluent, 2 ml/min, afforded 1 (25 mg; tR, 8.96 min), 2
8 mg; tR, 14.90 min), 3 (11 mg; tR, 10.13 min) and 4 (47 mg; tR,
1.00 min).

Bracteanolide A (1). amorphous white powder; [α]25
D =

21.4◦ (c 0.1, MeOH); UV (MeOH): λmax (log ε) = 214 (3.9),
45 (3.7), 303 (3.8), 329 (3.9) nm; IR (KBr): vmax = 3324,
726, 1603, 1299 cm−1; 1H NMR (CD3OD, 500 MHz):
ee Table 1; 13C NMR (CD3OD, 125 MHz): see Table 1;
AB-MS (NBA): m/z = 209 [M + H]+; HR-FAB-MS (NBA):
/z = 209.0453 [M + H]+ calcd. for C10H8O5 + H+: 209.0450.
Bracteanolide B (2). amorphous white powder; [α]25

D =
13.4◦ (c 0.1, MeOH); UV (MeOH): λmax (log ε) = 215 (3.9),

46 (3.8), 305 (3.8), 333 (3.9) nm; IR (KBr): vmax = 3369,
729, 1605, 1298 cm−1; 1H NMR (CD3OD, 500 MHz):
ee Table 1; 13C NMR (CD3OD, 125 MHz): see Table 1;
AB-MS (NBA): m/z = 223 [M + H]+; HR-FAB-MS (NBA):
/z = 223.0602 [M + H]+ calcd. for C11H10O5 + H+: 223.0607.

.4. Cell culture

RAW 264.7 cells (a transformed murine macrophage
ell line) obtained from the Bioresource Collection and

esearch Center (Hsinchu, Taiwan) were maintained by
nce-weekly passage in Dulbecco’s modified Eagle medium
DMEM) supplemented with 10% fetal calf serum (FCS) and
enicillin–streptomycin.
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Table 1
1H and 13C NMR spectroscopic data (CD3OD, 500 MHz) for compounds 1 and 2 [δ in ppm, mult. (J in Hz)]

Position 1 2

13Ca 1H HMBC (H→C) 13Ca 1H HMBC (H→C)

2 174.1 s 173.5 s
3 111.8 d 6.23 s 2, 4, 5, 1′ 112.6 d 6.30 s 2, 4, 5, 1′
4 165.9 s 163.9 s
5 99.9 d 6.45 s 2, 3 104.8 d 6.30 s 2, 3
1′ 122.6 s 122.3 s
2′ 116.0 d 7.20 s 4, 3′, 4′, 6′ 115.7 d 7.14 s 4, 3′, 4′, 6′
3′ 146.7 s 146.9 s
4′ 150.5 s 150.8 s
5′ 116.5 d 6.82 d (8.2) 1′, 3′, 4′ 116.6 d 6.82 d (8.1) 1′, 3′, 4′
6′ 122.3 d 7.18 d (8.2) 4, 2′, 4′ 122.1 d 7.13 d (8.1) 4, 2′, 4′

2

2
D
T
p
a
t
0
t
s
p
w
a
1
a
m
m
b
a
t
c

2

c
A
m
w
w
l
s

2

c
g

i
e
A
i
f
t
B
T
8
b
w
i
T
t
m
C
h
v
B

2

(
t
c
r
o
w
a
o
c
A

2

OCH3

a Multiplicities were obtained from DEPT experiments.

.5. NO measurement

Cell aliquots (5 × 105 cells/ml) were grown to confluence on
4-well plates for 24 h. The medium was changed to serum-free
MEM for another 4 h to render the attached cells quiescent.
o assess the effects on LPS-induced NO production, com-
ounds 1–4, two positive control Nω-nitro-l-arginine (l-NNA,
non-selective NOS inhibitor) and aminoguanidine (a selec-

ive iNOS inhibitor; 100 �M) or vehicle (dimethyl sulfoxide;
.1%) were added in the absence or presence of LPS (50 ng/ml)
o the cells for another 24 h. The culture supernatant was sub-
equently collected for the nitrite assay as a reflection of NO
roduction (Green et al., 1982). Briefly, an aliquot of supernatant
as mixed with an equal volume of Griess reagent (prepared by

dding 1 part 0.1% napthylethylenediamine dihydrochloride to
part 1% sulfanilamide in 5% phosphoric acid) and incubated

t room temperature for 10 min. The absorbance at 550 nm was
easured by a microplate spectrophotometer (Bio-Tek Instru-
ent, Inc., Winooski, VT, USA). Fresh medium was used as the

lank. The nitrite concentration was determined by reference to
standard curve by using sodium nitrite diluted in the stock cul-

ure medium. Results are expressed as percentage of inhibition
alculated versus vehicle plus LPS-treated cells.

.6. Cytotoxicity assay

A redox indicator, alamarBlue, was used to measure the
ytotoxicity as shown previously (Kwack and Lynch, 2000).
fter the culture supernatant was removed for NO measure-
ent described above, a solution of 10% al amarBlue in DMEM
as added to each well containing RAW 264.7 cells. The plates
ere incubated at 37 ◦C in humidified 5% CO2 for 3 h. Fol-

owing incubation, the absorbance of the alamarBlue was read
pectrophotometrically at dual wavelengths of 570 and 600 nm.

.7. Western blot assay
The expressions of iNOS in LPS-stimulated RAW 264.7
ells was analyzed. RAW 264.7 cells (1.5 × 107 cells/ml) were
rown to confluence on culture dishes for 24 h. After starvation

p
2
fi

55.6 q 3.52 s 5

n a serum-free medium for 4 h, the cells were simultaneously
xposed to LPS (50 ng/ml) and compounds 1–4 for another 24 h.
t the end of the experiments, the cells were washed and lysed in

ce-cold lysis buffer. The lysates were centrifuged at 3000 × g
or 20 min at 4 ◦C. The cytoplasmic protein concentration in
he supernatants was determined by the protein-dye method of
radford (1976), using bovine serum albumin as a standard.
otal protein (50 �g per lane) from each sample was run on
% SDS-polyacrylamide gels and transferred to PVD mem-
ranes (Bio-Rad Laboratories Inc., Hercules, CA). Membranes
ere then serially incubated, first with blocking buffer contain-

ng 137 mM NaCl, 20 mM Tris–HCl (pH 7.5), 0.2% (vol/vol)
ween 20, and 5% (wt/vol) non-fat milk for 1 h. The next incuba-

ion was performed with a mouse monoclonal antibody against
ouse iNOS (1:1000, Transduction Laboratories, San Diego,
A). A final incubation was carried out with anti-rabbit IgG
orseradish peroxidase (1:5000). Immunoreactive bands were
isualized with a chemiluminescence detection kit (Amersham
iosciences, Piscataway, NJ).

.8. Animals

Adult male Sprague-Dawley rats, weighing 250–280 g
National Laboratory Animal Center, Taipei, Taiwan), were
ested. The rats were allowed to acclimate to environmentally
ontrolled quarters with a constant temperature of 20–22 ◦C,
elative humidity 55% and a light cycle of 12:12 h. Standard lab-
ratory chow (Purina Mills, Richmond, IN, USA) and drinking
ater were provided ad libitum. All animal experiments were

pproved by the Institutional Animal Care and Use Committees
f National Research Institute of Chinese Medicine and were
onducted in accordance with the National Institutes of Health
nimal Care standards.

.9. Vascular tension experiment
The methods employed were essentially the same as our
reviously published methods (Wang et al., 1996; Ko et al.,
006). In brief, aortic rings from Sprague-Dawley rats were
xed in organ chambers isometrically under passive tension of
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assigned as 2,5-dihydro-5-methoxy-4-[3′,4′-dihydroxyphenyl]-
furan-2-one, and named bracteanolide B.

Spectroscopic data of (+)-(R)-p-hydroxyphenyllactic acid (3)
having been isolated from the metabolites of Ceratocystis spp.
24 G.J. Wang et al. / Journal of Ethn

.8 g for 60 min. Functional integrity of the endothelium was
onfirmed by an observation of more than 95% relaxation in
esponse to acetylcholine (1 �M) in tissues pre-contracted with
henylephrine (0.3 �M). To investigate the effects of compounds
–4 on eNOS function, cumulative concentrations of acetyl-
holine (10 nM–10 �M) were applied during the sustained phase
considered as 100%) of phenylephrine (0.3 �M)-induced con-
raction in endothelium-intact aortic rings. Following washing
nd recovery for 30 min, similar experiments were carried out
n the presence of 1–4, l-NNA or aminoguanidine at 10 �M or
ehicle (dimethyl sulfoxide; 0.1%) for 20 min. The construction
f concentration–response curves for acetylcholine was based
n the percentage of relaxation of the agonist-induced contrac-
ion. A complete relaxation was considered attained when the
re-contracted rings returned to the base line position.

.10. Reagents

The following drugs were used: acetylcholine, aminoguani-
ine, bovine serum albumin, dimethyl sulfoxide, DMEM,
-NNA, LPS (Escherichia coli Serotype 055:B5), napthyl-
thylenediamine dihydrochloride, phenylephrine and sulfanil-
mide, from Sigma–Aldrich Chemical Co. (St. Louis, MO,
SA); alamarBlue, from Biosource International Co. (Camar-

llo, CA, USA); FCS, from PAA Laboratories GmbH (Pasching,
ustria); penicillin–streptomycin from Invitrogen Co. (Carls-
ad, CA, USA); mouse monoclonal antibody against mouse
NOS from Transduction Laboratories (San Diego, CA, USA).
ompounds 1–4 were dissolved in dimethyl sulfoxide to make

tock solutions, respectively, and stored at −30 ◦C. The final
oncentration of the vehicle in the solutions never exceeded
.1% and had no effects on NO production, iNOS expression,
ascular tension or cell viability assay.

.11. Statistic analysis

For each experimental series, data are presented as
ean ± S.E. and n represents the number of independently

erformed experiments. All data were analyzed by an IBM-
ompatible statistical software package (SPSS for Windows,
er. 10.0). The significance of the concentrations and sample

reatments was determined by two-way analysis of variance
ANOVA) with repeated measures. If there were significant
nteractions, the simple main effect of each factor was assessed
sing the Kruskal-Wallis nonparametric post hoc analysis for
NOVA. Post hoc comparisons were carried out between means,

ccording to suitability. P-values less than 0.05 indicated a sta-
istically significant difference.

. Results and discussion

A methanolic extract of the whole plant of M. bracteata was
ractionated by liquid–liquid partitioning into fractions soluble

n n-hexane, ethyl acetate, n-butanol, and H2O, successively.
mong them, the ethyl acetate-soluble fraction has the most

ignificant inhibitory activity on iNOS with an overall yield of
.26%. This fraction was further chromatographed sequentially
rmacology 112 (2007) 221–227

y Sephadex LH-20 column chromatography and HPLC, and
ach step was guided by a bioassay to give compounds 1–4. Of
hese, 1 and 2 were identified to be new based on their spectral
nalysis.

The molecular formula for 1, C10H8O5, was determined
y 13C NMR and HR-FAB-MS data. The IR spectrum of 1
ndicated the presence of a hydroxyl (3324 cm−1), a carbonyl
1726 cm−1) and aromatic (1603 cm−1) groups. The 1H NMR
pectrum of 1 (Table 1) displayed an ABX coupled aromatic
ystem at δH 7.20 (1H, s), 7.18 (1H, d, J = 8.2 Hz) and 6.82 (1H,
, J = 8.2 Hz), ascribable to H-2′, -6′ and -5′, respectively, as
ell as one olefinic proton at δH 6.23 (1H, s), and one hemiac-

tal proton at δH 6.45 (1H, s) in association with its 13C NMR
ata, 1 was characteristic of an aromatic ring annexed to a con-
ugated γ-butyrolactone skeleton (Rasmussen et al., 1995; Li
t al., 2003). Thus, the structure of 1 (Fig. 1) was established
o be 2,5-dihydro-5-hydroxy-4-[3′,4′-dihydroxyphenyl]-furan-
-one, and named bracteanolide A.

Compound 2 possessed spectroscopic data closely com-
arable to that of 1 except that its OH-5 functionality in

was replaced with a methoxy group in 2. Its 1H NMR
Table 1) exhibited one signal for an additional methoxy sin-
let at δH 3.52 when compared with that of 1. Therefore, 2 was
Fig. 1. Chemical structure of compounds 1–4 from Murdannia bracteata.
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Fig. 2. Inhibitory effect of compounds 1–4 on LPS-induced NO production.
RAW 264.7 cells were co-incubated with LPS (50 ng/ml) and 1 (12.5–100 �M),
2–4 (100 �M), Nω-nitro-l-arginine (l-NNA, 100 �M), aminoguanidine (AG,
100 �M) or vehicle for 24 h. NO production was determined by measuring the
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reduced cell viability by 9.25 ± 1.78% in the presence of LPS
(Fig. 3). This compound appeared to inhibit NO production in
LPS-activated RAW 264.7 cells (Fig. 2), but this effect was
comparable with its cytotoxicity upon cells during culture in

Fig. 3. Effect of compounds 1–4 on cell viability in LPS-activated RAW
mount of NO metabolites in the medium. n = 6–8 in each group. *P < 0.05 when
ompared with vehicle-treated cells. Vehicle group represented as 100% is equal
o 30.60 ± 0.05 �M of NO produced in the medium per well of cells.

ere interpreted by comparison with those reported in the liter-
ture (Ayer et al., 1986). Compound 4, a major component, was
btained as a yellow powder whose spectral data was consistent
ith that of isovitexin, having been isolated from Terminalia

atappa (Lin et al., 2000).
To access the possible cytotoxicity of 1–4 against RAW

64.7 cells, a mouse macrophage cell line, we conducted a cell
iability test determined in the absence of LPS using the alam-
Blue assay. Up to a concentration of 100 �M, all compounds
evealed no significant cytotoxicity (data not shown). Thus,
oncentrations of 100 �M were chosen for subsequent experi-
ents. NO production induced by LPS through iNOS expression

n RAW264.7 cells may reflect the degree of inflammation
nd may provide a measure for assessing the effects of drugs
n the inflammatory process. In this experiment, aminoguani-
ine, a selective iNOS inhibitor, and l-NNA, a non-selective
OS inhibitor, were used as positive inhibitors. To investigate

he effect of 1–4 on NO production, RAW 264.7 cells were
timulated with 100 �M of 1–4 in the absence or presence of
PS (50 ng/ml). Without LPS, RAW 264.7 cells released unde-

ectable levels of NO after 24-h incubation (data not shown).
rom these results, all the compounds failed to stimulate RAW
64.7 cells to produce detectable amounts of NO (data not
hown), but inhibited NO production by LPS-activated RAW
64.7 cells to varying extents. As shown in Fig. 2, LPS signif-
cantly elicited the accumulation of 30.60 ± 0.05 �M of nitrite,
hich is a stable metabolite in the medium. Among the tested
ompounds, 1, at 100 �M, is the most potent in the assay,
ith 91.60 ± 1.51% inhibition, even better than the positive

nhibitors aminoguanidine and l-NNA. Under the same condi-
ions, the inhibitory effects of aminoguanidine and l-NNA were

2
1
a
b
v

rmacology 112 (2007) 221–227 225

5.21 ± 0.87% and 46.16 ± 3.07%, respectively. Fig. 2 shows
hat the new bracteanolide A (1, 12.5–100 �M) strongly inhib-
ted LPS-induced NO production in a concentration-dependent

anner, with an IC50 value of 33.27 ± 0.86 �M. The observed
ffect seems not to be related to the cytotoxicity of 1, since
t showed no impairment of cell viability (Fig. 3). In order
o determine if the observed inhibitory effect of 1 on the
nflammatory mediators was directly related to the modulation
f iNOS induction, we examined its protein expression lev-
ls by Western blot analysis. As shown in Fig. 4A, 130 kDa
f iNOS protein expression was undetectable in unstimulated
AW 264.7 cells. In response to LPS, the amount of iNOS was
arkedly up-regulated. At the indicated concentrations, 1 had an

pparent suppressive effect on iNOS protein induction without
ffecting housekeeping protein expression. This effect was also
oncentration-dependent (Fig. 4B). The inhibitory effect of 1
n iNOS protein expression in activated RAW 264.7 cells could
ccount, at least in part, for the suppression of NO production.
imilar experiments were conducted for aminoguanidine and l-
NA as illustrated in Fig. 4A. Clearly, 1 is more potent than

ither of these two positive controls.
Bracteanolide B (2), an analogue of bracteanolide A, has no

nfluence on cell viability at concentrations up to 100 �M in
he presence of LPS (Fig. 3). Different from bracteanolide A,
exerts a moderate inhibitory activity on NO production at the
aximal test concentration (Fig. 2). The nitrite level of 2 was

0.11 ± 1.12% of cells treated with LPS plus vehicle group.
nly 4, at the concentration used for NO inhibition, has weakly
64.7 cells. RAW 264.7 cells were co-incubated with LPS (50 ng/ml) and
(12.5–100 �M), 2–4 (100 �M), Nω-nitro-l-arginine (l-NNA, 100 �M),

minoguanidine (AG, 100 �M) or vehicle for 24 h. Cell viability was detected
y alamarBlue assay. n = 6–8 in each group. *P < 0.05 when compared with
ehicle-treated cells.
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Fig. 4. The inhibitory effect of bracteanolide A (1) on LPS-induced iNOS
protein expression in RAW 264.7 cells. (A) A representative immunoblot
from three separate experiments is shown. Lysates were prepared from
24 h-LPS (50 ng/ml)-stimulated cells in combination with bracteanolide A
(12.5–100 �M), Nω-nitro-l-arginine (l-NNA, 100 �M), aminoguanidine (AG,
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decreased expression of iNOS protein. The modulating effect on
iNOS is selective, since it did not effect acetylcholine-evoked
endothelial NO-dependent vasorelaxation an index of eNOS
activity. All of these findings seem to provide a rationale for the
00 �M) or vehicle. (B) Results were generated as integrated intensity units
y densitometry and expressed as percentage of vehicle from three separate
xperiments. *P < 0.05 when compared with vehicle-treated cells.

he presence of LPS. In contrast to the other three compounds,
he effect of 3 seems not to be linked to NO production at the
ested concentrations, although it did not affect cell viability
Figs. 2 and 3).

In addition to the inflammatory iNOS pathway, basal release
f NO chiefly derived from constitutively activated eNOS
ontributes to vasorelaxation. Endothelium-dependent relax-
tions are achieved by a combination of nitric oxide (NO),
ndothelium-derived prostacyclin (PGI2) and endothelium-
erived hyperpolarizing factor (EDHF) (Rubanyi, 1993;
leming et al., 1996). The tonical contribution of NO, derived
rom activation of eNOS, is most prominent in the aorta,
hereas that of EDHF is most prominent in the distal resis-

ance arteries (Shimokawa et al., 1996). According to previous
eports (Ku et al., 1996; Chataigneau et al., 1999), endothelium-
ependent relaxation induced by acetylcholine in the aorta from
ild-type eNOS(+/+) mice was completely abolished by acute

nhibition of NOS indicating that, in large-conduit vessels, NO
s the major endogenous endothelium-derived vasodilator. In
rder to explore whether 1–4 has an effect on modification

f eNOS function, besides iNOS, we examined the effects of
–4 on acetylcholine-evoked relaxation in isolated endothelium
ntact aortic rings. In the vasorelaxation bioassay, each tested
ompound, given individually did not alter the baseline ten-
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p
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ion of the aortic rings (data not shown). Fig. 5 shows the
asorelaxation effects of acetylcholine (10 nM 10 �M) in the
resence of 1, reference compounds or vehicle in aortic rings
re-contracted with phenylephrine (0.3 �M). When the concen-
ration of acetylcholine reached 1.0 �M, a marked relaxation
ccurred (97.46 ± 0.81%) in the vehicle-treated group. The non-
elective NOS inhibitor l-NNA (10 �M) completely inhibited
cetylcholine-evoked vasorelaxation whereas aminoguanidie, a
elective iNOS inhibitor, did not change the effect induced
y acetylcholine. In the presence of 1 (10 �M) for 20 min,
he vasorelaxation induced by acetylcholine was not obviously
ffected. The maximal relaxation of this compound was 100%,
hich was similar to aminoguanidine (10 �M) yielding maxi-
al relaxation of 98.08 ± 1.92%. These findings suggest that 1,

nlike l-NNA, did not modify the activity of eNOS. This com-
ound exhibits significant and comparable selectivity for the
nhibition of iNOS and may be developed as a potential therapeu-
ic strategy for anti-inflammation, without changes in vascular
ension and systemic blood pressure. Similar to 1, compounds
–4 did not change the endothelial NO-dependent relaxation
nduced by acetylcholine, an index of eNOS acitivity (data not
hown).

The overall experimental results of the present study sug-
est that the constituents, two hydroxybutenolides as well as
sovitexin, isolated from M. bracteata, substantially inhibit NO
roduction in LPS-stimulated RAW 264.7 murine macrophages.
he new compound bracteanolide A (1) is the most potent. Its
ramatic inhibitory effect on NO synthesis is associated with its
ig. 5. The vasorelaxation effects of acetylcholine (10 nM–10 �M) in the
resence of compound 1 (10 �М), Nω-nitro-l-arginine (l-NNA, 10 �M),
minoguanidine (AG, 10 �M) or vehicle for 20 min in rat aortic rings with intact
ndothelium precontracted with phenylephrine (0.3 �M). n = 6–8 in each group.
P < 0.05 when compared with vehicle-treated cells.
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nti-inflammatory use of M. bracteata, which might be linked
ith its ability to reduce NO production and immunoregulatory

unction.

. Conclusion

To our knowledge, this is the first report on the scientific
ationale of M. bracteata for anti-inflammatory medicinal use.
he specific iNOS inhibitory effect of 1 could be potentially
eveloped as a selective inhibitor of iNOS for future therapeutic
se.
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