aemic insult. In this regard, several experimental and

clinical investigators have compared the- [1131]]'MZ distri-
bution with the cerebral blood flow, oxygen mhetabolism
and/or glucose metabolism, and shown the potential of
[I23[JIMZ for evaluation of neuronal viability after an
ischaemic stroke 3, 6; 7, 8, 9, 10, 11, 12]. A few authors
[6, 10, 11) have also correlated ['Z[)IMZ cistribution
with histological findings obtained using the hacmatoxy-
lin-eosin stain.

To the best of our knowledge however, the brain dis-

tribution of [23[}IMZ has not been correlated with the’

molecular response after an ischaemic insult in detail,
The pathophysiological significance of findings that are

actually imaged by [12}I]IMZ also remains to be eluci- -

dated. Accordingly, we compared the brain distribution
of [123[JIMZ with (1) cerebral blood flow, (2) the expres-
sion of cyclooxygenase-2 (COX-2), (3} fragmentation of
DNA. and (4) cellular integrity, in order to characterise
[123IJIMZ as a marker of neuronal viability, \COX-2, a
prostanoid synthesising enzyme, is expressed early after
an ischaemic insult and contributes to the progression of
ischaemic damage [13, 14, 15, 16, 17]. Thus, we exam-
ined COX-2 -expression to evaluate the neuronal re-
sponse early after an ischaemic insult. In situ DNA poly-
merase-I-dependent dUTP incorporation into damaged
DNA was used as an indicator of DNA fragmentation.
Techniques for visual detection and localisation of DNA
injury/repair in situ include: TdT-dependent dUTP label-
ling of free 3'-OH ends of double-stranded DNA
(TUNEL); Klenow fragment of DNA polymerase-I-de-
pendent labelling of staggered 3'-OH ends and gaps; and
DNA polymerase-I incorporation in nicks, gaps and stag-
. gered 3'-CH ends [18]. Of these, only DNA. polymerase-
I has 5°—>3' exonucleolytic activity, which allows nick
translation and visualisation of randomly occurring sin-
gle-strand scission of double-stranded DNA. MAP-2, a

cellular structural protein existing on the surface of nen-

rodendrites, is also immunostained as a marker of cellu-
lar integrity. '

Materials and methods

Animal preparation. The experimental protocol was fully ap-
proved by the Laboratory Animal Care and Use Committee of
Hokkaido University. Male Sprague-Dawley rats weighing
300-350 g were used. The rats had free access to water and labo-
ratory chow. The animals were initially anaesthetised with
400 mg/kg body weight IP chlorzl hydrate. The body temperatures
were monitored with rectal probes and maintained at 37°C with
heating pads during the operation. The rats were subjected to per-
manent unilateral major artery occlusion. The right middle cere-
bral artery (MCA) of each rat was occluded intraluminaily accord-
ing to a method described in detail previously {19, 20, 21]. The
rats were allowed to recover from anaesthesia and. any induced
neurological deficits were confirmed. The animals not showing
any neurological deficits were excluded from this expériment.
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Fig. 1. An example of regions of interest (ROTs) on a corenal im-
age. Twelve circular ROIs (2 min in diameter) were determined on
each hemisphere of the cortex symmetrically

Autoradiographic studies. The brain distributions of [#3[)IMZ and
[25}IMP were determined using a dual-tracer autoradiographic tech-
nique. [IB]]IMZ (111 MBqg/kg body weight) was first injected via
the femoral vein 60 min before decapitation, to determire specific
[2[)IMZ distribution according to the metheds reported by Toyama
et al. [10, 11). Then, 55 min later, ['¥I]IMP (2.22 MBq/kg body
weight) was injected via the contralateral femoral vein, to agsess
bloed flow distribution [10, 113. The rats were decapitated under
chlorzl hydrate anaesthesia 5 min after the injection of ['ZIJIMP,
which was 2, 3, 4, 6, 8, 12 and 24 h after the ischaemic insult (n =
four to six in each group). Their brains were removed quickly and
carefuily, and immersed in ice-cold saline. The brains were then sec-
tioned at 6 mm caudal from the frontal pole using a brain matrix
(RBM-4000C, -AS] Instruments, Warren, MI) to obtain coronal sec-
tion:s, The brain samples were embedded in & medivm (Tissue-Tek,
Sakura Finetechnical Co., Ltd., Tokyo, Japan), frozen in isopentane-
dry ice, and cut into 20-pum sections with a cryostat (Bright Instru-
ment Co., Ltd., Cambridgeshire, England). The first autoradiograph-
ic exposure was performed for 3 h to detect the distribution of
[BIIMZ. The second exposure was initiated 7 days later and carried
out for 7 days to visualise the distribution of [125I]IMP.

Histological studies. Immunoreactivity to COX-2 and microtu-
bule-associated protein-2 (MAP-2Z) were detected in frozen sec-
tions (10 pm thick) adjacent to those used for the autoradiographic
studies, using a standard immunostaining procedure [23]. Briefly,
after fixation in a cold 1:1 acetone-to-methanol mixture, the sec-
tions were incubated with a polyclonal-anti-COX-2 antibody
(Cayman Chermnical; dilution 1:2,000) or a purified mouse mono-
clonal anti-MAP-2 antibody (BD Pharmingen, San Diego; dilution
1:400). The bound antibody was visualised by staining with avi-
din/biotin conjugate immunoperoxidase (Vector Laboratories, Inc.,
CA, USA) and 3,3’-diaminobenzidine tetrahydrochloride (DAB;
Vectastain Elite Kit, Vector Laboratories, CA).

DNA fragmentation was also detected on the adjacent sections
by incorporation of digoxigenin-dUTP using DNA polymerase-I
according to the method previously described [18, 23]. To confirm
the nuclear locatisation of the label, some sections were counter-
stained with haematoxylin,
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Data analysis. The autoradiograms were analysed using a comput-
erised imaging analysis system (Bio-imaging Analyser BAS-5000,
Fuji Photo Film, Tokyo, Japan). To quantitatively evaluate the dis-
tributions of [123[]IMZ and [!251]IMP, 12 circular regions of inter-
est (ROIs, 2 mm in diameter) were determined on each hemi-
sphere of the cerebral cortex in the autoradiograms symmetrically
from the longitndinal fissure to the temporal lobe {Fig, 1). Lesion
to normal ratios (LNRs) were defined as the ratios of values for an
ROI in the lesioned hemisphere to those for the contralateral ho-
mologous ROT,

Based on the LNRs for [!2[]IMZ and [\25I]IMP, ROIs deter-
mined on the lesioned hemisphere were classified into (hree
groups as shown in Table 1: group 1, LNRs for both [125T)IMP and
[BIIMZ were equal to or larger than 0.8; group 2, the LNRs for
[12]IMP were less than 0.8 and those for ['2JIMZ were equal to
or larger than 0.8; group 3, LNRs for both [125I]IMP and [123]]IMZ
were less than 0.8, A threshold LNR of 0.8 was chosen, consider-
ing the lesion detectability by the antoradiographic methods [11].

The ROIs determined on the lesioned hemisphere were also
classified into four groups based on histological findings as fol-
lows (Fig. 2): group A, impaired MAP-2 immunostaining; group
B, preserved MAP-2 immunostaining and positive for dUTP in-
corporation; group C, preserved MAP-2 immunostaining, negative
for AUTP incorporation and pesitive for COX-2; group D, no his-
tological evidence of an ischaemic injury.

All values are expressed as means or means + standard devia-
tion. A Z test was used to assess the significance of difference in
the percentage of ROIs with impaired [125]IMP or [13[]IMZ ac-
camulation. One-way ANOVA and post-hoc tests (Fisher’s meth-
od) were used to assess the significance of difference in the LNRs
among the four groups classified on the basis of histological find-
ings. A two-tail value of P<0.05 was considered to indicate statis- -
tical significance.

Results

Figure 3 shows representative autoradiograms for
[125]]IMP and [*23[]IMZ. The accumulation of [I2IJIMP
decreased in a wide region in the MCA territory 2 h after
occlusion, which extended with time. The region with

Fig. 2a—¢. Representative images of a COX-2 immunostaining
(x200), b dUTP incorporation (x200) and ¢ MAP-2 immunostain-
ing (x200). a Expression of COX-2 protein was occasionally ob-
served (arrows). b The ring-like appearance {arrows) of dUTP in-
corporation shows the neuron on the way to apoptotic cell death.
¢ Positive MAP-2 immunostaining (arrows) shows cellular integ-
rity

Table 1. Histological findings

in the three ROI groups classi- ~ OOUP I LNRpsp LNRpgz Nurmber (%) of ROls

fied on the basis of LNRs ] COX2 (+) dUTP (1) MAP-2 ()
Group 1 (n=14) = 208 >0.8 0 (0%) 0 (0%) 0 (0%)
Group 2 (n=24) J <0.8 20.8 4 (16.7%) 0 (0%) 0(0%)
Group 3 (n=238) ; <0.8 _<0.3 79 (33.2%) 59 (24.8%) 176 (73.9%)

LNRpyp, LNR for [25I]IMP; LNRy, LNR for (IBTIMZ; COX-2 (+), positive immunostaining for
COX-2; ¢UTP (4), positive dUTP incorporation; MAP-2 (), negative immunostaining for MAP-2
]
S _
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Fig. 3. Representative aulora-
diograms for [125I]IMP and
[123[)IMZ
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Tig. 4. Time course of the percentage of ROIs with impaired
[25IMP or ['22[]JIMZ accumulation. *(Number of ROIs with
LNRs Jess than 0.8)/(Number of total ROIs at each lime point)
x100. ROIs with impaired [!231]IMP and [!®[}IMZ accumulation
were defined as those with LNRs less than 0.8. Significant uncou-
pling of accumulation between the two tracers was observed 2 h

after occlusion (**P<0.01) .
i

decreased [1BI]IMZ accumulation was smalley than that
with. decreased [125T]IMP accumulation (P<q.01). Un-
coupling between [!2IIMP and [123]]IMZ accumulation
was observed in regions surrounding the ischagmic core
2 h after occlusion, but such uncoupling redaced with
time. The percentage of ROIs with impaired |[}23[]IMZ
accumulation was significantly lower than that with de-
creased [1ZIJIMP accwmulation at 2 h after ‘occlusion
{P<0.01), but not at other time points (Fig. 4).

Positivity for COX-2 was observed in 16. 7% of the
ROIs in the ischaemic lesions with plcserved [123I]IMZ
distribution (group 2) and 33.2% of the ROIs i ng the isch-
aemic lesions with decreased [123[JIMZ distribution
(group 3), whereas no positivity for COX-2 was seen in
non-ischaemic lesions (group 1) (Table 1). Neither posi-
tivity for dUTP incorporation nor decreased!immuno-
stammg of MAP-2 was observed in the ROIs:in the le-
sions with preserved [123]]IMZ distribution igroups 1

|
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1

LNR for ['BI]IMZ

Growp C

Group A

Group B Group D

Fig. 5. The LNRs for [1#*T}IMZ in the four ROI groups classified
on the basis of histological findings. Group A, impaired MAP-2
immunostaining; group B, preserved MAP-2 immunostaining and
positive dUTP incorperation; group C, preserved MAP-2 imomuno-
staining, negative dUTP incorporation and positive COX-2 immu-
nostaining; group D, no histological evidence of ischaemic injury.
Significant differences in LNRs between two groups: *P<0.0001,
**P<0.001, ***P<0.01 '

and 2). Positivity for dUTP incorporation and impaired
MAP-2 immunostaining were observed in 24.8% and
73.9% of the ROIs, respectively, in the lesions with de-
creased [123[]IMZ distribution (group 3) (Table 1).
When the ROIs were divided into four groups based
on the histological findings (Fig. 5), the LNRs for
[123]]IMZ in the lesions with preserved MAP-2 immuno-
staining (groups B, C and D) were significantly higher
than those in the lesions with impaired MAP-2 immuno-
staining (group A, P<0.0001). The LNRs for [123]}IMZ
in the lesions with preserved MAP-2 immunostaining
and positive for dUTP incorporation (group B) were sig-
nificantly lower than those in the lesions with preserved
MAP-2 immunostaining and negative for dUTP incorpo-
ration (groups C; P<0.01, group D; P<0.0001). The
LNRs for [125I]IMZ in the lesions with preserved MAP-2
immunostaining, negative for dUTP incorporation and
positive for COX-2 (group C) were significantly lower
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than those in the lesions with no histological evidence of
an ischaemic injury (group D; P<0.001).

Discussion i

In order to characterise ['2*I]IMZ as a marker of neuro-
nal viability, we compared the brain distribution of
[123])IMZ with the expression of COX-2, DNA fragmen-
tation and cellular integrity. Neither DNA fragmentation
nor MAP-2 denaturation was detected in the ischaemic
regions with preserved {!2IJIMZ accumulation. These
results clearly demonstrate that neuronal DNAlis still in-
tact and cellular integrity is maintained in the jschaemic
regions with preserved [’23I}IMZ accumulatioh. COX-2
expression was often observed in these regiond. In addi-
* tion, semiquantitative analysis based on-the histological
findings showed that [2*I}IMZ accumulation was signif-
icantly impaired in regions where DNA fragmcntatlpns
were observed. Thus, [2*[IIMZ distribution can be an'in-
dicator that predicts the extent of neuronal damagc after
an ischaemic stroke,

In the present study, we compared the braull distribu-
tion of [12NIMZ with (1) CBE, (2) the expression of
COX-2, a prostanmd synthesising enzyme that contrib-
utes to the progression of ischaemic damage [13 14, 15,
16, 171, (3) fragmentanon of DNA and (4) cellilar integ-
* rity. The regions with preserved [*2*[JIMZ accumulation
and decreased ['ZSI]IMP accumulation, namely, uncou-
pling between CBF and BZR function, were observed
2 h after occlusion in regions surrounding the ischaemic
core, which became smaller with time. Such uncoupling
has been observed in the acute phase by several authors
[9, 24, 25]. The BZR function in these regions ‘can be re-
garded as intact in spite of hypoperfuswn Clinically, it
was reported that the hypoperfused regions ‘with pre-
served [123I]IMZ accumulation do not devclopanfarctlon
as determined in a follow-up evaluation with magnetic
resonance imaging [3]). The uncoupling| between
[125]]IMP and [!231]JIMZ ‘accumulation may help deter-
mine the ischaemic penumbra.

Some authors [6, 10, 111 have compared’ [123I]IMZ
distribution with histological findings obtained using
the haematoxylin-eosin stain. They suggested the poten-
tial of [123[JIMZ for evalvating the extent of neuronal
damage. The brain distribution of [123[JIMZ,] however,
has not been correlated with the cellular response at the
molecular level. The present results on the rélationship
between [123I]IMZ accumulation and dUTP incorpora-
tion clearly demonstrate that neuronal DNA|1S still in-
tact in the ischaemic regions where [*23I]IMZiaccumula-
tion is preserved. In addition, our results mdlcate the
potential of [12I]IMZ to s1gmf1cant1y detect the region
with DNA scission as a reduction in LNRs.!It was re-
ported that COX-2 is expressed early after an \schaemic
insult and leads ischaemic neurons to apoptotm cell
death {17, 26]. In the present study, COX-2 Expression

[P
(CRY)

IMZ
(BIR Tunetion)

CoxX2
expression

dUTP incorporation
{DNA scission)

MAP-2
(Cellular integrity)

Severity m=————""

Fig. 6. Schematic representation of possible relationship between
tracer accumulation and pathophysiological changes

-was often observed in the ischaemic regions with pre-

served [123T1IMZ accumulation, COX-2 expression may
precede impairment of [122[)JIMZ accumulation. On the
other hand, the COX-2 protein was also observed in the
regions where ['23]]IMZ accumulation decreased. The
[NRs for [2IJIMZ accumulation in group C
(0.626£0.186) were significantly lower than those in
group D (0.783x0.213). The role of the COX-2 protein
may begin before the impairment'of BZR function and it
may continue even after this impairment, although fur-
ther investigations are required to clarify this point.
These results indicate that impairment of [123I]IMZ. ac-
cumulation may begin as early as the COX-2 expression
after an acute stroke.

From our results, a possible relationship between trac-
er accumulation and pathophysiological changes can be
summarised as shown in Fig. 6. Namely, [12SI]IMP accu-
mulation decreases concurrently with CBF after an isch-
aemic insult. COX-2 expression is often observed early
after the ischaemic insult. [1231]JIMZ accumulation,
namely, the BZR function, was impaired at a similar
stage to COX-2 expression, DNA scission and. impair-
ment of cellular integrity follow the reduction in
[I2IIMZ accumulation.

Methodological considerations

In a clinical setting, an interval of several hours is re-
quired to sufficiently characterise BZR distribution after
the [123[]IMZ injection. In this study, however, rats were
sacrificed 60 min after [122[]IMZ administration, accord-
ing to the method reported by Toyama et al. [L0]. Their
kinetic study indicated that specific binding of [123I]IMZ
can be evaluated 60 min after [}231JIMZ injection in a rat
model of cerebral ischaemia. Specific distribution of
[123]]IMZ can be achieved in a shorter period of 60 min
in rats. .
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The relationship between tracer distribution and histo-
Jogical findings was evaluated simuitaneously, using all
samples obtained from rats sacrificed at variable time in-
tervals after the ischaemic insult, in order to characterise
PRIMZ distribution in regions with ischaemic injury
of various extent. Regional analysis in rats subjected to
the same period of MCA occlusion may provide more
precise information on the relationship. The 'relatively
narrow penumbra in rats, however, may resfrict such
evaluation and require a higher number of rats. Thus, in
the present study, the relationship was evaluated simulta-
neously in rats sacrificed at variable time intervals.

The average LNR for [\23[}IMZ in histologicafly nor-
mal regions was not higher than 0.8. Although, in this
study, we chose (.8 as the threshold value of the LNRs
for [123]]IMZ, further examinations may be needed to de-
termine a more suitable threshold value of 'LNR for
[1BI]IMZ.

In the present study, we used a dual-tracer autoradio-
graphic technique to evaluate the blood flow and
['*I)IMZ binding in the same individuals. Consequently,
we could not perform quantitative assessment of the
blood flow and [1231]IMZ binding, as it is meihodolog1
cally difficult to quantitatively assess flow 'and IMZ
binding using the dual-tracer autoradiographic technique.
Further studies, especially on quantitative measurement

of flow and ['?[]IMZ binding, are required to confirm -

* the present results and to obtain relevant inforimation on
the flow and [12I]IMZ bmdmg in relation to the histo-
pathological findings.

Clinical implications

The routine use of nuclear medicine for the clinical as-
sessment of neuronal viability has been limited exclu-
sively to the determination of CBF, oxygen ahd/or glu-
cose consumption, and CBF reactivity to aceta.zolamzde
Oxygen and glucose metabolism and CBF reactivity to

acetazolamide, however, do not provide direct informa- -

tion on neuronal viability. Rather, these techm}ques yield
information not only on neurons but also on astrocytes
and Schwann cells. On the other hand, [13I[IMZ, a cen-
tral-type BZR ligand, can be a specific marker of nenro-
nal viability. Heiss et al. suggested that imaging of BZR
receptors could distinguish between irreversibly dam-
aged and viable penumbra tissues immediately after an

acute stroke using carbon-11 flumazenil and positron -
.emission temography [27, 28]. The present study in the .

rat model demonstrated that [!3[JIMZ can also be a . .
© 9. Dorg 7Y, Fukuyama H, Nabatame H, Yamauochi H, Shibasaki

marker for neuronal viability. In addition, [I3IJIMZ does
not require in-house cyclotrons and positron emission to-
mography, and can be commercially supplied. E‘he avail-
ability of this procedure is expected to favour the clinical
-application of [13]]IMZ. _ i

|

i
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Conclusion

The present study demonstrated for the first time that im-
pairment of [1BIJIMZ accumulation precedes DNA frag-
mentation and denaturation of cellular integrity. Our re-
sults provide the molecular basis of [123[]IMZ distribu-
tion. [12I}IMZ accumulation can be a clue to predicting

the severity of ischaemic neuronal injury.
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HDL; Induces Cyclooxygenase-2 Expression and
Prostacyclin Release in Human Endothelial Cells Via a p38
MAPK/CRE-Dependent Pathway: Effects on
COX-2/PGI-Synthase Coupling

G.D. Norata, E. Callegari, H. Inoue, A.L. Catapano

Objective—In endothelial cells, cyclooxygenase-1 (COX-1) and COX-2 both contribute to prostacyclin production. Recent
findings suggest that COX-2 contributes significantly to systemic prostacyclin synthesis in humans; whether COX-2
inhibition is related to an increased cardiovascular risk is undergoing debate. HDL have been shown to increase
prostacyclin synthesis, thus in the present study we investigated the molecular mechanisms involved in this effect in

endothelial cells.

Methods and Resalts—HDL, (30 ug/mL) induced COX-2 expression in a time- and dose-dependent manner, COX-2
was found mainly in the perinuclear area where it co-localizes with PGI synthase. Transient transfection
experiments showed that CRE is required {for HDL-induced COX-2 transcription, and we demonstrated that p38
MAPFK activation by HDL,, is involved in COX-2 mRNA transcription and stabilization. As a consequence of
COX-2-induction by HDL, prostacyclin production increased, incubation with a COX-2 selective inhibitor blocked
this effect. Moreover, HDL, increased caveolin-1 phosphorylation, thus promoting PGI synlhase shuttling from the

membrane to the perinuclear area

Conclusion— We conclude that in endothelial cells, HDL modulate COX-2/PGI-S activity via both p38 MAPK-dependem
COX-2 mRNA stability and transcription and both caveolin-1-dependent PGI-synthase shuttling and COX-2 coupling.
The understanding of these mechanisms may prowde new insights into the antiatherogenic role of HDL. (Arterioscler

Thromb Vasc Bial 2004 24:1-8.).

Key Words' HDL cyclooxygenasc-z ] p38 MAPK = prostacyclin m caveclin-1

H igh-density lipoprotein (HDL) protects from atheroscle-
rotic vascular disease.! Beyond reverse cholesterol
transport, HDL particles posses several anti-atherosclerotic
effects,? including the induction of prostacyclm (PGL), a
strong vasorelaxant® that acts also as an inhibitor of platelet

and leukocyte actwahon“ The st:mulaiory effect on PGI, .

depends mainly on the supp]y by HDL. of endothelial cells
with arachidonic acid.® The rate-limiting step in the conver-
sion of the arachidonic acid to eicosanoids is the activity of
cyclooxygenase (COX).* Two major forms of COX, COX-1
and COX-2, have been identified.® Although COX-1 is
constitutively expressed in most cell types, COX-2 is induced
by various growth factors and cytokines.? Recent findings
suggest that COX-2 contributes significantly for PGI; synthe-
sis in endothelial cells,#® whereas COX-1 is mainly involved
in TXA, synthesis by platelets.#® Whether COX-2 inhibition
is useful as related to an increase of cardiovascular risk is
uncertain. "¢ HDL induces COX-2 expression in rabbit smooth

muscle ‘cells!?! and cooperates with TNF-alpha to elicit this
effect,'? the molecular mechanisms involved, however, are
unclear, COX-2 expression is modulated by growth factors
and cytokines via mitogen-activated protein kinase (MAPKs)
cascade. 1+ Once activated, the MAPKs may modulate the
activity of several transcription factors such as CREB, NFAT,
AP-1, and NF-KB,’*!7 which are involved in COX-2
expression. 18-21

In the present study, we invéstigated the molecular mech-
anisms involved in the effect of HDL, on QOX.2 expression
and eicosanoid production in cultured human endothelial
cells.

Methods
HDL, {(dose 1.125 to 1.21 g/fmL) was isolated from human plasma
and protein content was determined as described.?? HDL; was used
within 6 hours from isolation. No LPS contamination was detected as
assessed by the endotoxin kit (Sigma, ltaly).
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HUVECs were isolated and cultured as described. ® In all exper-
iments, cells were preincubated with serum-free medium for 6
hows,22-2 then HDL; was added.

The antibodies to phospho-p38 MAPK, phospho-pd4/d42 MAPK,
phospha-1kB-alpha, phospho-CREB, and phospho-caveolin-1 were
from New Ingland Biolabs (Germany). COX-1, COX-2, and PGI
and PGE synthase (PGIS, mPGES-1) monoclonal antibodies were
from Cayman {USA). B-Actin antibody was from Sigma. Secondary
antibodies were from Biorad (Tlaly). Western blotting analysis was
performed as described; 2 all antibodics were diluted 1:1000, except
B-actin (1:10000).

The MEK inhibitor, V0126 (New England Bivlabs), and the p338
MAPK inhibitor SB203580 (Sigma) were used at a final concentra-
tion of 10 umol/L and 1 pmol/L, respectively. Indomethacin heptyl
ester (Cayman), a selective COX-2 inhibitor,?® was used at
0.1 pmol/l.

Immunocytochemistry

Cells were cultured on coverslips in 24-well plates. Fixed cells®
were incubated with a monoclonal antibody for COX-1 or COX-2
(1:50) overnight at 4°C, followed by incubation with anti-mouse IgG
FITC-conjugated (1:100, RD, Naly) for 30/, then propidium iodide
(2,5 pg/mL) was added for 30'. For the studies of COX-2 co-
localization with PGI-8, mPGES-1 and phospho-caveolin-1 fixed
cells were incubated overnight with the autibody, followed by
incubation with anti IgG FITC-conjugated (30'), anti-COX-2
phycoerythrn-labeled for 1 hour, and TOPRO 3 (Molecular Probes)
(1:500) for 15'. The coverslips were analyzed with a confocal
mictoscope (Nikon Eclipse TE 2000-S; Radiance 2100 Biorad) at
600X magnifications. Sixty sectioss were captored (0.01 pm each}
and a three-dimensional reconstruction was obtained using the
software Image ProPlace 4.5 (Media Cybernctics, USA).

Real-Time Quantitative Reverse-Transcripfase
Polymerase Chain Reaction

Total RNA was extracted and underwent reverse transcription as
described. 2224 Three ul of ¢cDNA were amplified by real-time
quantitative polymerase chain reaction (PCR) with 13X Syber green
universal PCR mastermix (Biorad). The specificity of the Syber
green fluorescence was tested by plotting fluorescence as a function
of temperature to generate a melting curve of the amplicon. The
mcliing peaks of the amplicons were as expected {(not shown). The
primers used, the amplicon size, and the melting temperature are
indicated in ozline Table I (available online at http://atvb.ahajour-
nals.org). Each sample was analyzed in duplicate using the IQ™-
Cycler (Biorad). The PCR amplification was related to a standard
curve ranging from 107" M 1o 1071 M.

Transcription Assay

The construction of various reporter vectors for the human COX-2
gene has been desciibed previowsly.?®?! Transfection experiments
were first performed using HUVECs and EAhy 926 cells; however,
the efficiencies reached were very low, with a high degree of
cytotoxicity {data not shown). Because human COX-2 promoter
regulation is similar in a wide number of cell types-3¥ we
performed transfection experiments in CHO cells, a cell line widely
used for studics involving the effects of HIDL in vitro. 2920 CHO cells
were transiently transfected with COX-2 (nucleotide —327/+59),
the NF-kB mutated site (KBM), or the CRE mutated site (CRM)
luciferase reporter veclors using lipofectamine (Iovitrogen, laly)
according to the manwfacturer instructions. Luciferase activity was
determined and normalized for the eellular protein concentration.?!

Detection of Prostaglandin Release by Competitive
Enzyme Immunoassay

Competitive enzyme immunoassay kits for 6-keto PGFia, TXEB; and
PGT, were from Cayman. HUVECs were exposed 1o HDLs (30
ee/ml) for 6 hours, washed twice with PRS, and then incubated for
30 minutes with exogenous AA (10 umol/L); 50 ul. for each sample

were processed for prostaglandin release according 1o the maunfac-
turer instructions.

Statistical Analysis

Statistical analysis was performed by ANOVA with the use of
Statsofl Statistica Package.

Results

HDL; Induces COX-2 Expression in HUVECs
COX-2 prolein was expressed at Jow levels in unstimulated
cells and was strongly induced 2 hours after exposure to
HDL, (30 pg/ml). In preliminary experiments, this concen-
tration maximally induced COX-2 expression and no further
increase was observed up to 600 pg/ml of HDL; The
induction was maximal after 4 hours and begun to decrease
after 8 hours (Figure 1a). In unstimulated cells, COX-2
expression remained low at all time points (data not shown).
Under the same experimental conditions, HDL, did not affect
COX-1 expression (Figure 1a). These findings were con-
firmed by immunocytochemistry. COX-2 expression in-
creased after 4 hours 1o cells incubated with HDL, without
changes of COX-1 expression (Figure 1b). On three-
dimensional reconstruction, COX-2 localized in the perinu-
clear area and in the cytoplasm?®! (Figure 1c).

Effects of HDL; on Intracellular Kinase Pathways
and on COX.-2 Promoter Activity

HDL, activated ERK1/2 and p38 MAPK, with a the peak of
phosphorylation reached after 5 1o 10 minutes of incubation
({Figure 2). Several transcription factors are activated through
MAPK-dependent pathways.'”#* HDL; activated CREB,
with a peak of activity at 10 to 20 minutes (Figure 2}, in
agreement with the observation that both ERK1/2 and p38
MAPK activate CREB via pS0RSK or via MSK-1, respec-
tively. Ik-B alpha phosphorylation results in the release and
nuclear translocation of active NF-kB.!7 Under our experi-
mental conditions, a basal level of phosphorylation of 1k-B
alpha was present, and only a minimal effect on phosphory-
lation was observed after 5 and 10 minutes of incubation with
HDL; (Figure 2). The human COX-2 promoter region (—327/
+59) contains the NF-kB, the NF-IL§, and the CRE sifes, 2021
Transient transfection assay showed that HDL, induced
promoter activity by 2.96+0.03-fold, whereas LPS (1 pgf
mlL), a positive control, induced promoter activilty by
4.24x0,02-fold (P<0.01 for both versus control) (Figure 3).
The promoter activity of the plasmid carrying the mutation at
the NF-kB site was 1.87*0.12 fold in HDL, incubated cells
(P<<0,01) and 0.93=0.09 fold in LPS-treated cells, whereas
that of the mutant carrying the mutation at the CRE site was
1.1520.03-fold in HDL,-treated cells and 1.26£(.16-fold in
L.PS treated cells (Figure 3; P=NS$ versus control).

Involvement of p38-MAPK in HDL;-Induced
COX-2 Protein and mRNA Expression

and Stabilization

Cells were preincubated with the MEK] iphibitor U 0126
(25 pmol/l} or the p38 MAPK inhibitor SB 203550
(1 pmol/L} lfor 1 hour, HDL,; (30 pg/ml.) were added for 2
and 4 hours to evatuate COX-2 mRNA and protein expres-
sion, UG126 did not aflect HDLs-induced COX-2 expression.
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Figure 1. Time dependency of COX-1 and COX-2 expression as detected by Western immunoblotting (g) and indirect immunoflucres-
cence {b) in HUVEC incubated with HDL, for 4 hours (30 pg/mL). (The green signal represents COX-1 or COX-2, whereas the red one
is the nuclear staining with propidium iodide}. A three-dimensional reconstruction showing that COX-2 localizes mainly in the perinu-
clear cytoplasm is shown {c}. Three different projections are shown. The results are representative of 4 separate experiments,

| A — I phospho-p38 MAPK

&= 3 €19 &% &2 | phospho-CREB

-’ ‘v -s.d.d n- Fra . q{‘&‘ phOSphO-[k-B a] pha

e en e ¢

5 10 20 40 minutes
C HDL, 30pg/ml.

Figure 2. Time-dependent phosphorylation of ERK1/2, P38 MAPK, CREB, and Ik-B alpha after incubation of endothelial cells with
HDL,;. HUVEC were incubated from 5 minutes up to 40 minutes with HDL; {30 ug/ml). The resulis are representative of 4 experiments,
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Figure 3. Identification of the regions responsible for HDLs-induced promoter activity of the human COX-2 gene. The 5'-flanking region
of the human COX-2 gene with site-specific mutations are represented schematically on the left. After transfection, CHO cells were
incubated for 6 hours with LPS (1 ug/mL), used as positive control, and with HDL; (30 pg/mL). The resuits are presented as relative
luciferase activity normalized to cellular protein content. Each experiment was performed in triplicate, *P<0.01 versus control.

SB203580 strongly inhibited HDL;-mediated COX-2 mRNA
and protein expression (Figure 4). Because p38 MAPK
stabilizes COX-2 mRNA,*? we investigated whether HDL,
possesses this effect. To asses the stability of COX-2 mRNA
in HUVEC, actinomycin D (2 pg/ml) was added to cells
after 2 hours of HDLs incubation and COX-2 mRNA levels
were measured up to 60 minutes (Figure 4). Simultaneous
addition of SB203580 (1 umol/L} and actinomyein D to the

rapid decrease in COX-2 mRNA levels, suggesting mRNA
stabilizing effect by p38 MAPK aclivity.

Effects of HDL; on Eicosanoid Production

The effects of HDL, on eicosanoids production were assessed
in HUVECs exposed to 30 pg/mL of lipoproteins for 6 hours,
followed by 30 minutes of incubation with exogenous AA
(10 pmol/L).!* In contro] cells, the production of 6-keto

cells after a 2-hour stimulation with HDIi4 resulted inamore ~ PGFia (PGI; main metabolite) was 73.14£6.79 pg/img of

« '.-B:'
g z5. E-
2. ]
% ;
1] ‘B
': 0s E'
& : ®
AR & .
- <+ < + RDL - -+ + +
- - + - U026 - . + -
- . - + SB 293580 - - - +
14 .
< W
§ 124 3 b d
£
e .
2 03 [ :
2 s Cox-2 - . v
S o i * - -
E o2 T ;
RS IR — Betactin | €D S R o
wHnules 0 15 30 45 €0
HOL . 4+ 4+ +
+ actinomycin D U 0126 - - + -
® gctinomyein D + $B 203580 SB 203580 - - - +

Figure 4. Involvement of p38 MAPK pathway in COX-2 mRNA (a and b} and proteln expression induced by HDL; (¢ and d}, HUVECS
were incubated for 2 hours {for mMRNA detection) and 4 hours {for protein detection} with HDL; {30 1g/ml) alone or in the presence of
U0126 (25 wmol/L) or of SB203580 (1 wmol/L). a, COX-2 mRNA expression was assessed with real-time quantitative PCR; the target
sequence was normalized to the beta actin content. b, Inhibition of p38 MAPK destabilizes COX-2 mRNA expression induced by HDL,,
HUVECs were incubated for 2 hours with HDL, {30 ug/ml.), then actinomycin D alone or actinomycin D plus SB203580 were added
(time 0). COX-2 mRNA levels were measured using real-time quantitative PCR from time 0 minutes up to 60 minutes. Data are
mean+SD of 4 separate experiments. *P<0.01. ¢ and d, COX-2 protein expression was assessed by immunoblotting. ¢, The resuits are
mean+*SD of 4 separate experiments and are normalized for beta actin content. *P<0.01.
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Figure 5. Effects of HDL; on PGI-S and PGE-S mRNA expression and cellular localization. a, HUVECs were incubated for 2 hours with
HDL; (30 pg/ml) and COX-2 mRNA levels were measured using quantitative real-time PCR. Data are mean 5D of 4 separate experi-

ments. b, cellular localization of COX-2 and PGI-S or PGE-S. Tha green signal is for PGI-S or PGE-S, the red signal is for COX-2, and
the blue signal is the staining for the nucleus. The resulls are representative of 4 experiments.

cellular protein. Incubation of endothelial cells with HDL,
increased 6-keto PGF,a production to 113.38+2,.54 pg/mg of
cellular protein (P<<0,01) (Table II, available online at
http:/fatvb.ahajournals.org). In the presence of 0.1 umol/L
indomethacin eptyl ester, a sclective COX-2 inhibitor,?s
HDLs-induced 6-keto PGFa production was reduced to
77.95%10.19 pg/mg of cellular protein and PGE, resulied in
74.10%3.45 pgimg of cellular protein and was not affected by
HDI, incubation.

Effects of HDL, on PGI Synthase Expression and
Cellular Localization

As HDL, induces COX-2 expression and increases PGI,
release, we investigated whether HDL; can affect PGI-S or
mPGES-1 expression. HDL incubation did not change
PGI-8 or mPGES-1 expression (1.10x0.2-fold and
1.07+0.5-fold versus control cells, respectively) (Figure
3a). Furthermore, in HI3 -treated cells, PGI-8 co-localized
wilh COX-2 while mPGES-1 showed a different subcellu-
lar distribution {Figure 5b).

PGI-8 resides in caveolae in resting cells. Caveolin-1 is
the main protein of caveolae, and when phosphorylated3 it
moves into the cytoplasm, 25 shuttling PGI-S in the perinu-
clear area where it couples to COX-22% thus increasing
prostacyclin synthesis. We investigated, therefore, whether
HDL. can influence caveolin-1 phosphorylation and shuttling
in the perinuclear space. After 4 hours of incubation, HDL
increased caveolin-1 phosphorylation (Figure 6a), mainly in
the arca survounding the nuclens {Figure 6b). Moreover, a
three-dimensional reconstruction shows that phosphorylated
caveolin-1 localizes near COX-2 in the perinuclear area of
HDL-treated cells (Figure 6¢), where PGI-5 is also located
(Figure 6d).

Discussion
The major finding of this study is that HDIL; induces COX-2
expression and PG, release in human endothelial cells via
p38 MAPK activation. The activation of this signaling
pathway promotes COX-2 mRNA transcription and
stabilization.
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phospho-caveolin 1

beta actin

Figure 6. Effects of HDL, on caveolin-1 phosphorylation and celtlular localization. a, HUVECs were incubated for 4 hours with HDL; (30
na/mL) and phospho-caveolin-1 levels were determined by Western blotting. b, celiular localization of phospho-caveclin-1. Tha green
signal is for phospho-caveolin-1, the blue is staining for the nucleus. ¢, Cellular localization of phospho-caveolin-1 and COX-2 (trans-
versal projection}. The green signal is for phospho-caveolin-1, the red signal is for COX-2, and the blue signal is the nucleus. d, Cellular
localization of phospho-caveolin-1 and PGI-S ftransversal projection). The green signal is for phospho-caveolin-1, the red signal is for
PGI-S, and the blue signal is the nucleus. The results are representative of 4 experiments.

On incubation of cells with HDL;, COX-2 protein localized
mainly in the perinuclear area, in agreement with previous
findings showing that COX-2 accumulation near the nuclear
envelope and in the cyloplasm is required for the increase in
COX-2-mediated prostanoid synthesis in vascular endotheli-
al cells.353¢ This effect is specific for COX-2; in fact, COX-1
was mainly localized in the eytoplasm and was not modulated
by HDL,; moreover, PG, synthesis was downregulated by a
specific COX-2 inhibitor,

The molecular mechanisms by which HDLs induces
COX-2 are unknown. Here we show that HDL, activates 2 of

the major kinases pathways involved in COX-2 gene tran-
scription:. ERK1/2 and p38 MAPK.'*“ HDL can activale
ERK1/2 via cell surface S1P receplor in astroglial cells.®
However, the possibility that MAPK aclivation results from
plasma membrane cholesterol depletion cannot be exclud-
ed.3® In support of this hypothesis, Smith et al*® showed that
increasing concentration of LDL or ftee cholesterol decreases
COX-2 expression and PG, synthesis. As HDL wiggers (he
release of cholesterol from cells,? our observation suggests
that cellular cholesterol balance plays an important role in
determining COX-2 levels,
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HDL, also activates CREB in a time-dependent fashion,
CREB binds to CRE, which serves as an anchor for P300
interaction with upstream transactivators and downstream
transcription machinery,*® thus suggesting that CRE plays a
relevant role in COX-2 induction by a number of stimuli.4®
Using transient transfection experiments, we demonstrated
that mutation in CRE abrogated the luciferase activity in-
duced by HDL,, confirming the role of CRE in HDLy-induced
COX-2 gene transcription.

NF-kB has also been suggested to be involved in deter-
mining COX-2 gene franscription.?>?! We show that a muta-
tion in the NF-kB response element abrogates luciferase
activity induced by LPS, used as a positive control, while it
slightly decreases HDLy-induced luciferase activity, suggest-
ing a minor role of this pathway in COX-2 induction by
HDL,,.

As transcriptional regulation of the COX-2 gene occurs via
activation of MAPKs,'214 we investigated whether inhibition
of ERK1/2 or p38 MAPK pathway affected HDIg-induced
COX-2 mRNA and protein expression. We show that the p38
MAPK pathway is responsible for the induction of COX-2 by
HDLa.

P38 MAPK plays a housekeeping role in maintaining
COX-2 mRNA stability®? via the recognition of the AUUUA
motifs present in the 3' untranslated region of COX-2.4 We
therefore studied COX-2 mRNA stability in cells stimulated
with HDLs. Simultaneous addition of actinomycin D and

SB203580 to the cells resulted in a more rapid decrease in, .

COX-2-mRNA compared with .lctmomycm D aldne. This
represents a new mechamsm by which HDL can mf]uence
gene expression at a poqttramcnptlonal {evel and is ]lkely fo
contribute to the increase of COX-2 protcm ]evelq m endo— :
thelial cells. A P
COX-2 has been pmposed to exert both an ant:atherogemc
or a proatherogenic: role dcpendmg on. the e:cosano:d:., pro-
duced and the arterial wall cells where ‘it is expressed.?

Eicosanoids are nvolved in a vanety of phquluglcal pro- .,

cuesses in athcro:,demsm and thrombos:s. mcludmg Ieukocy— E
te~endothelial cell “adhesion, vasorelaxation, and platelet’
aggregation.® The dominant prostaglandift produced by endo-
thelial cells is P(:Ia PGl i is beheved to play a pmtect:ve role'
in atherothrombosis.4 COX-2 contributes si gmflcantly o
systemic PGl, synthesis in humans;** therefore, it is possible
that COX-2 induced in endothelial cells at lesion-protected
areas catalyzes the fonnation of the anti-atherogenic mole-
cule prostacyclin. This may be the case in the presence of
HDI.4 that increases PGI, release mediated by AA in endo-
thelial cells. This effect is dependent mainly on COX-2 as
indomethacin epiyl ester, a specific COX-2 inhibitor, abol-
ished PGI, release induced by HDI,. This observation may
also be relevant to the recent observation that COX-2 inhib-
itors may increase CHD risk.t0 In vitro 30 pg/mL of HDL,
induces maximally COX-2 expression, and no further in-
crease is observed up to 600 pg/mL (a physiological concen-
tration that constantly bathes arteries in vivo), thus suggesting
that low concentrations of HDL. are enough to support COX-2
expression, and higher levels may only provide the substrate.

Alternatively, the in vitro conditions aflow for a better .

interaction of HDL with cultured endothelial cells as com-

B
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pared with in vivo settings, in which proteoglycans may trap
lipoproteins and reduce their availability for interactions with
the endothelial cells.

The observation that COX-2 induced by HDL; does not
increase PGE,, a proatherogenic eicosanoid, synthesized
mainly via COX-2,'? confirms that COX-2 expression in the
arterial wall could play both a proatherogenic or anti-
atherogenic role, but it is the final eicosancid produced that is
responsible for its proatherogenic or anti-atherogenic
properties.

Moreover, HDLa-induced COX-2 protein co-localizes with
PGI-$ in endothelial cells, thus suggesting that in this model,
once induced, COX.-2 can drive prostacyclin synthesis. PGI-S
is assaciated with caveolae® and is activated when shuttled
from the plasma membrane in the perinuclear area;?s more-
over, disruption of caveolae organization dowrregulates pros-
tacyclin production and impairs angiogenesis.®>** Here we
demonstrate that HDL, induces caveolin-1 phosphorylation,
which shuttles with PGI-S from the plasma membrane to the
perinuclear area where it co-localizes with COX-2. Further-
more, the possibility that the abundant increase in COX-2
observed can be related to an increase of prostanoids synthe-
sis other than prostacyclin cannot be. cxcluded

Also, endothelial nitric oxide synthase the enzyme respon-
sible for nitric oxide synthesis in the endothelium, localizes in
the caveolae.235 Nitric oxide is responsible for several
beneficial effects of HDL on endothelial cells,* such as
helping to maintain endothelial integrity, facilitating vascular
telaxation, inhibiting cell adhesion to vascular endothelium,
decreasing radical oxygen production, and inhibiting apopto-
sig:3% Eyeg Ar we have not addressed the role of HDL. in
mogdulating . endothelial nitric oxide synthase shuttling
through caveolin-1 phosphorylation, it is conceivable that

some of the effects of HDL are mediated via this pathway*¢

“In s'u'mrr'lariz, our data suggest that in human endothelial
cells, HDL can modulate COX-2 expressnon via p38 MAPK-
RNA: transcripfion and  stabilization.
Méreover; ' the HD ependent ‘taveolin-1 phosphorylation
favors PGI-5 shuttling and COX-2 coupling, These data add
further insights into the molecular mechanisms involved in
the anti-atherogenic activity of HDL.
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ABSTRACT

We investigated the effect of y-mangostin purified from the fruit
hult of the medicinal plant Garcinia mangostana on spontane-
ous prostaglandin £, (PGE,) release and inducible cyclooxy-
genase 2 (COX-2) gene expression in C6 rat glioma cells. An
18-h treatment with y-mangostin patently inhibited spontane-
ous PGE, release in a concentration-dependent manner with
.the IC., value of approximately 2 pM, without affecting the cell
viability even at 30 pM. By immunoblotting and reverse-tran-
scription polymerase chain reaction, we showed that y-man-
gostin concentration-dependently inhibited lipopolvsaccharide
(LPS})-induced expression of COX-2 protein and its mRNA, but
not those of constitutive COX-1 cyclooxygenase, Because LPS
is known to stimulate inhibitor «B (1x«B} kinase {IKK)-mediated
phosphorylation of I1kB followed by its degradation, which in
turn induces nuclear factor (NF)-«B nuclear translocation Jead-
ing to transcriptional activation of COX-2 gene, the effect of
v-mangostin on the IKK/1«B cascade controlling the NF-«B

activation was examined. An in vitro IKK assay using IKK pro-
tein immunoprecipitated from C6 cell extract showed that this
compound inhibited IKK activity in a concentration-dependent
manner, with the 1G5, value of approximately 10 M. Consis-
tently y-rmangostin was also observed te decrease the LPS-
induced 1xB degradation and phosphorylation in 2 concentra-
tion-dependent manner, as assayed by immunoblotting.
Furthermore, luciferase reporter assays showed that y-man-
gostin reduced the LPS-inducible activation of NF-xB-and hu-
man CQOX-2 gene promoter- region-dependent iranscription.
y-Mangostin also inhibited rat carrageenan-induced paw
edema. These results suggest that v-mangostin directly inhibits
IKK activity and thereby prevents COX-2 gene transcription, an
NF-xB target gene, probably to decrease the inflammatory
agent-stimulated PGE, production in vivo, and is a new useful
lead compound for anti-inflammatery drug development.

Prostaglanding {PGs), arachidonic acid (AA) metabolites of
the cyclooxypenase (COX) pathway, are major mediators in
the regulation of inflammation and immune function (Smith
et al,, 2000). In the brain, the prostaglandin B, (PGE,) is the
most abundant PG. PGE, levels are very low or undetectable
in normal conditions but can rise in response to inflamma-
tory processes, multiple sclercsis, and AIDS-associated de-
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mentia (Fretland, 1992; Griffin et al., 1994). High levels of
PGE, can modulate the activities of multiple cell types,
including neurons, glial, and endothelial cells, as well as
microglia/macrophage and lymphocyte functions during in-
flammatory and immune processes (Weissmann, 1993). As- .
trocytes are a known important source of PGE, in the CNS
{Katsuura et al., 1989). Their ability to produce PGE, upon
stimulation with interlevkin (IL)-18, tumor necrosis factor-a
(TNF-a), or bacterial wall protein lipopolysaccharide (LPS) has
been extensively documented (Fontana et al,, 1982; Mollace et
al., 1998; Molina-Helgado et al., 2000). '
Cyclooxygenase {COX) is well known to be responsible for
PG preduction and the rate-limiting enzymes. This enzyme

ABBREVIATIONS: PG, prostaglandin; AA, arachidonic acid; COX, cyclooxygenase; COX-1, constitutive cyclooxygenase; COX-2, inducible
cyclooxygenase; PGE,, prostaglandin E,; LPS, lipopolysaccharide; 1B, inhibitor «B; iKK, inhibitor «3 kinase; CNS, central nervous system,; I,
interleukin; TNF-w, tumor necrosis factor-e; NF-xB, nuclear factor-«B; MTT, 3-(4,5-dimethylthiazof-2-y!)-2,6-diphenyltetrazolium; RT, reverse
transcription; PCR, polymerase chain reaction; PAGE, polyacrylamide gel electrophoresis; ODS, octadecylsilyl; HPLC, high-performance liquid
chromatography; DMSO, dimethy! sulfoxide; NS398, N-[2-(cyclohexyloxyl)-4-nitrophenyl]-methane sulfonamide.
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exists as two isoforms, namely constitutive COX (COX-1) and
inducible COX (COX.2). COX-2 gene is an early-inducible
gene in response to many inflammatory cytokines, including
IL-1, TNF-o, and LPS. COX-2 gene expression is controlled
at the transcriptional and/or the post-transcriptionsal levels
{Dixon et al., 2000). The promoter regions of COX-2 gene of
rat, human, and mouse have been extensively analyzed
{Sirois et al., 1993; Appleby et al., 1994; Kosaka et al., 1994;
Inoue et al,, 1995) and have been shown to contaml potent:al
binding sites for various transcriptional factors, some of
which have been demonstrated to be indeed functional {Gop-
pelt-Struebe, 1935). For example, activation of nuclear fac-
tor-xB (NF-«B) has been reported recently to actually partic-
ipate in the transcriptional activation of COX-2 gene induced
by IL-1 (Newton et al., 1397), TNF- (Yamamoto et al., 1985),
and LPS (Inoue and Tanabe, 1998). Furthermore,;the LPS-
induced activation of COX-2 gene evidently has bden shown
to be mediated by inhibitor «B (IxB) kinase (IKX), which
specifically catalyzes IkB phosphorylation followed by its
degradation and the subsequent NF-«B nuclear transloca-
tion, leading to a stimulation of the cis-acting «B element-
mediated transcription (Griseavage et al., 1996). i

Because the fruit hull of mangosteen, Garc:mza marn-
gostana, has been used for many years as traditional medi-
cine for the treatment of skin infection, wounds, and diarrhea
in Southeast Asia—that is, the fruit hull exhibits an anti-
inflammatory action~we pharmacologically studied the an-
ti-inflammatory components of the fruit hull of mangosteen.
In an earlier study, we examined the effect of ymangostin, a
tetraoxygenated diprenylated xanthone from the fruit hull of
this plant (Fig. 1A), on AA cascade in C6 rat glioma cells,
which is well known to be a useful model system for the study
of PG production in the astrocytes, and demonstrated that
this natural product reduces PGE, release from C6 glicma
cells with an IC,, of approximately 5 uM and potently inhib-
its the activities of both COX-1 and COX-2 enzymea with the

ICy, values of approx:mabely 0.8 and 2 pM, respectwely, in .

vitre (Nakatani et al., 2002).

Herein, we describe the first evidence that y-mangostin
directly inhibits IKK activity, which specifically phosphory-
lates IxB, and thereby prevents its degradation and, as a
result, induces a decrease in the expression of COXL2 protein
and its mRNA by a suppression of NF-xB—dependent tran-
scription. This study also demonstrated that y-mangostin
inhibited rat carrageenan-induced hind paw edema an in
vivo acute modeI of inflammation.

Materials and Methods E

Materials. PGE, was a generous gift from Ono Pharmaceuticals
(Osaka, Japan). Fetal bovine serum, horse serum, Ham’s F-10 me-
dium, Eagle’s minimum essential medium, 3-(4,5-dimethylthiazol-2-
v1)-2,5-diphenyltetrazolium bromide {MTT), and NS398, 'a selective
inhibitor of COX-2, were purchased from Cell Culture Laboratory

(Cleveland, OH), Dainippon Pharmaceutical Co. Ltd. (bsa.ka, Ja--

pan), Invitrogen (Carlsbad, CA), Nissui (Tokyo, Japan), Dojinde (Ku-
mamoto, Japan), and Calbiochem {San Diego, CA), respectively. An-
ti-COX-1, anti-COX-2, anti-IxB, anti-phospho-I«B, anti-IKKa/f, and
anti-actin antibodies and recombinant IxBe fugion protein (1-317},
anti-PGE, antibody, and protein A Sepharose 4B were obtained from
Santa Cruz Biochemicals {Santa Cruz, CA), Chemicon International
(Temecula, CA), and Zymed Laboratories (South San Francisco, CA),
respectively. Alkaline phosphatase-conjugated affinity-purified enti-
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goat IgG and horseradish peroxide-conjugated affinity-purified anti-
rabbit IgG were from Rockland (Gilbertsville, PA) and Cell Signaling
Technology Ine. (Beverly, MA), respectively. Total RNA extraction
and reverse-transcription polymerase chain reaction (RT-PCR) kits,
EndoFree Plasmid Maxi Kit, and pRG-TK vector and Dual-Lucif-
erase Reporter Assay System were purchased from Toyobo Engineer-
ing (Osala, Japan), QTAGEN K.X. (Tekyo, Japan), and Promega
(Madison, WI), respectively, PHIPGE, (200 Ci/mmol) and [v*?P]ATP
(5000 Ci/fmmol} were from PerkinElmer Life and Analytical Sciences
(Boston, MA) and Amersham Biosciences Inc. (Piscataway, NJ), re-
spectively. Other chemicals and drugs were of reagent grade or of the
highest quality.

Extraction and Isolation of v-Mangostin. y-Mangostin (Fig.
14) was obtained from the fruit hull of G. mangostana L. as reported
previously (Jefferson et al., 1970). In brief, the dried fruit hull (1 kg)
was ground and then extracted with ethanol (10 liters) for 1 h. The
ethanol extract was partitioned between ethyl acetate and water to

. afford an ethyl acetate fraction (87.4 g). The ethyl acetate soluble

fraction was dissolved in hexane/ethyl acetate (4:1) and subjected on
a silica gel column chromatography (Wakagel C-200, 800 g, a diam-
eter of 11 cm; Wako Pure Chemicals, Tokyo, Japan}, and the sample
was eluted with a step-wise gradient of hexane/ethyl acetate [3:1 (2
liters), 3:2 (1 liter), 1:1 (1 liter), 2:3 (1 liter), and 3:7 (2 liters)]. After
collecting 1400 ml of the first eluent, the subsequent eluent was

A..
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Fig: 1. Chemical structure of y-mangostin (A) and analysis of purified
y-mangostin by HPLG (B), The elution profile was obtained by monitoring
at UV absorbance of 280 nm using an HPLC column (SenshuPak ODS-
1251-88, 4.5 X 250 mm; elution: & linear gradient of 65 to 100% CH,CN
in H,0 at 1 mlUmin before which the column was washed with 65%
CH,CN in H,0 for 60 min).
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fractionated (200 ml each). Each fraction was moni{',qred by thin

" layer chromatography [ODS silica gel; acetonitrile/water (8:2) as the
developing solvent], and thereby the y-mangostinrich fractions,
which contained y-mangostin (R; = 0.48) but not e-mangostin (B =
0.38), were combined. This silica gel column chromatography was
performed two times additionally to further obtain the y-mangostin
fraction. The combined' y-mangostin fractions (17.8 g) underwent
chromatography on a Senshupak PEGSIL ODS column {20 X 250
mm; Senshu Scientific Co., Tokyo, Japan} and were "eluted with
methanol/water (4:1 to 1:0) to yield partially purified v-mangostin
(8.0 g). The partially purified y-mangostin fraction was subjected to
an Ultra Pack Silica gel column chromatography (50 mm x 300 mm)
(Yamazen, Schaumburg, IL) and eluted with hexane/ethyl acetate
(1:1) followed by recrystalization in hexane to finally give purified
~v-mangostin (6.0 g). Its purity was more than 90%, as determined by
HPLG (SenshuPak ODS-1251-88, 4.5 X 250 mm; Senshu Scientific)
(Fig. 1B). As shown in Fig. 1B, each of the other constltqe,ants wad less
than 3%. Purified y-mangostin was dissolved in dimethyl sulfoxide
(DMS0) to make a concentration of 20 mM as a stock solution and
diluted to appropriate concentrations hefore use.

Cell Culture. C6 rat glioma cells were grown in Ham's F-10
medium containing 15% horse serum and 2.5% fetal bovine serum in
a 87°C humidified incubator in an atmosphere of 5% CO, in air
(Nakatani et gl., 2002).

PGE, Assay. For PGE, assay, C6 cells were seeded onto 12-well
plates at a cell density of 1.0 X 10° cells per well. Twa days after cell
seeding, cells were subjected to the experiment. Cells were cultured
for 18 h in culture medium containing vehicle (0.1% DMSO), y-man-
gostin, or NS398, a selective inhibitor of COX-2. The; conditioned
medium was acidified to pH 4.0 by the addition of 1 N HCI, and PGE,
was extracted twice with ethyl acetate. After ethyl; acetate was

- evaporated under a stream of N, gas, the sample was disolved in 10
mM Tris-HCL, pH 7.6. PGE, was determined by radmmilmunoassay,
as described previously (Nakatani et al., 2002).

Cell Viability Assay. Cell viability for C8 cells was measured
using the MT'T method as reported previously (Taglialatela et al.,
1997). Cells were seeded onto 96-well plates at a cell density of 1.0 X
10* cells per well and cultured with vehicle or y-mangostin, Twenty-
four hours later, cells were subjected to MTT assay. Product forma-
tion was monitored by reading the absorbance at 595 nm using a
microplate reader (model 450; Bio-Rad, Hercules, CA).

Semi Quantitative RT-PCR, For RT-PCR, C8 cells were seeded
onto six-well plates at a cell density of 2.0 X 10° cells per well. Two
days later, cells were pretreated with vehicle or y-mangostin for 1 h
and were incubated subsequently with or without 10 pg/m! LPS for
1 h. The total RNA from cells was prepared by using & total RNA
extraction kit. Both the COX-1 and COX-2 mRNA levels were semi-
quantitatively assayed using an RT-PCR kit as reported previously
(Yang et al.,, 1998) as follows: The sense primers (5'-CTG CTG AGA
AGG GAG TTC AT-8, 602-621 of rat COX-1 eDNA,; and 5'-ACA CTC
TAT CAC TGG CAT CC-3’, 12291248 of rat COX-2 ¢cDNA) and the
antisense primers (5'-GTC ACA CAC ACG GTT ATG CT-3/, 981-
1000 of rat COX-1 cDNA; and 5-GAA GGG ACA CCC TTT CAC
AT-37, 11794-1813 of rat COX-2 ¢cDNA) were complemehtary to the
conserved regions of the ¢cDNAs (Yang et al, 1998). The ¢cDNA
fragments were amplified 32 cycles (24°C for 60 s, 62°C for 60 5, and
72°C for 60 s). It was demonstrated that this condmon for RT-PCR
quantitatively yielded PCR product by our preliminary experiments
{data not shown). Glyceraldehyde-3-phosphate dehydrog:nase mRNA
was used as an internal control for the present semiquantitative RT-
PCR. PCR products for COX-1 and COX-2 mRNAs were Separated by
2% agarose gel electrophoresis, detected by ethidium bromide staining,
and suhjected to quantitative analysis using an image scanner (Foto/
Eclipse; Fotodyne, Hartland, WI). Furthermore, after purification of the
PCR products by electrophoresis and filtration, the nuclestide se-
quences were detexmined by the dideoxy nuclectide chain termination
method to verify that these PCR products are derived from COX-1and

_COX-2mRNAs.
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Immunoblotting. For immunoblotting, C6 cells were seeded onto
six-well plates at a cell density of 2.0 X 10° cells per well. Two days
after seeding, the cells were incubated with vehicle or v-mangostin
for 1 h at 37°C. After cells were incubated with or without 10 pg/ml
LPS for an additional 1 b, the medium was aspirated. The cells were
lysed by addition of SDS-PAGE sample buffer (187.5 mM Tris-HCI,
6% SDS, 30% glycerol, and 15% 2-mercaptoethanocl, pH 6.8). These
protein samples were boiled for 5 min, subjected to SDS-PAGE
{8-11% gel), and then transferred electrically onto polyvinylidene
difluoride membranes (Immobilon-P; Millipore Corporation, Bed-
ford, MA) by the semidry blotting method. The blots were incubated
with 2% bovine serum albumin in Trig-buffered saline containing
0.05% Tween 20 at 25°C for 2 h and incubated with goat anti-COX-1
antibody (0.1 pgml), goat anti-COX-2 (0.1 pg/ml), rabbit anti-I«B
(0.2 pg/ml), rabbit anti-phospho-IxB (0.2 pg/ml), or rabbit anti-actin
(0.2 pg/ml) antibody at 25°C for 2 h. The blots were washed several
times and incubated with a 1:1000 to 2000 dilution of alkaline
phosphatase-conjugated affinity-purified anti-goat IgG or horserad-
ish peroxide-conjugated affinity-purified anti-rabbit IgG in Tris-buff-
ered saline/Tween 20 containing 2% bovine serum albumin at 4°C
overnight, Immunoreactive signals were visualized by incubation of
the blots with chemiluminescence assay reagents followed by expos-
ing them te Hyperfilm ECL {Amersham Bioseiences),

In Vitro IEI{ Assay. After 10 min of treatment with 10 ug/ml
LPS, C6 cells were washed with phosphate-buffered saline, lysed
with ice-cold lysis buffer (2 mM EGTA, 150 mM NaCl, 2 mM dithio-
threitol, 1 mM p-amidinophenyl methanesulfonyl fluoride hydrochlo-
ride, 10 pg/ml leupeptin, 10 pug/ml aprotinin, 1 mM Na,V0,, and 10
mM Tris-HCl, pH 7.5), and sonicated to prepare cell extract. TKK
proteins were prepared by immunoprecipitation as follows: the cell
extract was incubated with 6 pg of anti-IKK«/8 antibody at 4°C for
4 h, and the immunocomplex was recovered using protein A Sepha-
rose 4B beads. The IKK protein-bound beads were then washed three
times with lysis buffer and were aliquoted to five reaction tubes,
including 25 ul of the following kinase reaction mixture: 10 mM
MgCl, - 6H,0, 0.1 mM Na;V0,, 2 mM dithiothreitol, 5 mM g-glye-
erolphosphate, [y-*?P]ATP, and 25 mM Tris-HCl, pH 7.5. After a
10-min incubation with or without tested concentrations of y-man-
gostin at 30°C, 1 pug of IxBa was added as a substrate to each
reaction tube, and the reaction mixtures were further incubated for
30 min. The reaction wag terminated by the addition of SDS-PAGE
sample buffer and fractionated by SDS-PAGE, Phosphorylated IxBa
(1-317) was visualized as radioluminograrn and quantitativély ana-
lyzed with the use of Molecular Imager (GS363; Bio-Rad).

Transient Transfection and Dual Luciferase Assay. C6 cella
were plated at a cell density of 3.0 X 10* cells per well on a 24-well
plate or 1.2 X 10* cells per well on a 48-well plate. Two days later, the
cells were transfected using LipofectAMINE 2000 in serum-free me-
dium according to the manufacturer's recommended method. Cells
plated onto 24-well plates were subjected to transfection with 0.475
pegfwell pNF-xB-Liace, a firefly luciferase reporter construct contain-
ing five repeated NF-«B-responsive elements, or dN-Lue; a reporter
plasmid that ig deficient in the repeated NF-«B-responsive elements
in the pNF-«B-Luc (Hirai et al, 1994}, Cells plated onto 48-well
plates were also subjected to transfection with 0.4 upg/well of
phPES2(—327/+59)-Luc, a firefly huciferase reporter construct con-
taining the human COX-2 gene promoter fragment including NF-
xB-responsive element (—223/—214) (Inoue et al., 1995). In addition,
to normalize transfection efficiency, C6 cells were cotransfected with
0.025 pg of a Renilla reniformis luciferase control vector (phRG-TK).
After transfection, cells were cultured in the culfure medium for 13
or 20 h and then preincubated with vehicle or y-mangostin for 3 h,
Cells were incubated with or without 1 pg/ml LPS for an additional
13 or 18 h, and then the cells were harvested. Determination of both
the firefly and R. reniformis luciferase activities was performed
using a MiniLumat LB 8506 (Berthold Technologies, Bad Wildbad,
Germany) with Dual-Luciferase Reporter Assay System (Promega).
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Relative luciferase activity represents the ratio of Lhe activity of
firefly luciferase to that of R. reniformis luciferase.

Animals. T-week-old male Wistar rats (weighing 150-170 g} were
obtained from Charles River Japan (Yokohama, Japan). All experi-
mental procedures were approved by the Laboratory Animal Care
and Use Local Committee of Graduate School of Pharmaceutical
Seiences, Tohoku University, and were in accordance with the prin-
ciples and guidelines on animal care of Tohoku University.

Paw Edema. Paw edema was induced on the left hind paw in
each rat by a subplantar injection of 75 pl of sterile saline (0.9%
NaCl) containing 1% carrageenan. y-Mangostin at doses ranging
from 1 to 30 mg/kg or the vehicle control (DMSO) was given ip. 30
min before the carrageenan injection. According to the procedure
described previously (Planas et al,, 1995), the presence of edema was
assessed by measuring the volume of the left hind paw before (V)
and 5 h after carrageenan injection (V). The increase id volume in
the inflamed paw was obtained by subtracting the volume measured
before the carrageenan injection from the observed valué at 5 h and
expressed as a percentage: % edema = [(Vy —~ Vp¥V,] x 100,

Data Analysis. ICg, values were calculated from nonlinear re-
gression analysis of the data, The data are expressed as the means +
S.EM.,, and a significant difference (P < 0.05) was analyzed by
analysig of variance. !

Results

Effect of »-Mangostin on Spontaneous PGE, Release
from CB6 Cells, Glial cells are an important source of PGs in
the CNS (Katsuura et al., 1989). In our earlier report, a
ghort-term (10-min) treatment of C6 cells with ymangostin
has been-demonstrated to reduce A23187 (10 pM)-induced
PGE, release from the cells (Nakatani etal., 2002). From this
finding, we hypothesized that if long-term treatment with
v-mangostin might effectively reduce spontaneous PGE, re-

. lease and/or its production, this compound ¢ould be used as a
potent anti-inflammatory agent for clinical control of PGE
level. Therefore, to first test the possibility, C8 cells were
treated with v-mangostin for 18 h to examine the effect of
this compound on the spontanecus release of endogenous
PGE, from C6 cells. It was revealed that y-mangostin po-
tently reduced the PGE, release in a concentration-depen-

dent manner (Fig. 2A) and that NS398, a seclective COX-2

inhibitor, markedly reduced the PGE; release at 30 uM (Fig.
2B), y-Mangostin also had no effect on the cell viability in the
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Fig. 2. Concentration-dependent inhibition of endogenous PGE, release
from C6 cells by y-mangostin (A) and the effect of NS398 on ;endogenous
PGE, release from C6 cells (B). A and B, C6 cells were incubated with the
indicated concentrations of 'y-mangostin or 3¢ pM NS398 for 18 h. The

released PGE, inte the culfure medium was determined by radioimmu- .

noassay. BEach point represents the mean = SEM. (n = 3). *, P < 0.05
compared with the value for cells treated with 0.1% DMSO (as vehicle

qontrol)

concentrations ranging from 0.1 to 30 uM, but at 100 kM, it
caused an 80% decrease in the cell viability (data not shown),
indicating that this appreciable inhibition of the COX-2—
dependent spontaneous PGE, release from the eells does not’
result from a reduction in the cell viability caused by y-man-
gostin. i

Inhibitory Effect of y-Mangostin on the Expression
of Protein and mRNA for COX -2 but Not COX-1 in C8
Cells. COX is a key enzyme for prostaglandin producticn,
because this enzyme is involved in the rate-limiting step in
the conversion of AA to prostaglandins (Rosen et al., 1989).
Because expression of COX-2 protein and its mRNA are
enhanced in Tesponse to inflammatory stimuli lasting for
several hours (Yamamoto et al,, 1995; Inoue and Tanabe,
1998), we next examined whether y-mangostin affects the
expression of COX-1 and COX-2 proteins in C6 cells treated
with LPS by immunoblotiing. In untreated cells, expressions
of COX-1 and COX-2 proteins were detected (Fig. 3, A and B).
When treafed with LPS, C6 cells showed an increase in
protein expression of COX-2 but not COX-1 (Fig. 3, A and B).
y-Mangostin was observed to inhibit this LPS-induced in-
crease in the expression of COX-2 protein in a concentration-
dependent manner (Fig. 3B). At 10 uM, this compound also
showed a 70% inhibition of the LPS-induced increase in ex-
pression of COX-2 protein. In contrast, this compound did not

. affect the expression of COX-1 protein (Fig. 3A). Further-

more, to examine whether this inhibition of LPS-induced
COX-Z protein expression by y-mangostin results from a
reduction in the mRNA level, we analyzed mRNA levels for
COX-1 and COX-2 by using RT-PCR. For this assay of mRNA
expression of COX-1 and COX-2, an established semiquanti-’
tative RT-PCR technique that has been developed recently
for determining the regional and temporal profiles of COX-1
and COX-2 mRNA distributions (Yang et al., 1998) was used.

Consistent with the resulfs of Western blot analysis de-
" scribed above, v-mangostin prevented the LPS-induced stim-

ulation of COX-2 mRNA expression in a concentration-de-
pendent manner, with an IC, value of approximately 10 pM
in C6 cells, whereas this compound exerted no effect on
COX-1 mRNA expression level despite the absence or pres-
ence of LPS (Fig. 4, A and B). These results indicate that
y-mangostin may 1nh1‘b1t; the expressmn of COX-2 gene at the
transcnptlon level.

Inh1b1t10n of NF-«B-Dependent Transcriptional Ac-
tivation via IKX by y-Mangostin in C6 Cells, Activation
of NF-«B has recently been demonstrated to participate in
the induction of expression of COX-2 mRENA by LPS
(D’Acquisto et al., 1997) or inflammatory cytokines, including
TNF-a (Yamamoto et al., 1995). Therefore, the finding that
y-mangostin prevents the LPS-induced augmentation of ex-
pression of COX-2 mRNA in C6 cells raises the possibility
that this reduction in expression of COX-2 mRNA by y-man-
gostin is the consequence of an inhibition of LPS-induced
activation of COX-2 gene transcription through the NF-«B/
1B system. It was thus examined whether y-mangostin di-
rectly influences IKK activity, which phosphorylates IB pro-
tein, using an in vitro IKK assay system. As shown in Fig. 5,
y-mangostin exhibited a concentration-dependent inhibition
of the IKK activity with an 1C;, of approximately 10 uM in
vitro, demonstrating that this compound directly inhibits the
IKK activity. Next, the phosphorylation and accumulation of
IxBea in C6 cells treated with LPS in the absence or presence
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of y-mangostin was analyzed by Western blotting. y-Mangos-
tin was shown to inhibit the LPS-indnced I«B phosphoryla-
tion in a concentration-dependent manner and cause an 80%
inhibition of the LPS-induced I«B phosphorylation at 10 pM
(Fig. 6A). When assayed by Western blotting, it was also
shown that y-mangostin inhibited LPS-induced I«B degrada-
tion in a concentration-dependent manner, with an IG;, of 10
pM (Fig. 6B). It has been well-documented that proteolytic
degradation of IxB is involved in an activation of NF-«B,
Thus, to further determine whether treatment with y-man-
gostin actually inhibits NF-xB~dependent transcription ac-
tivity in LPS-induced C86 cells, we conducted transient trans-
fection of C8 cells with pNF«xB-Lue, an NF-«B-dependent
luciferase reporter plasmid, or dN-Lue, the NF-«B-respon-
sive element-deficient pNFxB-Luc, and assayed the lucif-
erase activity in C6 cells treated with vehicle or y-mangostin
in the absence or presence of LPS. As shown in Fig. 74, LPS
increased the luciferase activity in C8 cells trarisfected with
pNF«B-Luc, whereas LPS-treated cells did not show such an
increase in the luciferase activity when transfectec_a with dN-
Luc, demonstrating that the LPS-induced stimul Fion of hu-
ciferage activity is NF-«B-dependent. Furthermare, it was
_ shown that at 10 pM, y-mangostin inhibited the NF-«B-
dependent transcriptional activation induced by LPS (Fig.
7A). y-Mangostin also reduced LPS-induced augmentation of
the luciferase activity in C6 cells transfected with phPES2
(—327/4+59)-Luc, a human COX-2 reporter gene containing
an NF-«B-responsive element, at 30 uM (Fig. 7B),
" Inhibition of Rat Carrageenan-Induced Paw Edema
by v-Mangostin. To evaluate the anti-inflammatory activity
of ymangostin in vivo, rat earrageenan-induced hind paw
edema was used as an acute model of inflammation. y-Man-
gostin exhibited a concentration-dependent inhibition of the
edema and produced remissions of the inflammatory reaction

A B
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at the doses of 10 and 30 mgfkg, demonstrating that this
compound has an anti-inflammatory activity in vivo {(Fig. 8).

Discussion

The fruit hull of mangosteen, G. mangostana, has heen
widely used as an anti-inflammatory medicine in Southeast
Agia for many years (Mahabusarakam et al,, 1987). v-Man-
gostin is one of the main constituents contained in the fruit
hull of mangosteen. In the present study, we revealed that
long-term treatment with y-mangostin effectively reduced
spontaneous PGE, release from C6 rat glioma cells, which
was shown to be appreciably inhibited by NS398, a selective
COX-2 inhibitor, without affecting the cell viability, and that
this natural product, like aspirin (Yin et al., 1999), inhibited
IKK activity in vitro and consistently reduced LPS-induced
NF-xB-dependent transcriptional activation responsible for
COX-2 gene transcription, which resulted in the decrease in
LPS-induced COX-2 gene expression in C6 cells, Moreover,
as expected, y-mangostin was shown to prevent rat carrag-
eenan-induced hind paw edema used as an acute model of
inflammation. We thus suggest that y-mangostin serves as
not only a potent inhibitor of the release of an inflammatory
chemical mediator, PGE,, but also a new inhibitor of COX-2
gene activation and, as a result, acts as an anti-inflammatory
agent in vivo. '

In this study, we observed that both COX-1 and COX-2
proteins and their mRNA were expressed in the untreated
cells. More than 60% of spontansous PGE, release from C6
glioma cells was inhibited by an 18-h treatment with 30' uM
NB8398, demonstrating that COX-2 mainly contributes to this
spontaneous PGE, release. In our earlier study, it was dem-
onstrated that suppression of A23187-induced PGE, release
by vmangostin results from its direct inhibition of the COX-1

Fig. 3. Decreasing effect of y-mangostin on the expression
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1h, cells were incubated in the absence or presence of 10
pg/m] of LPS for 1 h. Shown are representative expression

_ patterns from three independent experiments (top). The
densitometric data on the expression of COX-1 and COX -2
proteins (bottom) were calculated as the fold increase of.
the value for untreated cells. Each column represents the
mean * SEM. (n = 3). ¥, P < 0.05 compared with the
value for cells treated with 0.1% DMSQ (as-vehicle con-
trol). Actin protein was used as the loading control.

_ Fig. 4. Decreasing effects of y-mangostin on COX-1 {(A) and
COX-2 (B) mRNA expression in C6 cells as measured by
RT-PCR. Cells were preincubated with the indicated concen-
trations of ymangostin or without this compound for I h and
thereafter were incubated in the absence or presence of 10
pgiml LPS for 1 h. Total RNA from C6 cells was used as a
template for cDNA synthesis and then subjected to PCR as
described under Materials and Methods. Glyceraldehyde-3-
phosphate dehydrogenase mBNA was used as the loading
eontrol. Shown ere representative expression patterna from
three independent experiments (top). The densitometric data
on COX-1 and COX-2 mRNA expression {bottom) are calen-
lated as the fold increase of the value for cells not treated
with y-mangostin. Each point represents the mean + S EM.
(n = 8). ¥, P < 0.05 compared with the value for cells treated
with 0.1% DMS0 (as vehicle control).
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and COX-2 activities in C6 eells, like aspirin and sedium
salicylate, nonsteroidal anti-inflammatory drugs (NSAIDs)
(Nalatani et al., 2002). COX is the rate-limiting enzyme in
the conversion of AA to prostancids (Rosen et al., 1989).
Therefore, we suggest that a marked reduction in the spon-
taneous PGE, release from C6 glioma cells by long-term
treatment with y-mangostin mainly results from a direct
inhibition of the COX-2 activity by this natural compound.
Activation of COX-2 gene transcription is mediated by
several cis-acting promoter elements that respond to multi-
* ple intracellular signaling pathways (Mestre et al.,, 2001)
that is, the specific factors involved in the activation of
COX-2 gene franscription depend on the cell types and the
stimuli. In C6 cells, LPS was observed to stimulate NF-«B—
but not activator protein-1-, cAMP-responsive element-, and
glucodorticoid regponse element-dependent transcription (K.
Aoki, T. Yamakuni, K Nakatani, N. Kondo, H. Oku, K.
~ Ishiguro, and Y. Ohizumi, unpublished data). Furthermore,
as described above, it was found that LPS induced an in-
crease in the expression of protein and mRNA for COX-2 but
not COX-1 in C8 Cells, and that y-mangostin inhibited the
LPS-induced increase in the expression of protein and mRNA
for COX-2 in a concentration-dependent manner. The most
important finding of the present study is that y-mangostin
has a pharmacological activity of preventing stimulation of
NF-«B, a central mediator of inflammation by LPS, by di-
rectly inhibiting IKK activity, which resulted in a decrease in
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Fig. 5. Concentration-dependent inhibitory effect of y-mangestin on IKX
activity. C6 cells were harvested, lysed, and immunoprecipitated with
anti-IKKa/B antibody. The kinase assay was carried outin 25 l of kinase
buffer centaining 5 pM ATP, 10 xCi [y-**P]ATP (5000 C¥/mmol), and 1 pg
1xBa (1-817) as a substrate and incubated with the indicated concentra-
_tions of y-mangostin at 95°C for 30 min. The samples were subjected to
SDS-PAGE (11% gel). At the top is a representative radioluminogram
detected by using a molecular imager (GS363; Bio-Rad). At the bottom,
data obtained by densitemetry are shown. The results are shown as the
fold increase from the value for a sample excluding the substrate and
y-mangostin {0.1% DMSO alone). Each column represents the mean *
SEM. {n = 3).* P <005 compared with the value for the sample
containing the substrate but not y-mangostin (as vehicle control).
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LPS-induced phosphorylation and degradation of IxB. This
finding raises the possibility that y-mangostin inhibits IKK
activity in vivo to decrease the LPS-induced augmentation of
COX-2 gene expression. It was indeed observed that y-man-
postin producéd remission of the inflammatory reaction in a
concentration-dependent manner, when assayed in an in vive
model of inflemation. It has been shown thus far that
aspirin and sodium salicylate inhibit NF-«B activation and
IKKB kinase activity with 1C5, values of 30 to B0 pM in vitro
(Yin et al., 1999) and that these agents suppress LPS-induc-
ible COX-2 gene transcription (Xu et al., 1999), As evaluated
using an in vitro assay system, the inhibition of IEXK kinase
activity by y-mangostin showed an ICqq of approximately 10
uM, although y-mangostin and these NSAIDs exhibited no
chemical structure similarities. On the other hand, antioxi-
dants such as pyrrolidinedithiocarbamate and N-acetylcyste-
ine have been reported to inhibit IKK activation in endothe-
lial cells (Spiecker et al, 1998).. Taken together, these
pharmacological characteristics of this natural product thus
provide a plausible explanation for the anti-inflammatory
action of the fruit hull of mangosteen, although the precise
dual mechanisms of inhibitory actions of y-mangostin remain
1o be etucidated.

Astrocytes :are a known important, although not the only,
source of PGE, in the CNS (Katsuura et al, 1989). Their
ability to produce PGE, upon stimulation with IL-18, TNF-a,
or LPS has been extensively documented (Fontana et al.,
1982; Mollace et al., 1998; Molina-Holgada et al., 2000). The
increase in PGE, levels has been observed in some diseases,
including AIDS-associated dementia (Minghetti et al., 1998).
Expression of COX-2 in astrocytes has been demonstrated in
vitro as well as in vive. COX-2 expression has been detected
in astrocytes of patients suffering from amyotrophic Jateral
sclerosis (Almer et al., 2001) as well as in astrocytes sur-
rounding the plaques in & mouse model of AD (Matsuoka et
al,, 2001). Furthermore, the level of astrocytic COX-2 expres-
sion in brain tumors was shown to be among the best indi-
cator of tumor progression and severity (Shono et al., 2001).
In addition,:increased COX-2 expression by tissue macro-
phages is responsible for the accumulation of large amounts
of PGE, in local tissues (Smith et al,, 2000). Secreted PGE,
promotes inflammation by increasing vascular permesability
and vasodilation and by directing cell migration into the site
of inflammation through the induction of inflammatory cyto-
kines (Muraoka et al., 1999). Therefore, the control of PGE,
production is a critical step in clinically regulating inflam-
matory reactions during bacterial infection and tissueinjury. -
From the fact that y-mangostin inhibits stimulation of

Fig. 6. Concentration-dependent inhibition of
L.PS-induced phosphorylation (A) and degradation
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with the value for cells treated with 0.1% DMSO
(as vehicle), Actin protein was used as the loading
control.
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