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inducible nitric oxide synthase in lipopolysaccharide-activated
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Abstract

The antioxidant properties of broussochalcone A (BCA) and its effects on nitric oxide (NO) production in lipopolysaccharide
(LPS)-activated macrophages were investigated in this study. BCA, isolatedBiroussonetia papyrifer&ent., inhibited iron-induced
lipid peroxidation in rat brain homogenate in a concentration-dependent manner with,af 0.63 = 0.03 uM. It was as potent as
butylated hydroxytoluene, a common antioxidant used for food preservation. In a diphenyl-2-picrylhydrazyl assay system, the radica
scavenging activity of BCA seemed to be more potent than thatto€opherol, itsc, ,oobeing 7.6+ 0.8 uM. BCA could directly scavenge
superoxide anion and hydroxyl radicals. These results indicated that BCA was a powerful antioxidant with versatile free radical-scavengir
activity. On the other hand, we found that BCA suppressed NO production concentration-dependently, wifh ain11.3 uM in
LPS-activated macrophages. This effect was not the consequence of a direct inhibitory action on the enzyme activity of inducible N
synthase (iNOS). Our results indicated that BCA exerts potent inhibitory effects on NO production, apparently mediated by its suppressic
of 1kBa phosphorylation, #Ba degradation, nuclear factor-kappa B activation, and iNOS expression. Therefore, we conclude that the
antioxidant activities of BCA and its inhibition okB« degradation and iNOS protein expression may have therapeutic potential, given that
excessive free radicals and NO production have been associated with various inflammatory diseases. © 2001 Elsevier Science Inc. All rig
reserved.
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1. Introduction circumstances. NO is another important radical molecule
that participates in the physiology and pathophysiology of
Reactive oxygen free radicals (such as superoxide anion,many systems [2]. NO is produced by a family of enzymes
hydroxyl radical, and hydrogen peroxide) have been known known as NOS [3]. Upon stimulation by various cytokines
to participate in a variety of human diseases such as isch-and LPS, macrophages express iNOS, produce large
emia—reperfusion injury and inflammatory diseases [1]. amounts of NO, and sustain for a period from several hours

Thus, radical scavengers for the pathogenic native radicalsto several days [4]. Under pathological conditions, macro-

might be expected to act as therapeutic agents under thesphages produce large amounts of NO and superoxide simul-

taneously, resulting in the formation of peroxynitrite [5]. At
. . o the level of the whole organism, reactive peroxynitrite
Corresponding author. Tel+886-2-2322-1742; fax:+886-2-2322- . . = . ..

1742, might be considered beneficial because of its cytotoxicity to
E-mail addresscmteng@ha.me.ntu.edu.tw (C.-M. Teng). bacteria or other invading organisms [6]. However, exces-
Abbreviations: NF-kB, nuclear factoB; NO, nitric oxide; NOS, sive production of peroxynitrite would damage normal tis-

nitric oxide synthase; iINOS, inducible NOS; BCA, broussochalcone A; gye. Therefore, protection against peroxynitrite damage is

BHT, butylated hydroxytoluene; DPPH, - diphenyl-2-picrylhydrazyl; - jmnqrtant for normal tissue during inflammation [7]. Thus,

L-NAME, N®-nitro-L-arginine methyl ester; LPS, lipopolysaccharide; . . . .

MDA, malondialdyhyde; PDTC, pyrrolidine dithiocarbamate; TBARS, mOd“!at'F’” of '_\IO Syn_the_SIS or action may havle therapeljltlc

thiobarbituric acid-reactive substances; PMSF, phenylmethylsulfonyl flu- PENEfits in patients with inflammatory or autoimmune dis-

oride; and DTT, dithiothreitol. eases [8,9].
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Ol polyclonal antibodies against INOS arkBla protein were
obtained from Santa Cruz Biotechnology. Dowex AG

Ol 50W-X8 was purchased from Bio-Rad.

2.2. Anti-lipid peroxidation activity

HOQ Rat brain homogenate was prepared from the brains of
freshly killed Wistar rats. Lipid peroxidation in the presence of
BCA was measured by the thiobarbituric acid method, as
described previously [21]. The results were expressed as MDA
equivalents by linear regression analysis of a standard curve
using tetramethoxypropane as a standard. The protein concen-
trations of rat brain homogenates were determined by Bio-Rad
OH (0] protein assay reagents according to the Bradford method [22].

Fig. 1. The chemical structure of BCA. . o
2.3. DPPH-scavenging activity

Many flavonoids are known to possess antioxidant [10],  An ethanol solution of the stable nitrogen-centered free
free radical-scavenging, anti-inflammatory [11], and antitu- radical DPPH (10QuM) was incubated with the test com-
mor activity [12]. A number of derivatives of chalcone, a pounds for 30 min, and the absorbance was measured at 517
subclass of flavonoids, have also been found to inhibit severalnm in a spectrophotometer (Hitachi, Model U3200). The
important enzymes in cellular systems, including xanthine ox- concentrationi¢, »o9 Of the test compounds that induced a
idase [13], aldose reductase [14], and epoxide hydrolase [15].decrease of 0.200 in absorbance during a 30-min observa-
A recent study demonstrated that chalcone derivatives alsotion was taken as the free radical-scavenging potency [23].
inhibited de novoiNOS and cyclooxygenase-2 synthesis in In addition, the amount of reduced DPPH was estimated by
macrophages [16]. Thus, chalcone derivatives seem to pos-using the millimolar extinction coefficiente) of 11.2
sess several pharmacological properties that allow them tomM~* cm™* [23]. We were able to obtain the molar ratio:

serve as natural biological response modifiers. [reduced DPPH]/[oxidized BCA].
BCA, a prenylated chalcone (Fig. 1), was originally _ ) o
isolated from the cortex oBroussonetia papyrifera/ent. 2.4. Superoxide-scavenging activity

[17]. The cortex of this plant has been used as traditional ) ) ) )
medicine for diuresis, homeostasis, and the relief of edema Superoxide anion was generated by xanthine/xanthine
and cough. In previous studies, BCA was found to be a 0xidase and measured by the cytochromereduction
potent inhibitor of platelet aggregation [18] and to act as an Method [24]. Test compounds were incubated in 50 mM
inhibitor of respiratory burst in neutrophils [19]. KH,PO,/K,HPQ, (pH 7.4) buffer containing kH,—EDTA

The aim of this study was to elucidate the antioxidant (0-3 mM), cytochrome (0.6 mM), xanthine (0.1 mM), and
properties of BCA and its effects on NO production in the xanthine oxidase (0.02 U/mL). Production of superoxide

murine monocyte-macrophage cell line RAW 264.7 stimu- @nion was monitored spectrophotometrically at 550 nm.
lated by LPS. Superoxide dismutase (100 U/mL) was used as a reference

inhibitor. The effect of test compounds on the activity of
xanthine oxidase was determined by monitoring uric acid
formation at 295 nm [24]. A molar extinction coefficient,

2. Materials and meth
aterials and methods 11,000 Mt cm™* for uric acid, was used for calculation.

2.1. Materials 2.5. Hydroxyl radical-scavenging activity

BCA (Fig. 1) was isolated and purified as previously  \ve used the deoxyribose method as described by Halli-
described [20]. BHT,a-tocopherol, 2-thiobarbituric acid el et al. [25] to measure the hydroxyl radical-scavenging
(TBA), tetramethoxypropane, 2-deoxyribose, DPPH, xan- activity. The second-order reaction constants for scavengers
thine oxidase (grade IV, from buttermilk), cytochrorse  and hydroxyl radical were calculated from the slope of
(type II, from horse heart), catalase, superoxide dismutasecompetition plots. The reaction constant of deoxyribose

(type I, from bovine liver),p-mannitol, ascorbic acid, hy-  with hydroxyl radical was 3.1x 10° M~* sec * [25].
drogen peroxide (30% solution), bacterial LEES¢herichia

coli 055:B5), L-NAME, and PDTC were purchased from 2.6. Cell culture

Sigma Chemical Co. All culture reagents were obtained

from GIBCO BRL. L-[2,3,4,5°H]Arginine hydrochloride The murine monocyte-macrophage cell line RAW 264.7
was obtained from Amersham Pharmacia Biotech. Rabbit was obtained from the Culture Collection and Research
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Center (Hsinchu, Taiwan) and incubated in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% heat-
inactivated fetal bovine serum and an antibiotic mixture of
penicillin (100 U/mL), streptomycin (102g/mL), and am-
photericin B (0.25ug/mL).

2.7. Nitrite assay

The nitrite concentration, an indicator of NO production,

941

the presence or absence of BCA. The addition of ice-cold
stop buffer (50 mM HEPES [pH 5.5], 2 mM EDTA, and 2
mM EGTA) stopped the reaction. Then, the cells were
collected, sonicated, and centrifuggdd,000X g) at 4° for

10 min. The supernatants were passed through a small column
containing 0.5 mL Dowex 50W-X8 (Naform). The eluted
[®H]citrulline was then quantified by liquid scintillation spec
troscopy and the enzyme activity determined [28].

was measured in the culture medium according to the Griess2.10. Electrophorectic mobility shift assays (EMSA) for

reaction [26]. Briefly, 5x 10* cells/0.2 mL/well of 96-well
plates were incubated for 24 hr in phenol red-free DMEM

with 10% heat-inactivated fetal bovine serum. In the pres-

NF-«B

Nuclear extract was prepared as described by @hah

ence or absence of BCA, cells were stimulated with LPS (1 [29]. Briefly, cells were suspended in hypotonic buffer A

pa/mL) for another 24 hr and then the nitrite in culture

[10 mM HEPES (pH 7.9), 1.5 mM MgG| 10 mM KCI, 0.5

medium was quantified. Nitrite was measured by adding 60 mM DTT, and 1 mM PMSF] for 10 min and vortexed for 10

L of Griess reagents (2AL 6.5 M HCI, 20 uL 37.5 mM
sulfanilamide, and 2QuL 12.5 mM N-(1-naphthyl)ethyl-
enediamine dihydrochloride) to 2Q4 of cultured medium

sec. The nuclei were collected by centrifuging at 3§G0r
2 min. The pelleted nuclei were resuspended in hypertonic
buffer C [20 mM HEPES (pH 7.9), 25% glycerol, 420 mM

and incubating for 10 min. The absorbance at 550 nm wasNacCl, 1.5 mM MgCl}, 0.2 mM EDTA, 0.5 mM DTT, and 1

determined with an EL312e microplate reader (Bio-Tek).

Nitrite concentrations were calculated by regression anal-
ysis of a standard curve using sodium nitrite as a stan-

dard.
2.8. Western blot analysis

Confluent macrophages in 6-well plates (about 20°
cells/well) were stimulated by LPS (Lg/mL) for 24 hr in

mM PMSF] at 4° for 20 min. Then, the extracted nuclei
were pelleted by centrifuging for 5 min at 11,090 The
supernatants containing the solubilized nuclear proteins
were stored at-70°.

For electrophoretic mobility shift assays, & of each
nuclear extract was mixed with th#P-labeled double-
stranded NFR<B oligonucleotide (5GATCAGTTGA-
GGGGACTTTCCAGGCC-3) and incubated at room
temperature for 30 min. The incubation mixture (LB)

the presence or absence of BCA. Then, cells were washedcontained 2ug of poly(dl-dC) (Amersham Pharmacia Bio-

with ice-cold PBS and lysed in lysis buffer (20 mM Tris/
HCI [pH 7.4], 1% Triton X-100, 1 mM EDTA, 1 mM
EGTA, 1 mM PMSF, 5ug/mL of leupeptin, and 2@.g/mL

of aprotinin) [27] and then ultrasonicated at 4° for 20 sec.
The lysate proteins (5@.g) were separated on polyacryl-
amide gels (7.5% for INOS and 10% fatB«) and trans-
ferred to PVDF membrane (Millipore). The membrane was
incubated with blocking solution (5% non-fat dried milk

tech), 20,000 dpm of’P-labeled DNA probe, 10 mM Tris
(pH 7.5), 1 mM EDTA, 4% Ficoll, 1L mM DTT, and 75 mM
KCI. The DNA/protein complex was electrophoresed on 5%
native polyacrylamide gels. For competition experiments,
50 ng of the labeled oligonucleotide was mixed withd. of
unlabeled oligonucleotide prior to protein addition. For su-
pershift experiments, &g of anti-p50 antibody was mixed
with the nuclear extract protein. Radioactive bands were

and 0.1% Tween 20 in PBS) for 1 hr at room temperature detected by autoradiography.

and then incubated with anti-iNOS, ankBa antibodies
(Santa Cruz Biotechnology), or aniB«-P polyclonal an-
tibody (Biol Lab.) at 1:1000 dilutions at 4° overnight. Then,

the membrane was incubated in diluted alkaline phospha-

2.11. Statistical analysis

All experimental data are shown as meanhsSEM and

tase-conjugated goat anti-rabbit immunoglobulin G at room accompanied by the number of distinct experiments. Statis-
temperature for 2 hr. Finally, the membrane was rinsed tical analysis was performed using Studenttest, and the

three times with PBST (0.1% Tween 20 in PBS) and twice

with PBS before color development. The appropriate chro-
mogenic substrate bromochloroindolyl phosphate (BCIP)/
nitroblue tetrazolium (NBT) was added to the membrane,

significant difference was set & < 0.05. Theicg, and
ICo.200 ValUeS were obtained by regression analysis.

and the progress of the reaction was monitored until the 3. Results

bands were of the desired intensity.
2.9. Assay of NOS activity

Cells were stimulated with LPS (kg/mL) for 10 hr,
then pulse-labeled wittPH]arginine (2uCi/mL) for 1 hrin

3.1. Inhibition of lipid peroxidation in rat brain
homogenate

We examined the antioxidant activity of BCA on lipid
peroxidation in rat brain homogenates. In the unstimulated
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Basal Control 0.3 1 3 1_ pM Fig. 3. The DPPH-scavenging activity of BCA. Various concentrations of
BCA BHT BCA or a-tocopherol (1-3uM) were incubated with DPPH (100M) at

Fig. 2. The inhibitory effect of BCA on F&-induced lipid peroxidation. room temperature (25°) for 30 min, then the decrease in the absorbance at
Rat brain homogenate was preincubated with DMSO (0.5%, basal and 517 hm was measured. Data are presented as meBsM (N = 5).
control), various concentrations of BCA (0.3, 1u81), or BHT (1 uM) at
37° for 10 min. Then, F&" (200 uM) was added, except for basal, and
incubated for another 30 min. Data are presented as mea®BM (N = 3.3. Superoxide anion-scavenging activity
6). ***: P < 0.001 ascompared with the control.
Superoxide anion generated by the xanthine/xanthine

. h ¢ S f di brai oxidase system was monitored by the reduction of cyto-
experiments, the amount of TBARS formed in rat brain .pome ¢ * The initial rate of cytochromec reduction

hqmoggnate yvas 2.5 0.5 nrrlol MDA/mg protein. After (0.20% 0.006A Agsdmin, N = 5) was completely inhibited
§t|mulat|on with 200 uM Fe’", the amount Of TBARS by superoxide dismutase (100 U/mL). BCA (0-11 pM)
increased to 14.3 1.1 nmol MDA/mg protein. Appar-  nhibited cytochrome reduction with anc, value of 0.5+
ently, BCA concentration-dependently inhibited iron-in- .03 uM (Fig. 4). Since 10uM BCA did not change the
duced lipid peroxidation (Fig. 2), and itss, was calcu absorbance of cytochrong this indicated that BCA did
lated to be 0.63+ 0.03 uM. BCA (1 uM) and BHT (1 not reduce cytochrome directly. However, in addition to
uM) produced approximately 81% and 85% inhibition of

iron-induced peroxidation, respectively, thereby demon-

strating that their antioxidant potencies were comparable. z 3}'@:’;{3?;:};53:0"0"

A control experiment indicated that BCA did not affect

the measurement of TBARS, because the absorbance at 1007 100

532 nm was not affected by adding BCA to the brain =

homogenate that had already been oxidatively modified 5§ 80 7 80 5 g

(data not shown). §§ § =
25 60 -6 = £

3.2. DPPH radical-scavenging activity E £ .EE
§-§ 40 - - 40 § E

The free radical-scavenging activity of BCA in the Eé E =

DPPH assay system was then examined. In this system, *©

scavenging activity was expressedigs,q,0r molar ratio 209 - 20

([reduced DPPH]/[oxidized antioxidant]). The scavenging

activities of BCA anda-tocopherol were both concentra- 0 T T T 1 - 0

tion-dependent (Fig. 3), witle, ,oovalues of 7.6+ 0.8 and 00 01 03 1.0 30 100

10.8+ 0.8 uM (N = 6), respectively. The molar ratios were BCA (uM)

calculated to be 2.5@ 0.54 and 1.88~ 0.27, respectively. Fig. 4. Effect of BCA on the reduction of cytochromend the formation

BCA seems to be as potent astocopherol in scavenging  of yric acid in the xanthine/xanthine oxidase system. Data are presented as
DPPH radicals. means+ SEM (N = 5).
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superoxide anion scavenger, xanthine oxidase inhibitors 40

may also affect cytochrome reduction. Therefore, the

effect of BCA on xanthine oxidase activity was assayed by L il

monitoring uric acid formation. The initial rate of uric acid 30 4 rI— T

*%k

formation was 0.2 0.01A A,qdmin (N = 6). BCA also
inhibited xanthine oxidase activity in a concentration-de-
pendent manner, with aosy value of 2.21+ 0.13uM (Fig.

4). If the data are plotted on a linear scale, the inhibition of
cytochromec reduction is seen to be linearly dependent 10 -
upon the concentration of BCA. This is consistent with a

free radical mechanism. In contrast, the dependence of uric

acid formation upon the BCA concentration showed a sat- 0 ~
uration effect resembling a binding isotherm. Moreover, we @5’ \3‘5 1 3 10 20 10 20 pM
found that 1uM BCA could almost completely inhibit BCA PDTC
cytochromec reduction, but only partially inhibit uric acid  Fig. 5. Effect of BCA on nitrite production in LPS-activated RAW 264.7
formation. These results imply that BCA-inhibited cyto- macrophages. Ce[ls were pretre.ated with indicated concentrations of BCA
chromec reduction could be largely attributed to its super- ©F PPTC for 30 min and then stimulated by LPS{g/mL). After 24 hr,

. . . . . . the level of nitrite in cultured medium was analyzed by the Griess reaction.
oxide anion-scavenging activity and onIy partlally to its Results are expressed as meanSEM of four independent experiments
inhibition of xanthine oxidase activity. performed in triplicate. *P < 0.01, ***P < 0.001, ascompared with

LPS alone.

*%

20 -

Nitrite (uM)

d*kdk

3.4. Hydroxyl radical-scavenging activity

The ability of BCA to scavenge hydroxyl radical was than that on lipid peroxidation. Moreover, we also examined
measured by the deoxyribose method. Our results showedhe expression of INOS protein after stimulation with LPS
that BCA concentration-dependently inhibited deoxyribose (1 #g/mL) in the presence of BCA (+ 20 uM). Western
degradation. The rate constant for the reaction of BCA with blot analysis indicated that BCA also suppressed iNOS
hydroxyl radical was calculated to be 1123 0.9 x 10° protein expression in a concentration-dependent manner
M~ sec® (N = 4). Mannitol, known to be a hydroxyl  (Fig. 6).
radical scavenger [25], had a rate constant of 8.2.2 X
10° M~ sec* (N = 3) in our experiments. It is apparent 3.6. Effect on enzyme activity of iNOS
that BCA is more potent than mannitol in scavenging hy-

droxyl radical. To identify the mechanism responsible for inhibition of
nitrite production by BCA, we examined whether BCA had

3.5. Inhibition of NO production and iNOS protein a direct effect on the enzyme activity of iINOS. In the

expression in LPS-activated macrophages presence of BCA (10 and 20M), the enzyme activity of

iINOS was not affected. Even a high concentration (L&)
Stimulation of macrophages with LPS (/mL) for 24 of BCA had only a minor effect on iNOS activity (Fig. 7).

hr increased nitrite production from 0% 0.06 to 33.1+ Addition of L-NAME (0.1 ~ 1 mM), a competitive inhib-
2.4 uM as measured by the Griess reaction. BCA{1220 itor of NOS, into the assay medium inhibited NOS activity
uM) concentration-dependently inhibited nitrite production in a concentration-dependent manner (Fig. 7). These results
(Fig. 5), with itsicgy value calculated to be 118 0.8 uM. suggest that the suppression of nitrite production by BCA
On the other hand, pretreatment with PDTC, an antioxidant may not be due to direct inhibition of NOS enzyme activity,
that blocks NF«B activation [30], also significantly inhib-  but rather to suppression of INOS protein expression.
ited nitrite production after LPS stimulation. Nevertheless,
the potency of PDTC seemed to be less than that of BCA,
as shown in Fig. 5. Based on both the lactate dehydrogenast

LPS (1ng/ml) - +
release assay [31] and the MTT (3-[4,5-dimethylthiazol-2- e i * S R
yl]-2-5-diphenyltetrazolium bromide) assay [32], these con- ~ BCA (M) - = 4 3 W 3
centrations of BCA and PDTC had no cytotoxic effect on el <iNOS

the macrophages in 24-hr incubation (data not shown). In

addition, we analyzed the reversibility of the action of BCA Fig. 6. Concentration-dependent inhibition of iINOS protein expression by

by washout for 20 min before LPS stimulation. The prelim- BCA in LPS-activated RAW 264.7 macrophages. Cells were pretreated

inary results showed that the inhibition by BCA of NO with BCA (BCA, 0 ~ 20 uM) for 30 min and then stimulated by LPS (1
ducti dtob ible. Th f th rg/mL) for another 24 hr. Finally, the lysate protein (&9) was separated

pro _UC _|o_n_ seemed 10 be _re_verSI e. . ere (_)re’ e reVers_on a 7.5% polyacrylamide gel. The iINOS protein level was examined by

ible inhibition by BCA of nitrite production might account  \vestern blot analysis. Relative protein levels were quantified by densi-

for why theicg, of BCA on nitrite production was higher  tometry. The figure is representative of three independent experiments.
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Fig. 7. Effect of BCA on the enzyme activity of iNOS. Cells were stim-
ulated with LPS (lug/mL) for 10 hr and then pulse-labeled witfiH]argi-
nine (2 wCi/mL) for 1 hr in the absence or presence of different concen-
trations of BCA and L-NAME. Results are given as percentage of control
(activated by lug/mL of LPS). Data are presented as meanSEM of
four independent experiments performed in duplicate? *¢ 0.01, as
compared with control.

&
R

3.7. Inhibition of NFxB activation

Since NF«B activation has been shown to be function-
ally important for iINOS induction [33], we further investi-
gated whether BCA could inhibit LPS-induced MB- ac-
tivation. Stimulation of macrophages with LPS g&/mL)
for 45 min markedly increased NikB-binding activity (Fig.

8, lane 5) compared to unstimulated cells (Fig. 8, lane 4),
and this activation was inhibited by BCA (2eM) (Fig. 8,
lane 6). The specificity of NikB-binding activities was

Z.-J. Cheng et al. / Biochemical Pharmacology 61 (2001) 939-946

12 34 6 8 7

-« supershift

NF- kKB
-2 complex

- NS

- free
probe

Fig. 8. Effect of BCA on NF«B activation in RAW 264.7 cells. Nuclear
extracts were prepared from cells unstimulated (lane 4) or stimulated with
LPS (1pg/mL) for 45 min (lanes 1-7, except 4) in the presence of.RD
BCA (lane 6) or 20uM PDTC (lane 7). EMSAs were carried out as
described in Materials and Methods. The binding activity of AB-{from
nuclear extract) to°fP]NF-kB oligonucleotide is shown as NkB com-

plex. Nuclear extracts (ug) from cells stimulated by LPS were either
mixed directly with the labeled NikB oligonucleotide (lane 5) or first
incubated with 20-fold unlabeled N&B oligonucleotide (lane 1), 20-fold

assayed by competition with a 20-fold excess of unlabeled unlabeled AP-1 oligonucleotide (lane 2), or anti-p50 antibody (lane 3). NS,

NF-«B oligonucleotide (Fig. 8, lane 1) or AP-1 oligonucle-
otide (Fig. 8, lane 2) and by a supershift experiment which
co-incubated with anti-p50 antibody. It was observed that
BCA effectively inhibited NF«B activation and that it was
more potent than PDTC (Fig. 8, lane 7).

3.8. Inhibition of kBa degradation

To investigate the upstream signaling effect of BCA, we
tested whether BCA could prevent LPS-induce8d& deg-
radation. Following appropriate stimulation by LPS (#/

non-specific binding.

through the ubiquitin—proteasome pathway [35]. To deter-
mine whether BCA-preventedB« degradation was due to
down-regulated #Ba phosphorylation, we examined the
cytosolic levels of kBa-P by Western blot analysis. Incu-
bation of cells with LPS for 7.5 min caused marked phos-
phorylation of cytosolic kBa. From Fig. 10, it appeared
that BCA (20 uM) down-regulated #Ba phosphorylation

to near basal level. This suggests that BCA-prevent&a|
degradation was due to the down-regulated phosphorylation

mL), cells were lysed and analyzed. Western blot analysis of 1kBa but not to inhibition of proteasome proteolytic

revealed a time-dependent degradation «8d (Fig. 9),
which subsequently resulted in the activation of KB-
[34]. As prior BCA (20uM) treatment effectively prevented
LPS-induced kB« degradation (Fig. 9), it is suggested that
BCA prevented LPS-induceaBo« degradation and NkB

activation, and decreased iNOS protein expression and NO BCA (20 pM)

production.

3.9. Inhibition of kBa phosphorylation

It has been reported thatB« protein phosphokinase can
phosphorylate #Ba: and thereby target it for degradation

activity.

LPS ( 1 pug/ml)

30 60 10
- - o+

- o o = kB

Fig. 9. Effect of BCA on kB« degradation. After 0, 10, 30, and 60 min
incubation with LPS (lug/mL) in the presence or absence of BCA (20
uM) pretreatment, cell lysate proteins were separated on 10% polyacryl-
amide gels. The figure is one of three experiments.

Time (min)

10
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LPS (1pg/ml)
Time(min) o 75 15 75 15
BCA (20uM) — - -+ o+

IkBo-P > " G e=— s

Fig. 10. Effect of BCA on kBa phosphorylation. Cells were incubated
with LPS (1ug/mL) for 7.5 or 15 min in the presence or absence of BCA
(20 uM). Total protein extracts were separated by 10% SDS-PAGE and
analyzed by Western blot as indicated in Materials and Methods.

4. Discussion
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and INOS protein expression, which seems to indicate that
preventing kB« degradation would block NkB activation
and INOS protein expression. Ohata and colleagues ob-
served similar results with'dacetoxychavicol acetate, an
anticarcinogenic compound, in RAW 264 cells [42]. More-
over, dysregulation of NixB has been associated with
various pathological processes such as acute and chronic
inflammatory reactions, septic shock, and cancers [40,41].
Therefore, specific inhibitors ofkBa degradation might
have potential for the treatment of various inflammatory
diseases.

Furthermore, several lines of evidence suggest that
NF-«B activation by various stimuli depends on intracellu-
lar reactive oxygen intermediate (ROI) generation [30,43—

Rat brain homogenates are usually used as a preparatio6]. Recently, Camhi and co-workers observed that LPS

to evaluate the antioxidant activities of compounds on lipid
peroxidation [36]. It is known that transition metal ions are
involved in both initiation and propagation of lipid peroxi-
dation [37]. In this system, we found that BCA could ef-
fectively inhibit ferrous ion-induced lipid peroxidation. Its
potency was comparable to that of BHT, a typical antioxi-

dant in foods. BCA did not cause a spectral shift or absor-

causes increased production of ROl in RAW 264.7 macro-
phages and that the antioxidaritsacetyl+-cysteine and
DMSO attenuate ROI production [47]. Our results indicate
that BCA is a powerful antioxidant and free radical scav-
enger. Moreover, in Fig. 5, BCA showed a steep dose—
response relationship similar to the free radical-scavenging
reaction. Thus, we suggest that BCA prevents the degrada-

bance change when incubated with ferrous ions (data nottion of IkBa presumably through its free radical-scavenging
shown), indicating that its antioxidant mechanism seems to activity. In addition, it remains to be determined whether
be associated with its free radical-scavenging but not its BCA affects the enzyme activities okB protein phos-

iron-chelating activity. According to the DPPH assay, BCA

phokinase and phosphatase. Further studies need to be car-

acted as a direct free radical scavenger with a potencyried out to elucidate the effects of BCA on the pathway of

(Ico 200 7-6 = 0.8 uM) comparable to that of-tocopherol,
a chain-breaking antioxidant. In addition, BCA also exhib-
ited superoxide- and hydroxyl radical-scavenging activities.

IkBa degradation.
In conclusion, this study verifies that BCA is a powerful
natural antioxidant and that its antioxidant activities may be

Taken together, all these data suggest that the free radicalprimarily attributed to its free radical-scavenging activity.

scavenging activity of BCA may contribute to its antiper-
oxidation activity in brain homogenates.

Recently, we found that BCA concentration-dependently
inhibits NO production in RAW 264.7 macrophages stim-
ulated by LPS. However, BCA had no direct inhibitory
effect on INOS enzyme activity. Therefore, the inhibition by
BCA of NO production may be attributed to the suppression

of INOS protein expression. Our results are consistent with

Herenciaet al’s observation that some novel anti-inflam-
matory chalcone derivatives inhibited iNOS protein synthe-
sis but had no direct effect on INOS enzyme activity [16].
NF-«kB, a mammalian transcription factor, has been
shown to be functionally important for INOS induction [33].
The heterodimeric Ni=B complex is sequestered in the
cytoplasm as an inactive precursor complex with the inhib-
itory protein kB family [38]. Among these inhibitory pro-
teins, the best characterized Bl (37 kDa). Upon stim-
ulation by an NFkB activator such as LPS or cytokines, the
inhibitory subunit kB« is postulated to be phosphorylated
and then degraded, thereby releasing it from the BF-
IkBa complex [34,39]. Then, the active NEB will trans-

locate to the nucleus and transactivate the target genes

[40,41]. Therefore, the degradation afBa plays an im-
portant role in NF«B activation. In this study, we found
that BCA could effectively prevent the degradation eBb

Moreover, BCA was also found to suppress LPS-induced
INOS protein expression by preventingBla degradation in
RAW 264.7 macrophages. The free radical-scavenging ac-
tivity of BCA and its inhibition of INOS protein expression
may have therapeutic potential, because excessive free rad-
icals and NO production have been associated with various
inflammatory diseases.

Acknowledgments

This work was supported by a research grant from the
National Science Council of Taiwan (NSC 88-2314-B-002-
111).

References

[1] Gutteridge JM. Role of free radicals and catalytic metal ions in human
disease: an overview. Methods Enzymol 1990;186:1—85.

[2] Moncada S, Palmer RM, Higgs EA. Nitric oxide: physiology, patho-
physiology and pharmacology. Pharmacol Rev 1991;43:109-42.

[3] Nathan C, Xie QW. Nitric oxide synthase: roles, tolls and control.
Cell 1994,;78:915-8.

[4] MacMicking J, Xie QW, Nathan C. Nitric oxide and macrophage
function. Annu Rev Immunol 1997;15:323-50.



946

[5] Ischirpoulos H, Zhu L, Beckman JS. Peroxynitrite formation from
macrophage-derived nitric oxide. Arch Biochem Biophys 1992;298:
446-51.

[6] Zhu L, Gunn C, Beckman JS. Bactericidal activity of peroxynitrite.
Arch Biochem Biophys 1992;298:452-7.

[7] Arteel GE, Briviba K, Sies H. Protection against peroxynitrite. FEBS
Lett 1999;445:226-30.

[8] Vane JR, Mitchell JA, Appleton I, Tomlinson A, Bishop-Bailey D,
Croxtall J, Willoughby DA. Inducible isoforms of cyclooxygenase
and nitric oxide synthase in inflammation. Proc Natl Acad Sci USA
1994;91:2046-50.

[9] Schmidt HH, Walter U. NO at work. Cell 1994;78:919-25.

[10] Bors W, Heller W, Michel C, Saran M. Flavonoids as antioxidants:
determination of radical-scavenging efficiencies. Methods Enzymol
1990;186:343-55.

[11] Chen SC, Chang YS, Wang JP, Chen SC, Kuo SC. Three new
flavonoids and antiallergenic, anti-inflammatory constituents from the
heartwood ofDalbergia odorifera Planta Med 1998;64:153-8.

[12] Anto RJ, Sukumaran K, Kuttan G, Rao MN, Subbaraju V, Kuttan R.
Anticancer and antioxidant activity of synthetic chalcones and related
compounds. Cancer Lett 1995;97:33-7.

[13] Sogawa S, Nihro Y, Ueda H, Miki T, Matsumoto H, Satoh T.
Protective effects of hydroxychalcones on free radical-induced cell
damage. Biol Pharm Bull 1994;17:251-6.

[14] Iwata S, Nagata N, Omae A, Yamaguchi S, Okada Y, Shibata S,
Okuyama T. Inhibitory effect of chalcone derivatives on combinant
human aldose reductase. Biol Pharm Bull 1999;22:323-5.

[15] Morisseau C, Du G, Newman TW, Hammock BD. Mechanism of

mammalian soluble epoxide hydrolase inhibition by chalcone oxide

derivatives. Arch Biochem Biophys 1998;356:214—-28.

Herencia F, Ferrandiz ML, Ubeda A, Guillen I, Dominguez JN,

Charris JE, Lobo GM, Alcaraz MJ. Novel anti-inflammatory chalcone

derivatives inhibit the induction of nitric oxide synthase and cyclo-

[16]

Z.-J. Cheng et al. / Biochemical Pharmacology 61 (2001) 939-946

[27] Chen CC, Wang JK. p38 but not p44/42 mitogen-activated protein
kinase is required for nitric oxide synthase induction mediated by
lipopolysaccharide in RAW 264.7 macrophages. Mol Pharmacol
1999;55:481-8.

[28] Bredt DS, Schmidt HH. The citrulline assay. In: Feelisch M, Stamler
JS, editors. Methods in nitric oxide research. Singapore: J Wiley,
1996. p. 250-5.

[29] Chen BC, Chou CF, Lin WW. Pyrimidinoceptor-mediated potentia-
tion of inducible nitric oxide synthase induction in J774 macrophages.
Role of intracellular calcium. J Biol Chem 1998;273:29754—-63.

[30] Schreck R, Meier B, Mannel DN, Droge W, Baeuerle PA. Dithiocar-

bamates as potent inhibitors of NdB activation in intact cells. J Exp

Med 1992;175:1181-94.

Sherman MP, Aeberhard EE, Wong VZ, Griscavage JM, Ignarro LJ.

Pyrrolidine dithiocarbamate inhibits induction of nitric oxide syn-

thase activity in rat alveolar macrophages. Biochem Biophys Res

Commun 1993;191:1301-8.

Pang L, de las Heras B, Hoult JR. A novel diterpenoid ladane from

Sideritis javalambrensignhibits eicosanoid generation from stimu-

lated macrophages but enhances arachidonate release. Biochem Phar-

macol 1996;51:863-8.

Xie QW, Kashiwabara Y, Nathan C. Role of transcription factor

NF-kB/Rel in induction of nitric oxide synthase. J Biol Chem 1994;

269:4705-8.

[34] Henkel T, Machleidt T, Alkalay |, Kronke M, Ben-Neriah Y, Bae-
uerle PA. Rapid proteolysis okB-a is necessary for activation of
transcription factor NR<B. Nature 1993;365:182-5.

[35] Chen Z, Hagler J, Palombella VVJ, Melandri F, Scherer D, Ballard D,
Maniatis T. Signal-induced site-specific phosphorylation targes |
to the ubiquitin—proteasome pathway. Genes Dev 1995;9:1586-97.

[36] Kozlov AB, Ostrachovitch EA, Afanas’ev IB. Mechanism of inhibi-
tory effect of chelating drugs on lipid peroxidation in the rat brain
homogenates. Biochem Pharmacol 1994;47:795-9.

[31]

(32]

(33]

oxygenase-2 in mouse peritoneal macrophages. FEBS Lett 1999;453:[37] Halliwell B, Gutteridge JM. Oxygen toxicity, oxygen radicals, tran-

129-34.

Matsumoto J, Fujimoto T, Takino C, Sainto M, Yoshio H, Fukai T,

Nomura T. Components dBroussonetia papyrifergdL.) VENT. I.

Structures of two new isoprenylated flavonols and two chalcone

derivatives. Chem Pharm Bull 1985;33:3250—6.

Lin CN, Lu CM, Lin HC, Fang SC, Shieh BJ, Hsu MF, Wang JP, Ko

FN, Teng CM. Novel antiplatelet constituents from Formosan Mora-

ceous plants. J Nat Prod 1996;59:834—-8.

[19] Wang JP, Tsao LT, Raung SL, Lin CN. Investigation of the inhibitory
effect of BCA on respiratory burst in neutrophils. Eur J Pharmacol
1997;320:201-8.

[20] Fang SC, Shieh BJ, Lin CN. Phenolic constituents of Formosan
Broussonetia papyriferaPhytochemistry 1994;37:851-3.

[21] Ko FN, Liao CH, Kuo YH, Lin YL. Antioxidant properties of dem-
ethyldiisoeugenol. Biochim Biophys Acta 1995;1258:145-52.

[22] Bradford MM. A rapid and sensitive method for quantitation of
microgram quantities of protein utilizing the principle of protein—dye
binding. Anal Biochem 1976;72:248-54.

[23] van Amsterdam FT, Roveri A, Maiorino M, Ratti E, Ursini F. Laci-
dipine: a dihydropyridine calcium antagonist with antioxidant activ-
ity. Free Radic Biol Med 1992;12:183-7.

[24] Fridovich I. Quantitative aspects of the production of superoxide
anion radical by milk xanthine oxidase. J Biol Chem 1970;245:
4053-7.

[25] Halliwell B, Gutteridge JM, Aruoma Ol. The deoxyribose method: a
simple “test-tube” assay for determination of rate constants for reac-
tions of hydroxyl radicals. Anal Biochem 1987;165:215-9.

[26] Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok JS,
Tannenbaum SR. Analysis of nitrite, nitrate, adeN]nitrate in bic
logical fluids. Anal Biochem 1982;126:131-8.

(17]

(18]

sition metal and diseases. Biochem J 1984;219:1-5.

[38] Baeuerle PA, Henkel T. Function and activation of NF-kappa B in the
immune system. Annu Rev Immunol 1994;12:141-79.

[39] Rice NR, Ernst MK.In vivo control of NF-kappa B activation by |
kappa B alpha. EMBO J 1993;12:4685-95.

[40] Epstein FH. Nuclear factatB: a pivotal transcription factor in
chronic inflammatory diseases. New Engl J Med 1997;336:1066—71.

[41] Siebenlist U, Franzoso G, Brown K. Structure, regulation and func-
tion of NF-«B. Annu Rev Cell Biol 1994;10:405-55.

[42] Ohata T, Fukuda K, Murakami A, Ohigashi H, Sugimura T, Wak-
abayashi K. Inhibition by tacetoxychavicol acetate of lipopolysac-
charide- and interferon-induced nitric oxide production through
suppression of inducible nitric oxide synthase gene expression in
RAW 264 cells. Carcinogenesis 1998;19:1007-12.

[43] Schreck R, Rieber P, Baeuerle PA. Reactive oxygen intermediates as
apparently widely used messengers in the activation of thecBIF-
transcription factor and HIV-1. EMBO J 1991;10:2247-58.

[44] Schmidt KN, Amstad P, Cerruti P, Baeuerle PA. The roles of hydro-
gen peroxide and superoxide as messengers in the activation of
transcription factor NR<B. Chem Biol 1995;2:13-22.

[45] Suzuki YJ, Mizuno M, Packer L. Signal transduction for nuclear
factor«B activation. Proposed location of antioxidant-inhibitable
step. J Immunol 1994;153:5008 -15.

[46] Legrand-Poels S, Maniglia S, Boelaert JR, Piette J. Activation of the
transcription factor NReB in lipopolysaccharide-stimulated U937
cells. Biochem Pharmacol 1997;53:339-46.

[47] Camhi SL, Alam J, Wiegand GW, Chin BY, Choi AM. Transcrip-
tional activation of theHO-1 gene by lipopolysaccaride is mediated
by 5 distal enhancers: role of reactive oxygen intermediates and
AP-1. Am J Respir Cell Mol Biol 1998;18:226—-34.



