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Abstract

Cinnamomum cassia has been widely used for treating dyspepsia, gastritis, and inflammatory disease. In the present study, several of
cinnamaldehyde derivatives were synthesized from various cinnamic acid based on the 2'-hydroxycinnamaldehyde isolated from the bark
C. cassia Blume was investigated to compare their NO production and NF-«kB activity from Raw 264.7 cell since nitric oxide (NO) and
NF-kB have been shown to be implicated factors in the inflammatory disease. The results show that HCA, among the derivatives, most
significantly inhibited lipopolysaccharide (LPS)-induced NO production and NF-«kB transcriptional activity in a dose-dependent manner
with an ICsq value of 8 and 22 M, respectively. We next investigated putative possible mechanisms of inhibitory effect of HCA on NO
production. The inhibition of NO by HCA was consistent with the inhibitory effect on LPS-induced inducible nitric oxide synthase (iNOS)
expression. Moreover, HCA inhibited LPS-induced p50 and p65 translocation resulting in the inhibition of the DNA binding activity of the
NF-kB, a central regulator of iNOS. The present results provided evidence that HCA, among cinnamaledhyde derivatives, has the most
inhibitory effect on NO production through inhibition of NF-kB activation, and thus can be used as an anti-inflammatory agent.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Cinnamomum cassia has been widely used for treating
dyspepsia, gastritis, and inflammatory diseases. We pre-
viously isolated a cinnamaldehyde derivative, 2’-hydroxy-
cinnamaldehyde (HCA), from the stem bark of C. cassia,
and found it has an inhibitory effect on farnesyl transferase
activity in vitro [1]. In addition, we also found that 2'-
hydroxycinnamaldehyde has several other activities such
as anti-angiogenic activity [2], immunomodulating activity
[3], and also has to induce apoptotic cell death and growth
inhibition of several human cancer cell lines including

Abbreviations: NO, nitric oxide; iNOS, inducible nitric oxide synthase;
COX-2, cyclooxygenase-2; HCA, 2/-hydroxycinnamaldehyde; LPS, lipo-
polysacharide; NF-«kB, nuclear transcription factor-kB; TNF-«, tumor
necrosis factor-a
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breast, leukemia, ovarian, lung, and colon tumor cells [4].
HCA exerts several biological effects as much as those of
cinnamalehyde which in known to have anti-inflammatory
effect. However, little is known about anti-inflammatory
activities and possible mechanisms.

Exposure to outer bacterial toxins such as lipopolysac-
charide (LPS) stimulates cellular inflammatory responses,
and releases several inflammatory mediators including
nitric oxide (NO), cytokines, tumor necrosis factor-a,
prostaglandin E, and other eicosanoid mediators to pro-
mote inflammatory responses [5]. Nitric oxide synthase
(NOS) enzymes are classified into two groups, one type
(cNOS) is constitutively present in several cell types (e.g.
neurons and endothelial cells) and is regulated predomi-
nantly at the posttranscriptional level by calmodulin in a
Ca2+—dependent manner [6]. In contrast, the inducible form
(AINOS), expressed in various cell types, including vascular
smooth muscle cells, macrophages, hepatocytes, and
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astrocytes, is induced in response to pro-inflammatory
cytokines and bacterial LPS. Activation of iNOS catalyzes
the formation of large amount of NO, which plays a key
role in the pathogenesis of a variety of inflammatory
diseases [7-11]. Therefore, NO production induced by
iNOS may reflect the degree of inflammation and provides
an indicator to assess inflammatory process.

Activation of NF-kB by LPS is induced by a cascade of
events leading to the activation of IKK, which phosphor-
ylates IkB, leading to its degradation and translocation of
NF-kB to the nucleus [12]. NF-kB regulates host inflam-
matory and immune responses, and cellular growth proper-
ties by increasing the expression of specific cellular genes
[13]. These include the transcription of various inflam-
matory cytokines, such as IL-1, IL-2, IL-6, and IL-8 and
TNF-a [14], as well as genes encoding cyclooxygenase-2
(COX-2) and iNOS [15]. As a result, inhibition of signal
transduction proteins in the pathways leading to activation
of NF-kB is now widely recognized as a valid strategy to
combat inflammatory disease. In this study, to investigate
anti-inflammatory effects of 2’-hydroxycinnamaldehyde,
we determined inhibitory effect of HCA, and compared
with other derivatives of cinnamaldehyde on the NO
production and NF-kB activation in RAW 264.7 cells.
Among the derivatives, HCA must effectively inhibited
LPS-induced NO production, at the same time, inhibited
LPS-induced expression of iNOS, COX-2 and TNF-« in
RAW 264.7 cells. Using gel shift assay and NF-«kB-luci-
ferase assay, we show that HCA inhibited activation of the
transcription factor NF-kB, a central regulator of iNOS and
inflammatory response of body. We provide evidence that
HCA has inhibitory effect on NO production through
inhibition of NF-kB activation. These results suggest that
HCA can be used for an anti-inflammatory agent.

2. Materials and methods
2.1. 2'-Hydroxycinnamaldehyde derivatives

Chemical reagents were purchased from Aldrich
Chemical Co. (St. Louis, MO, USA) unless otherwise
mentioned. A series of 2'-hydroxycinnamaldehyde deriva-
tives was synthesized according to the report procedure [2].

2.2. Cell culture

RAW 264.7, a mouse macrophage-like cell line was
obtained from the American Type Culture Collection
(Cryosite, Lane Cove, NSW, Australia). Dulbecco’s mod-
ified Eagle medium (DMEM), penicillin, streptomycin,
and fetal bovine serum were purchased from Gibco Life
Technologies (Rockville, MD, USA). RAW 264.7 cells
were grown in DMEM with 10% fetal bovine serum,
100 U/ml penicillin, and 100 pwg/ml streptomycin at
37 °C in 5% CO, humidified air.

2.3. Cell viability assay

RAW 264.7 cells were plated at a density of 10* cells/
well in 96-well plates. To determine the appropriate dose
that is not cytotoxic to the cells, the cytotoxic effect was
evaluated in the cells cultured for 24, 48 and 72 h using the
3-[4,5-dimethylthiazol-2yl]-2,5-diphenyl tetrazolium bro-
mide MTT assay. Briefly, MTT was dissolved in without
phenol red at a concentration of 10 pg/ml; 10 pl of this
solution was then added to cell cultured for designed time.
After 4 h, cultures were removed from the incubator and the
formazan crystals dissolved by adding 100 .1 solubilization
solution (0.04N HCl in isopropanol). Metabolic activity was
quantified by measuring light absorbance at 570 nm.

2.4. Nitrite assay

RAW 264.7 cells were plated at 2 x 10° cells/well in 96-
well plate and then incubated with or without LPS (1 pg/
ml) in the absence or presence of various concentrations of
HCA for 24 h. The nitrite accumulation in the supernatant
was assessed by Griess reaction [16]. Each 50 pl of culture
supernatant was mixed with an equal volume of Griess
reagent [0.1% N-(1-naphthyl)-ethylenediamine, 1% sulfa-
nilamide in 5% phophoric acid] and incubated at room
temperature for 10 min. The absorbance at 550 nm was
measured in an automated microplate reader, and a series
of known concentrations of sodium nitrite was used as a
standard.

2.5. Western blot analysis

About 1 x 10° cells were harvested and homogenized
with lysis buffer [50 mM Tris pH 8.0, 150 mM NaCl,
0.02% sodium azide, 0.2% SDS, 1 mM PMFS, 10 pl/ml
aprotinin, 1% igapel 630 (Sigma Chemical Co., St. Louis,
MO, USA), 10 mM NaF, 0.5 mM EDTA, 0.1 mM EGTA
and 0.5% sodium deoxycholate]. The extracts were cen-
trifuged at 23,000 x g for 1 h. Equal amount of proteins
(20 wg) were separated on a SDS/12% polyacrylamide gel,
and then transferred to a nitrocellulose membrane (Hybond
ECL, Amersham Pharmacia Biotech Inc., Piscataway, NJ,
USA). Blots were blocked for 2 h at room temperature with
5% (w/v) non-fat dried milk in Tris-buffered saline
[10 mM Tris (pH 8.0) and 150 mM NacCl] solution contain-
ing 0.05% Tween-20. The membrane was incubated for 5 h
at room temperature with specific antibodies: rabbit poly-
clonal antibodies against COX-2 (1:500) and goat poly-
clonal for TNF-a (1:500), and mouse monoclonal iNOS
antibody (1:500) (Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA). The blot was then incubated with the
corresponding conjugated anti-rabbit immunoglobulin
G-horseradish peroxidase (Santa Cruz Biotechnology
Inc.). Immunoreactive proteins were detected with the
ECL Western blotting detection system. The relative den-
sity of the protein bands was scanned by densitometry
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using MyImage (SLB, Seoul, South Korea), and quantified
by Labworks 4.0 software (UVP Inc., Upland, CA, USA).

2.6. Gel electromobility shift assay

Gel shift assays were performed according to the man-
ufacturer’s recommendations (Promega, Madison, WI,
USA). Briefly, 1 x 10° cells/ml was washed twice with
1x PBS, followed by the addition of 1 ml of PBS, and the
cells were scraped into a cold Eppendorf tube. Cells were
spun down at 15,000 x g for 1 min, and the resulting
supernatant was removed. Solution A (50 mM HEPES,
pH 7.4, 10 mM KCI, 1 mM EDTA, 1 mM EGTA, 1 mM
dithiothreitol, 0.1 wg/ml phenylmethylsulfonyl fluoride,
1 pg/ml pepstatin A, 1 wg/ml leupeptin, 10 pg/ml soybean
trypsin inhibitor, 10 wg/ml aprotinin, and 0.5% Nonidet
P-40) was added to the pellet in a 2:1 ratio (v/v), and
allowed to incubate on ice for 10 min. Solution C (solution
A +10% glycerol and 400 mM KCl) was added to the
pellet in a 2:1 ratio (v/v) and vortexed on ice for 20 min.
The cells were centrifuged at 15,000 x g for 7 min, and the
resulting nuclear extract supernatant was collected in a
chilled Eppendorf tube. Consensus oligonucleotides were
end-labeled using T4 polynucleotide kinase and [y-*?P]
ATP for 10min at 37 °C. Gel shift reactions were
assembled and allowed to incubate at room temperature
for 10 min followed by the addition of 1 ul (50,000-
200,000 cpm) of *?P-labeled oligonucleotide and another
20 min of incubation at room temperature. Subsequently,
1 wl of gel loading buffer was added to each reaction and
loaded onto a 4% nondenaturing gel and electrophoresis
until the dye was three-fourth of the way down the gel. The
gel was dried at 80 °C for 1 h and exposed to film overnight

at 70 °C. The relative density of the protein bands was
scanned by densitometry using Mylmage, and quantified
by Labworks 4.0 software (UVP Inc.).

2.7. Transfection and assay of luciferase activity

RAW 264.7 cells were plated at a density of 1 x 10’
cells per 24-well plate. After 24 h of growth to 90%
confluence, the cell were transfected with pNF-kB-Luc
plasmid (5x NF-kB; Stratagene, CA, USA) using a mix-
ture of plasmid and lipofect AMINE PLUS in OPTI-MEN
according to manufacture’s specification (Invitrogen,
Carlsbad, CA, USA). Luciferase activity was measured
by using the luciferase assay kit (Promega) according to
the manufacturer’s instructions (WinGlow, Bad Wildbad,
Germany).

2.8. Data anaylsis

Statistical analysis. Data were analyzed using one-way
analysis of variance followed by Tuckey test as a post hoc
test. Differences were considered significant at P < 0.05.

3. Results

3.1. Effect of HCA derivatives on LPS-induced NO
production in RAW 264.7 cells

HCA is a derivative of cinnamaldehyde, however, HCA
differs in structure that the H group in 2’ site of cinna-
maldehyde displaces with hydroxy group. The chemical
structures of 2'-hydroxycinnamaldehyde [3-(2'-hydroxy-

R

N

Rz
Compound R group R,group Name
1 COH 2’-OH 2’-hydroxycinnamaldehyde (HCA)
2 COOCH, 2’-OH 3-(2’-methylcarboxyphenyl)-2-propenal
3 CH,OH 2’-OH 3-(2’-hydroxyphenyl)-2-propenol
4 COH 2’-OCH, 3-(2’-methoxyphenyl)-2-propenol
5 COH 2’-0C(0O)CH; 3-(2’-O-Acetylphenyl)-2-propenol
6 COH 2’-OCH,Ph 3-(2’-O-Benzylphenyl)-2-propenol
7 COH 2’-OCH,Ph-4-OCH, 3-[2’-O-(4-Methoxybenzyl)-phenyl]-2-propenol
8 COH 2’-OCH,Ph-4-CH, 3-[2°-O-(4-Methylbenzyl)-phenyl]-2-propenol

Fig. 1. Chemical structures of HCA (2'-hydroxycinnamaldehyde) derivatives.
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Fig. 2. Effect of HCA on LPS-induced nitrite production in RAW 264.7
macrophages. The cells were treated with 1 wg/ml of LPS only (LPS) or
LPS plus different concentrations (5, 10, 20, 40 wM) of HCA at 37 °C for
24 h. At the end of incubation, 50 pl of the medium was removed to
measure nitrite production. Control values were obtained in the absence of
LPS. The effect of HCA on LPS-induced NO production in RAW 264.7
macrophages were investigated by measuring the accumulated nitrite, as
estimated by the Griess reaction, in the culture medium. Unstimulated
macrophages, after 24 h of incubation in culture medium, produced back-
ground levels of nitrite. After treatment with LPS (1 pg/ml) for 24 h, nitrite
concentrations in the medium increased remarkably by about 20-fold
(~25 pM). All values represent mean + S.E.M. of three independent
experiments performed in triplicate. “P < 0.05 and indicate statistically
significant differences from the LPS.

phenyl)-2-propenal |(HCA) derivatives are shown in Fig. 1.
The effect of 2'-hydroxycinnamaldehyde derivatives on
LPS-induced NO production in RAW 264.7 cells was
investigated by measuring the accumulated nitrite, as
estimated by Griess reaction, in the culture medium. After
co-treatment with LPS and 2’-hydroxycinnamaldehyde
derivatives for 24 h, LPS-induced nitrite concentrations
in the medium was decreased remarkably in a concentra-
tion-dependent manner. The ICsq value of HCA in inhibit-
ing LPS-induced NO production was 8 pM (Fig. 2).
Cytotoxic effect of HCA was evaluated in the absence
or presence of LPS by MTT assay. HCA, even at the
highest concentration (80 uM), did not affect the cell
viability in RAW 264.7 cells (data not shown). Therefore,
HCA inhibited LPS-induced NO production in RAW 264.7
cells without any toxic effect. To determine the key func-
tional groups of HCA, a series of 2'-hydroxycinnamalde-

Table 1

Effect of HCA derivatives on LPS-induced NO production in RAW 264.7 cells

hyde derivatives was examined a structure-activity
relationship in the inhibition of LPS-induced NO produc-
tion. Cinnamic acids (compounds 2 and 3), corresponding
methoxy and alcohols showed no significant effect
(Table 1). Compound 4 containing methoxy group inhib-
ited the LPS-induced production of nitrate but compound 5
containing acyl group showed no significant effect. Com-
pound 6 containing benzyl group improved the inhibitory
activity, however, the only slightly improved activity of
HCA was found. Changing the alkyl substituent R, from
methyl to polar group such as methoxy was examined with
the hope of improving activity in comparison to the parent
compound 6. As shown in Table 1, the polar group such as
methoxy was not increased. The improving activity did not
shown (compounds 7 and 8). Therefore, these results
suggested that the aldehyde group of the side chain seems
to play a critical role in inhibitory activity of NO pro-
duction of compounds and the free hydroxy or benzyl
groups are also considered to improve the activity of the
cinnamaldehydes.

3.2. Effect of HCA on NF-kB-luciferase activity
and NF-kB DNA binding activity

NF-kB controls the expression of enzymes including
iNOS and COX-2 whose products contribute to the patho-
genesis of the inflammatory process [16]. To investigate
whether 2'-hydroxycinnamaldehyde derivatives are able to
attenuate LPS-induced NF-kB-mediated promoter activity,
we used a luciferase reporter gene expressed under the
control five kB cis-acting elements. RAW 264.7 cells were
transiently transfected with the NF-kB-dependent lucifer-
ase reporter construct according to manufacture’s specifi-
cation (Invitrogen), and then cells were treated with LPS
(1 pg/ml) or co-treated with LPS and HCA derivatives for
24 h. Luciferase activity was decreased by treatment with
HCA derivatives, but cinnamic acid (compound 3) had no
significant effect (Table 1). Most of HCA derivatives
containing aldehyde group decreased luciferase activity
(Table 1), indicating that inhibition of pro-inflammatory
cytokine expression correlates with decreased NF-kB-sti-
mulated promoter activity. Among the HCA derivatives,
HCA strongly inhibited LPS-induced NF-kB-mediated
promoter activity. Treatment of cells with HCA resulted
in dose-dependent suppression of luciferase activity

Compound R, group R, group NO production (ICsg, wM) NF-kB-luciferase (ICsp, M) Cytotoxicity (ICsg, pM)
1 COH 2'-OH 8 22 78
2 COOCH; 2'-OH >500 >500 >500
3 CH,0OH 2'-OH >500 80 >500
4 COH 2'-OCH3 11.7 74 77
5 COH 2/-0C(O)CH; >500 12.1 50
6 COH 2'-OCH,Ph 6.7 43.2 49
7 COH 2'-OCH,Ph-4-OCHj; 16.4 38 42
8 COH 2'-OCH,Ph-4-CH; 10.3 43.6 47
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Fig. 3. Effect of HCA on LPS-induced NF-kB-dependent luciferase activ-
ity in RAW 264.7 cells (A). RAW 264.7 cells were transfected with pNF-
kB-Luc plasmid (5 x NF-«kB) and then activated with LPS (1 pg/ml), in the
LPS only (LPS) or LPS plus different concentrations (5, 10, 20 and 40 uM)
of HCA at 37 °C, and then the luciferase activity was determined. Effect of
HCA on LPS-induced NF-kB activation in RAW 264.7 cells (B). The
activation of NF-kB was investigated using EMSA as described in Section
2. Nuclear extracts from RAW 264.7 cells with LPS alone (1 pg/ml) or with
HCA (5, 10, 20 and 40 M) were incubated in binding reactions of 32p_end-
labeled oligonucleotide containing the kB sequence. NF-kB DNA binding
activity was determined by EMSA. All values represent mean + S.E.M. of
three independent experiments performed in triplicate. “P < 0.05 and
indicate statistically significant differences from the LPS.

induced by LPS (Fig. 3A). To investigate whether HCA can
also inhibit NF-kB activation, cells were co-treated with
LPS and HCA for 60 min which it is the time to activate
NF-kB maximally LPS treatment (data not shown).
Nuclear extracts from co-treated cells were prepared and
assayed NF-kB DNA binding by EMSA. LPS-induced a
strong NF-kB binding activity, which was attenuated by
co-treatment with HCA in a dose-dependent manner
(Fig. 3B).

3.3. Effects of HCA on LPS-induced iNOS, COX-2
and TNF-«a expression

To investigate whether inhibitory effect of HCA on NO
production via inhibition of corresponding gene expres-
sion, expressions of iNOS, COX-2 and TNF-a were deter-
mined by Western blot analysis since iNOS can be

modulated by COX-2 and TNF-a through their products,
PEG; and TNF-a. Time course study showed that iNOS
expression was induced at early time (1 h) after LPS (1 pg/
ml) treatment, but the elevated expression was continued
until 48 h (data not shown). Upon LPS treatment for 24 h,
iNOS expression was dramatically increased in RAW
264.7 cells, and co-treatment of cells with LPS and dif-
ferent concentration of HCA dose-dependent, inhibited
iNOS in RAW 264.7 cells (Fig. 4A). This result is con-
sistent with the profile of the inhibitory effects of HCA on
NO production. A similar inhibitory effect of HCA on the
LPS-induced COX-2 and TNF-a expression was found
(Fig. 4B and C).

3.4. Effect of HCA on LPS-induced NF-kB activation
and degradation of IkB

It has been demonstrated that LPS activates NF-kB
transcription factor that leading to the induction of the
expression of many immediate early genes [17]. To clarify
the mechanism of action of HCA for the LPS-induced
production of nitrate and TNF-q, inhibitory effect of HCA
on LPS-induced activation of NF-kB was examined. Treat-
ment with LPS (1 pg/ml) for 1 h increased nuclear trans-
location of NF-kB. In the presence of HCA at 5-40 puM,
nuclear translocation of p50 and p65 was inhibited on dose-
dependent manner (Fig. 5SA and B). LPS-induced the
transient degradation IkB-a in RAW 264.7 cells. HCA
inhibited the LPS-induced degradation of IkB-a at
5-40 uM (Fig. 4C). These results indicate that HCA inhibit
the LPS-induced activation of NF-kB, and this effect may
result in the inhibition of the LPS-induced production of
nitrate, COX-2 and TNF-a.

4. Discussion

The activation of iNOS catalyzes the formation of large
amount of NO, which plays a key role in the pathogenesis
of a variety of inflammatory diseases [7—11]. Therefore,
drugs that inhibit iNOS expressing and/or enzyme activity
resulting in decreased NO generation may have beneficial
therapeutic effect in the treatment of disease due to over-
production of NO. Activation of NF-kB/Rel is critical in
the induction of iNOS and is required to induce the
expression of COX-2 in LPS-stimulated RAW 264.7 cells
[18-19].

In this study, we showed that HCA derivatives have
lowering effect on LPS-induced NO production, and HCA
has the most effective inhibitory effect. This inhibitory
effect was consistent with its inhibitory effect on the
expressing of iNOS, COX-2 and TNF-a through inhibition
of NF-kB activation in RAW 264.7 cells. Although, it has
been reported that three commercially available cinnamal-
dehyde derivative compounds, cinnamyl alcohol, cinnamic
acid, and eugenol have not or little inhibitory effects of NO
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Fig. 4. Effect of HCA on LPS-induced expression of iNOS, COX-2 and TNF-a. The cells were treated with 1 pg/ml of LPS only (LPS) or LPS plus different
concentrations (5, 10, 20 and 40 pM) of HCA at 37 °C for 24 h. Equal amounts of total proteins (50 pg/lane) were subjected to 10% SDS-PAGE, and expression
of iNOS (A), COX-2 (B), and TNF-a (C) protein were detected by Western blotting using specific antibodies. 3-Actin protein was used here as an internal
control. Quantification of band intensities from three independent experimental results was determined by a densitometry (Imaging System). Data were
described as mean + S.E.M. from three experiments performed in triplicate for iNOS, COX-2, or TNF-a/B-actin. “P < 0.05 indicate statistically significant

differences from the LPS-treated group.

production in RAW 264.7 cells [20], the key functional
group of the cinnamaldehyde-related compounds in the
inhibitory effects of NO production and it’s molecular
mechanisms are not well known.

We previously isolated a cinnamaldehyde derivative, 2'-
hydroxy-cinnamaldehyde (HCA) [1] and, cinnamaldehyde
and related compounds were synthesized from various
cinnamic acids based on the 2’-hydroxycinnamaldehyde.
We examined effect of HCA derivatives on the inhibition
of LPS-induced NO production and LPS-induced NF-kB-
mediated promoter activity in RAW 264.7 cells. HCA was

more potent in roughly three-fold of ICsy value than
cinnamaldehyde (about 22 uM). HCA derivatives includ-
ing unsaturated aldehydes inhibited the LPS-induced pro-
duction of NO production and NF-kB-mediated promoter
activity (Table 1). The aldehyde group of the side chain
seems to play a critical role in the antitumor activity or
biological activity of the compounds. Free hydroxy acyl-
substituted groups are also considered to improve the
activity of the cinnamaldehydes [2,21]. These results
suggested a possibility that the propenal group and 2'-
substituted groups of cinnamaldehyde may improve the
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Fig. 5. Effect of HCA on LPS-induced NF-kB activity and degradation of IkB. The cells were treated with 1 wg/ml of LPS only or LPS plus different
concentrations (5, 10, 20 and 40 wM) of HCA at 37 °C for 1 h. Equal amounts of total proteins (50 pg/lane) were subjected to 10% SDS-PAGE. Nuclear
translocation of p50 (A) and p65 (B), and degradation of IkB (C) were detected by Western blotting using specific antibodies. B-Actin protein was used here as
an internal control. Quantification of band intensities from three independent experimental results was determined by a densitometry (Imaging System). Data
was described as mean + S.E.M. from three experiments performed in triplicate for p50, p65, or IkB/B-actin. P < 0.05 indicate statistically significant

differences from the LPS-treated group.

inhibitory activity of compound against NO production
and NF-kB-mediated promoter activity.

This inhibitory effect of NO production could be related
with gene expression of inducible nitric oxide synthase
since HCA inhibited iNOS protein in RAW 264.7 cells.
HCA also inhibited LPS-induced COX-2 as well as TNF-a
expression. These results showed HCA could interfere
LPS-induced signaling involving the production of pro-
inflammatory molecules. The activation of LPS-induced
signaling has been known to increase NO production

through NF-«kB dependent enhancement of iNOS and
COX-2 expression. It is well known that macropharges
play a crucial role in both non-specific and acquired
immune responses, and marcrophage activation by LPS
leads to a functionally diverse series of responses including
the production of pro-inflammatory cytokines such as
TNF-a [22]. TNF-a exerts its inflammatory effects by
activating a diverse spectrum of signaling cascades in
the cells [23] that lead to the induction of inducible iINOS
and COX-2 [24]. Therefore, the inhibition of COX-2 and



798 S.H. Lee et al./Biochemical Pharmacology 69 (2005) 791-799

TNF-a expression may be also related to inhibitory effect
of HCA on the LPS-induced NO production.

Activation of NF-kB is thought to play a key role in the
LPS-induced expression of iNOS, COX-2, and TNF-a.
Consistent with inhibitory activity on NO production,
HCA decreased NF-kB transcriptional activity. HCA also
inhibited NF-kB-specific DNA binding on dose-dependent
manner. At the gene level, the expression of murine
macrophage: NOS is largely regulated by transcriptional
activation. The promoter of the iNOS gene contains two
major discrete regions synergistically functioning for bind-
ing of transcription factors: one for NF-«kB, which is
mainly activated by LPS, and the other one for inter-
feron-related transcription factors, such as interferon reg-
ulatory factor-1 [17,25-27]. Therefore, inhibition of NF-
kB activation could contribute the inhibitory effect of HCA
on iNOS, COX-2 and TNF-a.

The way that HCA can interfere NF-«kB activation is not
clear. However, it is noteworthy that HCA is a o,3-unsa-
turated carbonyl compounds, which is known to react with
nucleophiles, especially with cysteine sulfhydryl groups, in
Michael-type addition. Data presented herein show that
HCA treatment significantly inhibits NF-kB activation by
reducing the degradation of IkB. These results suggest a
possibility that HCA inhibited the upstream proteins of IkB
such as IKK or 26s proteasome. Interestingly, three other
IKK} inhibitors have been recently shown to target the
cysteine residue of IKKB [28-29]. The «,B-unsaturated
carbonyl group of prostaglandin A; was shown to be
essential for the covalent modification of IKK(3, putatively
via interaction with cysteine 179 [29]. Similarly, modifica-
tion of cysteine 179 of IKK[ has been proposed to mediate
the pathological effects of arsenite and parthenolide [30].
The «,B-unsaturated carbonyl group of HCA may be
essential for the covalent modification of IKKP via inter-
action with cysteine as above compounds.

Peptide aldehydes are well-characterized inhibitors of
two other classes of proteolytic enzymes, serine and
cysteine proteases. They inhibit these enzymes reacting
with the catalytic hydroxyl or thiol groups in the active
sites of those enzymes to form a reversible hemi(thio)a-
cetal, which resembles a transition state analogue of the
enzymatic reaction [31]. Because HCA have an aldehyde
group and seems to play a critical role in several biological
activities such as antitumor and anti-angiogenesis, the
aldehyde of HCA have a possibility that react with the
catalytic hydroxyl or thiol groups in the active sites of those
enzymes to form a reversible hemi(thio)acetal as peptide
aldehyde.

Several studies also have shown that an o, [3-unsaturated
carbonyl compounds react directly with cysteine sulfhy-
dryl groups of NF-«kB subunit or alters expression of the
NF-kB target gene product [33-34]. In NF-«kB/p65,
cysteine L1 (L1-Cys, position 38) participates in DNA
binding by forming a hydrogen bond with the sugar/
phosphate backbone of the kB-DNA motif. 4-Hydroxy-

2-nonenal (HNE), an «,B-unsaturated carbonyl compound
which acts as a specific inhibitor of NF-kB, blocked both
the activation of the NF-«kB-binding proteins and the
production of NO in vascular smooth muscle cells
(VSMCs) stimulated by lipopolysaccharide (LPS) [32].
HCA have a possibility that resulted in decrease of
DNA binding activation of NF-kB through react directly
with cysteine sulfhydryl groups of NF-kB subunit mole-
cule similar to the above mention way.

On the basis of the current results and those of other
reports, we propose that HCA prevents binding of the
essential transcription factor NF-kB to the iNOS promoter,
which in turn leads to decreased transcription of the iNOS
gene. Our results show that HCA inhibit the expression of
iNOS, COX-2 and TNF-a, and NO production through
inhibition of NF-kB DNA binding activity as well as
transcriptional activation, and suggest that HCA may be
useful as an anti-inflammatory agent.
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