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Signal transduction for inhibition of inducible nitric oxide synthase
and cyclooxygenase-2 induction by capsaicin and related analogs in

macrophages
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1 Although capsaicin analogs might be a potential strategy to manipulate inflammation, the
mechanism is still unclear. In this study, the effects and action mechanisms of vanilloid analogs on
iNOS and COX-2 expression were investigated in RAW264.7 macrophages.

2 Capsaicin and resiniferatoxin (RTX) can inhibit LPS- and IFN-y-mediated NO production, and
iNOS protein and mRNA expression with similar ICs, values of around 10 uM.

3 Capsaicin also transcriptionally inhibited LPS- and PMA-induced COX-2 expression and PGE,
production. However, this effect exhibited a higher potency (ICs: 0.2 uM), and RTX failed to elicit
such responses at 10 uM.

4 Interestingly, we found that capsazepine, a competitive TRPV1 antagonist, did not prevent the
inhibition elicited by capsaicin or RTX. Nevertheless, it mimicked vanilloids in inhibiting iNOS/NO
and COX-2/PGE, induction with an ICs, value of 3 uM. RT-PCR and immunoblotting analysis
excluded the expression of TRPV1 in RAW264.7 macrophages.

5 The DNA binding assay demonstrated the abilities of vanilloids to inhibit LPS-elicited NF-xB and
AP-1 activation and IFN-y-elicited STATI1 activation. The reporter assay of AP-1 activity also
supported this action.

6 The kinase assay indicated that ERK, JNK, and IKK activation by LPS were inhibited by
vanilloids.

7 In conclusion, vanilloids can modulate the expression of inflammatory iNOS and COX-2 genes in
macrophages through interference with upstream signalling events of LPS and IFN-y. These findings
provide new insights into the potential benefits of the active ingredient in hot chilli peppers in

inflammatory conditions.
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Introduction

Capsaicin, which is responsible for the piquancy of hot chilli
peppers, is widely used in Asian diets as food additives.
Capsaicin has been used for several therapeutic indications
including amelioration of neuropathic pain or itching, inhibi-
tion of neurogenic inflammation, and suppression of urinary
bladder hyper-reflexia (Winter et al., 1995; Szallasi &
Blumberg, 1999). Similar to the action of capsaicin, resini-
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feratoxin (RTX) is another compound isolated from a cactus-
like plant (Szallasi & Blumberg, 1999). Various effects of
capsaicin and RTX are mediated through vanilloid receptor-1
(TRPV1) (Wood, 1993; Szallasi et al., 1999; Szallasi &
Blumberg, 1999). TRPV1 possesses membrane topology with
a possible pore—loop domain (Caterina et al., 1997; 1999;
Schumacher et al., 2000; Delany et al., 2001).

Following stimulation of peripheral terminals of sensory
dorsal root ganglion (DRG) neurons, with capsaicin and RTX,
TRPV1 becomes permeable to Na® and Ca®*, causing the
neurons to depolarize and fire action potentials (Tominaga
et al., 1998). In addition to expression in primary sensory
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neurons, TRPV1 is also present throughout the CNS (Sasa-
mura et al., 1998), and non-neuronal cells, such as mast cells
(Biro et al., 1998a), and glial cells (Biro et al., 1998b). In
addition to the multiple actions mediated by TRPVI in the
nervous system (Mezey et al., 2000), capsaicin has been shown
to be immunomodulatory. In this context, treatment with
capsaicin analogs might be a potential strategy to manipulate
inflammation, particularly for treatment of arthritis (Brand
et al., 1990; Jarreau et al., 1994; Joe & Lokesh, 1997a; 2000).

The direct inhibitory action of capsaicin on the release of
inflammatory cytokines was suggested. Two well-defined
eucaryotic transcription factors, nuclear factor-kappa B
(NF-kB) and activator protein 1 (AP-1), which have been
implicated in many inflammatory diseases, were demonstrated
to be inhibited by capsaicin (Singh et al., 1996; Surh et al.,
2000) and RTX (Singh et al., 1996). Studies delineated that
the suppression of NF-xB activation by capsaicin occurs
through inhibition of IxBo kinase (IKK) and IxBa degrada-
tion, leading to a subsequent blockade of the nuclear
translocation of p65 (Han er al., 2002; Sancho et al., 2002).
Associated with this mechanism, capsaicin attenuated cyto-
kines (granulocyte—macrophage colony-stimulating factor,
interferon-y (IFN-y), and interleukin-2) transcription from
Jurkat T cells (Gertsch et al., 2002). We demonstrated that
anandamide, an endogenous agonist for both TRPVI1
and cannabinoid CBI1, also inhibited lipopolysaccharide
(LPS)-induced expression of inducible nitric oxide synthase
(INOS) and interleukin-6 genes in murine macrophages
(Chang et al., 2001). Inhibition of NF-xB activation through
a non-TRPVI1 action accounts for this anti-inflammatory
effect of anandamide (Sancho er al., 2003). In rats fed with
capsaicin, the release of nitric oxide (NO) and eicosanoids
from peritoneal macrophages was also reduced (Joe & Lokesh,
1994; 1997b; 2000). A recent report seems to refute the
involvement of TRPVI1 in the anti-inflammation effect of
capsaicin. A TRPVI1 antagonist, capsazepine (CZP), like the
effect of capsaicin, was able to inhibit the expression of iNOS
gene in LPS-stimulated murine macrophages through inactiva-
tion of NF-«B (Oh et al., 2001).

Given that the roles of TRPV1 in vanilloids’ action and the
signalling mechanism contributing to AP-1 inhibition are still
unclear, this study was undertaken to investigate the effects of
TRPV1 agonists (capsaicin and RTX) and antagonist (CZP)
on iNOS and cyclooxygenase-2 (COX-2) gene expression. In
addition to investigating the effects on LPS-induced NF-xB
and AP-1 activation, we were interested in exploring whether
IFN-y-induced upregulation of the iNOS gene was affected by
vanilloids. Herein, we compared the effects of vanilloids on
signal transducer and activator of transcription 1 (STATI)
signalling induced by IFN-y.

Methods

Materials

Phenol-extracted LPS (L8274) from Escherichia coli was
obtained from Sigma Aldrich (St Louis, MO, U.S.A.) and its
protein content measured by Bradford protein assay was
found to be 0.07% (ww™"). The prostaglandin E, (PGE,) assay
kit was obtained from Cayman Chemicals (Ann Arbor, MI,
U.S.A.). Capsaicin, RTX, CZP and phorbol 12-myristate 13-

acetate (PMA) were obtained from Sigma Aldrich (St Louis,
MO, U.S.A)). IFN-y was purchased from R&D systems
(Minneapolis, MN, U.S.A.). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum, penicillin, and strepto-
mycin were obtained from Gibco BRL (Grand Island, NY,
U.S.A.). Rabbit antibodies against iNOS, COX-2, STATI, p65
NF-«B, c-fos, c-jun, IKKa, IKKp, extracellular signal-regu-
lated kinase (ERK), c-Jun N-terminal kinase (JNK) and
protein A/G beads were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA, U.S.A.). Plasmids of pGEX-IxBo
(amino acids 5-55) and pGEX-c-Jun were provided by Dr
Frank S. Lee (Pennsylvania Medical Center, PA, U.S.A.) and
Dr Min-L. Kuo (National Taiwan University, Taipei, Tai-
wan), respectively. AP-1-Luc construct was provided by Dr G.
Haegeman (University of Ghent-VIB, Ghent, Belgium).
Horseradish peroxidase-coupled second antibodies and the
ECL agent were purchased from Amersham Biosciences
(Piscataway, NJ, U.S.A.). All materials for SDS-PAGE
were obtained from Bio-Rad (Hercules, CA, U.S.A.). Oligo-
nucleotides sequences as previously reported (Chen et al.,
1998) used to detect the DNA-binding activities of NF-xB,
AP-1 and STATI1 were synthesized on a PS250 CRUA-
CHEM DNA synthesizer using the cyanoethyl phosphoroa-
midate method. [¢-**P]JdATP (3000 Cimmol~') and [y-**P]ATP
(5000 Cimmol~') were obtained from NEN (Boston, MA,
U.S.A).

Cell culture

RAW264.7 macrophages obtained from American Type
Culture Collection (Manassas, VA, U.S.A.) were cultured in
DMEM containing 10% (vv~") fetal bovine serum, 100 Uml™!
penicillin and 100 ug ml™" streptomycin at 37°C in a 5% CO,/
air environment. Adult male Sprague—Dawley rats were
exsanguinated under trichloroacetaldehyde (400mgkg™", i.p.)
anesthesia. The lumbar ganglia (L4, L5) were excised after
freeing the nerve trunks and connective tissue sheath. Pooled
DRG was washed twice with ice-cold PBS and homogenized
by cell lysis buffer as indicated below for immunoblotting
analysis.

Nitrite and PGE> measurement

Nitrite and PGE, production were measured in the RAW264.7
macrophage supernatants. Briefly, the cells were cultured in
24-well plates in 500 ul of culture medium until confluence.
The cells were treated with LPS, IFN-y or PMA for the time
indicated, then the culture media were collected. Nitrite was
measured by adding 100 ul of Griess reagent (1% sulfanil-
amide and 0.1% naphthylethylenediamide in 5% phosphoric
acid) to 100 pl samples of culture medium. The optical density
at 550 nm (ODss¢) was measured using a microplate reader and
the nitrite concentration calculated by comparison with the
ODjss, produced using standard solutions of sodium nitrite in
the culture medium. PGE, was measured by enzyme-linked
immunosorbent assay (ELISA) kit following the manufac-
turer’s instructions.

Immunoblotting analysis

After stimulation, cells were rinsed twice with ice-cold PBS,
and 100 ul of cell lysis buffer (20 mm Tris-HCI, pH 7.5, 125 mM
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NaCl, 1% Triton X-100, 1 mM MgCl,, 25mM p-glyceropho-
sphate, 50mM NaF, 100 um Na;VO,, 1 mM PMSF, 10 ugml™!
leupeptin, 10 ugml™" aprotinin) was then added to each
plate. Protein was denatured in SDS, electrophoresed on a
10% SDS/polyacrylamide gel, and transferred to nitro-
cellulose membrane. Nonspecific binding was blocked with
TBST (50 mM Tris-HCL, pH 7.5, 150mM NaCl, 0.1% Tween
20) containing 5% nonfat milk for 1h at room temperature.
After incubation with the appropriate first antibodies,
membranes were washed three times with TBST. The
secondary antibody was incubated for 1h. Following three
washes with TBST, the protein bands were detected with the
ECL reagent.

Reverse transcription—polymerase chain reaction (RT—
PCR)

To amplify iNOS, COX-2 and TRPVI mRNA, their specific
primers for RT—PCR analysis were synthesized. Macrophages
treated with indicated agents were homogenized with 1ml of
RNAzol B reagent (Gibco), and total RNA was extracted by
acid guanidinium thiocyanate-phenol—chloroform extraction.
RT was performed using StrataScript RT-PCR Kit, and 10 ug
of total RNA was reverse transcribed to cDNA following the
manufacturer’s recommended procedures. RT-generated
cDNA encoding iNOS, COX-2, TRPVI1, and f-actin genes
were amplified using PCR. The oligonucleotide primers used
correspond to the mouse iNOS (5'-CCC TTC CGA AGT TTC
TGG CAG CAG C-3' and 5-GGC TGT CAG AGC CTC
GTG GCT TTG G-3'), COX-2 (5-CAG CAA ATC CTT
GCT GTT CC-3 and 5-TGG GCA AAG AAT GCA AAC
ATC-3'), TRPVI (5-GCA CTG CAC ATT GCC ATT GAA-3'
and 5-CAC CAG GGC ATG AAG CAC CGT GTT-3'), and
p-actin (5-GAC TAC CTC ATG AAG ATC CT-3 and 5'-
CCA CAT CTG CTG GAA GGT GG-3). PCR was
performed in a final volume of 50 ul containing: Tag DNA
polymerase buffer, all four dNTPs, oligonucleotide primers,
Tag DNA polymerase, and RT products. After an initial
denaturation for 2min at 94°C, 35 cycles of amplification
(94°C for 45s, 65°C for 45s, and 72°C for 2min) were
performed followed by a 10-min extension at 72°C. PCR
products were analyzed on 2% agarose gel. The mRNA of
p-actin served as an internal control for sample loading and
mRNA integrity.

Preparation of nuclear extracts and electrophoretic
mobility shift assays (EMSA)

Nuclear extracts from stimulated or nonstimulated macro-
phages were prepared by cell lysis followed by nuclear lysis;
cells were suspended in 30ul of buffer containing 10 mMm
HEPES (pH 7.9), 1.5mM MgCl,, 10mM KCl, 0.5mM
dithiothreitol, and 0.2mM phenylmethylsulfonyl fluoride;
vigorously vortexed for 15s; allowed to stand at 4°C for
10 min; and centrifuged at 2000 r.p.m. for 2min. The pelleted
nuclei were resuspended in buffer containing 20 mM HEPES
(pH 7.9), 25% glycerol, 420 mM NaCl, 1.5mM MgCl,, 0.2 mM
EDTA, 0.5mM dithiothreitol, and 0.2 mM phenylmethylsulfo-
nyl fluoride for 20min on ice, and then the lysates were
centrifuged at 15,000r.p.m. for 2min. The supernatants
containing the solubilized nuclear proteins were stored at
—70°C until used for EMSAs. Binding tests for NF-xB, AP-1

and STAT1 were performed. Briefly, binding reaction mixtures
(15ul) contained 0.25ug of poly(dI-dC) (Amersham Bio-
sciences) and 20,000d.p.m. of **P-labeled DNA probe in
binding buffer consisting of 10mM Tris-HCI (pH 7.5), 1 mMm
EDTA, 4% Ficoll, 1 mMm dithiothreitol, and 75mM KCI; the
binding reaction was started by the addition of cell extracts
and continued for 30 min. Samples were analyzed on native
5% polyacrylamide gels. For supershift experiments, 5 ug of
p65, c-fos, c-jun or STAT-1 antibody was mixed with the
nuclear extract proteins.

Immunoprecipitation and kinase assay

To determine the effects of vanilloid analogs on protein
kinases, anti-IKKa, IKK 8, ERK, and JNK antibodies (each of
1 ug) with protein A/G-agarose beads were added to the
prepared cell extracts as mentioned above. Immunoprecipita-
tion proceeded at 4°C overnight. The precipitated beads were
washed three times with 1 ml of ice-cold cell lysis buffer and
twice with kinase buffer (25mM HEPES, pH 7.4, 20mM
MgCl,, 0.1 mM Na3;VO,, 2mM dithiothreitol). The immune-
complex kinase assay of one half of the immunoprecipitates
was performed at 30°C for 30 min in 20 ul of kinase reaction
buffer containing 1 ug GST-IxBa, myelin basic protein (MBP),
or GST-c-Jun, 25 uM ATP, and 3 uCi [y-**P]JATP. The reaction
was terminated with 5x Laemmli sample buffer, and the
products were resolved by 12% SDS—PAGE gel electrophor-
esis. The phosphorylated IxBaz, MBP, or GST-c-Jun were
visualized by autoradiography. The other half of the immuno-
precipitates was subjected to SDS-PAGE and immunoblot-
ting to verify equal amount of kinases undergoing kinase
reaction.

Transfection and reporter gene assay

RAW264.7 cells seeded into 24-well plates were transfected
with 0.5 ug AP-1 promoter plasmid and 1 ug f-galactosidase
expression vector by Lipofectamine/Plus reagents (Invitrogen)
according to the manufacturer’s instructions. After 24 h, after
transfection, cells were treated with indicated agents. After
another 24-h incubation, the media were removed, and cells
were washed once with cold PBS. To prepare lysates, 50 ul of
reporter lysis buffer (Promega) was added to each well, and
cells were scraped from dishes. The supernatant was collected
after centrifugation at 13,000 r.p.m. for 30s. Aliquots of cell
lysates (5 ul) containing equal amounts of protein (10—20 ug)
were placed into wells of an opaque black 96-well microplate.
An equal volume of luciferase substrate (Promega) was added
to all samples, and the luminescence was measured in a
microplate luminometer (Meriden, CT, U.S.A.). The luciferase
activity value was normalized to transfection efficiency
monitored by the cotransfected f-galactosidase expression
vector (pCR3lacZ; Pharmacia, Sweden). The level of induction
of luciferase activity was determined as a ratio in comparison
to cells with no stimulation.

Statistical evaluation

Values were expressed as the mean+s.e.m. of at least three
experiments. Analysis of variance (ANOVA) was used to assess
the statistical significance of the differences, and a P-value of
less than 0.05 was considered to be statistically significant.
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Results

Capsaicin inhibited NO and PGE; production in response
to LPS, IFN-y and/or PM A

In mouse RAW264.7 macrophages, LPS (100ngml™') and
IFN-y (3ngml™!) treatment for 24 h resulted in a large amount
of NO release, from a basal level of 541 to 4546 and
34+ 5 uM, respectively. The increased NO release was accom-
panied by the induction of iNOS. Cotreatment of capsaicin
with LPS or IFN-y markedly reduced NO and iNOS induction
(Figure 1). The inhibitory effects of capsaicin exhibited
concentration-dependency, with ICs, value of 7.2+1.4um
(n=4) for LPS-induced NO release and 8.3+1.3uM (n=3)
for IFN-y-induced NO release. The ICs, values for inhibition
of LPS- and IFN-y-induced iNOS induction were comparable
at 9.7+ 1.3uM (n=3). Using 3-(4,5-dimethylthiazol-2-y1)2,5-
diphenyltetrazolium bromide (MTT) assay as an index of
mitochondria activity, capsaicin incubation at concen-
trations up to 100 uM for 24 h did not cause cell toxicity (data
not shown).

Not only did capsaicin inhibit stimuli-elicited iNOS/
NO induction but also reduced LPS- and PMA-elicited
COX-2/PGE, induction (Figure 2). Both inhibitory
effects of capsaicin were also exhibited in concentra-
tion-dependent manner. Interestingly, we found that capsaicin
was much more potent in inhibiting COX-2/PGE,
production than iNOS/NO production. The ICs, values for
the inhibition of LPS-induced PGE, and COX-2
responses were 0.23+0.08uM (n=3) and 0.31+0.09 um
(n=13), respectively.

RTX and capsazepine inhibited iNOS/NO and COX-2/
PGE; induction

In order to understand whether the action of capsaicin
results from the interaction with TRPVI1, we examined
another TRPVI1 agonist, RTX, and the TRPV1 antagonist,
capsazepine. As shown in Figure 3a and c, we found that
RTX, like the action of capsaicin, caused inhibition of
NO release and iNOS induction. At 10uM of RTX, the
highest concentration tested, 67+10% (n=4) and 52+6%
(n=4) inhibition of LPS-induced NO production was
observed (ICsy: 7.9+ 1.7uM (n=23) for the LPS response and
9.740.4uM (n=4) for the IFN-y response). With respect to
capsazepine, we found that it also attenuated both
stimuli-elicited NO production (ICsy: 3.2+0.9 uM (n=4) for
the LPS response and 4.9+1.0uM (n=3) for the IFN-y
response) (Figure 3b), and iNOS expression (ICs: 4.1 +0.8 uM
(n=4) for the LPS response and 7.0+ 1.1 uM (n=23) for the
IFN-y response) (Figure 3c). Since capsazepine and RTX
each at 30uM caused MTT reduction by 37+8% (n=3)
and 32+7% (n=3), respectively, we used 10 uM of capsaze-
pine and RTX in the following experiments. Upon
exploring the effects on COX-2/PGE, induction, we found
that RTX at 10 uM failed to affect LPS-induced COX-2 and
PGE, responses (Figure 3d). Compared to the dramatic
and potent inhibition elicited by capsaicin, capsazepine
showed a weak potency for inhibiting LPS-induced COX-2
expression and PGE, release, which was similar to that for
iNOS/NO inhibition. In the presence of 10 uM capsazepine,
PGE, release was inhibited by 64+4% (n=4), while the
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Figure 1 Inhibitory effects of capsaicin on LPS- and IFN-y-
induced NO release and iNOS expression. RAW264.7 cells were
treated with LPS (100 ngml~'), IFN-y (3 ngml~") and/or capsaicin at
the concentrations indicated for 24 h. Culture medium was collected
for NO assay (a), and cell lysate was subjected to SDS—PAGE and
immunoreactivities of iNOS and o-tubulin were measured by
immunoblotting with a specific antibody. Changes in iNOS protein
levels normalized by a-tubulin were quantified and are represented
as percentages of the LPS response in the absence of capsaicin
treatment. The data represent the mean +s.e.m. from at least three
independent experiments, and the trace in (b) is representative of
three separate experiments with similar results, which were
quantified and shown. *P<0.05 as compared to the control
response of LPS or IFN-y without vanilloid treatment.

COX-2 increase was inhibited by 42+4% (n=3) (Figure 3d).
The ICs, value was 3.9+0.8uM (n=4) for LPS-induced
PGE, response.
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Figure 2 Inhibitory effects of capsaicin on LPS- and PMA-induced
PGE, release and COX-2 expression. RAW264.7 cells were treated
with LPS (100ngml™"), PMA (10nM) and/or capsaicin at the
concentrations indicated for 24 or 10 h respectively, then the culture
medium was collected for PGE, assay (a), and cell lysate was
subjected to SDS—PAGE and measured for COX-2 and a-tubulin
immunoreactivities (b). PGE, and COX-2 levels are calculated as
percentages of LPS response in the absence of capsaicin treatment.
The data represent the mean +s.e.m. from at least three independent
experiments, and the trace in (b) is representative of three separate
experiments with similar results, which were quantified and are
shown. *P<0.05 as compared to the control response of LPS or
PMA without vanilloid treatment.

TRPV I-independent action of vanilloids

Since the vanilloid antagonist capsazepine exhibited similar
inhibitory effect as TRPV1 agonists, we wonder whether these
effects of vanilloids are linked to TRPVI1. To address this

point, RT-PCR and immunoblotting analysis were, respec-
tively, carried out with specific primers and antibody. Figure 4
shows that when oligonucleotides in DNA sequences of
TRPV1 was used as PCR primers, although TRPV1 mRNA
was expressed in DRG, which is known as TRPVI1-positive
neurons (Szallasi et al., 1999), they were not detected in basal,
LPS-, or vanilloid-treated RAW264.7 macrophages. In agree-
ment with mRNA expression, TRPV1 protein can be observed
in DRG but not in RAW264.7 cells.

Inhibition of mRNA expression of iNOS and COX-2

Inducible NOS and COX-2 are two inducible gene products,
whose expression requires several transcriptional factors, and
are elicited by several coordinated signalling pathways. To
understand whether the effects of vanilloids are due to
transcriptional regulation, we treated cells with vanilloids at
different time intervals after LPS stimulation. The results
shown in Figure 5a and b indicated that the inhibition of
iNOS/NO and PGE, production by capsaicin displayed a time-
dependency, which revealed a gradual decrease as capsaicin
treatment was delayed by up to 8h after LPS stimulation.
Similar to the time-dependent effect of capsaicin, the delayed
addition of RTX and capsazepine led to reduced inhibition of
LPS-mediated iNOS/NO production (Figure 5c). These results
suggest that the inhibitory action of vanilloids is located at the
gene transcription level.

To direct verify the effect on gene transcription, we
determined the total mRNA levels of iNOS and COX-2 after
LPS and vanilloid treatment. As shown in Figure 6a, LPS-
induced upregulation of iNOS mRNA within 12h were
inhibited by the presence of each vanilloid at 10 uM. With
regard to COX-2 mRNA induction by LPS, it was 58+3,
88+2, and 65+10% inhibited by 1uM capsaicin, 10uM
capsaicin, and 10 uM capsazepine, respectively. In contrast,
no inhibition was seen with 10 uM RTX (Figure 6b).

Inhibition of LPS-induced NF-xB and AP-1 activation
and IFN-y-induced STATI activation

After observing the inhibitory effects of vanilloids on iNOS
and COX-2 transcription, we next investigated the underlying
mechanisms involved. Since activation of transcription factors
NF-kB and AP-1 are crucial for the action of LPS, and
activation of STAT-1 is involved in the action of IFN-y, we
determined the effects of vanilloids on these molecules. DNA
binding abilities of these transcription factors, which exist in
the nuclear extract following LPS, IFN-y , and/or vanilloids
treatment, were analyzed with EMSA. Vanilloids themselves at
concentrations up to 10 uM did not alter the basal activities of
NF-kB, AP-1, or STATI1. However, LPS-activated NF-xB
(Figure 7a) and AP-1 (Figure 7b), as well as IFN-y-activated
STATI1 (Figure 8) were diminished with different degrees by
these vanilloid analogs. Capsaicin significantly reduced NF-xB
and AP-1 activities at 1 uM. Compared to the marginal effect
at 1uM, RTX significantly inhibited NF-xB at 10uM. In
contrast, at 10 uM, RTX weakly decreased AP-1 activity. In the
presence of capsazepine (1 and 10 uM), LPS-induced NF-xB
and AP-1 activations were also concentration-dependently
reduced, and the inhibition extents were similar to those of
capsaicin at the same concentrations tested (I and 10 uMm).
Additionally, the effect of vanilloids on AP-1 activation was
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Figure 3 Effects of RTX and capsazepine on LPS- and IFN-y-induced NO release, iNOS expression, PGE, release and/or COX-2
expression. RAW264.7 cells were treated with LPS (100 ngml~"), IFN-y (3ngml~"), RTX and/or capsazepine at the concentrations
indicated for 24 h, then the culture medium was collected for NO assay (a, b), PGE, assay (d), and cell lysate, as described above,
was subjected to SDS—PAGE and measured and quantified for iNOS (c) or COX-2 immunoreactivities (d). The data represent the
mean+s.e.m. from at least three independent experiments. ¥*P<0.05 as compared to the control response without vanilloid

treatment.
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Figure 4 No TRPV1 expression by RAW264.7 macrophages. After
treatment with agents as indicated for 24 h, cells were lysed. Total
cell lysates and mRNA from RAW264.7 and DRG were,
respectively, prepared for immunoblotting analysis (a) and RT—
PCR (b). The results are representative of three separate experi-
ments.

verified by a reporter assay using the AP-1 luciferase construct.
Figure 7c revealed a similar effect as that shown from the
experiment of transcription factor-DNA binding. With regard
to IFN-y-mediated STAT-1 activation, concentration-depen-
dent inhibition by capsaicin (1-100 um) (Figure 8a), RTX (1-
10 uM) and capsazepine (1—10 uM) was shown (Figure 8b).

Vanilloids inhibition of LPS-induced IKK, ERK, and JNK
activation

To understand whether the inhibitory effects of vanilloids on
LPS-induced NF-xB and AP-1 are associated with uncoupling
of the upstream signalling pathways, the kinase activities of
IKK, ERK, and JNK were measured. Using GST-IxBa as a
substrate for the IKK activity assay, immunoprecipitation
accompanying the kinase assay showed that LPS-induced IKK
activity was 50+8% (n=3), 30+6% (n=3), and 58+10%
(n=3) inhibited by 10 uM capsaicin, RTX, and capsazepine,
respectively (Figure 9a). Using MBP as a substrate for ERK
activity assay, immunoprecipitation accompanying the kinase
assay showed that LPS-induced ERK activity was 50+11%
(n=3), 20+5% (m=3), and 65+12% (n=23) inhibited by
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Figure 5 Vanilloid time-dependent inhibition of LPS-induced NO,
PGE, production, and iNOS expression. Vanilloids at 10 uM was
added to the cell cultures at the same time as, or at different periods
after LPS (100ngml™"). At 24 h after LPS addition, NO (a, ¢), and
PGE, (b) production in the medium, and iNOS protein in cell lysates
(a, c) were determined. Data are presented as the mean+s.e.m. of
three experiments. The traces in (a, c¢) are representative of three
separate experiments. The data in parentheses indicate the percen-
tages of iNOS protein induction as compared to the control response
of LPS alone without vanilloid treatment.
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Figure 6 Vanilloids reduced iNOS and COX-2 mRNA expression.
Following the treatment with drugs as indicated for 12 h, changes in
iNOS (a) and COX-2 (b) mRNA levels were measured by the PCR
products. RNA isolation and the RT—PCR process were carried out
as described. The f-actin mRNA level was considered the internal
control.

10uM capsaicin, RTX, and capsazepine, respectively
(Figure 9b). Using GST-c-Jun as a substrate for the JNK
activity assay, immunoprecipitation accompanying the kinase
assay showed that LPS-induced JNK activity was 60%, 20%,
and 70% inhibited by 10 uM capsaicin, RTX, and capsazepine,
respectively (Figure 9c¢).

Discussion

In this study, we find that the spice principles from the chilli
pepper, capsaicin, and two vanilloid analogs can reduce iNOS/
NO induction caused by LPS and IFN-y, and COX-2/PGE,
induction caused by LPS and PMA. All these effects display
concentration- and time-dependencies. From the diminished
inhibition with delayed treatment of vanilloid analogs after
LPS stimulation, as well as the inhibition of mRNA level of
both genes, we suggest that transcriptional regulation accounts
for the major mechanism for vanilloids’ actions.

Although specific actions through TRPV1 receptors have
been extensively demonstrated for micromolar concentration
ranges of capsaicin and capsazepine, TRPV1-unrelated non-
specific actions of vanilloids have also been suggested
(Docherty et al., 1997; Liu & Simon, 1997; Oh et al., 2001).
Capsaicin-mediated inhibition of various enzymes, induction
of pseudochannel formation in lipid bilayers, alteration of
membrane fluidity, and blockade of K* channels belong to
these actions (Szallasi & Blumberg, 1999). Based on this idea,
we compared the effects of capsaicin, RTX, and capsazepine
with the aim of elucidating the possible role of TRPVI in
macrophages. Previous studies have shown the effectiveness of
capsazepine in antagonizing both capsaicin and RTX re-
sponses in the spinal cord, sensory neuron, and trachea (Bevan
et al., 1991; Ellis & Undem 1994; Szallasi & Blumberg, 1999).
Our present results in macrophages, however, do not prove the
ability of capsazepine to prevent capsaicin and RTX actions.
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Figure 7 Effects of vanilloids on DNA binding activity of NF-«B
and AP-1. RAW264.7 cells were treated with 100ngml~' LPS and/
or vanilloids at the concentrations indicated for 1 h. Nuclear extracts
from cell lysates were prepared and assayed for binding activity with
specific oligonucleotides containing respective binding sequences for

NF-xB (a) or AP-1 (b). In some experiments, specific antibodies of . - s ..

these transcription factors were included in the binding mixture to llili"";zg 4 7Eff«131cts of V?nllltogis (.)3}11[3)NA ?{I}(illlrllg\lacuvgy of STfi“lT.'(}'
analyze the binding specificity. The results are representative of three -/ cells were treated with Sngm -y and/or vanilloids
different experiments. In (c), RAW264.7 cells were transfected with at the concentrations indicated for lh,‘Nl‘lCICal‘ extracts from 9611
AP-1 reporter and treated with 100ngml~' LPS and vanilloids. lysates were prepared and assayed for binding activity with specific
Luciferase activity normalized with LacZ expression was determined ohgor}ucleotldes containing blndlng sequences for STAT'l' In. some
24h later. Data are presented as the meants.e.m. of three experiments, a specific antlbody. Of. STATI. wvas included in the
experiments. *P<0.05 as compared to the control response of binding mixture to analyze the binding specificity. The results are
LPS without vanilloid treatment. representative of three different experiments.
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Figure 9 Effects of vanilloids on LPS-induced IKK, ERK and
JNK activation. Cells were lysed after treatment with agents at the
concentrations as indicated for 30 min. Immunoprecipitation with
IKKo, IKKf (a), ERK (b) or JNK (c) antibody together with
protein A/G-agarose beads was performed overnight. The immu-
noprecipitates were then equally divided into two parts; one was
used for kinase assay (upper panel), using IxkBa (for IKK assay),
MBP (for ERK assay) or GST-c-Jun (for JNK assay) as the
substrate, and the other was subjected to SDS—PAGE for
immunoblotting of IKK, ERK, or JNK (lower panel). The traces
are representative of three different experiments, which are
presented as the mean+s.e.m. from three independent experiments.
*P<0.05 as compared to the control response of LPS without
vanilloid treatment.

In contrast, capsazepine induces similar action as capsaicin
and RTX, and exhibits even twofold more potent inhibition of
NO production than capsaicin. These results suggest that the
inhibitory action of vanilloids on the induced NO and PGE,

formation is not mediated by TRPVI1. In support of this
notion, TRPVI mRNA and protein respectively assessed by
RT-PCR and immunoblotting are undetectable in RAW264.7
macrophages.

In contrast to the comparable potency for NO reduction by
these vanilloids, a markedly distinction in potency profile of
PGE, inhibition was demonstrated. The potency order for
inhibition of NO production (ICs, values) was capsazepine
(3+1 puM)>=capsaicin (7+1 uM) = RTX (8 +2 uM). This action
potency is parallel to their effects on changes in iNOS mRNA
and protein levels. However, regarding COX-2 and PGE,
inhibition, the potency order (ICs, values) was capsaicin
(0.24+0.1 uM) >capsazepin ~ (4+1uM)>>RTX (>10uM).
Currently, we do not have sufficient and direct evidence to
explain the distinct potencies of these vanilloids, particularly
capsaicin and RTX, in the regulation of iNOS- and COX-2-
related events. The possibility for the existence of other
TRPV1 subtypes, which are more specific to capsaicin than
RTX, cannot be excluded. Here we considered the supply of
arachidonic acid substrate for COX-2-induced metabolism and
production of PGE,. Joe & Lokesh (2000) reported that
animals fed with capsaicin (5mgkg~' body wt day~') for 2
weeks can decrease fatty acid diet-induced eicosanoid secretion
from peritoneal macrophages and decrease the incorporation
of [*H]arachidonic acid in macrophage lipids. The reduced
PGE, production resulting from a smaller supply of precursor
thus regulated COX-2 mRNA expression in a negative manner
(Faour et al., 2001; Diaz et al., 2002). To address this point, we
analyzed the effect of vanilloids on [*H]arachidonic acid
incorporation into RAW264.7 cells. In this aspect, we
observed no effects of capsaicin, RTX, or capsazepine, each
at 10 uM, on [*H]arachidonic acid uptake in RAW264.7
macrophages within 12h (data not shown). In addition, we
asked if there is a direct effect of these vanilloids on enzyme
activity of COXs. In experiments using an in vitro enzyme
assay, we find that capsaicin at concentrations up to 10 uM
does not alter the enzyme activities of COX-1 and COX-2
(data not shown). Another notion of whether the higher lipid
solubility of capsaicin than RTX and capsazepine is related to
their differential effects on COX-2 inhibition remains unclear.

In previous in vivo study where it was determined that
feeding capsaicin (5mgkg~' body wtday™") to rats for 15 days
can lower the generation of reactive oxygen species by
macrophages (Joe & Lokesh, 1994), we ask whether the
changes in the cellular redox state by vanilloids contribute to
their actions in iNOS and COX-2 inhibition. Accumulating
studies have demonstrated that reactive oxygen species may
contribute to the complex processes regulating gene expres-
sions of iINOS and COX-2, and treatment with antioxidants
lead to inhibition of the expression of both inflammatory genes
(Hecker et al., 1996; Subbaramaiah et al., 1998). To clarify this
concern, we performed an in vitro assay using 1,1-diphenyl-2-
picryl-hydrazyl as a substrate to address the possible
antioxidant ability of vanilloids. We find that in contrast to
the action of antioxidant vitamin C, capsaicin, RTX and
capsazepine at concentrations up to 10uM possess no
antioxidant activity (data not shown).

In previous studies, although induced iNOS and COX-2
gene expressions are regulated by several transcription factors,
distinct requirements and contributions of transcriptional
factors for both genes expression has been reported. For
iNOS expression, NF-xB is a more important and prerequisite
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transcription factor than AP-1 (Chen et al., 1998; Kristof et al.,
2001). Although IKK is the most crucial kinase responsible for
NF-kB activation by LPS, ERK also contributes to NF-xB
transactivation (Chen & Lin, 2001). On the contrary, although
NF-kB and AP-1 collaborate to induce maximal transcrip-
tional activity of COX-2 gene expression, there is redundancy
in the NF-«xB promoter site for regulating COX-2 transcrip-
tion in LPS-treated RAW264.7 cells (Wadleigh et al., 2000;
Mestre et al., 2001). Previous studies indicated that activation
of the AP-1 transcription factor is sufficient for COX-2 gene
expression, and this accounts for the action of PMA (Xie &
Herschman, 1995; Subbaramaiah et al., 1998). Consistent to
previous results demonstrating the ability of capsaicin and
capsazepine to suppress NF-xB activation by diverse agents
(Singh et al., 1996; Surh et al., 2000; Oh et al., 2001; Patel et al.,
2002), and the ability of capsaicin to suppress AP-1 activation
by PMA (Surh et al., 2000), our results showed differential
potency of vanilloid analogs in the inhibition of LPS-induced
NF-xB, AP-1, IKK, ERK, and JNK activations. The potency
for IKK and ERK inhibition displayed relative correlations
with their inhibitory effects on NF-xB and NO production. In
contrast, JNK inhibition seemed to be attributed to the
decreased AP-1 activity and partially explains the low
sensitivity of RTX to COX-2 gene transcription. Since the
significant effect on AP-1 inhibition by capsaicin (1 and 10 uM)
does not correlate with the observed reduction in COX-2
protein and PGE, production at 0.1-1uM, other action
mechanisms of capsaicin are possibly involved. Understanding
actions on transcription factors other than NF-xB and AP-1,
and signalling events involved in regulating COX-2 expression
at the post-transcriptional and/or post-translational level
requires further investigation.

In addition to the ability of NF-«B and AP-1 to regulate
iNOS gene expression, the STAT]1 signal transduction path-
way mediated by IFN-y is also associated with iNOS
induction. In murine and rat iNOS genes, its 5-flanking
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