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Abstract

One mechanism through which bioactive food components may exert anticancer effects is by reducing the expression of

the proinflammatory gene cyclooxygenase-2 (COX-2), which has been regarded as a risk factor in tumor development.

Rosmarinic acid (RA) is a phenolic derivative of caffeic acid present in rosemary (Rosmarinus officinalis). Previous research

documented that RA may exert antiinflammatory effects. However, the mechanisms of action of RA on COX-2 expression

have not been investigated. Here, we report that in colon cancer HT-29 cells, RA (5, 10, and 20 mmol/L) reduced the 12-O-

tetradecanoylphorbol-13-acetate (TPA)-induced COX-2 promoter activity (P , 0.05) and protein levels (P , 0.05). In addition,

the cotreatment with RA reduced (5 mmol/L, P , 0.05; 10 and 20 mmol/L, P , 0.01) TPA-induced transcription from a control

activator protein-1 (AP-1) promoter-luciferase construct and repressed binding of the AP-1 factors c-Jun (10 mmol/L; P ,

0.01) and c-Fos (10 mmol/L; P , 0.05) to COX-2 promoter oligonucleotides harboring a cAMP-response element (CRE). The

anti-AP1 effects of RA were also examined in a nonmalignant breast epithelial cell line (MCF10A) in which RA antagonized

the stimulatory effects of TPA on COX-2 protein expression (5 mmol/L, P , 0.05; 10 and 20 mmol/L, P , 0.01), the

recruitment of c-Jun and c-Fos (10 mmol/L; P , 0.01) to the COX-2/CRE oligonucleotides, and activation of the extracellular

signal-regulated protein kinase-1/2 (ERK1/2) (10 mmol/L; P , 0.01), a member of the mitogen-activated protein kinase

pathway. Additionally, RA antagonized ERK1/2 activation in colon HT-29 and breast MCF-7 cancer cells (10 mmol/L; P ,

0.01). Thus, we propose that RA may be an effective preventative agent against COX-2 activation by AP-1-inducing agents in

both cancer and nonmalignant mammary epithelial cells. J. Nutr. 138: 2098–2105, 2008.

Introduction

The cyclooxygenase (COX)3 enzyme system comprises the
isoenzymes COX-1 and COX-2, which are responsible for the
rate-limiting step in the conversion of arachidonic acid into
prostaglandins (1). The COX-1 and COX-2 genes are constitu-
tively expressed in many tissues. However, growth factors, tumor
promoters, hormones, bacterial endotoxin, cytokines, and phys-
iological stress have been shown to induce COX-2 gene expres-
sion (2), which has been recognized as a feature of epithelial

tumors (3,4). The use of nonsteroidal antiinflammatory drugs
(NSAID) that inhibit COX activity has been linked with a reduced
incidence of colon (5) and breast cancers (6). In addition, selective
COX-2 inhibitors have been shown to reduce tumor formation in
animal models (7,8). However, the chronic use of NSAID has
been associated with gastrointestinal ulceration and bleeding (9)
and the long-term use of selective COX-2 inhibitors has been
linked to increased risk of cardiovascular toxicity (10).

The expression of the human COX-2 gene is regulated at the
transcriptional level through several cis-acting elements located
within the proximal 5#-flanking region of the COX-2 gene (11).
These elements include an E-box and activating transcription
factor/cAMP response element (CRE) sequences, the nuclear
factor/interluekin-6 CAATenhancer binding sequence, and 2 nu-
clear factor kB binding sites (12). The CRE (5#-TGACGTCA-3#)
is activated by hetero- and homodimers of the c-Fos, c-Jun,
and ATF families of bZIP proteins [activator protein-1 (AP-1)],
and the cAMP regulatory binding protein (13,14). The CRE
sequence in the COX-2 promoter is homologous to the 12-O-
tetradecanoylphorbol-13-acetate (TPA)-responsive element (TRE)
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(5#-TGA(C/G)TCA-3#) site located within the collagenase-1 pro-
moter (15). A broad range of physiological and pathological
stimuli such as cytokines, growth factors, stress, and oncogenic
signals have been shown to regulate AP-1 activity (16). The tumor
promoter and proinflammatory agent, TPA has been used as a
prototype compound to induce binding of AP-1 proteins to the
CRE and TRE elements (17).

In the recent past, there has been growing interest in the
chemopreventative and chemotherapeutic ability of bioactive
food components to prevent chronic diseases and cancer (18). A
variety of dietary polyphenolic agents, such as resveratrol, genis-
tein, curcumin, quercetin, and epigallocatechin gallate, have been
shown to possess chemoprotective effects (19). Rosmarinic acid
[(RA) a-o-caffeoyl-3, 4-dihydroxyphenyl lactic acid] is a poly-
phenolic compound found in Lamiaceae herbs such as Perilla
frutescens, oregano, sage, mint, sweet basil, and perilla (20). RA
has been observed to possess antioxidant and antiinflammatory
properties (21–23). Several studies reported that RA exerted
antiinflammatory effects by inhibiting complement activation
(24) and COX (25) activity. However, the mechanisms underlying
the RA-induced effects on COX-2 expression remain unknown.
Therefore, in this study, we examined the effects of RA on COX-2
expression in colon and breast cancer cells and in nonmalignant
mammary epithelial cells. We propose that at least inpart, RAmay
exert antiinflammatory and anticarcinogenic effects by antagoniz-
ing AP-1–dependent activation of COX-2 gene expression.

Materials and Methods

Reagents and cell culture. Colon HT-29 and breast MCF-7 cancer cells

and nonmalignant breast epithelial MCF10A cells were obtained from the

American Type Culture Collection. TPA, RA, and all other chemicals and
cell culture media were from Sigma Chemical. All cell lines were

maintained in DMEM supplemented with 10% fetal bovine serum

(FBS), penicillin (100 kU/L), and streptomycin (100 mg/L) at 37�C, 95%

relative humidity, and 5% CO2. All experiments were performed with
cells cultured in DMEM supplemented with 0.5% FBS, because the

growth factors contained in FBS have been shown to induce COX-2 (1).

Western blot analysis. Western blot analysis was performed as
previously described (26). Equal amounts of proteins were subjected to

SDS-PAGE analysis and subsequent immunoblotting was carried out with

antibodies raised against COX-2 (Cayman Chemical), c-Jun, c-Fos, and

phosphorylated extracellular signal-regulated protein kinase-1/2 (ERK1/2)
(Cell Signaling Technology). Levels of immunocomplexes for glyceralde-

hyde-3-phosphate (GADPH) (Cell Signaling Technology) were used as an

internal standard for equal loading. The immunocomplexes were detected
using the enhanced chemiluminescence (GE Healthcare/Amersham).

Transient transfections and luciferase assay. The pGL3–3.9-Kb

COX-2 luciferase reporter construct was a gift of Dr. Tom McIntyre
(University of Utah, Salt Lake City, UT) (27). The human collagenase-1

promoter (273 to 163) luciferase construct harboring a single AP-1 site

(p1xAP-1) was a gift from Dr. G. T. Bowden, University of Arizona,

Tucson,AZ (28). Cells [1 3 105 in 2 mL DMEM(10% FBS) per well] were
plated in 24-well Costar tissue culture plates. Transient transfections were

performed using the Lipofectamine-Plus procedure according to the

manufacturer’s instruction (Life Technologies). Briefly, 24 h after plating,
cells were cotransfected with 1.6 mg of COX-2 plasmid and 0.4 mg of the

internal control plasmid pRL-TK (renilla luciferase gene) to account for

variations in transfection efficiency. Cells were incubated with the DNA-

liposome complex for 3 h at 37�C in 5% CO2. Following transfection,
cells were maintained in DMEM (10% FBS) and allowed to recover for

48 h. Cells were then treated in DMEM (0.5% FBS) containing either

control (dimethyl sulfoxide vehicle) or various concentrations of RA for

the times indicated. Following treatment with selected agents, luciferase
reporter activity was monitored in cell lysates of transfected cells with

a Luminometer 20/20 (Turner Biosystems) and expressed as relative

expression units corrected for the internal control renilla (Luc/Ren).

DNA protein-binding assay. The binding assay was performed as

previously described (26). Biotinylated oligonucleotides were synthesized

by Sigma Genosys using the nucleotide sequences from a segment of the

human COX-2 promoter harboring the COX-2 CRE: 5#-AAACAGT-
CATTTCGTCACATGGGCTTG-3# (sense) and 5#-CAAGCCCATGT-

GACGAAATGACTGTTT-3# (antisense) (26). Nuclear extracts were

harvested from cells that were cotreated for 3 h with 10 mmol/L of RA plus

TPA (0.1 mmol/L). The binding assay was performed by incubating
200 mg of the nuclear extracts, 2 mg biotin-labeled double-stranded DNA

oligonucleotides, and 40 mL of 4% beaded-agarose conjugated with

streptavidin in 600 mL of PBS buffer containing multiple protease inhib-
itors: 1 mmol/L Na3VO4, 10 mmol/L NaF, 25mmol/L b-glycerophosphate,

0.1 mmol/L phenylmethanesulphonylfluoride, 0.06 g/L aprotinin, 1 g/L

leupeptin, 0.5 mmol/L dithiothreitol) for 2 h with shaking at room

temperature. Beads were pelleted by centrifugation at 550 3 g for 1 min
and then washed 3 times with cold PBS buffer containing multiple

protease inhibitors. Nuclear proteins were dissociated by incubating

the mixture at 95�C for 5 min. The binding proteins were separated on a

4–12% SDS-PAGE and subsequently subjected to Western blot analysis
with an antibody that detected either total c-Jun or c-Fos protein

regardless of phosphorylation state.

Statistical analysis. We used Statview, the SAS Institute statistical

analysis software, for analysis of results from Western blotting, transfec-

tion, and binding experiments. Data from factorial experiments were

analyzed by 2-way ANOVA. When main effects and interactions were
significant, post hoc multiple comparisons were conducted using Fisher’s

protected least significant different test. Differences were considered

significant at P # 0.05. Data are presented as means 1 SE.

Results

RA and COX-2 protein expression data. Previous studies (29)
have documented that the expression of COX-2 is induced by
agents that activate the AP-1 pathway. We characterized in HT-29
colon cancer cells the temporal regulation of COX-2 expression
and observed greater induction by TPA (P , 0.01) of COX-2
protein levels at 3 and 6 h than at 12 h (Fig. 1A). The cotreatment
with RA counteracted the stimulatory effects of TPA on COX-2
protein expression, which was reduced (5, 10, and 20 mmol/L;
P , 0.05) to near control levels (Fig. 1B). The treatment with RA
alone at the concentrations of 5 and 10 mmol/L reduced COX-2
protein to levels that approximated those measured in untreated
HT-29 cells, whereas at the concentration of 20 mmol/L, COX-2
protein levels were lower (P , 0.01) than control cells.

RA represses AP-1–dependent transcriptional activation.

Based on the COX-2 protein expression results (Fig. 1), we
examined the effects of RA on COX-2 transcription. We found
that in colon cancer HT-29 cells transfected with a 3.9-Kb
COX-2 promoter-luciferase construct, the luciferase reporter
activity was induced (;120%; P , 0.01) by TPA (Fig. 2A). The
treatment with RA at the concentrations of 5, 10, and 20 mmol/L
did not influence basal COX-2 transcription activity, but it
reduced (P , 0.05) the TPA-dependent activation of the COX-2
promoter by ;30%.

Because TPA is a known inducer of the AP-1 transcription
factor, we examined the effects of RA on regulation of transcrip-
tion from a control luciferase reporter construct (p1xAP-1) con-
taining a fragment of the collagenase-1 gene promoter, which
harbors an AP-1 responsive element (28). The transfection results
(Fig. 2B) indicated that the treatment of transfected HT-29 cells
with TPA induced (P , 0.01) the transcription activity of the
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collagenase-1 promoter construct. However, the cotreatment
with RA reduced the TPA-induced luciferase reporter activity by
;20% at 5 mmol/L (P , 0.05) and by ;40% at 10 and 20 mmol/L
(P , 0.01). The treatment with RA alone did not influence basal
transcription activity in cells transfected with p1xAP-1, regard-
less of the concentration used. Overall, these data suggested that
RA may prevent COX-2 expression by antagonizing the AP-1–
dependent activation of the COX-2 promoter.

RA antagonizes AP-1 binding to COX-2 promoter oligo-

nucleotides. To investigate whether or not RA reduced the
TPA-induced activation of COX-2 transcription through an
AP-1–dependent mechanism, we examined the effects of RA on
recruitment of AP-1 factors to a region of the COX-2 gene
harboring the CRE element. In DNA pull-down experiments with
nuclear extracts obtained from HT-29 colon cancer cells treated
with TPA, we observed increased binding of c-Jun (P , 0.01) and
c-Fos (P , 0.01) to COX-2 promoter oligonucleotides (Fig.

3A,B). The treatment with RA (10 mmol/L) alone had negligible
effects on the basal association of c-Jun and c-Fos with the COX-2
oligonucleotides. However, the cotreatment with RA reduced the
TPA-induced binding of c-Jun (P , 0.01) and c-Fos (P , 0.05).
These results were confirmed using nuclear extracts from breast
cancer MCF-7 cells (Fig. 3C,D), in which the cotreatment with
RA (10 mmol/L) reduced the TPA-induced association of c-Jun
and c-Fos with the COX-2 promoter oligonucleotides to control

levels, whereas the treatment with RA alone reduced (P , 0.01)
the basal recruitment of c-Jun and c-Fos.

RA reduces TPA-induced COX-2 protein in nontrans-

formed mammary epithelial cells. The results obtained with
colon HT-29 cancer cells suggested that RA may effectively an-
tagonize the activation of COX-2 expression by AP-1. Based on
the notion that higher constitutive levels of COX-2 are associated
with biologically aggressive and invasive phenotypes (29), we
examined whether or not RA could exert protective effects
against COX-2 activation in nontransformed cells. For this pur-
pose, we used the MCF10A cell line, which has been used as a
normal, nontumorigenic, mammary epithelial model (30). In
MCF10A cells, the treatment with TPA effectively induced at 3, 6,
and 12 h COX-2 protein expression, with maximal expression at
6 h (Fig. 4A). The cotreatment of MCF10A cells with RA (5, 10,
and 20 mmol/L) reduced (5 mmol/L, P , 0.05; 10 and 20 mmol/L,
P , 0.01) TPA-induced COX-2 protein levels (Fig. 4B), whereas
COX-2 protein expression did not change in MCF-10A cells
treated with RA alone.

FIGURE 1 RA reduces TPA-induced COX-2 expression in colon

cancer HT-29 cells. (A) Time course of COX-2 protein induction by

TPA. HT-29 cells were cultured in basal medium plus vehicle (2) or in

the presence (1) of TPA (0.1 mmol/L) for 3, 6, and 12 h. (B) Effects of

RA on basal and TPA-induced COX-2 protein expression. HT-29 cells

were pretreated for 1 h with RA and then cultured for 6 h in the

presence of TPA (0.1 mmol/L), RA (5, 10, or 20 mmol/L), or their

combination. In A and B, bands represent COX-2 and GADPH (loading

control) immunocomplexes. Values are means 1 SE of triplicates from

2, n ¼ 2, independent experiments. Means without a common letter

differ, P , 0.05.

FIGURE 2 RA represses transcription activity in colon HT-29 cancer

cells. Cells were transiently transfected with a 3.9-Kb fragment of the

human COX-2 promoter (A) or a plasmid (p1xAP-1) containing a

segment of the collagenase-1 gene promoter that harbors a consen-

sus TRE (B). Transfected cells were pretreated for 1 h with various

amounts (5, 10, and 20 mmol/L) of RA, followed by cotreatment with

TPA (0.1 mmol/L) for 6 h. Values are means 1 SE of triplicates from 2,

n ¼ 2, independent experiments. Means without a common letter

differ, P , 0.05.
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These cumulative results illustrated that RA was effective in
reducing the TPA-induced increase in COX-2 expression in
nonmalignant MCF-10A cells. We also confirmed that the
treatment of MCF10A cells with RA (10 mmol/L) reduced the
TPA-induced binding of c-Jun (P , 0.01) and c-Fos (P , 0.01) to
the COX-2 promoter oligonucleotides (Fig. 5A,B). In control
experiments, we examined the effects of RA in MCF10A cells on
the expression levels of c-Jun. Compared with MCF10A cells
cultured in control medium, c-Jun protein levels did not differ
following the treatment with RA. These data suggested that the
reduced c-Jun binding in MCF10A cells cotreated with RA was
not due to indirect effects of RA on the expression or cellular
content of the c-Jun protein (Fig. 5C).

RA inhibits the activation of phosphorylated ERK1/2 in

cancer and nonmalignant cells. The reduced recruitment of
AP-1 to the COX-2 oligonucleotides (Fig. 3A–D and Fig. 5A,B)
suggested that the effects of RA could be mediated at least in part
through repression of cellular pathways that activate AP-1. This
contention was addressed in follow-up experiments in which we
examined the effects of RA on the cellular levels of phosphory-
lated ERK1/2 in colon cancer HT-29, breast cancer MCF-7, and
breast nonmalignant MCF10A cells. The ERK1/2 is an upstream
mediator of AP-1 activation (31) and it is upregulated in various
types of cancer (32). We examined the effects of RA on the
cytoplasmic levels of phosphorylated ERK1/2 at 15 min, because
phosphorylated ERK1/2 has been shown to be activated by TPA
at this time point in previous studies (33). Expression data
(Fig. 6A) indicated that in HT-29 cells, the treatment with TPA
induced (P , 0.01), whereas the cotreatment with RA (10 mmol/L)

reduced to basal levels, phosphorylated ERK1/2. The phos-
phorylated ERK1/2 was visualized as a doublet representing
2 isoforms of 43 (ERK1) and 41 (ERK2) kDa. The treatment with
RA alone (10 mmol/L) did not affect basal levels of phosphory-
lated ERK1/2. The repressive effects of RA on phosphorylated
ERK1/2 expression were confirmed in breast cancer MCF-7
(10 mmol/L; P , 0.01) (Fig. 6B) and nontransformed MCF-10A
(10 mmol/L; P , 0.01) mammary epithelial cells (Fig. 6C). Be-
cause the transactivating properties of the transcription factor
AP-1 are influenced, among other pathways, by phosphorylation
through ERK1/2, these data provided a potential mechanism
through which RA may antagonize the activation of AP-1 and,
ultimately, the expression of the COX-2 gene.

Discussion

The activation of COX-2 expression has been regarded as a
causative factor in the onset of several inflammatory conditions
and etiology of colorectal (4) and breast (34) tumors. COX-2 has
been a target for therapies based on NSAID and selective COX-2
inhibitors. Because NSAID have been shown to enhance gastro-
intestinal ulceration (9) and selective COX-2 inhibitors increased
the risk for cardiovascular diseases (10), interest has been gener-
ated toward the development of alternative and prophylactic
anti-COX-2 strategies that lack these negative effects (35).

Preparations from the plant Rosmarinus officinalis have been
recently investigated for their ability to exert antiproliferative and
antioxidant properties (36,37) and protect against skin tumori-
genesis (38) and DNA damage (21). Earlier studies reported that
rosemary extracts inhibited 7,12-dimethyl-benz[a]anthracene-

FIGURE 3 RA reduces the recruitment of AP-1 factors to the COX-2/CRE. The binding of c-Jun and c-Fos to a promoter segment of the human

COX-2 promoter harboring a CRE (5#-TTCGTCA-3#) was examined in colon HCT-29 (A,B) and breast MCF-7 (C,D) cancer cells using a DNA-protein

binding assay. Nuclear extracts were obtained from cells cotreated for 3 h with TPA (0.1 mmol/L) in the presence (1) or absence (2) of RA (10

mmol/L). Values are means 1 SE of triplicates from 2, n ¼ 2, independent experiments. Means without a common letter differ, P , 0.05.

Rosmarinic acid and cyclooxygenase-2 2101



induced DNA adducts and mammary tumors in female Sprague-
Dawley rats (39–41) and benzo[a]pyrene-induced genotoxicity in
bronchial cells (42). The topical application of rosemary extracts
inhibited benzo[a]pyrene- and dimethyl-benz[a]anthracene–
induced initiation of tumors in mouse skin as well as TPA-induced
tumor promotion (43). Some of the protective effects of rosemary
extracts were attributed to enhancement of xenobiotic detoxifica-
tion (44).

Rosemary extracts contain several polyphenolic components,
including carnosic acid, carnosol, and RA. The latter is an
esterification product of caffeic acid with 3,4-dihydroxyphenyl-
lactic acid, which is also found in sage, peppermint, and lemon
balm (20). In previous investigations, the pretreatment with RA
was shown to reduce COX-2 mRNA expression in a TPA-
challenged skin mouse model (45). Therefore, in this study, we
examined the mechanisms through which RA may antagonize
COX-2 expression. We found that the cotreatment of colon
cancer HT-29 cells with RA reduced TPA-induced COX-2
promoter activity and protein levels. RA antagonized the AP-1–
dependent activation of COX-2 transcription, as evidenced by its
ability to repress transcription from a collagenase AP-1-luciferase
reporter construct transfected into colon HT-29 cancer cells.
Moreover, the cotreatment of HT-29 cells with RA repressed the
TPA-induced recruitment of c-Jun and c-Fos proteins to COX-2
promoter oligonucleotides. The anti-AP-1 effects of RA were not

specific to HT-29 cells, because RA counteracted the binding of
c-Jun and c-Fos in nuclear extracts obtained from breast cancer
MCF-7cells. Finally, wedocumented innontransformedMCF10A
mammary epithelial cells that RA reduced the TPA-induced accu-
mulation of COX-2 protein and recruitment of c-Jun and c-Fos to
the COX-2 promoter oligonucleotides.

We further examined the effects of RA on signal transduction
pathways that are known to activate AP-1 (46). The cotreatment
of HT-29, MCF-7, and MCF10A cells with RA reduced the
cellular levels of ERK1/2, a component of the mitogen-activated

FIGURE 4 RA reduces TPA-induced COX-2 expression in nonma-

lignant breast epithelial MCF10A cells. (A) Time course of COX-2

protein induction by TPA. MCF10A cells were cultured in basal

medium plus vehicle (2) or in the presence (1) of TPA (0.1 mmol/L) for

3, 6, and 12 h. (B) Effects of RA on basal and TPA-induced COX-2

protein. MCF10A cells were pretreated for 1 h with RA and then

cultured for 6 h in the presence of TPA (0.1 mmol/L), RA (5, 10, 20

mmol/L), or their combination. (A,B) Bands represent COX-2 and

GADPH (loading control) immunocomplexes. Values are means 1 SE

of triplicates from 2, n ¼ 2, independent experiments. Means without

a common letter differ, P , 0.05.

FIGURE 5 RA antagonizes TPA-induced binding of AP-1 to the COX-

2 promoter in nonmalignant MCF10A breast epithelial cells. The

binding of c-Jun (A) and c-Fos (B) to a promoter segment of the human

COX-2 promoter harboring a CRE (5#-TTCGTCA-3#) was examined in

MCF10A cells. Nuclear protein extracts were obtained from cells

cotreated for 3 h with TPA (0.1 mmol/L) in the presence (1) or absence

(2) of RA (10 mmol/L). (C) Western blot analysis of total cell lysates

obtained from MCF10A cells cultured in the presence of TPA or in

combination with various concentrations of RA (5, 10, and 20 mmol/L)

for 6 h. Bands represent immunocomplexes for c-Jun and GADPH

(loading control). In A–C, values are means 1 SE of triplicates from 2,

n ¼ 2, independent experiments. Means without a common letter

differ, P , 0.05.
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protein kinase pathway. The model (Fig. 7) suggests that the
preventative effects of RA against TPA-induced COX-2 activa-
tion may be attributable at least in part to repression of signaling
pathways that participate in activation of ERK, thus preventing
the downstream activation of AP-1. Our data parallel those of
recent investigations (47) reporting that the treatment of H9c2
cardiac muscle cells with higher concentrations of RA than those
used in this study (55 vs. 10 mmol/L) for up to 2 h antagonized
the adriamycin-dependent activation of c-Jun N-terminal kinase
and ERK and partially inhibited the binding of AP-1 members to
a control AP-1 oligonucleotide. However, our results contrast
with those of other studies (48) documenting that the cotreat-
ment with RA (30 mmol/L for 16 h) did not prevent, but rather
slightly induced, TPA-dependent AP-1 activation in transfected

Jurkat T cells. One possible interpretation for these contrasting
results is that the ability of RA to either stimulate or repress AP-1
activity may be due to cell-specific differences or related to
higher doses and longer times of incubation. This interpretation
is consistent with that of previous investigations with human
colon cancer HT-29 cells documenting that the chemopreventa-
tive functions of various compounds on signal transduction
pathways such as AP-1 may be highly dose dependent (49). It is
also feasible that the effect of RA on AP-1 activity may be due to
indirect effects of the metabolites ferulic and caffeic acid. In fact,
ferulic acid dimer (50) and chlorogenic acid (51), an esterifica-
tion product of caffeic acid with quinic acid, but not caffeic acid
(52), have been shown to inhibit the TPA-dependent activation
of AP-1.

One important question pertains to the physiological signif-
icance of these results. Little information is available concerning
the plasma values of RA achievable in humans. Previous research
that measured RA levels in healthy men after a single oral admin-
istration of 200 mg RA reported plasma values of ;1.2 mmol/L
(53). However, the sample size of these studies was limited to
6 individuals and large variations in plasma concentrations were
observed. The same group reported plasma values of ;5 mmol/L
after oral administration of RA (50 mg/kg body weight) to
Sprague-Dawley male rats (54). In our studies, we used concen-
trations of RA ranging from 5 to 20 mmol/L. At the lowest con-
centration tested (5 mmol/L), which approximates the plasma

FIGURE 6 Comparison of the repressive effects of RA on ERK1/2

activation by TPA in HT-29, MCF-7, and MCF 10A cells. (A) HT-29

colon and (B) MCF-7 breast cancer cells and (C) MCF 10A nonmalig-

nant breast epithelial cells were cultured for 15 min in the presence of

TPA (0.1 mmol/L), RA (10 mmol/L), or their combination. Bands

represent phosphorylated ERK1/2 and GADPH (loading control).

Values are means 1 SE of triplicates from 2, n ¼ 2, independent

experiments. Means without a common letter differ, P , 0.05.

FIGURE 7 A schematic model depicting the potential preventative

effects of RA against AP-1–dependent activation of COX-2 expression.

Under the current model, several stimuli, including TPA, may activate

signaling cascades that lead to the subsequent activation of mitogen-

activated protein kinase pathways, including the ERK1/2. The ERK1/2

pathway contributes to the recruitment of members of the AP-1

factor, which comprises members of the Jun and Fos family of

transcription factors, to the COX-2 promoter. RA may exert preven-

tative effects against the induction of COX-2 transcription by antag-

onizing the activation of ERK1/2 and the recruitment of AP-1 factors to

the CRE harbored in the proximal COX-2 promoter. Arrows indicate

activation and the bar indicates repression by RA. Thr-202 and Tyr-204

indicate phosphorylation sites on ERK1/2. The 11 indicates the

initiation of transcription of the COX-2 gene.
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levels previously documented (53), we observed that RA reduced
COX-2 expression, reduced AP-1 activation, and antagonized
ERK1/2 activation. While future studies should investigate the
effects of RA through supplementation or cumulative intake
from various herbal sources of RA on plasma levels achievable in
humans, our study provides novel evidence that RA represses
AP-1–dependent activation of COX-2 expression. Nevertheless,
the proposed effects of RA on AP-1 activation and COX-2
expression await further confirmation in other cancer cell lines
and in vivo models. Given the role of COX-2 in inflammation and
carcinogenesis, and the role of AP-1 in proliferation and
transformation, this study provides mechanistic evidence that
RA merits further investigation as a natural bioactive component
to modulate AP-1 activity and COX-2 gene expression.
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