INTERNATIONAL JOURNAL OF ONCOLOGY 40: 2029-2037, 2012

Inhibition of cyclooxygenase-2 by tetramethylpyrazine
and its effects on A549 cell invasion and metastasis
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Abstract. Cyclooxygenase (COX)-2 plays an important role
in tumorigenesis and has been implicated to be a critical factor
for invasion and metastasis of lung cancer. Tetramethylpyrazine
(TMP), an effective component of the traditional Chinese
medicine Chuanxiong, has been traditionally used in treating
neurovascular and cardiovascular diseases. Recently TMP
has been reported to have beneficial effect in cancer patients.
However, the function and the mechanism of TMP in lung
cancer have not been elucidated to date. In this study, we inves-
tigated the in vitro and in vivo effect of TMP in tumorigenesis
and whether COX-2 is a molecular target of TMP. We showed
that TMP exhibited a dose- and time-dependent inhibition on
A549 cell proliferation by suppressing cell cycle progression.
In vitro treatment of A549 cells with TMP resulted in a signifi-
cant inhibition of invasion, associated with reduced activities of
COX-2 and MMP-2/TIMP-2. Furthermore, in vivo experiments
showed that TMP significantly suppressed metastatic growth
of A549 cells and COX-2 expression in metastatic nude mouse
model. This preclinical study provides the first evidence for the
novel anti-tumor effects of TMP as a COX-2 pathway inhibitor
in human adenocarcinoma cell line A549. These studies suggest
that TMP may serve as an effective agent for the treatment and
chemoprevention of non-small cell lung cancer.

Introduction

Lung cancer is a major cause of malignancy-related deaths
worldwide (1) and its incidence is rising in many countries.
Non-small cell lung cancers (NSCLC), including adenocar-
cinomas, constitute the majority of lung cancers (75-80%). In
many cases, local invasion and/or metastasis to distant organs
have already occurred by the time of diagnosis. Invasion and
metastasis are major causes of treatment failure in patients with
lung adenocarcinoma. Tumor metastasis is a complex, multistep
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process that depends on the characteristics of the tumor and
its host organs. Understanding the molecular targets involved
and their corresponding inhibitors will provide promising new
approaches for the treatment of cancer.

Cyclooxygenase (COX) is the rate-limiting enzyme for the
production of eicosanoid prostaglandins (PGs) and thrombox-
anes (TXs) from free arachidonic acid. Three forms of COX have
now been described (2-4). These isoenzymes are differentially
regulated and exhibit distinct functions. COX-1 is constitutively
expressed in most cells and tissues, and is important for main-
taining homeostatic function. In contrast, COX-2 is an inducible
isoenzyme that acts as an immediate early gene expressed in
response to growth factors, cytokines, and other stimuli (2).
Several studies have demonstrated a constitutive upregula-
tion of COX-2 expression in human NSCLC (5-7). Recently,
increasing amount of evidence suggests a multi-faceted role of
COX-2 in promoting the malignant phenotype of lung cancer,
including inhibition of apoptosis (8,9), increased angiogenesis
(10,11), decreased host immunity (12), enhanced invasion and
metastasis (13,14). Furthermore, several studies have indicated
that COX-2 may be a central element in the process of lung
cancer invasion and metastasis (5,15-17).

Due to the critical role of COX-2 in carcinogenesis, consid-
erable interest has been focused on COX-2 inhibitors as a
chemopreventive strategy. Both isoenzymes can be inhibited by
non-steroidal anti-inflammatory drugs (NSAIDs) including the
non-selective COX inhibitors and selective COX-2 inhibitors.
Although the pharmacological action of NSAIDs have demon-
strated efficacy, the adverse effects such as gastrointestinal
bleeding (18) or increased cardiovascular risk (19) have limited
their widespread usage. Thus, immense effort has been devoted
to developing molecules that can potently inhibit COX-2 with
fewer side effects.

Tetramethylpyrazine (TMP), a bioactive constituent of the
traditional Chinese medicinal herb Ligusticum chuanxiong, has
been applied in the treatment of neurovascular and cardiovascular
diseases in the clinic (20,21). The underlying mechanism includes
augmentation of organ blood volume, inhibition of platelet
aggregation, suppression of apoptosis, and protection against
free radicals. In the past decade, TMP has been found to influ-
ence some aspects of lung cancer such as invasion and metastasis
beyond its traditional roles (22,23). However, little information is
known about the cellular and molecular mechanisms involved.
Wan et al (24) reported that TMP has the pharmacological effect
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of inhibiting lipopolysaccharide-induced expression of COX-2 in
macrophages and the apoptosis of cardiac myocytes in sucking
mice, but does not influence the activity of COX-2. Zhang and
coworkers (25) reported that TMP can reduce the expression
levels of COX-2 in rats with acute pulmonary thromboembolism
and alleviate the inflammatory reaction. However, whether TMP
has any function on COX-2 in pulmonary tumors has not yet
been reported. We postulate that COX-2 might be an important
mechanism involved in the effect of TMP in lung cancer. Here,
we investigated whether TMP inhibited NSCLC growth, inva-
sion and metastasis by targeting COX-2 pathway. For this study,
we used the peripheral airway-derived adenocarcinoma cell line
A549, because adenocarcinoma is currently the most common
form of lung cancer and COX-2 levels are significantly higher
in adenocarcinomas than in squamous cell carcinomas (26).
For a positive control we used the non-selective COX inhibitor
indomethacin, which has been proven to inhibit COX-2 activity
and expression in NSCLC cells (27,28).

Materials and methods

Cell culture and reagents. Both the human lung adenocarcinoma
cell line A549 and primary normal human lung fibroblasts
(NHLFs) were obtained from American Type Culture Collection
(ATCC, USA) and cultured in DMEM (Gibco, USA) supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum (FBS)
(Hyclone), 100 U/ml penicillin, and 100 gg/ml streptomycin at
37°C in a humidified atmosphere of 5% CO,/95% air.

TMP was obtained in sterile 20 mg/ml injection ampules
from Beijing Yong Kang Pharmaceutical Co. (Beijing, China).
This preparation was confirmed to be homogeneous by thin-
layer chromatography. The COX inhibitor indomethacin was
purchased from Sigma Chemicals.

In vitro cell proliferation assay. Cell proliferation was measured
by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay (MTT) following the manufacturer's instructions.
A549 cells (3x10° cells/well) were plated in 96-well microtiter
plates (Costar 3596, Corning) and incubated overnight. The next
day, cells were then treated with either 1% serum DMEM as a
control or various concentrations of TMP in 1% serum DMEM
for 24,48, or 72 h, respectively. At the end of the assay time-point,
20 pl of a 5 mg/ml solution of MTT (Sigma, USA) dissolved in
PBS was added to each well and the cells were further incubated
at 37°C for 4 h. Cells were lysed in 150 u1 DMSO and absor-
bance was measured at 570 nm. Six replicate wells were used
for each analysis, and data from replicate wells are presented as
means with 95% confidence intervals. At least three independent
experiments were performed.

Flow cytometry fluorescence-activated cell sorting analysis.
A549 cells (1x10°) were treated with different concentrations
of TMP (200, 400 and 800 pg/ml, respectively) or 200 pM
indomethacin (IN) for 72 h and then collected. The percent-
ages of the cell population at G,-G,, S and G,-M phases were
determined with a fluorescence-activated cell sorting (FACS)
flow cytometer (BD Sciences) after propidium iodide staining.

Invasion assay. The invasion assay was carried out using 24-well
transwell cell culture chambers (Corning, Cambridge, MA). The
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8.0-um pore size upper chambers were coated with growth
factor-reduced Matrigel (Becton-Dickinson Labware, Bedford,
MA). After incubation in serum-free DMEM for 24 h, A549 cells
in log-phase growth were detached by trypsin and resuspended
in DMEM with 1% fetal bovine serum. Subsequently, 4x10* cells
were plated in the upper chamber in both the control and the
200 pg/ml TMP group. DMEM supplemented with 10% fetal
bovine serum was added in the lower chamber as a chemoat-
tractant. Following a 24-h incubation at 37°C in a humidified
5% CO, atmosphere, the cells in the upper chamber and on
the Matrigel were mechanically removed with a cotton swab.
The cells adherent to the outer surface of the membrane were
fixed with methanol and stained with 0.2% crystal violet stain.
The invading cells were examined, counted, and photographed
by microscopy at magnifications x50. Six fields were counted
per filter in each group, and the experiment was repeated five
independent times.

Measurement of MMP-2/TIMP-2 activity. The activity of
MMP-2/TIMP-2 was measured by commercially available assay
kits (human MMP-2/TIMP-2 complex DuoSet, R&D Systems,
USA). A549 cells were incubated with various concentrations
of TMP (200, 400 and 800 g g/ml) or 200 xM indomethacin
(IN) for 24 h at 37°C in a humidified 5% CO, atmosphere. The
resultant culture supernatants were collected and measured for
MMP-2/TIMP-2 activity by ELISA according to the manufac-
turer's instructions. All measurements were made in triplicate
and repeated in at least three separate experiments.

Measurement of PGE, levels. As an indicator of COX activity,
the accumulation of PGE, in the culture medium was measured
by specific radioimmunoassay (RIA). Culture medium from
each treatment group was collected after a 24-h incubation.
The extract was resuspended in RIA buffer and immunoreac-
tive PGE, determined (Puerweiye Biotechnology Co. Ltd.,
Beijing, China).

Western blot analysis for COX-1 and COX-2 expression. The
cells from each treatment group were lysed at 4°C for 15 min
in lysis buffer [SO mM Tris pH 8.0, 150 mM sodium chloride,
1 mM ethylenediamine tetraacetic acid (EDTA), 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate (SDS), 1 mM phenylmethylsulfonyl fluoride (PMSF),
complete protease inhibitor cocktail tablets (Roche, Mannheim,
Germany)]. The cell lysates were centrifuged at 13,000 rpm for
10 min and the supernatant collected. Total protein from cell
lysates were measured with a protein assay reagent (Bio-Rad),
and 50 ug was separated on 10% SDS-polyacrylamide gels.
Following separation, the proteins were transferred to Hybond
nitrocellulose membranes (Amersham Pharmacia Biotech) and
the filters probed with anti-human COX-1 antibody (R&D)
and anti-human COX-2 antibody (Cayman Chemical). The
membranes were developed by the ECL chemiluminescence
system (Amersham Pharmacia Biotech) and exposed to X-ray
film (Fujifilm, Fuji Medical Systems Inc., Stamford, CT). Equal
loading of samples was confirmed by probing the membranes
with a B-actin antibody.

COX-2 activity assay. The COX-2 activity was measured
according to the manufacturer's instructions. Briefly, following
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Table I. TMP arrests cell cycle progression in A549 cells.
Population (%) CON TMP200 TMP400 TMP800 IN
G,/G, phase 55.06+1.44 56.24+1.92 69.22+1.62* 72.61+1.42* 74.56+9.37*
S phase 34.52+4.15 36.02+2.36 22.83+1.94* 18.22+2.05* 19.95+7.18"

p<0.05 versus control. CON, control; IN, indomethacin at 200 M.

a 24-h incubation at 37°C in a humidified 5% CO, atmosphere,
A549 cells (1x107) from each treatment group were collected
by centrifugation (2,000 x g for 10 min at 4°C). The cell pellet
was sonicated in cold lysis buffer (100 mM Tris-HCI, pH 7.5
containing protease inhibitors) and centrifuged at 10,000 x g for
15 min at 4°C. The supernatant was then removed and stored
at -80°C for later assay with the commercially available COX
activity assay kit (Cayman Chemicals).

Experimental lung metastasis assay in nude mice. For experi-
mental lung metastasis assay, A549 cells (5x10° in a volume of
0.2 ml serum-free DMEM medium) were injected into the lateral
tail veins of 18-week-old female BALB/c nude mice (Laboratory
Animal Center of the Academy of Military Medical Science,
Beijing, China). The BALB/c nude mice were divided into two
groups with ten mice per group. Mice in TMP group were given
intraperitoneal injections of TMP (100 mg/kg/day) daily, and
mice in control group received intraperitoneal injections of
isovolume physiological saline daily. The diet and mental status
of the mice were observed every day, and body weight was
measured every 4 days. The animals were sacrificed at 29 days
after the injection of tumor cells. The number of metastases in
the lung surface was counted by visual inspection after staining
the lung with Bouin's solution. Right lobes of the lung tissues
were sectioned, fixed in 10% formalin (pH 7.4) and subjected to
H&E histological staining to evaluate the presence or absence of
tumors. These experiments were repeated to confirm the results.
This animal study was approved by the Institutional Animal
Care and Use Committee of China, and institutional guidelines
for animal welfare and experimental conduct were followed.

Immunohistochemical staining of COX-2. The dissected lung
tissues were prepared for immunohistochemical analysis of
COX-2 localization. Four-micrometer sections of formalin-fixed,
paraffin-embedded tissue were cut onto silanized glass slides,
deparaffinized with xylene for 10 min three times and rehydrated
through a graded alcohol bath. The deparaffinized sections were
heated and boiled twice for 10 min in 10 mM citrate buffer
(pH 6.0) for antigen retrieval. To diminish non-specific staining,
each section was treated with 3% hydrogen peroxide in methanol
for 10 min. For the detection of COX-2, slides were incubated
with 1:50+100 dilutions of the monoclonal mouse anti-COX-2
antibody (Cayman Chemical) at 4°C overnight in PBS, containing
1% BSA and 0.05% Tween-20. The sections were then washed in
PBS and incubated with the secondary antibody for 30 min at
37°C. After being soaked in HRP substrate buffer for 10 min,
the slides were incubated with DAB solution until brown color
appeared. Finally, counterstaining was performed using Mayer's
hematoxylin.

Statistical analyses. The data are presented as mean + standard
error (SEM). Statistical comparisons between groups were
performed using one-way analysis of variance (ANOVA)
followed by Dunnett's test. Some data were also analyzed by
the Student's t-test for paired or unpaired data. A p<0.05 was
considered statistically significant.

Results

TMP inhibits the cell viability of A549 cells. TMP (molecular
mass of 136.19 g/mol) was isolated, purified, and chemically
synthesized (Fig. 1A). The effect of TMP on A549 cells has not
been reported previously. First, we observed the influence of
TMP (10 various concentration groups from 100 to 1000 ug/
ml) on the proliferation of A549 cells using the MTT assay. Our
results showed that TMP inhibited A549 cell proliferation in a
time- and dose-dependent manner (Fig. 1B).

Based on the data from the MTT assay, we selected three
different concentrations of TMP for further investigation: 200
(TMP200), 400 (TMP400) and 800 pg/ml (TMP800). As a
positive control we used the COX inhibitor indomethacin at
200 uM (IN) according to the data from the MTT assay (data
not shown). Until now, the mechanism by which TMP affects
A549 cell growth remained unclear. To examine whether TMP
influenced cell cycle progression, we performed FACS, and the
results revealed that TMP induced an accumulation of cells in
the G,-G, phase (from 55.06 to 72.61%), and a concomitant
depletion of cells in S phase (from 34.52 to 18.22% at 72 h)
(Table I and Fig. 1C). The effect was dose-dependent, consistent
with the MTT results, and there was no significant difference
between TMP800 and IN group. These data suggested that TMP
could arrest A549 cell proliferation.

TMP inhibits the invasive ability of A549 cells. We selected
200 pg/ml TMP to investigate the effects of TMP on A549 cell
invasion. TMP at this concentration has no obvious influence on
A549 cell viability according to the data from the MTT assay.
After a 24-h incubation, the number of A549 cells adherent to
the outer surface of the membrane was significantly decreased
in the TMP-treated group compared to the control group (CON)
(Fig. 2A), suggesting that TMP suppressed the invasive ability
of A549 cells. Our studies showed that TMP exhibited an anti-
invasive effect of A549 cells at a much lower concentration and
much earlier time than its anti-proliferative effect.

Matrix metalloproteinases (MMPs) are a family of proteolytic
enzymes that have been associated with tumor cell invasion and
metastasis (29,30). In contrast, the corresponding tissue inhibitor
of metalloproteinases (TIMPs) negatively regulates the activity
of MMPs and protects the basement membrane from proteolysis.
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Figure 1. TMP inhibits cell proliferation and regulates cell cycle progression in A549 cells. (A) Chemical structure of TMP with a molecular weight of 136.19 g/mol.
(B) TMP inhibits A549 cell proliferation in a dose- and time-dependent manner. The A549 cells were treated with the indicated doses of TMP for 24,48 and 72 h
respectively. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays were performed. Results are expressed relative to the cell density of untreated
cells. (C) TMP induces an accumulation of cells in G,-G, phase in a dose-dependent manner. A549 cells (1x10°) were treated with 200,400 and 800 yg/ml TMP or
200 uM indomethacin (IN) for 72 h, and the cell cycle was analyzed by FACS. Columns show the mean of three different experiments with six duplicates, and the

SEM is indicated with bars. “p<0.05 versus control.

The dysregulation of the balance between MMPs and TIMPs is
associated with tumor cell invasion into the basement membrane,
stroma, blood vessel, and subsequent metastasis. Increased
MMP-2/TIMP-2 is not only implicated in the metastatic poten-
tial of cancer cells (31), but also closely associate with COX-2
activity (13). Here, we analyzed the activity of MMP-2 and its
corresponding tissue inhibitor TIMP-2. Results showed that
after a 24-h incubation, the activity of MMP-2/TIMP-2 in the
supernatants from the TMP200, TMP400 and TMP800 groups
were decreased compared with control. The inhibitory effect was
dose-dependent, and there was no significant difference between
TMP800 and IN group (Fig. 2B).

Effects of TMP on COX-2 in vitro. To investigate the molecular
mechanisms involved in the anti-tumorigenic function of TMP,
we evaluated the effect of TMP on COX-2 in A549 cells. First,
we analyzed the protein expression level of COX-1 and COX-2 in
A549 cells and NHLFs using Western blotting. Results showed
that COX-1, a ‘house-keeping’ enzyme, was detected in both
A549 cells and NHLFs. In contrast, COX-2, an induced enzyme,
was detected in A549 cells, but not in NHLFs (Fig. 3A).

Using indomethacin as a known COX inhibitor, we observed
the effect of TMP on COX-2 protein expression, enzyme activity
and catalytic product formation. Results showed that indometh-
acin at 200 uM significantly suppressed COX-2 expression and

activity after a 24-h incubation. As a main catalytic product of
COX-2, the level of PGE, was also decreased in the medium of
A549 cells treated with IN. Similar to the IN group, the COX-2
activity and PGE, levels in the TMP group were also reduced
significantly compared with the control group (Fig. 3C and D).
However, there was no significant change of COX-2 expression
level after treatment for 24 h with 200, 400 or 800 pg/ml of
TMP (Fig. 3B), suggesting that TMP has little influence on the
protein expression of COX-2. Thus, the mechanism underlying
the inhibitory effect on COX-2 likely differs between TMP and
indomethacin.

TMP suppresses lung metastasis of A549 cells in metastatic
nude mouse model and COX-2 expression in metastatic tumor
nodules. To confirm the inhibitory effect of TMP on the invasion
and metastasis of A549 cells in vivo, we utilized the meta-
static nude mouse model. As shown in Fig. 4A, TMP-treated
mice showed smaller visible metastatic pulmonary nodules
compared to the control group. In addition, the average number
of visible metastatic pulmonary nodules was significantly less
in TMP-treated mice (9+4) than in the control group (23+11)
(p<0.05) (Fig. 4B). H&E stain further confirmed that both the
number and the size of the metastatic lung nodules in the TMP
group were significantly decreased compared to those in the
control group (Fig. 4C). Immunohistochemistry analysis of the
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Figure 2. TMP inhibits A549 cells invasive ability by suppressing MMP-2/
TIMP-2 activity. (A) The number of invaded A549 cells in the TMP200 group
was significantly smaller than that in CON group. A549 cells were seeded on
24-well transwell cell culture chambers at a density of 4x10* cells/well and
cultured with or without 200 pg/ml TMP. After a 24-h incubation, cells that
invaded the lower surface were counted by light microscopy (crystal violet
staining). Invaded cell numbers are the average count for six fields. (B) TMP
reduced MMP-2/TIMP-2 activity in a dose-depended manner. After a 24-h
incubation, the culture supernatants from each treated group were harvested,
and MMP-2/TIMP-2 activity in the supernatants was determined by ELISA.
Columns, mean from three different experiments with duplicates; bars, SEM.
“p<0.05 versus control.

metastatic lung nodules showed a reduction of COX-2 expression
level in TMP treated group compared to that in the control group
(Fig. 4D), which suggests that the anti-metastatic effect of TMP
in vivo might be mediated through inhibiting the expression of
COX-2, despite no difference observed in vitro. Except for the
quickly released localized stimulus, no significant difference was
observed in the diet, mental status, hair color, and luster of the
nude mice between the TMP-treated group and the control group
(Fig. 4E).
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Figure 3. Effects of TMP on COX-2 in A549 cells. (A) A549 cells express
COX-1 and COX-2 protein. After a 24-h incubation, A549 cells and NHLFs
were harvested, and the expression of COX-1 and COX-2 were measured by
Western blotting. (B) TMP has no obvious effect on COX-2 protein expression.
After a 24-h incubation, cells from each treatment group were harvested, and
then total protein was extracted for Western blotting. Results showed that COX-2
expression was reduced in IN group, while no obvious changes were observed
in TMP-treated groups. (C) TMP inhibits COX-2 activity. Cells (1x107) from
each treated groups were harvested after a 24-h incubation, and COX-2 activity
was measured with a COX activity assay kit. (D) TMP inhibits PGE, activity.
Following a 24-h incubation, the accumulation of PGE, in the culture medium
was measured by specific radioimmunoassay. Columns, mean from three dif-
ferent experiments with duplicates; bars, SEM. "p<0.05 versus control.

Discussion

Natural compounds have long been used in cancer therapy
and prevention. Recently, natural-product-based drugs are
increasing due to new technologies and the current interest in
their beneficial health effects. A substantial amount of evidence
from human, animal model and cell line studies has shown that
many herbal products used in traditional Chinese medicine can
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Figure 4. TMP suppresses lung metastasis of A549 cells through COX-2 pathway. (A) Photographs show lungs of A549 cell-bearing mice. (B) A549 cells (5x10°
in a volume of 0.2 ml serum-free DMEM medium) were injected into the lateral tail veins of 18-week-old female BALB/c nude mice. Subsequently, TMP
(100 mg/kg/day) or isovolume physiological saline were administered by intraperitoneal injections daily. Mice were sacrificed and the number of metastasis in
the lung surface was counted 29 days after the tumor cells were injected. (C) Representative photographs of H&E staining for lung metastatic nodules (original
magnification x40) of each group from two independent experiments. Both the number and size were decreased in the TMP group compared to the control group.
(D) Immunohistochemical staining (brown) of COX-2 in lung metastatic nodules. Slides were incubated with 1:50+100 dilutions of the monoclonal mouse anti-
COX-2 antibody at 4°C overnight. The density of COX-2 expression was observed using light microscopy. Original magnification x40 (left panel), or x400 (right
panel). (E) TMP has little effect on mouse body weight. No significant difference between TMP-treated group (100 mg/kg/d) and the control group. Columns,
mean (n=10); bars, SEM. "p<0.05 versus control.
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exert anti-cancer effects. TMP, an effective component of the
traditional Chinese medicine Chuanxiong, is commonly used to
resolve embolism in clinic. In this study, we reported the novel
anti-tumor effect of TMP on the human adenocarcinoma cell
line A549 by targeting the COX-2 pathway. We comprehen-
sively focused on the inhibitory effect of TMP on A549 cell
proliferation, invasion and metastasis. Our research showed that
TMP exhibited a dose- and time-dependent inhibitory effect on
A549 cell proliferation by suppressing the cell progression from
G,/G, phase to S phase. TMP can decrease the invasive ability
of A549 cells by inhibiting the activities of COX-2 and MMP-2/
TIMP-2. Furthermore, we showed that TMP can inhibit the
in vivo metastatic growth of A549 cells in the nude mouse meta-
static model. Both the number and the size of the metastatic
lung nodules in the TMP group were significantly decreased
compared to the control group. Unlike those anticancer agents
that have adverse effects (32) or severe cytotoxicity in modern
cancer chemotherapy, TMP presents low cytotoxicity yet has
outstanding anti-invasion effect. In the nude mouse model, we
found that TMP (100 mg/kg/d) did not affect the body weight
of the mice but showed a significant inhibitory effect on tumor
metastasis. Thus, we propose that TMP may be a novel anti-
cancer agent with limited toxicity.

Over the last decade, there is an increased interest in under-
standing the role of COX-2 in tumorigenesis. This interest was
sparked by the fact that COX inhibitors reduced the mortality
rate in certain cancer patients (33,34). A recent epidemiological
study of NSAID usage showed that daily intake of NSAIDs
for at least 2 years was associated with a 68% reduction in the
relative risk of lung cancer (35). Findings suggest that therapies
targeting COX-2 may diminish the propensity for proliferation,
invasion and metastases in NSCLC (14,36,37). Here, we report
for the first time that TMP can inhibit COX-2 activity in A549
cells and decrease PGE, levels in the supernatant. Results
from in vivo animal experiments also showed that the COX-2
expression in metastatic lung nodules in nude mice treated with
TMP was obviously decreased compared with a physiological
saline treated control group. These results suggest that the
ability of TMP to inhibit COX-2 activity may contribute to its
anticancer effect in lung adenocarcinoma. TMP when used at
the 200 pg/ml showed no significant suppression of A549 cell
proliferation, but had an inhibitory effect on A549 cell inva-
sion and COX-2 activity. This result indicates that the reduced
activity of COX-2 by TMP, at least at lower concentrations and
earlier stages, contributed to the anti-invasion effect rather than
the anti-proliferation effect. Notably, TMP had no obvious effect
on COX-2 expression in A549 cells in vitro, whereas the COX-2
expression in metastatic lung nodules in the TMP-treated group
was significantly decreased. This result indicated that TMP may
regulate COX-2 expression through additional pathways in vivo.
The mechanisms involved need further investigation.

The commonly used COX inhibitors consist classic NSAIDs
and selective COX-2 inhibitors. About 25% of chronic NSAID
users experience side effects such as gastrointestinal bleeding
and renal toxicity (18,38), which restrict their use as chemo-
preventive agents. Selective COX-2 inhibitors have reduced
gastrointestinal related adverse events (39) but increased risk of
cardiovascular diseases (19,40). Selective COX-2 inhibitors may
tip the natural balance between prothrombotic thromboxane A2
and antithrombotic prostacyclin, potentially increasing the possi-
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bility of a thrombotic cardiovascular event (41). On the contrary,
the traditional use of TMP is for the treatment of cardiovascular
diseases (42.,43) with proven efficacy and safety in the clinic.
Thus, we speculate that the long-term use of TMP in chemopre-
vention and treatment of NSCLC, as a COX-2 inhibitor, could be
beneficial for cardiovascular diseases instead of increasing their
risk. Our findings suggest that TMP might serve as an effective
agent for the treatment and chemoprevention of NSCLC by
targeting COX-2 with much less toxicity.

MMP-2 has been implicated in the lymphatic and vascular
invasion of NSCLC (44), and its overexpression correlates with
an unfavorable outcome in patients with early-stage NSCLC 45).
Our results showed that TMP significantly reduced the activity
of MMP-2/TIMP-2 in the supernatants, suggesting that MMP-2/
TIMP-2 is one of the important pathways targeted by TMP in
A549 cells. Several lines of evidence have suggested the involve-
ment of COX-2 in the production and secretion of MMPs (46,47).
Treatment of non-small cell lung cancer cells with exogenous
PGE, significantly increased the expression of MMP-2 and inva-
sion through Matrigel (13). Furthermore, inhibition of COX-2 has
been reported to decrease invasion and MMP expression in lung
cancer cells (13,48). Thus, it is possible that there exists a direct
link between COX-2 and MMP-2. However, underlying biologic
mechanisms are not fully understood. Pan and coworkers (48)
reported that a COX-2 selective inhibitor, NS398, can suppress
MMP-2 expression in human lung cancer cells at a much higher
concentration than the concentration needed to block enzymatic
COX-2 activity. They speculated that the effect of NS398 on
MMP-2 is not fully dependent on inhibition of COX-2 activity.
Our studies showed that TMP inhibited the invasive ability of
A549 cells, with a correlated decrease in the levels of MMP-2/
TIMP-2 and COX-2, which suggests a possible mechanism for
the effect of TMP. However, it is difficult to state from our limited
experiments whether the inhibitory effect of TMP on MMP-2/
TIMP-2 is direct or is mediated by the COX-2 pathway. Further
evidence is needed to clarify the relationship between COX-2
and MMP-2/TIMP-2 in the inhibitory mechanism of TMP.

In conclusion, this preclinical study provides evidence for
the first time that the inhibitory effect of TMP on invasion and
metastasis of A549 cells is mediated, at least in part, through
the inhibition of COX-2 activity. We also demonstrated that
TMP inhibited the proliferation of A549 cells by regulating
cell cycle progression, showing the potential of TMP as a
chemopreventive as well as a therapeutic reagent. The signifi-
cance of the inhibition of COX-2 as well as the other biological
effects and mechanisms by which TMP inhibits NSCLC needs
to be clarified in future studies.
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